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Abstract

Insulin, 3 TU /kg body weight, given intranasally in a hypoosmotic thermogelling system, containing EHEC, SDS,
m-cresol and glycerol, is more efficient in lowering plasma glucose than insulin delivered in iso- and hyperosmotic
gels. This has been shown for two osmotic agents, glycerol and creatinine. The effect is significantly different from a
plain hypoosmotic insulin solution, which did not have any effect on the plasma glucose. This suggests that there is a
synergistic effect of the hypoosmotic environment and the EHEC gel. However, both m-cresol and insulin participate
in gel formation. Therefore, the insulin is partly associated with the gel matrix and not all of the insulin is available
for absorption. An optimal gel system should be a thermosetting polymer solution with mucoadhesive properties,
that rapidly releases the insulin content under hypoosmotic conditions.
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1. Introduction

The bioavailability of intranasally administered
peptides is rather low and a number of ways to
improve the absorption have been evaluated. Dif-
ferent types of absorption enhancers, such as
anionic surfactants (Hirai et al., 1981), bile acid
derivatives (Duchateau et al., 1986) and cyclodex-
trins (Schipper et al., 1990) have been tested. The
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increase in absorption shown for these systems
may be due to a direct effect on the integrity of
the cell membrane, inhibition of enzymatic activ-
ity in the nasal cavity or protection of the peptide
from enzymatic degradation. Increased absorp-
tion of hydrophilic compounds may also be ac-
complished by manipulation of the tight junc-
tional structure, e.g. alteration of extra- and in-
tracellular calcium concentrations (Artursson and
Magnusson, 1989), interference with the cy-
toskeleton (Madara, 1983), solvent drag phenom-
ena (Pappenheimer and Reiss, 1987), or by expos-
ing the epithelium to anisotonic solutions (Noach
et al., 1994).
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The concept of increasing absorption by pro-
longing the contact time between the drug and
the nasal mucosa is the basis for use of dry
microspheres, which form a gel when they absorb
water and thereby decrease the clearance from
the nasal cavity (Illum et al., 1987). Prolonged
contact time can also be achieved by adding poly-
mers to a solution. There is a reversed correlation
between viscoelastic properties and mucociliary
transport rate, i.e. anionic polymers with high
elastic and viscous modulus are cleared slowly
from the nasal cavity (Lin et al., 1993). Various
polymer solutions have proven successful in pro-
moting nasal drug absorption (Potashnik et al.,
1977; Morimoto et al., 1985, 1991). Viscous solu-
tions have the disadvantage of being difficult to
administer. Therefore, solutions of thermogelling
polymers that have low viscosity at room temper-
ature, which facilitates instillation into the nasal
cavity, but which form a gel in situ in the nasal
cavity when the temperature is raised, have been
studied (Rydén and Edman, 1992). Ethylhydrox-
yethyl-cellulose (EHEC) and poly-N-isopro-
pylacrylamide (NIPAAm) have a low critical solu-
tion temperatures (LCST) of approx. 32°C, i.e.
the solubility of the polymers is dependent on the
temperature. At temperatures above the LCST,
EHEC will precipitate, whereas poly (NIPAAm)
will shrink and release all incorporated water. In
both cases, phase separation will occur. When a
small amount of sodium dodecyl sulfate (SDS) is
added to the non-ionic polymer EHEC, the cloud
point is increased (Carlsson et al., 1986). For
poly-N-isopropylacrylamide the same result can
be achieved by co-polymerisation with acrylamide
(Priest et al., 1987). Instead of phase separation
at temperatures close to body temperature, highly
viscous gels are created. The increase in viscosity
is due to the formation of an expanding network
that incorporates water. The network can be
formed by the sodium dodecyl sulfate forming
mixed micelles with the EHEC polymer chains
(Carlsson et al., 1989a) and the acrylamide cross-
linking the poly-N-isopropylacrylamide polymer
chains (Priest et al., 1987). Therefore at a tem-
perature of 37°C the systems will not separate,
and homogenous gels are formed instead. When
these systems were used as nasal drug delivery

systems for insulin, the EHEC system produced a
significant decrease in plasma glucose, whereas
the NiPAAm system did not effect the glucose
level. The difference between the two thermo-
gelling systems was osmolarity, EHEC was hy-
poosmotic whereas the poly-NIPAAm system was
isoosmotic (Rydén and Edman, 1992).

From the literature it is known that anisoos-
motic solutions have an impact on cell volume,
membrane resistance and transport of water,
drugs or markers across different epithelia. A
hypotonic solution caused hepatocytes to swell to
adapt their intraosmotic pressure to the tonicity
of surrounding medium. The swelling is followed
by regulatory volume decrease (RVD) to return
to their resting (iscosmotic) volume. In most cells
RVD is due to net extrusion of K* and Cl~ with
the accompanying loss of water (Corasanti et al.,
1990). An apical hypoosmotic treatment of Caco-2
cell monolayers induced swelling of the cells but
no RVD was observed. The observed enhanced
transport of hydrophilic compounds through the
paracellular pathway was believed to be due to
asymmetric changes in cell volume originating
from the lack of RVD. The transepithelial resis-
tance (TEER) under the same conditions de-
creased during the period the treatment was ap-
plied (Noach et al., 1994). Pappenheimer and
Reiss (1987) described an osmotic force for fluid
absorption by sodium and glucose called solvent
drag. Reduced osmolarities also produce an in-
crease in net volume flow over gall bladder ep-
ithelia (Whittembury et al., 1980). Fluid flow from
the hypotonic to the isotonic side of the cells will
develop after application of a hypotonic solution,
and hydrophilic solutes will be dragged along, i.c.
solvent drag. Solvent drag through intercellular
channels provides an effective mechanism for
mass transport of hydrophilic solutes.

Exposure to hypertonic solutions made the
cells shrink to bring the cytosol in osmotic equi-
librium with the surrounding medium. The regu-
latory volume increase (RVI) that follows is due
to ion and water entry into cells (Corasanti et al.,
1990; Ritter et al., 1991). The transepithelial re-
sistance increased when studies were performed
on guinea pig small intestine (Madara, 1983) and
on Madin-Darby canine kidney cells (Ritter et al.,
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1991), whereas when the TEER was measured on
Caco-2 cell monolayers the resistance was de-
creased (Noach et al., 1994).

The aim of this study was to evaluate the
influence of osmolarity on the nasal absorption of
insulin from a thermogelling polymer system.
Further, the rheological properties of the gel
system were studied to elucidate the influence of
viscoelastic properties on the enhancing effect of
the EHEC system.

2. Materials and methods
2.1. Materials

Ethyl(hydroxyethyl)cellulose (EHEC) of medi-
cal grade was obtained from Berol Nobel, Ste-
nungsund, Sweden. Actrapid® was purchased
from Novo, Denmark and human crystalline
monocomponent insulin was obtained as a gift
from the same company. Sodium dodecyl sulfate,
specially pure, creatinine, m-cresol and glycerol
were purchased from Sigma, USA. All other
chemicals were of analytical grade.

2.2. Preparation of polymer solutions

0.85% EHEC, 2.6 mM sodium dodecyl sulfate
and three different concentrations of glycerol or

creatinine was mixed with Actrapid® (Novo, Den-
mark) in the proportion 7:3. The final concentra-
tion was 0.6% of EHEC, 1.8 mM sodium dodecyl
sulfate, 30 IU/ml insulin, 0.9 mg/ml m-cresol
and 4.8 mg/ml glycerol in all preparations. In-
sulin, m-cresol and glycerol originates from
Actrapid®. There was additional glycerol (0, 2.6
or 5%) or creatinine (0.21, 2.65 or 4.70%) added
to create hypo-, iso- and hyperosmolarity respec-
tively (Table 1). All preparations had a pH of
7.4 +0.2.

2.3. Osmolarity measurements

Osmolarity of the polymer solutions was mea-
sured in a vapour pressure osmometer (5500 Va-
por Pressure Osmometer, Vescor). A 10 nl sam-
ple is conveyed to the sample chamber, ther-
mostated to 37°C. The dew point temperature
depression is measured and registered by a mi-
croprocessor. All measurements were done in
triplicate.

2.4. Rheology

From rheological experiments it is possible to
conclude which ingredients participate in gel for-
mation. An increase in elastic modulus (G') is
evidence of a gel forming. The rheological prop-
erties were determined in a computer-controlied
rheometer, Bohlin rheometer VOR. In non-de-

Table 1
Composition of thermogelling systems and their osmotic properties
Formulation Osmotic Osmotic Concentration
agent pressure Osmotic EHEC SDS Insulin m-Cresol Glycerol
(mOsm) agent (%) (%) (mM) (AU/ml) (mg/ml) (mg/ml)
1. EHEC hypoosmotic Gycerol 55 0.0 0.6 1.8 30 3.0 4.8
2. EHEC isoosmotic 387 2.6 0.6 1.8 30 30 48
3. EHEC hyperosmotic 668 5.0 0.6 1.8 30 3.0 438
4. Control hypoosmotic 103 0.0 - - 30 3.0 4.8
5. Control isoosmotic 389 2.6 - - 30 3.0 4.8
6. EHEC hypoosmotic Creatinine 9% 0.2 0.6 1.8 30 3.0 4.8
7. EHEC isoosmotic 282 2.6 0.6 1.8 30 3.0 48
8. EHEC hyperosmotic 458 4.7 0.6 1.8 30 3.0 4.8
9. Control hypoosmotic 103 0.2 - - 30 3.0 4.8
10. Control hypoosmotic 100 0.2 - 1.8 30 3.0 48
11. Control hypoosmotic 100 0.2 0.6 - 30 30 48
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structive oscillation experiments the response in
stress of the viscoelastic material to a sinusoidally
varying strain is monitored as a function of tem-
perature. In the experiments a torsion bar of 1.66
g cm and the concentric cylinder system C14 with
a sample volume of 3 ml was used. A oscillation
frequency of 2 Hz and an amplitude of 30% was
selected. The elastic (G’) and viscous (G”) modu-
lus was recorded five times at 20, 25, 30, 33, 35,
37 and 39°C. All samples were measured in tripli-
cate.

2.5. Absorption study

Male rats, Lewis X DA Fl-hybrids and
Sprague-Dawley, weighing 250-300 g, were used.
Anaesthesia and surgery were performed as ear-
lier reported (Bjork and Edman, 1988). Briefly,
the animals were fasted for 15-17 h prior to the
experiments. They were anaesthetised with in-
traperitoneal injection of 150 mg /kg thiobutabar-
bital sodium (Inaktin, BYK-Gulden) and placed
in a supine position on heated plates to maintain
body temperature. Trachea and arteria carotis
were cannulated. 25-30 w1 of the polymer solu-
tion was administered 30 min after surgery
through the nostril to give an insulin dose of 3
IU/kg. Blood samples were withdrawn from the
arteria carotis at intervals during four h.

After centrifugation, the plasma was with-
drawn and frozen for glucose analysis by an enzy-
matic method catalysed by hexokinase and glu-
cose-6-phosphate dehydrogenase in a Beckman
Clinical System 700. Statistical significance was
tested using the Student-Newman-Keul test.

3. Results

3.1. Osmolarity measurements

Addition of glycerol and creatinine rendered
systems of different osmolarities, ranging from 55
mOsm to 668 mOsm. The osmolaritics of the
solutions used as controls in the in vivo absorp-
tion study corresponded to the osmolarities of the
polymer solutions (Table 1).

3.2. Rheology

To investigate which ingredients in the poly-
mer system that participate in the gelling process,
the elastic modulus (G’) was measured with dif-
ferent substances present (Fig. 1). The solution
used was a hypoosmotic polymer system contain-
ing EHEC, SDS, glycerol, m-cresol and insulin.
The concentrations correspond to Composition 1
used in the in vivo absorption study (Table 1).
With all ingredients present there was a rapid
increase in elastic modulus with increasing tem-
perature, at 37°C the G’ was 6.9 Pa compared
with 0.1 Pa at 25°C. When insulin was excluded,
the system still formed a gel but the G’ at 37°C
was lower, 3.2 Pa. When also m-cresol was ex-
cluded and only EHEC, SDS and glycerol re-
mained, the system had lost its gelling capacity
and the elastic modulus was 0.1 Pa both at 37°C
and at 25°C. There was no further decrease in G’
when glycerol was excluded from the formulation.

N

Elastic modulus (Pa)

Y 1
20 25 30 35 40

Temp (°C)

Fig. 1. The temperature dependence of the elastic modulus
for polymer systems with different ingredients. 0.6% EHEC
and 1.8 mM SDS are present in all solutions. To this have
been added the ingredients of Actrapid®. (a) 30 IU/ml
insulin, 0.9 mg/ml m-cresol and 4.8 mg/ml glycerol. (O0) 0.9
mg/ml m-cresol and 4.8 mg/ml glycerol. (O) 4.8 mg/ml
glycerol. (O) No addition of Actrapid® related ingredients,
i.e. contains only 0.6% EHEC and 1.8 mM SDS. Data are
expressed as mean + S.E.M.
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Fig. 2. Rheological properties of { a) hypoosmotic, (O) isoos-
motic and (1O) hyperosmotic EHEC gels. Open symbols, elas-
tic modulus (G'); closed symbols, viscous modulus (G”) (mean
+S.EM.)

Addition of large amounts of glycerol to en-
sure a hyperosmotic solution (Composition 3,
Table 1) influenced the elastic but not to the
viscous modulus. A larger increase in elastic mod-
ulus was observed compared with no or small
amounts of glycerol present (Fig. 2). A system
containing 5% glycerol gave a G’ of 10.6 Pa at
37°C, whereas 2.6% glycerol in the gel gives a G’
of 7.4 Pa at the same temperature. With no

addition of glycerol, the gel is just slightly less
elastic than the 2.6% glycerol gel, i.e. 6.9 Pa. The
effect is even more pronounced at 39°C.

The variance in these results is small and the
standard error of the mean bars (S.E.) falls within
the symbols. Therefore, when there is no overlap
of the symbols, there is a significant difference
{p <0.05) between the systems in Figs. 1 and 2.

3.3. Absorption study

When glycerol was used as osmotic agent the
hypoosmotic system induced lowering of the
plasma glucose, whereas practically no decrease
in plasma glucose level was obtained with the iso-
and hypertonic systems (Fig. 3). Insulin 3 TU /kg
in the hypoosmotic system (Composition 1, Table
1), i.e. no glycerol added, caused a rapid decrease
in plasma glucose, with the maximum effect,
26.6%, reached after approx. 40 min. The de-
crease was significantly different (p < 0.01) from
the effect of both the other two polymer systems
(Compositions 2 and 3, Table 1) and the hypo-
and isoosmotic controls (Compositions 4 and 5,
Table 1) from 20 min up to an hour after admin-
istration. The results with creatinine as the os-
motic agent confirmed these findings (Table 2).
However, it should be noted that the significant
difference observed between the hypoosmotic
system and the other polymer systems and con-
trols, appears 30—120 min after dosing.

Table 2

Changes in plasma glucose after intranasal administration of insulin 3 IU /kg in different delivery systems
Formulation Osmotic Maximum Time to maximun Number of
decrease (%) agent (%) decrease (min) animals
1. EHEC hypoosmotic Gycerol 26.6 40 5

2. EHEC isoosmotic 6.0 30 6

3. EHEC hyperosmotic 8.6 40 5

4. Control hypoosmotic 5.8 20 4

5. Control isoosmotic 31 30 5

6. EHEC hypoosmotic Creatinine 30.9 60 6

7. EHEC isoosmotic 8.5 50 6

8. EHEC hyperosmotic 9.4 40 6

9. Control hypoosmotic 9.9 40 3

10. Control hypoosmotic 119 60 3

11. Control hypoosmotic 11.1 60 3
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Insulin, 3 IU/kg, administered in a plain hy-
poosmotic solution (Composition 9, Table 1) had
little effect on the plasma glucose (Fig. 4). The
lowering of the plasma glucose level obtained by
insulin delivered in hypoosmotic 1.8 mM SDS
solution (Composition 10, Table 1) or hypoos-
motic 0.6% EHEC solution (Composition 11,
Table 1) was not significantly different from the
result of the plain hypoosmotic solution. How-
ever, insulin delivered in a system containing
both 0.6% EHEC and 1.8 mM SDS (Composition
6, Table 1) i.e. the hypoosmotic thermogelling
system, differed from the controls where EHEC
and SDS were given separately. The difference
was significant ( p < 0.05) from 30 min to 2 h after
administration and the maximum decrease,
30.9%, was reached after 60 min.

The various hypoosmotic controls used in the
study with creatinine as the osmotic agent, i.e.
plain solution, 1.8 mM SDS and 0.6% EHEC,
produced approx. 10% lowering in plasma glu-
cose level. When these results were compared

401

Change in plasma glucose (%)

T T T J
0 60 120 180 240

Time (min)
Fig. 3. Change in plasma glucose (mean+S.D.) after in-
tranasal administration of insulin 3 IU/kg in thermogelling
EHEC gels with glycerol as the osmotic agent. ( o) Hypoos-
motic gel, (O) isoosmotic gel, (3) hyperosmotic gel and (X)
control, plain hypoosmotic solution.
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Fig. 4. Change in plasma glucose (mean+S.D.) after in-
tranasal administration of insulin, 3 IU/kg in a hypoosmotic
gel, and hypoosmotic controls with creatinin as the osmotic
agent. ( a) Hypoosmotic gel; (O) control, hypoosmotic solu-
tion with 0.6% EHEC; (1) control, hypoosmotic solution with
1.8 mM SDS.

with the iso- and hypoosmotic controls used for
glycerol as the osmotic agent, there was no signif-
icant difference.

4. Discussion

In a previous work, when EHEC was used as a
vehicle for insulin administration, it was only
possible to incorporate 10 IU insulin per ml poly-
mer solution (Rydén and Edman, 1992). At higher
concentrations of insulin the polymer precipi-
tated and phase separation occurred. To be able
to increase the amount of insulin delivered to the
animals, while maintaining a suitable volume for
administration, it was essential to incorporate
more insulin in the polymer system. When the
amount of polymer and surfactant was decreased
it was also possible to incorporate more insulin.
The formulation chosen contained 0.6% EHEC,
1.8 mM SDS and 30 IU/ml insulin. Since insulin
is added in the form of a commercially available
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monocomponent insulin for injection, Actrapid®,
there is also an addition of the excipients in
Actrapid®. Consequently, there is 4.8 mg/ml
glycerol and 0.9 mg/ml m-cresol present in all
formulations tested.

From earlier works by Carlsson and colleagues
(Carlsson et al. (1989a,b, 1990) it is known that
SDS participates in the gelling process of EHEC
by acting as bridges in the expanding network of
polymer chains. The polymer, which is a relatively
hydrophobic cellulose ether, has many hydroxyl
groups. Theoretically, both hydrogen bonds and
hydrophobic interactions may occur in the net-
work. Insulin is a relatively large molecule, nega-
tively charged at pH 7.4 due to being a zwitterion.
These properties could favour accumulation of
insulin to the mixed micelles of SDS on the
polymer chains and thereby facilitate hydrogen
bonding between insulin and EHEC. The
preservative m-cresol, an aromatic alcohol, has
the potential to establish both hydrogen bonds
and hydrophobic interactions with EHEC. Glyc-
erol is a hydrophilic aliphatic alcohol and may
therefore only form hydrogen bonds with the
polymer.

From the rheological experiments it was possi-
ble to conclude that both m-cresol and insulin
participate in gel formation (Fig. 1). When these
two ingredients are excluded the system loses its
gelling capacity. This indicates that hydrogen
bonds and hydrophobic interactions are necessary
in this system to establish a gel matrix. Conse-
quently, m-cresol and insulin are incorporated in
the polymer matrix and will be released quite
slowly. Preliminary data confirm that only 40% of
the insulin is released from the hypoosmotic gel
system during the first 60 min. This reduces the
amount of insulin available for absorption, com-
pared with insulin in microspheres where the
insulin is immediately available for absorption
(Bjork and Edman, 1990; Rydén and Edman,
1992). This might be part of the explanation of
the difference in efficacy between microspheres
and gelling systems (Rydén and Edman, 1992).

Large amounts of glycerol give a more elastic
gel than small or no addition of glycerol (Fig. 2).
Probably the contribution to network stability of
small amounts of glycerol is modest compared

with the contributions of SDS, insulin and m-
cresol. Therefore, there is just a small increase in
elasticity for the system with 2.6% glycerol com-
pared with the system without glycerol. Large
amounts of glycerol, on the other hand, might
compensate for the lack of hydrophobic interac-
tions and thereby add more to the elasticity of
the gel or perhaps stabilise the mixed micelles
that acts like bridges in the network. Cheong and
co-workers showed in 1992 that the higher the
viscosity of a polymer system, the slower the
release of the incorporated drug, if the release
mechanism is diffusion. Preliminary data indicate
that the hypertonic gel with large amounts of
glycerol, consequently with higher viscosity, re-
leases as little as 7% of the insulin in the first
hour, i.e. a much slower release than the hypo-
tonic gel.

In a previous study a comparison of different
gelling systems such as hypotonic EHEC, isotonic
poly-NIPAAm and dextran microspheres was
made with respect to their capacity to promote
absorption of insulin given nasally (Rydén and
Edman, 1992). The kinetics of the plasma glucose
vs. time curves were similar for all systems tested.
This indicates that viscous polymer solutions and
microspheres might have a similar mechanism of
action. It has been shown that the absorption
enhancing effect of microspheres is not only due
to increased contact time between the spheres
and nasal epithelium, but also to a direct effect
on the tight junctions in the cell barrier (Bjérk et
al., 1995). However, the maximum decrease in
plasma glucose differed between the systems. In-
sulin 1 1U/kg in dextran microspheres gave a
25% decrease in plasma glucose, whereas the
same dose administered in the EHEC system
only gave a 12% lowering of the plasma glucose.
The other thermogelling system tested, poly-N-
isopropylacrylamide, had no effect on plasma glu-
cose. The same degree of glucose lowering as
with the EHEC system was obtained when 1
IU/kg insulin was delivered in a hypoosmotic
0.1% polyacrylic acid solution (Morimoto et al.,
1985).

It is obvious from the study that the ther-
mosetting gel system EHEC with SDS, insulin,
m-cresol and glycerol in a hypoosmotic milieu
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induces a rapid lowering of the plasma glucose
level in rats, whereas hyper- or isotonic EHEC
gels or plain hypotonic solutions with equivalent
amounts of insulin have no significant effect on
the plasma glucose. This synergistic effect of a
hypoosmotic environment and EHEC is interest-
ing, but the mechanism of action is not absolutely
clear. The EHEC gel has mucoadhesive proper-
ties which may result in both prolonged residence
time in the nasal cavity and a closer contact
between the delivery system and the nasal epithe-
lial cells. Consequently, insulin or other drugs
that are mixed or dissolved in EHEC should be
retarded in the nose with increased and closer
contact to the mucosa, thereby producing im-
proved conditions for absorption. A similar mech-
anism might be operating the synergistic effect
seen for the polymer CMC Na and the absorption
promoter sodium caprate when human epidermal
growth factor is given both rectally and nasally
(Murakami et al., 1991). Probably, when EHEC is
given as a hypoosmotic solution, a gel is formed
which attaches to the mucus layer and creates a
temporary hypoosmotic situation close to the
nasal epithelia. The hypoosmotic environment on
the cell surface creates conditions that promote
cell swelling (Corasanti et al., 1990) and thereby
promoting absorption of hydrophilic compounds
such as insulin (Noach et al.,, 1994). As the hy-
poosmotic gel has a limited buffering capacity, a
rapid return to isoosmotic conditions should oc-
cur giving a pulsatile delivery of insulin. The
plasma glucose curve (Fig. 3) provides confirma-
tion of this. No prolonged effect is seen, and a
normalised plasma glucose level is observed 120
min post-dosing. The pharmacokinetic profile of
the curve is almost similar to an intravenous
injection of insulin, which indicates a rapid and
limited absorption.

In summary, the results of this study indicate
that a gel system could be found that improves
the nasal absorption of insulin. A thermosetting
gel with mucoadhesive properties, where the
polymer does not interact with insulin and rapidly
releases the drug under hypoosmotic conditions,
should give the best conditions for nasal absorp-
tion of insulin.
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