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Abstract

In this thesis local anaesthetic formulations based on PEO-PPO-PEO block copolymers
(PEO and PPO being poly(ethylene oxide) and poly(propylene oxide), respectively) or
nonionic cellulose ethers undergoing temperature- or dilution-induced thickening were
investigated. The aim of the work was to develop formulations, which can be easily
administered to the periodontal pocket, stay at the application site, give a fast onset of
anaesthesia and have a duration sufficient to perform periodontal scaling procedures.

Emulsions, (mixed) micellar solutions and microemulsions fulfilling the requirements
stated above were achieved by combining the active ingredients lidocaine and prilocaine
with the nonionic block copolymers Lutrol  F127 and Lutrol  F68. The critical
micellisation and gelation temperatures of the systems were found to be interconnected
and influenced by the total polymer concentration and the polymer mixture
composition, as well as the presence of cosolutes and pH.

A low-viscous isotropic phase that turns into a high-viscous hexagonal phase as the
water content increases was found by combining Lutrol  F68, water, a eutectic mixture
of lidocaine and prilocaine and Akoline MCM. The system has a slower release rate
compared to the microemulsion formulation, which might make it suitable for
indications where a longer duration is needed.

Finally, a temperature-induced gelling system was achieved by adding lidocaine and
prilocaine to mixtures of ethyl(hydroxyethyl)cellulose (EHEC) and sodium dodecyl
sulfate (SDS), hexadecyltrimethylammonium bromide (CTAB) or myristoylcholine
bromide systems at or just below the surfactant concentration found to give a maximum
viscosity increase at room temperature. In particular, the myristoylcholine bromide
system may be interesting considering its antibacterial properties and biodegradability.
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Abbreviations and Definitions

cac Critical aggregation concentration
cmc Critical micellisation concentration
cmt Critical micellisation temperature
CP Cloud point
CTAB Hexadecyltrimethylammonium bromide
D Diffusion coefficient
d Distance between planes in the crystal
DSC Differential scanning calorimetry
DSethyl Average substitution degree of ethyl groups
EHEC Ethyl(hydroxy ethyl) cellulose
EO Ethylene oxide
FTPGSE Fourier transform pulsed gradient spin-echo
G´ Elastic or storage modulus
G´´ Viscous or loss modulus
H Enthalpy
H1 Hexagonal phase
H2 Reversed hexagonal phase
HM-EHEC Hydrophobically modified ethyl(hydroxy ethyl) cellulose
I Cubic phase
k Boltzman constant
L2 Reversed micellar phase
L3 Bicontinuous phase
Lα Lamellar phase
MSEO Molar substitution degree of hydroxyethyl groups
n Order of the diffraction pattern
NaCl Sodium chloride
NaSCN Sodium thiocyanate
NMR Nuclear magnetic resonance
o/w Oil-in-water
PCS Photon correlation spectroscopy
PEO-PPO-PEO Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
PO Propylene oxide
Rh Hydrodynamic radius
S Entropy
SDS Sodium dodecyl sulphate
T Temperature
w/o Water-in-oil
VAS Visual analogue scale
VRS Verbal rating scale
φ Phase
λ Radiation wavelength
θ Scattering angle
η Viscosity
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1 Aim of the Thesis

The aim of this work has been to develop local anaesthetic in situ gelling systems
suitable for administration into body cavities such as the periodontal pocket. For this
purpose, poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-
PEO) block copolymers and nonionic cellulose ethers were used together with a mixture
of two amphiphilic drug substances (lidocaine and prilocaine) to make formulations
undergoing either temperature-induced or dilution-induced thickening. The systems
were investigated regarding the influence of the concentration of active ingredients and
polymers, pH and cosolutes on physico-chemical properties such as micellisation, phase
behaviour, in vitro drug release, and stability. The studies were performed using
rheology, NMR self-diffusion, photon correlation spectroscopy (PCS), differential
scanning calorimetry (DSC) and small angle X-ray diffraction techniques.
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2 Introduction

This thesis deals with drug delivery systems undergoing transitions from a low to a high
viscous state as a consequence of an increase in temperature or dilution with water
(saliva). Such systems have gained significant interest among formulators within the
pharmaceutical field as drug delivery vehicles for dermal, nasal, ocular, oral, buccal,
vaginal, rectal and parenteral administration (Schmolka, 1977; Chen-Chow and Frank,
1981; Miller and Donovan, 1982; Miyazaki et al., 1986; Abd Elbary et al., 1991; Wang
and Johnston, 1995; Edsman et al., 1998). Despite the interest in these systems, topical
formulations for local anaesthesia of the periodontal pocket are scarce.

Both PEO-PPO-PEO block copolymers and ethyl(hydroxy ethyl) cellulose (EHEC)
show a reversed temperature dependence and can be formulated into systems turning
into a �gel� state at body temperature, the latter in the presence of ionic surfactant. The
gelation is fully reversible and upon cooling the systems turn into a low viscous state
again. Furthermore, due to their amphiphilic nature PEO-PPO-PEO block copolymers
can self-associate into various structures, forming, e.g., low viscous phases that turn into
high viscous hexagonal or cubic phases upon dilution with water. Also, the ability to
form micelles makes the block copolymers interesting as drug delivery vehicles where
enhanced drug solubility, reduced drug hydrolysis, controlled release of the active
component, or improved bioavailability is required (Collett and Tobin, 1979; Lin and
Kawashima, 1985; Gilbert et al., 1986; Nagarajan et al., 1986; Tarr and Yalkowsky,
1987; Hurter and Hatton, 1992; Kabanov et al., 1992; Saito et al., 1994; Alexandridis
and Hatton, 1995).

The local anaesthetic agents used throughout the thesis are lidocaine and prilocaine
which form a eutectic mixture (Brodin et al., 1984). The aim of the work with these
substances is to achieve systems which can be easily administered to the periodontal
pocket, stay at the application site due to a viscosity increase, give a fast onset of
anaesthesia lasting throughout the dental procedure and thereafter be easily rinsed out
with water causing a fast decline in anaesthetic effect.

There are a number of challenges when preparing these kind of systems since the phase
behaviour of both PEO-PPO-PEO block copolymers and the nonionic cellulose ethers
are affected by various factors such as temperature, copolymer composition, molecular
weight, concentration, and presence of cosolutes such as surfactants, electrolytes, and
hydrophobic substances (Vadnere et al., 1984; Carlsson et al., 1986; Karlström et al.,
1990; Malmsten and Lindman, 1992a; Linse, 1993a,b; Mortensen and Pedersen, 1993;
Wanka et al., 1994; Alexandridis et al., 1995; Alexandridis and Hatton, 1995;
Alexandridis et al., 1996a; Alexandridis and Holzwarth, 1997; Jönsson et al., 1998).
Some of these factors are studied for PEO-PPO-PEO block copolymer formulations
undergoing temperature-induced thickening in paper I-III, PEO-PPO-PEO block
copolymer formulations undergoing dilution-induced thickening in paper IV and
nonionic cellulose ethers undergoing temperature-induced thickening in paper V. The
polymers investigated in the present work are shown in Table 1.
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Table 1. Polymers investigated in the present work.

1MSEO = Molar substitution degree of hydroxyethyl groups, DSethyl = Average substitution degree of ethyl
groups.

2CP = Cloud point.

3Structural formula of Lutrol® F127 a=99, b=65 and Lutrol® F68 a=79, b=28.

4Structural formula of EHEC R=H and HM-EHEC R=(CH2 - CH2O)x - C6H4 - C9H19.

Polymers Type of Polymer Mean
molecular

weight
(g/mol)

MSEO/
DSethyl

1
Nonyl-
phenol
(mol%)

CP2

(°C)

Poloxamer 407;
Lutrol  F127

Nonionic
block copolymer3

12500 - - >100

Poloxamer 188;
Lutrol  F68

Nonionic
block copolymer3

8600 - - >100

EHEC Nonionic
cellulose ether4

127000 0.9/1.5 - 34

HM-EHEC Nonionic
cellulose ether4

120000 2.1/0.8 0.8-1.2 36

H (O - CH2 - CH2) a (O - CH - CH2) b (O - CH2 - CH2) a OH
CH3

{

O

OHO

CH   2

O

O
O

CH  2

CH  2

OH

HO
OH

CH   2
O

CH  2

  3

CH  2

CH  2O
CH  2CH  2

O
CH  2CH  3

O O

HO

CH  2

O

O
O

CH  2

CH  2

O

O

HO
O

CH  2OH

CH  2

O

CH  2

CH2

O
CH2

CH  3

R

{
CH2

CH2

CH2

OH

CH



11

3 Local Anaesthesia

3.1 Local anaesthesia of the periodontal pocket

3.1.1 Requirements

Periodontal scaling is a dental procedure performed to remove plaque from the surface
of a tooth in order to avoid build-up of bacteria which unattended can lead to loss of the
tooth. The scaling procedure is regarded as unpleasant and painful by two-thirds of
patients and therefore requires local anaesthesia (Svensson et al., 1994). The main
anaesthetic techniques used for this purpose are nerve block/infiltration anaesthesia
either alone or in combination with topical anaesthesia. However, since many people
suffer from fear of needle insertions (Milgrom et al., 1997; Skaret et al., 1998) and
would like to avoid numbness of the lip and tongue a fast-acting and effective topical
anaesthetic which is easy to administer is desirable.

3.2 Formulations for anaesthetising oral mucosa

3.2.1 Important formulation factors

A number of topical anaesthetics are used in dentistry, although a draw-back with most
formulations available on the market is a low degree of efficacy. EMLA® cream
(lidocaine/prilocaine 5%) has been found to be effective in preventing procedure-related
pain in the mouth (Holst and Evers, 1985; Svensson et al., 1993; Svensson et al., 1994;
Donaldson and Meechan, 1995) but since it was not intended for the oral cavity, it
easily spreads out (Svensson and Petersen, 1992) causing anaesthesia also in areas not
wanted and a spread of its bitter taste.

Lidocaine and prilocaine, as seen in Figure 1, were selected as active ingredients for the
development of a suitable formulation for anaesthetising the periodontal pocket prior to
scaling procedures. Such a formulation needs to have a fast onset time, sufficient depth
of penetration, sufficient duration, and should be easy to apply, stay at the application
site and in addition be non-irritant and stable at normal storage conditions.

Figure 1. Chemical structure of the active ingredients.

Lidocaine

 CH3

NH - CO - CH2  - N

CH3 C2H5

C2H5

 CH3

NH - CO - CH - NH - CH2 - CH2 - CH3

Prilocaine

 CH3
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A formulation which is easy to apply and stays at the application site once applied can
be achieved by using excipients that will undergo transition from a low viscous state
before application to a high viscous state after application. Such transitions can be
induced, e.g., by an increase in temperature or dilution of the formulation with water
(saliva).  Examples of polymers showing temperature-induced gelation are the PEO-
PPO-PEO block copolymers and nonionic cellulose ethers, the latter together with ionic
surfactants. Dilution-induced gelation can be achieved, e.g., by utilising the phase-
behaviour of the PEO-PPO-PEO block copolymers.
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4 Polymers Showing Reversed Temperature-dependence

Aqueous solutions of nonionic polymers and surfactants containing ethylene oxide (EO)
show in many properties anomalous temperature dependencies such as clouding
(reduced solubility), induced micellisation and increasing micellar size, gel formation
etc. upon increasing temperature (Lindman et al., 1990). There have been several
theories put forward in the literature as explanations for this unusual behaviour based on
solvent-solvent (Kjellander and Florin, 1981; Kjellander, 1982), solute-solvent (Lang
and Morgan, 1980; Goldstein, 1984) and solute-solute interactions (Karlström, 1985).
The first of these deals with the temperature-dependent structuring of water around the
EO units. At low temperatures it is assumed that the EO chains are surrounded by a
zone of increased structuring of water which breaks down as the temperature is
increased, eventually resulting in phase separation. Naturally, at sufficiently high
temperatures T∆S will be greater than ∆H resulting in complete miscibility of EO and
water (Kjellander and Florin, 1981; Kjellander, 1982). The solute-solvent model on the
other hand explains the phase separation by a breakage of the hydrogen bonding
between water molecules and ether oxygen of the EO groups at higher temperatures
(Lang and Morgan, 1980; Goldstein, 1984). The third model was first introduced to
describe the phase behaviour of PEO in water and focuses on the temperature-dependent
conformational changes of the polymer. The PEO chain may exist in a large number of
conformations having different energies. The conformation, which is gauche around the
C-C bond and anti around the C-O, has the lowest energy but also a low statistical
weight. At low temperature this conformation, which has a large dipole moment,
dominates. The importance of other conformations of higher statistical weight increases
with increasing temperature. The resulting conformational changes will make the PEO
chains progressively less polar with increasing temperature. As this occurs, the PEO
chains will interact less favourably with water and more favourably among themselves,
leading to an increased tendency for phase separation (Karlström, 1985).

Apart from PEO, the latter model has been used successfully to predict the solution
properties of other clouding  polymer systems such as PEO-PPO-PEO block
copolymers and cellulose derivatives (Karlström et al., 1990; Johansson et al., 1993;
Linse, 1993b; Zhang et al., 1994; Thuresson et al., 1995; Svensson, 1998). Furthermore,
a similar model, assuming temperature-dependent EO-EO, PO-PO and EO-PO
interactions, has been used to predict the micellisation behaviour of PEO-PPO-PEO
block copolymer solutions (Linse and Malmsten, 1992; Linse, 1993a,b).

4.1 Block copolymers, PEO-PPO-PEO

4.1.1 Self-association

Due to the amphiphilic nature of PEO-PPO-PEO block copolymers they are able to self-
aggregate to form a variety of associated structures such as micelles and liquid
crystalline phases, as well as the reversed counterparts and different microemulsion
structures (Linse, 1993 a,b; Mortensen and Pedersen, 1993; Wanka et al., 1994;
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Alexandridis et al., 1995; Alexandridis and Hatton, 1995; Zhang and Khan, 1995;
Alexandridis et al., 1996b; Alexandridis et al., 1998). The micelles formed in dilute
aqueous solution consist of a hydrophobic core of propylene oxide and a hydrophilic
corona of ethylene oxide (Zhou and Chu, 1988; Wanka et al., 1990; Brown et al., 1991;
Linse and Malmsten, 1992; Malmsten and Lindman; 1992a; Mortensen, 1992; Yu et al.,
1992; Mortensen and Pedersen, 1993; Alexandridis et al., 1994; Wanka et al., 1994;
Hecht et al., 1995). Due to this structure the micellar solutions are capable of
solubilising hydrophobic solutes (Alexandridis and Hatton, 1995). The solubilisating
capacity of hydrophobic substances in the micelles has been found to be higher for
aromatic than for aliphatic substances and larger the smaller the solubilised molecule
(Nagarajan et al., 1986). Furthermore, the solubilising capacity increases with
increasing polymer concentration (Collett and Tobin, 1979; Saito et al., 1994; Kwon
and Kataoka; 1995), temperature and relative propylene oxide content of the polymer
(Hurter and Hatton, 1992; Saito et al., 1994). Another interesting feature of the block
copolymer micelles is that they remain stable for long times on reducing the
concentration below the critical micellisation concentration (cmc), i.e., on dilution
which is a promising factor for pharmaceutical applications (Malmsten and Lindman,
1992a).

A characteristic property of these systems is that the self-assembly is highly temperature
dependent. More specifically, an increasing temperature facilitates self-association,
resulting in a strong decrease in the cmc (Linse and Malmsten; 1992; Linse, 1993a) and
at a given polymer concentration a critical micellisation temperature (cmt) occurs
(Alexandridis and Hatton, 1995). Several techniques have been described in the
literature for measuring the cmc/cmt of block copolymers, e.g., light scattering,
fluorescence spectroscopy, surface tension, nuclear magnetic resonance spectroscopy
(NMR) and differential scanning calorimetry (DSC) (Alexandridis and Hatton, 1995).
The micellisation, detected with DSC, has been shown to be endothermic and the self-
assembly therefore inferred to be driven by the entropy gain when the micelles form,
presumably mostly due to a change in hydrophobic behaviour of PPO and to a lesser
extent also to the increase in the non-polar conformational state of PEO with increasing
temperature (Wanka et al, 1990; Yu et al., 1992; Linse, 1993a,b; Alexandridis et al.,
1994; Hecht and Hoffman; 1994; Wanka et al., 1994; Alexandridis and Hatton, 1995;
Patterson et al., 1996).

Another characteristic property of PEO-PPO-PEO block copolymer systems is the
thermoreversible gelation displayed by some concentrated block copolymers at
temperatures close to room temperature (Wanka et al., 1990; Brown et al., 1991; Yu et
al., 1992; Wang and Johnston, 1991). For example, a 20% w/w aqueous solution of
Lutrol® F127 typically shows a quite low viscosity (about 0.02 Pa s) (Malmsten and
Lindman, 1993) at low temperatures. On increasing temperature, gel formation occurs
over a narrow temperature range and the elastic modulus of the gel formed is quite high
(Brown et al., 1991; Malmsten and Lindman, 1993; Wanka et al., 1994; Alexandridis
and Hatton, 1995). The gels display a largely elastic mechanical behaviour over a wide
frequency range, contrary for example, to many semi-dilute or concentrated polymer
solutions which at least at low frequencies are largely viscous in nature (Ferry, 1980).
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The driving forces for this thermal gelation and the structure of the �gels� have been
discussed extensively in the literature. The gel transition has been related to intrinsic
changes in the micellar properties (Rassing and Attwood, 1983), entropic changes
involving locally ordered water molecules close to the hydrophobic propylene oxide
segments (Vadnere et al., 1984) and the possibility of an ordered three-dimensional
structured state or network (Wanka et al., 1990; Wang and Johnston, 1991). Neutron
scattering has shown that the gel formation occurs when the micelle concentration
reaches the critical volume fraction of 0.53, i.e. where the micelles are locked into a
hard sphere crystalline structure due to their high volume density (Mortensen et al.,
1992; Mortensen, 1992; Mortensen and Pedersen, 1993; Alexandridis et al., 1994;
Hecht and Hoffman 1994; Alexandridis and Hatton, 1995; Mortensen, 1996). If shear is
applied to such a phase it may align the system, e.g., into one macroscopic monodomain
with the micelles organised on a body-centred cubic lattice (Mortensen et al., 1992;
Mortensen, 1992; Mortensen, 1996). Although the shear has a dramatic influence on the
texture the phase behaviour has been found to be largely unaffected by shearing
(Mortensen, 1996). The onset of gelation can easily be detected by, e.g., oscillating
rheological measurements (Wanka et al., 1990; Brown et al., 1991).

Both the micellisation and gelation are affected by a range of factors, e.g., temperature,
copolymer composition, molecular weight, and concentration, as well as presence of
cosolutes such as surfactants, electrolytes, and hydrophobic substances (Malmsten and
Lindman, 1992a; Linse, 1993a,b; Mortensen and Pedersen, 1993; Wanka et al., 1994;
Alexandridis et al., 1995; Alexandridis and Hatton, 1995; Alexandridis et al., 1996a;
Alexandridis and Holzwarth, 1997). This rich behaviour of block copolymers described
above together with their commercial availability make them interesting as drug
delivery vehicles, since they can improve solubility, reduce hydrolytic degradation,
achieve controlled release, result in improved bioavailability etc.(Collett and Tobin,
1979; Lin and Kawashima, 1985; Nagarajan et al., 1986; Tarr and Yalkowsky, 1987;
Yokoyama et al., 1990; Hurter and Hatton, 1992; Kabanov et al., 1992; Yokoyama,
1992; Saito et al., 1994; Alexandridis and Hatton, 1995).

The aspects of toxicity of the formulation components and their degradation products
are a major concern when developing pharmaceutical formulations. The toxicity of
PEO-PPO-PEO block copolymers have been investigated for different pharmaceutical
applications and found to be quite low, and decreasing with increasing PEO content and
molecular weight (Schmolka, 1991). The two block copolymers used in this study have
mostly been reported to show a low toxicity. However, Lutrol  F68 has been found to
induce phospholipidosis in rats at high concentrations and Lutrol  F127, despite its high
molecular weight and PEO content, has been reported to cause damage to the retina
when applied to the eye for two weeks (Magnusson et al., 1986; Davidorf et al., 1990).
The toxicity of these polymers is a complex issue and therefore, the toxicological
aspects have to be considered from each formulation perspective. Furthermore, these
polymers degrade in presence of oxygen forming aldehydes which can react with other
formulation components and this must naturally also be addressed (Bergh et al., 1998).



16

4.2 Cellulose ethers, EHEC and HM-EHEC

4.2.1 Polymer-surfactant interactions

Analogous to the PEO-PPO-PEO block copolymers, the nonionic cellulose ethers
EHEC (ethyl(hydroxyethyl)cellulose) and hydrophobically modified EHEC (HM-
EHEC) phase separate from aqueous solution when heated above a certain temperature,
usually referred to as the cloud point (CP) (Jullander, 1957; Karlström, 1985; Carlsson
et al., 1989; Carlsson et al., 1990; Karlström et al., 1990). The clouding phenomenon is
a reversible process, i.e., when lowering the temperature below the cloud point the two-
phase system will turn into a one-phase system again.

There are many factors that affect the CP, for example properties of the polymer itself
such as type and degree of substitution, molecular weight, and concentration, but also
addition of cosolutes such as surfactants, alcohols and electrolytes (Carlsson et al.,
1986; Karlström et al., 1990; Jönsson et al., 1998). Cloud-point measurements are easy
to perform and is a useful method for gaining knowledge about the interactions in
solutions of cosolutes and thermoseparating polymers.

The interaction between cellulose ethers and surfactants is of particular interest to the
present work since the aggregate formation between these substances may have
dramatic effects on both solubility and rheology, which may be used in a formulation
strategy. When ionic surfactants bind to the cellulose ethers their electrically charged
head group will effectively increase the solubility of the polymer due to electrostatic
repulsion between the polymer-surfactant aggregates. At the same time, however, the
hydrophobic part of the added surfactant will increase the overall hydrophobicity of the
polymer which may lead to a decrease in polymer solubility. Thus, the influence of the
surfactant on the solubility of the polymer is determined by the balance between these
two opposing effects, and is therefore sensitive to the presence of excess electrolyte
(Carlsson et al., 1986).

EHEC has been shown to form thermoreversible gels in the presence of ionic
surfactants at certain conditions (Carlsson et al., 1990; Lindman et al., 1990). The
network formation is caused by a delicate interplay between connectivity provided by
the polymer chains and swelling caused by the polymer-bound ionic surfactant
(Walderhaug et al., 1995; Cabane et al., 1996) and possibly also temperature-dependent
binding of the surfactant (Carlsson et al., 1990; Zana et al., 1992; Kamenka et al.,
1994). Quantitatively, the effects of polymer-surfactant aggregate formation depend
strongly on the conditions, but in certain cases this might result in orders of magnitude
increase in viscosity and elastic modulus (Carlsson et al., 1990; Iliopoulos et al., 1991;
Holmberg et al., 1992; Nyström et al., 1995; Cabane et al., 1996; Holmberg and
Sundelöf, 1996; Kjöniksen et al., 1998).

This rather unique phenomenon is interesting from a pharmaceutical point of view, and
in situ gelling systems based on EHEC have previously been reported in the literature,
e.g., for nasal and ophthalmic drug delivery (Rydén and Edman, 1992; Lindell and
Engström, 1993).
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5 Formulation Strategies

5.1 Formulations of oil and water

5.1.1 Solubilisation

In developing a formulation for application to the oral mucosa the organoleptic
properties, toxicity and ease of handling have to be considered when choosing a suitable
solvent. Therefore, water is usually preferred since water continuous systems are
considered to be well perceived by patients, non-toxic and easy to rinse out after the
treatment.

The active ingredients used in the present work, i.e., lidocaine and prilocaine, are more
or less hydrophobic depending on the pH of the system and a common way of
solubilising such substances in water is to make emulsions by adding an amphiphile to
the system. Oil-in-water (o/w) emulsions offer advantages in topical administration,
including water miscibility, thus making them washable, ease of spreading onto the
application site, and a low degree of irritation (Becher, 1985). However, since
emulsions are kinetically stabilised, but thermodynamically unstable, these will
eventually phase separate, which may cause stability problems.

Microemulsions contain water, oil and amphiphile(s) making up a single optically
isotropic and thermodynamically stable liquid solution (Danielsson and Lindman, 1981;
Florence and Attwood, 1998; Jönsson et al., 1998). They are easy to prepare and show
excellent long-term stability. Beside these advantages, microemulsions may offer
additional benefits for periodontal uses such as an increased drug release rate, due to
smaller droplet size compared to emulsions, and improved handling due to the
transparency of the formulation, the latter making it easy to see the instruments in the
periodontal working area. However, preparing microemulsions as drug delivery systems
often requires a high surfactant concentration that might be a disadvantage from a
toxicological point of view.

There have been several reports of their use in pharmaceutical formulations, frequently
with good results (Attwood, 1994; Israelachvili, 1994; Lawrence, 1994; Constantinides,
1995; Paul and Moulik, 1997; Malmsten, 1998). Particularly interesting microemulsion
systems for pharmaceutical applications are those based on nonionic surfactants, since
these generally require no additional surfactant or cosurfactant to form a microemulsion
and are frequently less toxic than those based on ionic surfactants (Schick and Fowkes,
1967; Gloxhuber, 1980; Schmolka, 1991).

5.1.2 Fixation

Another requirement in preparing a formulation for anaesthetising the periodontal
pocket is that it needs to remain at the application site at the same time as being easy to
apply. To achieve such a system one can take advantage of the differences between the
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ex vivo and in vivo conditions, e.g., regarding the temperature and presence of water
(saliva). In particular, systems undergoing a transition from a low-viscous solution to a
high-viscous system after administration offer interesting opportunities in this respect.

5.2 Formulation types of special interest

There have been several reports in the literature of in situ thickening systems where the
viscosity increase is induced by a temperature increase, dilution or ion-exchange
(Moorhouse et al., 1981; Rozier et al., 1989; Engström and Engström, 1992; Engström
et al., 1992; Norling et al., 1992; Rydén and Edman, 1992; Lindell and Engström, 1993;
Esposito et al., 1996). Particularly interesting for the application in focus here, are
temperature- and dilution-induced thickening which were investigated using block
copolymers and nonionic cellulose ethers.

The PEO-PPO-PEO block copolymer Lutrol  F127 displays thermoreversible gelation
at temperatures close to room temperature (Wanka et al., 1990; Brown et al., 1991;
Wang and Johnston, 1991; Yu et al., 1992). The gel formation occurs over a narrow
temperature range turning such solutions from a low viscous state to a gel state of high
elastic modulus (Brown et al., 1991; Malmsten and Lindman, 1993; Wanka et al., 1994;
Alexandridis and Hatton, 1995). In addition to acting as a thickener PEO-PPO-PEO
block copolymers are able to form micelles which can solubilise the active ingredients
and hence, no additional surfactants are required. Another advantage when dealing with
pharmaceutical preparations is their relatively low toxicity (Schmolka, 1991) as well as
their commercial availability.

Furthermore, PEO-PPO-PEO block copolymers can self-associate into a large number
of different structures such as micelles, microemulsions and liquid crystalline phases
(Linse, 1993a,b; Mortensen and Pedersen, 1993; Wanka et al., 1994; Wu et al., 1994;
Alexandridis et al., 1995; Alexandridis and Hatton, 1995; Zhang and Khan, 1995;
Alexandridis et al., 1996b). Therefore it should be possible to develop a low viscosity
solution which will turn into a liquid crystalline phase of some stiffness upon dilution
(e.g., a lamellar (Lα), hexagonal (H) or cubic (I) phase). An advantage in formulating
such a system is that a higher amount of polymer can be used and as a consequence a
larger amount of active ingredients can be incorporated into the system. However, the
phases of interest can be very small resulting in limitations in choice of formulation
composition.

Considering this, Lutrol  F127 and F68 or Lutrol  F68 were used together with the
eutectic mixture of lidocaine and prilocaine to develop formulations undergoing either
temperature- or dilution-induced thickening. The influence of polymer properties,
temperature and presence of cosolutes on the rheology, stability, drug release rate etc. of
these systems were investigated in paper I-IV.

EHEC has also been found to form thermoreversible gels at certain conditions in
presence of ionic surfactants (Carlsson et al., 1990, Lindman et al., 1990). Although the
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EHEC systems are more viscous before reaching the gel state and less viscous after
reaching the gel state compared to PEO-PPO-PEO formulations such systems may still
be sufficient to meet the formulation requirements. The ionic surfactants needed for
temperature-induced thickening may be a disadvantage from a toxicological point of
view although the amounts needed are quite low as is the release rate of the surfactant
from the system (25% w/w released after 1 hour application time) (Lindell, 1996). In
fact, using cationic surfactants with antibacterial properties could be an advantage for
the application in focus here, although caution should be applied due to the irritating
effects of cationic surfactants. Such systems are particularly interesting if readily
biodegradable surfactants are used. Also, the surfactant micelles formed on the polymer
backbone contain less water in their interior than micelles formed by the PEO-PPO-
PEO systems and may thus provide a better protection against hydrolysis of the
solubilised drug.

Therefore, EHEC together with anionic or cationic surfactants was combined with
lidocaine and prilocaine to develop temperature-induced thickening systems. HM-
EHEC systems were also investigated regarding its solubilising capacity. The influence
of the properties of the polymer and addition of cosolutes on CP, rheology and drug
release rate of these systems were studied in paper V.



20

6 Methods

6.1 Photon correlation spectroscopy (PCS)

PCS is a technique for determining the average particle size and broadness of the size
distribution of particles dispersed in liquids, within the size range from a few
nanometers to about 1 µm or to the onset of sedimentation. The measurement is
conducted by illuminating the sample by a narrow monochromatic and coherent laser
beam. The light scattered by the particles at an angle (typically 90°) is recorded by a
detector and the output fed to a correlator. The dispersed particles are in constant
Brownian and/or thermal motion and the observed scattered intensity fluctuates along a
time axis. By monitoring the autocorrection function of the intensity scatter, the PCS
measurement describes the movement of the particles in the form of the diffusion
coefficient (D) from which the particle size (hydrodynamic radius, Rh) can be calculated
using the Stokes-Einstein equation:

Rh = kT/6πηD (1)

where k is the Boltzman constant, T is the temperature, and η the viscosity of the
continuous phase.

This technique has been used in several studies to measure the size of micellar
aggregates in block copolymer systems (Al-Saden et al., 1982; Zhou and Chu, 1988;
Wanka et al., 1990; Brown et al., 1991) and has been taken as a standard in
pharmaceutical development work (International Standard ISO 13321). Since the
formulations of investigation in the present work consist of micelles in the nanometer
range this technique is useful in determining the size of these aggregates.

6.2 Nuclear magnetic resonance (NMR) self-diffusion

NMR self-diffusion is a useful method for determining the structure of isotropic and
anisotropic surfactant, polymer, and polymer/surfactant systems (Lindman et al., 1987;
Söderman and Stilbs, 1994; Söderman and Olsson, 1997). An aspect of NMR self-
diffusion measurement making it especially interesting for these types of systems is that
the diffusion of all components may be monitored simultaneously.

For the self-diffusion NMR measurements the Fourier transform pulsed gradient spin-
echo technique (FTPGSE) (Stilbs, 1987) was used. In this technique the self-diffusion
coefficients are determined by using a spin-echo sequence in combination with pulsed
magnetic field gradients which labels nuclei at different spatial positions with different
precession frequencies. During the time of the experiment movement of spins will result
in defocusing of the echo coherence, quantified as the diffusion coefficient D. The
FTPGSE technique has been described previously in the literature as a useful method in
determining the structure of aqueous systems based on EO-PO-EO block copolymers
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and nonionic cellulose ethers (Stilbs, 1987; Malmsten and Lindman, 1992a,b; Carlsson
et al., 1989).

6.3 Differential scanning calorimetry (DSC)

DSC is a thermal analysis method for detecting changes in physical and/or chemical
properties of materials as a function of temperature by measuring the heat changes
associated with such processes. The sample and an inert reference are placed in a
temperature controlled chamber and the heat flow required to maintain the sample and
the reference at the same temperature is measured. This results in either an absorption of
heat (endothermic reaction) or a release of heat (exothermic reaction) (McNaughton and
Mortimer, 1975).

DSC has been described in the literature as a possible technique for studying block
copolymer self-assembly (Alexandridis and Hatton, 1995). The micellisation process
has been shown to be endothermic and therefore inferred to be driven by the entropy
gain when the micelles form. This is presumably an effect of both hydrophobically
driven self-assembly, and an increase in the non-polar conformational state of PEO with
increasing temperature (Wanka et al, 1990; Yu et al., 1992; Linse, 1993a,b;
Alexandridis et al., 1994; Hecht and Hoffman; 1994; Wanka et al., 1994; Alexandridis
and Hatton, 1995; Patterson et al., 1996). In the present work, this technique was used
to study the critical micellisation temperature (cmt) for some of the PEO-PPO-PEO
block copolymer formulations, particularly at higher concentrations, where light
scattering or NMR self-diffusion are more difficult to use in order to obtain information
on the onset of micellisation.

6.4 Small angle X-ray diffraction

Small angle X-ray diffraction is a useful method in studying liquid crystalline phases.
The crystal structure is built up of unit cells which are the smallest building units of a
crystal, describing the three-dimensional relationship between the molecules in the
crystal lattice. Both the symmetry and the dimensions of the unit cell, as well as the
long-range organisation, can be studied by X-ray diffraction. The sample is fixed and
sealed between two mica windows and placed in the beam of monochromatic X-rays.
The scattered radiation satisfying Bragg´s law:

nλ = 2d sin θ (2)

where n is the order of the diffraction pattern, λ is the radiation wavelength, d is the
distance between planes in the crystal and θ is the scattering angle, gives a diffraction
pattern (Stout and Jensen, 1989). This technique has been extensively used in the
literature for investigating the structure of liquid crystalline phases formed by both
surfactants and block copolymers (Luzzati, 1968; Fontell, 1992; Larsson, 1994;
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Svensson et al., 1998) and was used in the present work to determine the structure of
some liquid crystalline phases of a block copolymer system.

6.5 Rheology

Rheology is an important tool in determining the macroscopic behaviour of polymer
solutions and its dependence on temperature, polymer-surfactant interaction, additives
etc. By subjecting a sample to oscillating shear between a cone and a plate the elastic
modulus (G´) and loss modulus (G´´) can be measured at different temperatures and
frequencies. Such measurements were performed in the present work using a stress
controlled rheometer to investigate the thermogelling properties of block copolymer
systems and the interaction between nonionic cellulose ethers and surfactants.

6.6 In vitro drug release

In vitro drug release methods are frequently used to gain information about the release
profiles of active ingredients when developing formulations. In the present work, two
compartment glass diffusion cells, as seen in Figure 2, were used for the experiments.
The formulation was applied on a synthetic cellulose membrane (Spectra/Por  4,
MWCO 12,000 - 14,000) separating the donor and receptor compartments. Degassed
distilled water was used as sink solution. The amount of active ingredients released over
time was analysed using a spectrophotometer or high performance liquid
chromatography (HPLC). A reference formulation was included as a control in all
experiments.

Figure 2. A schematic illustration of the two compartment cell used for the drug diffusion studies.
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7 Results and Discussion

7.1 Temperature-induced gelation of block copolymer systems

7.1.1 Micelle and gel formation

The active ingredients, lidocaine and prilocaine were incorporated into an aqueous
system as oil-in-water emulsions. Lutrol  F127 was added to the system both as a
viscosity controlling and surface active agent, i.e., both to emulsify the sparingly
soluble active ingredients and to act as a thickener for the system. Despite the
solubilising capacity of this polymer it was found that an additional surfactant was
required to improve the stability of the formulation (paper I). Interestingly, the addition
of Lutrol  F68 resulted in a clear one-phase system, which was investigated further in
papers II and III.

(a)

(b)

Figure 3a) Elastic modulus (G´) of a 20% w/w aqueous solution of Lutrol  F127. b) The phase
behaviour of aqueous solutions of Lutrol  F127.
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Particularly for the latter system, the occurrence and properties of the micelles formed,
as well as its dependence on parameters such as total polymer concentration, polymer
mixture composition, concentration of active ingredients, and pH, is important. These
effects were therefore investigated in some detail. For this purpose both PCS, NMR and
DSC were employed. Of particular importance for the present work is also the capacity
of these systems to solubilise local anaesthetic agents such as lidocaine and prilocaine,
which was investigated, e.g., by chromatographic techniques.

As discussed previously, one of the interesting properties of the block copolymers is the
ability to form thermoreversible gels. This is illustrated in Figure 3a and b for aqueous
solutions of Lutrol  F127. In analogy to the micellisation process, the temperature of
gelation decreases with an increasing polymer concentration. Interestingly, at even
higher temperatures, the gels �melt� and low viscosity solutions are formed once more
(Malmsten and Lindman, 1992a; Alexandridis and Hatton, 1995). However, this
transition generally occurs at temperatures significantly higher than those relevant for
pharmaceutical applications (Malmsten and Lindman,1992a; Alexandridis and Hatton,
1995). The transition from a low viscous system to a very stiff one occurs very abruptly,
frequently within a range of 5 °C, as seen in Figure 3a. Moreover, the onset temperature
can be controlled, e.g., by the polymer concentration, molecular weight and
composition as well as by the presence of cosolutes such as electrolytes, organic
substances and surfactants.

The influence on the micellisation and gelation processes by cosolutes such as
electrolytes, surfactants and hydrophobic substances was investigated in papers I, II and
III and the main results will be discussed below.

Effect of total polymer concentration and polymer mixture composition
Formulations containing a fixed amount of polymers and 5 or 10 % w/w of active
ingredients at pH 7.8 or 10 were investigated regarding the effect on cmt and gelation
temperature upon diluting the systems with water. It was found that increasing the water
content causes an increase in both cmt and gelation temperature. However the effect on
the gelation temperature is much more dramatic than that on cmt. This might be
explained by the gelation temperature being determined by both the self-assembly and
the close-packing of micelles (Mortensen, 1992; Mortensen et al., 1992; Mortensen and
Pedersen, 1993; Mortensen, 1996), the latter being rather sensitive to total copolymer
concentration (for further details see paper IV).

Interestingly, the Lutrol  F127/F68  ratio (at a constant total polymer concentration) has
a major effect on the properties of the system. Some of the combinations of the two
polymers, in presence of the active ingredients, were found to result in clear solutions
which were thought to be o/w microemulsions or (mixed) micellar solutions depending
on the pH of the system. Since microemulsions are thermodynamically stable one-phase
systems the combination of Lutrol  F68 and 127 and lidocaine and prilocaine were
studied more in depth in paper II and III. The effect of the ratio between Lutrol  F127
and F68 on self-assembly was further investigated by measuring cmt and the gelation
temperature for formulations containing a total polymer concentration of 21% w/w.
Both cmt and the gelation temperature were found to decrease with increasing fraction
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of Lutrol  F127, although quantitatively the cmt decrease is much smaller than the
decrease in gel transition. Also, PCS and NMR indicate that the effect of the copolymer
ratio on the size of the micelles formed in dilute solution is quite minor. Considering
this, the magnitude of the effect of the copolymer mixture composition on the gelation
temperature is rather surprising. A possible explanation might be the difference in
aggregation number between the two polymers. Judging from literature values the
aggregation number for Lutrol  F127 seem to be higher than for Lutrol  F68, although
the spread in the results reported is quite substantial and also depend strongly on the
temperature (Rassing and Attwood, 1983; Linse 1993a; Nagarajan, 1999). Nevertheless,
the observed effects on the gelation temperature clearly show that this factor must be
considered when choosing a suitable copolymer for developing a thermogelling
formulation.

Effect of electrolytes and surfactants
The micelle and gel formation is greatly influenced by the addition of electrolytes. For
example, both the entire gel region and the cmt are shifted to lower temperatures upon
the addition of NaCl (a typical �salting out� cosolute) to an aqueous solution of Lutrol
F127 whereas the opposite is found for NaSCN (a typical �salting in� cosolute). This
demonstrates the strong connection between the micellisation and gelation processes.
Qualitatively, the results obtained agree well with previous findings (Malmsten and
Lindman, 1992a; Hecht and Hoffman, 1995; Pandit et al., 2000).

The influence on the gelation behaviour of Lutrol  F127 of a number of ionic and
nonionic surfactants were studied in paper I. Most of the surfactants investigated only
had a minor effect on the gelation behaviour but for the anionic bile salt sodium
glycocholate, a substantial concentration-dependent increase of the gelation temperature
was found.

Effect of active ingredients and pH
Depending on the pH of the system, which determines the charge and solubility of the
active ingredients, lidocaine and prilocaine may have either a small or a major effect on
the gelation temperature of PEO-PPO-PEO block copolymer systems. In Figure 4a it
can be seen that at high pH, when the active components are uncharged and thus
sparingly soluble in water, the gelation point decreases with increasing amount of
lidocaine and prilocaine. This is in agreement with previous findings on the effects of
hydrophobic compounds on the gel formation of PEO-PPO-PEO block copolymer
systems (Malmsten and Lindman, 1992a). The cmt is also affected by the active
ingredients causing the cmt to decrease as seen in Figure 4b. On the other hand, at pH 5,
where 99.9% w/w of the active ingredients are in their ionised form, the effect on cmt is
minor. The pH effect on the system is clearly elucidated in Figure 4c where it can be
seen that cmt decreases drastically with increasing pH until pH 7.8 where 50% of the
active ingredients are in their hydrophobic state. Increasing the pH further seems to be
of minor importance for the onset of micellisation. The results are expected since the
presence of a hydrophobic (pH>>pKa) component induces micellisation (lowers cmc)
and causes a micellar growth (Lindman and Wennerström, 1980), whereas at pH<< pKa
lidocaine and prilocaine act largely as low concentration electrolytes.



26

(a)

(b)

(c)

Figure 4a) The effect of concentration of active ingredients on the gelation temperature at pH 5 (open
circles), 7 (open triangles), 8 (open squares) and 10 (open diamonds). The concentration of Lutrol  F127
and F68 was 15.5 and 4% w/w, respectively, for all formulations. b) cmt as a function of concentration of
active ingredients in a formulation containing 15.5% w/w of Lutrol  F127 and 5.5% w/w of Lutrol  F68
at pH 5 (open circles) and 7.8 (filled circles). c) cmt as a function of pH for a formulation containing 5%
w/w of active ingredients, 15.5% w/w of Lutrol  F127 and 5.5% w/w of Lutrol  F68.
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Interestingly, the amount solubilised drug molecules has little influence on the size of
the micelles in the range investigated (see Figure 5). Considering the relatively low or
moderate concentration of the active ingredients in comparison to that of the polymers
taken together this might perhaps be expected.

Figure 5. Influence of different concentrations of active ingredients on the hydrodynamic radius of the
micelles at 35 °C. NMR results (3% w/w solutions) (filled circles) and PCS results (3% w/w solutions)
(open circles) are shown. Ctot corresponds to the total concentration in weight basis of polymers and
active components.

The distribution of active ingredients in unimers and micelles were investigated using
gel filtration. Block copolymer micelles have been found to be stable for more than an
hour after dilution below cmc, making it possible to study the micellisation with this
technique (Tuzar et al., 1974; Booth et al., 1978; Malmsten and Lindman, 1992a).
Considering this, it should also be possible to study the solubilisation in unimers and
micelles, and this was therefore attempted in paper II. Although the preferential
solubilisation in micelles over unimers could be demonstrated with this technique the
method was found to suffer from some difficulties, probably relating to material loss in
tubings etc., which resulted in an unexpected pH-dependence of the solubilisation.
Therefore, also tail-end analysis was used to study the amount of active ingredients
present in the different domains of the system (Suzuki and Sasaki, 1971; Ayako and
Fumio, 1978; Nyqvist-Mayer et al., 1985).
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(a)

(b)

Figure 6a) The concentration of active ingredients as a function of elution volume after gel filtration for
formulations containing 15.5% w/w Lutrol  F127, 5.5% w/w Lutrol  F68 and 2.5% w/w (open
triangles), 5% w/w (filled circles) or 10% w/w (open squares) of active ingredients at pH 7.8. b) The
concentration of active ingredients as a function of elution volume after gel filtration for formulations
containing 15.5% w/w Lutrol  F127, 5.5% w/w Lutrol  F68 and 5% w/w of active ingredients at pH 5
(open circles), 7.8 (filled circles) and 9 (open squares). All formulations were diluted to 25% w/w with
distilled water prior to the gel filtration.

As seen in Figure 6a and b three plateaus were observed during the elution using this
technique. A reasonable assumption is that these correspond to the concentration of the
active components in the added formulation, micelle phase, and unimer and/or freely
soluble phase respectively. To clarify whether or not this is the case, the particle size of
samples in each of the three plateau regions were investigated by PCS after filtration
through a 0.22 µm filter in order to eliminate dust particles. Such measurements showed
that samples from the first and middle fraction contained aggregates with a radius (Z
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average) in the range of 10-15 nm respectively (the polydispersity being below 0.3
indicating a rather uniform distribution in particle size) which correlates well with
findings for the corresponding diluted systems using PCS and NMR. Also in analogy
with our PCS and NMR findings very low scattering intensities were found for the
expected unimer and freely soluble phase. From Figure 6a and b it can be seen that the
concentration of active ingredients in the first plateau corresponds very well with the
initial concentration of the formulations diluted to 25% w/w (0.625, 1.25 and 2.5% w/w
respectively). The amount of active ingredients present in the micelle and unimer and
freely soluble phases were inferred to be 50-60 and 40-50% w/w, respectively, for all
formulations at pH 7.8.

The solubilisation of lidocaine and prilocaine was found to be affected by the pH-
dependent ionisation of these active ingredients. As seen in Figure 6b the relative
amount of lidocaine and prilocaine present in the micelle phase at pH 5 and 9 is
approximately 0 and 80% respectively, as compared to 50-60% at pH 7.8, while the
amount present in the unimer and freely soluble phase is 100% at pH 5, 40-50% at pH
7.8 and 20% at pH 9. Based on the pKa values of lidocaine and prilocaine, the amount
present in their uncharged state is 0.2% w/w at pH 5, about 50% w/w at pH 7.8, and
94% w/w at pH 9, which seems to correlate quite well with our findings of the amount
of active ingredients solubilised at these pH values.

7.1.2 In vitro drug release

As seen in Figure 7a, the (mixed) micellar and microemulsion formulations (described
in paper II) have a fast release rate of the active ingredients. Specifically, it is higher
(except at the highest pH) than that of the emulsion-based formulations (described in
paper I) and that of the EMLA  cream bench-mark formulation. Most likely, this is due
to the smaller aggregates solubilising the active components. These results are
encouraging since a high initial release rate is important considering the indication for
the formulation.

The influence of pH on the release rate of the active ingredients is shown in Figure 7b,
and as seen the release rate increases with decreasing pH. This is expected since the
lower the pH the more of the active ingredients are present in their ionised form and
hence more is present in the aqueous part of the system. This has also been found for
other substances. To give one example, the release of indomethacin (a weak acid) from
PEO-poly(β-benzyl L-aspartate) block copolymer micelles in aqueous solution has been
reported to show an increased release rate above pKa of indomethacin (La et al., 1996).
Interestingly, there seem to be a difference in release rate between lidocaine and
prilocaine at different pH values. As seen in Figure 7c the same amount of the two
active ingredients is released at pH 5, where both substances are highly soluble in water.
With increasing pH, however, the release of prilocaine is higher than that of lidocaine.
This is not surprising considering that lidocaine is less soluble at these conditions than
prilocaine (Nyqvist-Mayer et al., 1986).
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(a)

(b)

(c)

Figure 7a) Release curves for formulations containing active ingredients 5% w/w, Lutrol  F68 5.5% w/w
and Lutrol  F127 15.5% w/w at pH 5 (open circles), 7.5 (open triangles), 7.8 (open squares) and 10
(open diamonds) compared to EMLA cream 5% w/w (filled hexagons). b) Initial release rate, taken over
the first 4 h, as a function of pH. The arrow indicates the pKa value of lidocaine and prilocaine,
respectively. c) The release rate ratio of the individual components divided by the total release rate of
lidocaine (open circles) and prilocaine (filled circles) at different pH values. All formulations contained
15.5% w/w of Lutrol  F127 and 5.5% w/w of Lutrol  F68. The lines are merely guides to the eye.
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7.1.3 In vivo results

The onset and duration of the effect of Oraqix  (5% w/w lidocaine and prilocaine,
15.5% w/w Lutrol  F127 and 5.5% w/w Lutrol  F68, pH 7.8) have been measured in a
randomised, parallel-group, open-labelled study using active treatment only (Friskopp et
al., 2000). Thirty dental patients, recruited from a periodontal specialist clinic in
Sweden, were randomised to receive the formulation for 30 s, 2 min, or 5 min prior to
periodontal scaling. The formulation was applied to the periodontal pockets around a
selected tooth using a blunt applicator.

The intensity of pain during the periodontal scaling procedure, as well as the overall
pain and degree of discomfort were rated on a visual analogue scale (VAS) and on a
verbal rating scale (VRS) by the patient at the end of the treatment. The VAS scale was
a 100 mm, horizontal, blank ruler where the left and right end-points were marked �no
pain� (0 mm) and �worst pain imaginable� (100 mm), respectively. After completing
the procedure, the presence of anaesthesia was checked by periodontal probing every 5
min until sensation returned or until 30 min had passed since the end of the periodontal
scaling. Furthermore, the patients were asked about the taste of the formulation and the
dental hygienist about the overall ease of application of the formulation and overall ease
of performing the periodontal scaling procedure.

The median VAS pain score was 7.5 mm in the 30 s group, 28.5 mm in the 2 min group,
and 15.5 mm in the 5 min group. The periodontal scaling procedure did not have to be
interrupted due to pain for the 30 s or 2 min groups. However, for two patients in the 5
min group, the procedure had to be interrupted due to pain. The mean duration of
anaesthesia measured were 18.1, 17.3, and 19.9 min in the 30 s, 2 min, and 5 min
groups respectively. The patients did not report any numbness of the tongue, lip or
cheek. Furthermore, no adverse local reactions were found in the oral mucosa. The
dental hygienist regarded the formulation as easy to apply and not interfering with the
periodontal scaling procedure. In conclusion the formulation provides anaesthesia after
an application time of 30 s, with a mean duration of action of about 17 to 20 min.

7.2 Dilution-induced gelation of block copolymer systems

For the temperature-induced gelling systems the total amount of polymers are restricted
to approximately 20% w/w to achieve a thermal gelation above room temperature.
Consequently, this limits the solubilising capacity for higher concentrations of sparingly
soluble drugs (Nagarajan et al., 1986; Hurter and Hatton, 1992). By having a system
undergoing phase transition as a consequence of dilution with water (or saliva) a higher
amount of polymer and oil/drug could in principle be used (starting, e.g., from an L2
phase). Thus, a larger amount of active ingredients can be incorporated into the system
although the magnitude of this effect will depend strongly on the system. Due to the
higher polymer concentration, one could also expect a slower release rate of the active
ingredients, making the formulation suitable for indications where a longer duration is
an advantage.
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7.2.1 Phase behaviour of a polymer/water/oil system

In paper IV a system containing Lutrol  F68, water and an oil-phase, consisting of a
eutectic mixture of lidocaine and prilocaine (1:1) (Brodin et al., 1984) and Akoline
MCM (84.5% caprylic glyceride, C8 and  15.5% capric glyceride, C10 containing 60%
w/w mono- and 40% w/w diglyceride)  in a ratio of 30:70% w/w, is described. The
purpose of this study was to investigate the possibility of formulating a system that will
turn from a low viscous state to a high viscous state upon dilution with water.

(a)

(b)

Figure 8a) A phase diagram of the Lutrol  F68:H2O:LP:Akoline MCM system at 20 °C. b) A phase
diagram of the Lutrol  F68:H2O:LP:Akoline MCM system at 37 °C. The composition of the oil-phase,
LP:Akoline MCM is 3:7. The abbreviations *, L2, H1, H2, Lα and I correspond to a low-viscous isotropic,
reversed micellar, hexagonal, reversed hexagonal, lamellar and cubic phase, respectively. The samples
used for small-angle X-ray diffraction measurements have been marked with a circle. No two-phase areas
are indicated between the I/H1/low-viscous isotropic phase and H2/ L2 phases.
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Rough ternary phase diagrams of the system, at 20 and 37 °C, are shown in Figure 8a
and b for a limited concentration range, showing a relatively rich phase behaviour with
the presence of hexagonal and cubic phases that turn into reversed structures with
decreasing water content. As the concentration of oil increases in the system there is a
progression from a hexagonal to a reversed hexagonal and finally a reversed micellar
phase. At a Lutrol  F68:H2O:LP:Akoline MCM composition of about 59:23:5.4:12.6 an
isotropic phase of low viscosity was found. After measuring the water conductivity and
NMR self-diffusion of this phase as well as performing X-ray diffraction measurements
and investigating the samples in this region through crossed polarisers, the most likely
structure was inferred to be either an L3, a bicontinuous cubic or a bicontinuous
microemulsion phase. In its dilution line there is a high viscosity hexagonal region and
at further dilution a cubic phase appears. The low-viscous isotropic phase is somewhat
extended at 37 °C, otherwise the phase diagram is relatively independent of
temperature, within this temperature range, for the system studied.

Photographs were taken through crossed polarisers of the low-viscous isotropic phase
before and after addition of a drop of the phase to excess water (Figures 9a-c). The
sample starts to take up the water immediately forming an optically anisotropic phase
(most likely the hexagonal phase based on the phase diagram) which make the sample
appear bright in the region where it was added. In presence of such a large amount of
water, 30 minutes is enough to form most of this phase, whereas it takes about two
hours until all of the active ingredients have been released and the whole sample has
dissolved.

(a)   (b) (c)

Figure 9a) The low-viscous isotropic  phase.  (b) 30 minutes after the addition of the low-viscous
isotropic phase to a test tube of water.  (c) 2 hours after the addition of the low-viscous isotropic phase to
a test tube of water. The samples were photographed under polarised light.
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7.2.2 Gel formation

The rheology for this system as a function of water content is shown in Figure 10a for a
fixed polymer:oil ratio. As seen, already at a water addition of 7% w/w in excess of that
of the starting formulation, a highly elastic state is reached at both 20 and 37 °C.
Although generally the viscosity is higher at 20 than 37 °C, the viscosity at 37 °C is
more than needed to give a formulation that will stay at the application site. Note that
the phase transition of this system, when applied to the oral cavity, is induced by the
uptake of water and not due to the temperature increase from 20 to 37 °C which is
illustrated in Figure 10b.

(a)

(b)

Figure 10a) The elastic modulus, G´ as a function of water content for a formulation with an initial
composition of Lutrol  F68:H2O:LP:Akoline MCM; 64:23:3.9:9.1 at 20 °C (open circles) and 37 °C
(filled circles). b) The elastic modulus, G´ as a function of temperature for a low viscous formulation
(Lutrol  F68:H2O:LP:Akoline MCM; 59:23:5.4:12.6) (open circles) and a high viscous formulation
(Lutrol  F68:H2O:LP:Akoline MCM; 50:35:4.5:10.5) (filled circles).
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Furthermore, the influence of the concentration of the active ingredients and pH on the
rheology was studied in the ranges of 5.4-12.6 % w/w and 6.6 to 9 respectively. The
results showed that the system is quite robust regarding both concentration of active
ingredients and pH.

7.2.3 In vitro drug release

The influence of the amount of active ingredients and pH on the release rate of the
active ingredients is shown in Figure 11a and b.

(a)

(b)

Figure 11a) The amount released of active ingredients over time for Lutrol  F68:H2O:LP:Akoline
MCM; 59:23:5.4:12.6 (open squares), Lutrol  F68:H2O:LP:Akoline MCM;59:23:9:9 (open triangles),
Lutrol  F68:H2O:LP:Akoline MCM; 59:23:12.6:5.4 (open circles) and EMLA cream 5% w/w (open
diamonds). All formulations had a pH of 9. b) The amount released of active ingredients over time for
Lutrol  F68:H2O:LP:Akoline MCM; 59:23:9:9 pH 9 (open squares), pH 7.7 (open triangles), pH 6.6
(open circles), EMLA cream 5% w/w (open diamonds) and a microemulsion formulation at pH 7.8
containing 5% w/w lidocaine and prilocaine, 5.5% w/w Lutrol  F68 and 15.5% w/w Lutrol  F127 (filled
circles).
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The phase transition was induced by adding a fixed amount of water to each diffusion
cell prior to the addition of the low-viscous isotropic phase and each cell was inspected
at the experiments to ensure that a phase transition into a hardened system occurred. As
can be expected the amount released increases with increasing concentration of the
active ingredients and decreasing pH. Considering the pKa values of lidocaine and
prilocaine being 7.86 and 7.89 respectively (Nyqvist-Mayer et al., 1986), the lower the
pH the more of the active ingredients are in their ionised form and hence the higher the
release rate. As with the thermoresponsive systems described above, the release rate of
the system can be changed by simply changing the pH as seen in Figure 11b.

Comparing the release profiles of these formulations with a microemulsion formulation
containing 5% w/w of the same active ingredients (see paper II) where instead the
thickening is induced by a change in temperature, the release rate is considerably slower
and thus the presently investigated formulations may have a potential for application
where a longer duration is needed.

7.3 Gelation of polymer-surfactant interacting systems

7.3.1 Clouding behaviour

Two nonionic cellulose ethers displaying a CP of about 34-36 °C at higher
concentrations (in the absence of cosolutes) were investigated in paper V. Their low CP
makes them interesting from a drug delivery perspective and the influence of the
properties of the polymer and addition of cosolutes are described below. The interaction
of EHEC and HM-EHEC with anionic, cationic and nonionic surfactants were
investigated. In some cases nonionic polymers interact weakly with nonionic surfactants
but generally no association occurs (Saito, 1987). Therefore, it was not surprising to
find that the addition of the nonionic surfactant Arlatone® 289 (PEG-54, 54 mol of
ethylene oxide, hydrogenated castor oil), does not affect the CP of either EHEC or HM-
EHEC, even at relatively high concentrations.

On the other hand, both anionic and cationic surfactants interact more or less effectively
with nonionic cellulose ethers. For example, the anionic surfactant SDS (sodium
dodecyl sulphate) causes an onset of the increase in CP of EHEC and HM-EHEC at
about 2 mmolal, which closely matches the critical aggregation concentration (cac) for
these systems. Addition of glycocholic acid to the polymers, on the other hand, gives a
less pronounced increase in CP with increasing surfactant concentration, and initial
addition of glycocholic acid is found to result in a significantly more extensive
reduction of CP than the corresponding SDS addition. It is possible that the bile salt
with its low aggregation number compared to that of SDS effectively increases the
overall hydrophobicity of the polymer leading to a lowering of the polymer solubility in
analogy to, e.g., short-chain alcohols (Malmsten and Lindman, 1990).

Also cationic surfactants cause an increase on CP at high surfactant concentrations. For
example, CTAB (hexadecyltrimethylammonium bromide) display a similar trend as
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observed for the anionic surfactant SDS on the CP of the polymers. However, the
lowering effect of CP at low surfactant concentrations is larger than observed with SDS.
This might be related to a more extensive binding of CTAB than that of SDS to the
polymer at low polymer concentration as previously reported by Walderhaug et al.
(Walderhaug et al., 1995). Overall the interaction between surfactants and polymer
seems to be more extensive for the hydrophobically modified polymer compared to the
unmodified one. This is expected, since HM-EHEC has a more blocky polymer
structure than EHEC with parts of the polymer more hydrophobic than the rest of the
polymer backbone. Therefore, the surfactant can self-associate, forming micelle-like
clusters at the hydrophobic chains, which therefore can act as nucleation sites
(Thuresson et al., 1996; Thuresson and Lindman, 1997).

Effect of active ingredients
The effect of increasing amount of lidocaine and prilocaine (1:1) on the CP were
investigated at pH 5, where 99.9% w/w of the active ingredients are in their ionised
form and thus expected to act as electrolytes, or possibly short-chain cationic
surfactants. There is a slight increase in CP for both polymers with increasing amount of
lidocaine and prilocaine but quantitatively, the effect is minor. This can be expected
considering the charged nature of the active ingredients and the short hydrocarbon
chains of these substances.

The effect of the active ingredients on both polymers was also investigated at pH 10
where the local anaesthetic agents are in their uncharged form. However, since this
resulted in turbid solutions (no surfactant present) for both EHEC and HM-EHEC, CP
could not be measured. Nevertheless, it is interesting to note that upon the addition of
the uncharged active ingredients to HM-EHEC opalescent homogeneous solutions were
found over a range of concentrations whereas the addition of the same amount of active
ingredients to EHEC gives totally white systems, eventually leading to phase separation.
These findings indicate an interaction between added hydrophobic agents and HM-
EHEC, suggesting that this polymer through its ability to self-associate and as opposed
to the unmodified EHEC is able to solubilise the active ingredients to some extent.

7.3.2 Rheological behaviour

As discussed previously, ionic surfactants bind co-operatively to the polymer backbone
and polymer-bound micelles occur above the critical aggregation concentration (cac).
These micelles may act as transient cross-links, thus effectively facilitating formation of
a gel structure. With increasing concentration of the surfactant a point is reached where
the number of micelles are sufficient to saturate all hydrophobic domains of the polymer
and the viscosity decreases again (Carlsson et al., 1990; Holmberg et al., 1992; Nyström
et al., 1995; Cabane et al., 1996; Holmberg and Sundelöf, 1996; Kjöniksen et al., 1998).
As the temperature increases the solvency decreases causing an increased transient
network formation. The resulting increased viscosity is determined by a delicate balance
between connectivity, swelling (Walderhaug et al., 1995; Cabane et al., 1996) and
possibly also temperature-dependent binding of the surfactant (Carlsson et al., 1990;
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Zana et al., 1992; Kamenka et al., 1994). The magnitude of the effect depends on many
factors such as the properties of the polymer and surfactant and presence of cosolutes
(Carlsson et al., 1990; Walderhaug et al., 1995).

Effect of surfactants
Contrary to the nonionic surfactant Arlatone 289 which does not affect the elastic
modulus (G´) or the viscous modulus (G´´) of EHEC or HM-EHEC, at least for a
surfactant concentration of 60 mmolal, both anionic and cationic surfactants were found
to affect the rheological properties of EHEC and HM-EHEC. Analogous to the CP
results, there is an increase in G´ and G´´ for SDS (as seen in Figure 12) and CTAB
initiated at about 2 mmolal which seem to be close to the cac.

For EHEC the magnitude of the maximum in the case of CTAB is smaller than for SDS,
which might suggest a weaker and /or less extensive binding of CTAB to the polymer.
The G´ and G´´ for EHEC and HM-EHEC have previously been reported to increase
with increasing amount of SDS up to a maximum value at approximately 5 mmolal for
the SDS/HM-EHEC system and 10 mmolal for the SDS/EHEC system, which is in
good agreement with our findings (Nyström et al., 1995). The G´max and G´´max values
correlate well with values reported previously in the literature for HM-EHEC but differ
for EHEC where G´max exceeds G´´max as seen in Figure 12. A possible explanation for
this is the substitution degree, i.e., MSEO and DSethyl, and/or nonylphenol, of the
polymers being similar for HM-EHEC but different for EHEC as compared to the ones
reported in the literature.

Figure 12. The effect of SDS on the elastic modulus (G´) (circles) and loss modulus (G´´) (triangles) on
EHEC (filled symbols) and HM-EHEC (open symbols). The arrow indicates the cmc of SDS.
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Interestingly, the thickening due to SDS is much more pronounced for EHEC than for
HM-EHEC whereas the opposite is found for CTAB. This might be due to the
difference in binding between SDS and CTAB found by Walderhaug et al. (Walderhaug
et al., 1995) or differences in hydrophobic domains between the two polymers (Nyström
and Lindman, 1995). However, it is interesting to note that the hydrophobically
modified polymer seems to be less sensitive towards the nature of the charge of the
surfactant as indicated by similar G´max and G´´max values for both the anionic and
cationic surfactants investigated which is opposite to the behaviour of EHEC.

A number of other cationic surfactant, like CTAB also having antibacterial properties,
and therefore being of interest, e.g., in a disinfecting local anaesthetic formulation for
the periodontal cavity, were also investigated yielding essentially similar results as for
CTAB. This is expected from the structural similarity of these cationic surfactants as
well as the similar behaviour regarding CP effects on EHEC and HM-EHEC solutions.

Effect of active ingredients and ionic surfactant
Addition of lidocaine and prilocaine in their uncharged form to a mixed SDS/EHEC or
SDS/HM-EHEC system corresponding to either at or before the maximum thickening
there is a decrease in both G´ and G´´ with increasing concentration of these substances.
The same behaviour is also observed for the mixed CTAB/EHEC and CTAB/HM-
EHEC systems. One would perhaps have expected solubilisation of the active
components to result in incorporation of further surfactants at the polymer backbone,
and hence possibly an increase in G´ and G´´ instead of a decrease. A possible
explanation for the observed behaviour could be that the added lidocaine and prilocaine
causes a reduction in the cmc for the mixed system and hence a reduction in the free
monomer concentration (Lindman and Wennerström, 1980).

One of the most interesting features of mixed surfactant/EHEC systems is the increase
in viscosity and G´ on increasing temperature. As can be seen in Figure 13a and b the
increase in G´ when increasing the temperature from 20 to 37 °C is quite substantial.
The onset of increase in the elastic modulus at an SDS concentration of 3 mmolal is
lowered by the addition of the hydrophobic active ingredients (pH 9.9) possibly caused
by surfactant self-association (in analogy to the cmc lowering due to hydrophobic
substances (Lindman and Wennerström, 1980)).

A temperature-induced thickening is also observed with the cationic surfactants, also in
the presence of the active components (Figure 13b). The findings for myristoylcholine
bromide are especially interesting for this kind of application since this surfactant is
antibacterial and at the same time readily biodegradable (Ahlström et al., 1995).
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(a)

(b)

Figure 13a) Elastic modulus (G´) as a function of temperature, of formulations containing EHEC 1%
w/w and SDS 3 mmolal with no addition (open circles) and 0.5% w/w (filled circles) of active ingredients,
pH 9.9. b) G´ as a function of temperature, of formulations containing EHEC 1% w/w and
myristoylcholine bromide 3 mmolal with no addition (open circles), and 0.5%w/w (filled circles) of active
ingredients, pH 9.2. The formulations were not pH adjusted and no isotonic agent was added.

7.3.3 In vitro drug release

The release rate of the active ingredients from formulations containing anionic and
cationic surfactants is displayed in Figure 14. As expected, the release rate increases
with increasing amount of active ingredients for formulations containing the same
amount of SDS. The release rate seems to decrease somewhat with increasing amount of
SDS for formulations containing the same amount of active ingredients, but
quantitatively the effects of the surfactant concentration at a fixed concentration of
active ingredients are limited. Furthermore, it is interesting to note that the release rate
for a formulation containing myristoylcholine bromide seems to be somewhat higher
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than formulations containing SDS when comparing formulations containing the same
amount of active ingredients. The origin of this effect is currently unknown, and
deserves further investigation.

Figure 14. Release curves for formulations containing 3 mmolal SDS and 0.5% w/w active ingredients
pH 9.9 (filled squares), 10 mmolal SDS and 0.5% w/w active ingredients pH 10.2 (open triangles), 10
mmolal SDS and 5% w/w active ingredients pH 11.1 (open squares), 3 mmolal myristoylcholine bromide
and 0.5% w/w active ingredients pH 9.2 (open diamonds), 10 mmolal CTAB and 0.5% w/w active
ingredients pH 9.8 (open inverted triangles) compared to EMLA® cream 5% w/w (open circles) and an
EMLA cream formulation with 0.5% w/w of active ingredients (filled circles). All formulations except the
reference contained 1% w/w EHEC. The formulations were not pH adjusted and no isotonic agent was
added.

Most of the formulations showed a comparable release rate of lidocaine and prilocaine
as to the EMLA cream reference formulations. In particular, the results shown in Figure
13 for the formulation containing 3 mmolal myristoylcholine bromide is promising both
from the point of view of its antibacterial effect and biodegradability as well as its rather
rapid release of the active ingredients. Considering the intended use of the formulation
there is an additional benefit from having an antibacterial excipient present in the
formulation since this could be expected to help preventing the reoccurence of plaque
after this has been removed by the scaling procedure. Furthermore, the use of
myristoylcholine bromide could be expected to be beneficial from a toxicological point
of view since the small amounts of cationic surfactant present in the system is
hydrolysed by butyrylcholine esterase present in mucosal membranes into degradation
products that are significantly less toxic than the original substance (Ahlström et al.,
1995).
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8 Conclusions

Systems displaying temperature-induced gelation were achieved by combining the
active ingredients lidocaine and prilocaine with the nonionic block copolymers Lutrol

F127 and Lutrol  F68. For the diluted formulations over a certain concentration and
composition range, this resulted in clear stable micellar solutions with a micellar
diameter of 20-30 nm. The cmt and gelation temperature of the systems were found to
be interconnected and influenced by the total polymer concentration and the polymer
mixture composition, as well as the presence of cosolutes such as electrolytes and
hydrophobic substances, the latter as found particularly for the eutectic mixture of
lidocaine and prilocaine. Both the cmt and the gelation temperature decrease with
increasing pH of the system, i.e., at reduced solubility of the active ingredients.

The active ingredients are preferentially solubilised in micelles in these microemulsions
and (mixed) micellar formulations and depending on the pH of the system,
approximately 0% w/w at pH 5, 50-60% at pH 7.8 and 80% at pH 9 of the active
ingredients are present in the micellar phase. By choosing a pH in the area of 7.8 it is
possible to have a system with a gelation point between room and body temperature
displaying a high initial release rate. Such a formulation has been tested on dental
patients during a periodontal scaling procedure and found to fulfil the requirements of
having a fast onset time, a sufficient anaesthetic effect, little or no adverse effects at the
same time as being easy to administer and handle.

A dilution-induced thickening system was found when combining Lutrol  F68, water, a
eutectic mixture of lidocaine and prilocaine and Akoline MCM. The phase behaviour of
the system is interesting with the presence of a low-viscous isotropic phase that turns
into a hexagonal phase as the water content increases. The viscosity and elastic modulus
of the former is low whereas that of the hexagonal phase formed on dilution with water
is high, the difference between the phases being 1000- to 10 000-fold. The behaviour of
the system is promising from a pharmaceutical point of view, since it facilitates
injection of the low-viscous isotropic phase into, e.g., the periodontal pocket where the
presence of saliva will cause a transition into a rigid hexagonal phase (followed by a
cubic phase), thereby contributing to the formulation staying at the application site. The
slower release rate compared to the microemulsion or (mixed) micellar formulation
described above might also make the formulation suitable for indications where a longer
duration is required. Furthermore, since these systems contain more polymer they are
able to solubilise higher amounts of hydrophobic agents.

A temperature-induced gelling system could also be achieved by adding lidocaine and
prilocaine to an EHEC/SDS, EHEC/CTAB, or EHEC/myristoylcholine bromide system
at or just below the surfactant concentration found to give a maximum viscosity
increase at room temperature. The results show that at least small amounts of active
ingredients can be incorporated into the systems without affecting the gelation
behaviour in a detrimental way. The stability and drug release also seem to indicate a
possibility of formulating a local anaesthetic drug delivery system suitable for
administration into the periodontal pocket. A disadvantage of using ionic surfactants is
the toxicological risks involved.  However, it has been shown that the release of SDS
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from gelling EHEC is quite slow with approximately 25% of the surfactant being
released within 1 hour (Lindell, 1996). Also the surfactant concentration needed to form
gelling systems is usually rather low. Therefore, the presently investigated systems are
interesting as drug delivery systems for at least some applications where a temperature
induced viscosity increase is an advantage. In particular, the myristoylcholine bromide
system may be interesting in this respect considering its antibacterial properties and
biodegradability.

Table 2. A summary of the different formulations.

Investigated
systems

Advantages Disadvantages

PEO-PPO-PEO
O/W Emulsions

•  Easy to apply
•  Stays at the application site
•  Water miscible → can be washed away

•  Additional surfactant/copolymer
needed  for  stabilisation → toxicity
aspects

•  White appearance → hard to see the
instruments

•  Kinetically unstable → will
eventually phase separate

PEO-PPO-PEO
Microemulsions
/mixed micellar
systems

•  Easy to apply
•  Stays at the application site
•  Water miscible → can be washed away
•  Clear appearance → easy to see the

instruments
•  Small particle size → fast release of

active ingrediens
•  High solubilising capacity
•  Thermodynamically stable → excellent

long-term stability

•  Requires high amount of
surfactant/copolymer

EHEC/
surfactant
systems

•  Easy to apply
•  Stays at the application site
•  Water miscible → can be washed away
•  Biodegradable
•  Surfactants with antibacterial properties

can be used
•  Protection against hydrolysis of drug

(less water in the micellar core)
•  From natural sources

•  Ionic surfactant needed to induce
thickening → toxicity aspects

•  Limited solubilising capacity →
limited amount of active ingredient

•  More viscous before and less viscous
after gelation than PEO-PPO-PEO
block copolymer systems

Low-viscous
isotropic phase
→ hexagonal
phase

•  Easy to apply
•  Stays at the application site
•  Water miscible → can be washed away
•  High solubilising capacity
•  Good long-term stability

•  Small area of the low-viscous
isotropic  phase

•  Slower release of active components
compared to microemulsion/mixed
micellar formulations (can be an
advantage depending on indication)
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9 Outline for Future Work

The temperature-induced thickening system consisting of the active ingredients
lidocaine and prilocaine and the PEO-PPO-PEO block copolymers Lutrol  F127 and
Lutrol  F68 was investigated quite extensively in this work regarding micellisation and
gelation behaviour. However, studies on the influence of polymer mixture composition
on these processes show that the effect on gelation temperature is much more
pronounced than that on cmt and the micellar size, which is quite surprising. Therefore,
more information is needed regarding mixed micelle formation in solutions containing
Lutrol  F68 and F127 to fully understand these processes. A way to learn more would
be to study the influence of  polymer mixture composition on the micellar structure and
aggregation number with, e.g., small angle neutron scattering (SANS) and time-
resolved fluorescence spectroscopy.

For the dilution-induced thickening systems consisting of Lutrol  F68, water, the
eutectic mixture of lidocaine and prilocaine, and Akoline MCM it would be interesting
to investigate the influence of the active ingredients and pH on the phase behaviour
more thoroughly. Furthermore, it would be interesting to perform some in vivo tests to
learn further if this system can be used for controlled drug delivery. Moreover, other
copolymer/oil systems displaying such behaviour would be valuable to identify and
characterise.

For the temperature-induced thickening systems of nonionic cellulose ether, ionic
surfactant and active ingredients a surprising feature was found when comparing the
rheological behaviour of EHEC and HM-EHEC in presence of SDS and CTAB. Thus,
addition of SDS gave a more pronounced viscosity increase for EHEC than for HM-
EHEC, whereas the opposite was found for CTAB. In order to investigate the origin of
this behaviour, further experiments with identical backbone polymers should be
performed.

Finally, for all systems mentioned above it would be interesting to test their suitability
for other administration routes, e.g., nasal, ocular, rectal and parenteral, and also the
possibility of solubilising other types of active ingredients and substances.
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