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Abstract
The feasibility of a novel controllable drug-delivery system incorporating
electrorheological (ER) fluids has been investigated. The ER response of a model fluid,
microcrystalline cellulose (MCC) in 100 cSt silicone oil under low applied electric fields
(50 - 500 V/mm) has been studied; tacrine was examined as a model drug. Flow and
creep-recovery experiments have been used synergistically to develop an understanding of
the ER response in relation to various factors: particle concentration, particle size,
moisture content and the magnitude of the applied electric field.
A traditional Franz cell was modified for use with low viscosity formulations by the
addition of a glass lip, an insulating o-ring and an interchangeable mesh support that acted
as the lower electrode. The modified diffusion cell was validated using suspensions of
tacrine in 100 cSt silicone oil. The ability of ER fluids to hinder or halt the release of
tacrine upon application of an electric field was assessed using the aforementioned factors.
The yield stress values ranged from 0.0928 Pa s (± 0.0035) to 7.9610 Pa s (±
0.2269) for MCC concentrations of 1.0 to 20.0 % w/w (sieve fraction below 45 pm)
respectively. The yield stress value rose to 8.4081 Pa s (± 0.1456) for suspensions
prepared with the sieve fraction 90 - 125 pm. In general, the addition of tacrine had little
or no significant effect on the yield stress. The production of a yield stress was believed to
be related to particle chain formation and we obtained microscopic evidence of such chain
formation even at low applied electric fields. A biphasic release profile was proposed for
the release of tacrine from silicone oil; after an initial period of rapid release, the curve
approached a quasi-equilibrium followed by a slow approach to the final equilibrium.
Basal drug delivery from ER fluids was found to follow a similar pattern. Anomalous
behaviour was observed with suspensions prepared with the sieve fraction 9 0 - 125 pm,
particularly with mesh apertures of 45 and 90 pm. Upon application of an electric field
(250 V/mm), the release of tacrine through the 90 pm mesh aperture was halted.
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Abbreviations
A:

Area

ac:

Alternating current

C:

Concentration

C0:

Concentration of solute in the organic phase

Cw:

Concentration of solute in the water phase

d:

Distance

D:

Diffusion coefficient

dc:

Direct current

80.

Permittivity of free space

8:

Dielectric constant

ER:

Electrorheological

EVAc- Ethylene vinyl acetate copolymer
F:

Force

T-

Strain

f:

Shear rate

r|:

Shear viscosity

tib:

Bingham viscosity

'He -

Viscosity under field

tiq:

Residual shear viscosity

r|G:

Viscosity under no field

m:

Mass

mi:

Mass of liquid

mp:

Mass of powder

I:

Current

Jc:

Shear compliance

Jd:

Rate of transfer per unit area of section

J0:

Elastic string compliance

Jt:

Total creep compliance

k:

Viscosity coefficient

K

Dielectric constant (electrorheological fluid)

er:

^liquid-

Dielectric constant (liquid phase)

K-solid-

Dielectric constant (solid phase)

/:

Length

LLS: Laser light scattering
n:

Power law index (m: Herschel-Bulkley equation)

v:

Kinematic viscosity

M:

Total amount of drug release at a given time

P:

Power

r:

Radius

R:

Resistance

p:

Density

ct:

Shear stress

cthb-

Herschel-Bulkley yield stress

a Q:

Constant shear stress

ay:

Yield stress

x:

Tortuosity

TDD: Transdermal drug delivery
UV:

Ultraviolet

v:

velocity

V:

Voltage (potential difference)

x:

Space coordinate measured normal to the section

Throughout this thesis the units of dynamic viscosity have been written as Pa s.
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Aims
The principal aim of this study is to investigate the feasibility of utilising
electrorheological (ER) fluids as controllable drug-delivery systems.
In addition to discussing the composition and rheological behaviour of ER fluids,
the introduction (Chapter One) briefly reviews recent advances in controlled drug delivery.
The experimental work is divided into three sections, dealing with the characterisation of
the model ER systems (Chapter Two), rheological properties (Chapters Three and Four)
and the investigation of the delivery of tacrine from ER fluids (Chapters Five and Six).
Flow and creep-recovery experiments will be used synergistically to develop an
understanding of the ER response of a model fluid, microcrystalline cellulose (MCC) in
100 cSt silicone oil, under the influence of low applied electric fields (< 500 V/mm).
Furthermore, the objectives of this study include the development of methodology
to investigate the drug diffusion from ER fluids. A related objective is to develop an
understanding of the mechanisms involved in drug diffusion from ER fluids. It is
envisaged that the presence of particle chains under the influence of an applied electric
field will result in the slowing or halting of drug diffusion from ER fluids. Thus, we aim
to assess the potential of ER fluids in medicines.
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Chapter One

Introduction

1.1. Controlled Drug-Delivery Devices
Drug delivery may be broadly subdivided into three categories: conventional
single-dose or bolus medicines, constant-rate release devices and controlled drug-delivery
devices. When a conventional drug-delivery dosage form such as a tablet or oral liquid is
administered, a single or bolus release of drug occurs. This burst of plasma drug-levels is
followed by a decay to values below the therapeutic concentration. As a result, frequent
and repeated dose administration is required. One consequence of this is oscillation of the
plasma drug concentration profile between therapeutic and sub-therapeutic levels. The
reality that the optimum therapeutic concentration may only be attained for a relatively
short period of time is the primary driving force in the search for novel drug-delivery
methods. Constant-rate delivery devices address some of the problems associated with
conventional systems. These devices are designed to maintain the drug level within the
desired therapeutic range (Langer, 1980; Kost and Langer, 1992). There are clinical
situations where this approach yields unsatisfactory release profiles, e.g. in the delivery of
insulin for patients with diabetes mellitus (Kost, 1993).
Controlled-release administration of therapeutic agents has become an important
area o f research and significant advances in theories and methodologies have been made.
Controlled release implies a predictable and reproducible release profile relatively
independent o f the surrounding environment (e.g. Kydonieus, 1980). Controlled drugdelivery devices, for oral administration or by implant, capable of releasing a therapeutic
agent by well defined kinetics, are a significant improvement over conventional dosage
forms. These devices do not yet represent the desired therapy. Ultimately, release should
be achieved only in response to the physiological requirements.
Recent studies in the area of chronopharmacology indicate that the onset of certain
diseases exhibit strong circadian temporal dependencies (for example: Hrushesky, 1985;
Reinberg, 1988 and 1992; Levy, 1991), thus paving the way for further optimisation of
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drug-delivery profiles by pulsatile or self-regulated delivery. These periodic alterations in
parameter values can result in a periodic modulation of plasma drug-levels and drug
effects even if the drug is infused at a constant rate intravenously to steady state (Reinberg,
1992; Burnette, 1998). Based on this, it would seem reasonable that one might be able to
achieve, by proper modulation of drug delivery, a maximum therapeutic effect.
Advantages associated with improved drug delivery include the maintenance of
drug levels within the therapeutic range, the reduction of side-effects due to site-specific
targeted delivery and increased patient compliance as a result of improved dosage
regimens (Langer and Peppas, 1981; Langer, 1998). These benefits must be weighed
against the potential disadvantages such as dose dumping, surgical implantation and the
difficulties in halting release (Langer and Peppas, 1981).
Polymer-based systems for injection or implantation are typically uniform
dispersions of drug particles in a biocompatible polymeric material (Langer et al., 1981),
which may be either non-biodegradable e.g. silicone rubber (Golomb et al., 1987; Johnston
et al., 1989) and ethylene-vinyl acetate copolymer (EVAc) (Langer and Folkman, 1976;
Edelman et al., 1996) or biodegradable e.g. lactic/glycolic acid copolymers (Kitchell and
Wise, 1985; Floy et al., 1993). An advantage of biodegradable controlled release systems
is that they do not need to be removed surgically after drug depletion (Langer, 1980).
There are three mechanisms by which drugs are delivered from polymeric drug-delivery
based systems: (1) diffusion of the drug species from or through the system according to
Fick’s law; (2) a chemical or enzymatic reaction leading to degradation of the system
(Heller, 1988) and (3) solvent activation, either through osmosis or swelling (BrannonPeppas and Peppas 1989; Langer, 1998). Comprehensive reviews have been written on
polymeric drug delivery by Langer and co-workers: Langer and Peppas (1981), Kost and
Langer (1992) and Langer (1998).

A number of different techniques have been examined for producing controlled
drug-deliveiy device systems which more closely resemble the normal physiological
process. Thus, the amount of drug released accords with the physiological needs (Kost,
1990; Langer, 1998). Drug delivery may be controlled in one of two ways, either by
application of an external intervention (externally regulated or pulsatile) or as a result of
the detection of a control variable leading to feedback information and resulting in the
output being adjusted accordingly (self-regulated).

1.2. Pulsed and Self-Regulated Delivery
There are a number of clinical situations where “on demand” drug delivery would
be beneficial e.g. in diabetes mellitus or in the treatment of angina pectoris. Methods for
achieving complex drug-release profiles from polymeric systems have focused on
modifying the responses to specific external stimuli such as electric (Kwon et al., 1991) or
magnetic (Edelman et al., 1985) fields; exposure to ultrasound (Kost et al., 1989);
temperature (Hoffman et al., 1986; Okano et al., 1990) and light (Mathiowitz and Cohen,
1989). Self-regulated systems utilise several approaches as rate-controlled mechanisms
such as pH-sensitive polymers (Heller, 1988; Siegel et al., 1988) and enzyme-substrate
reactions (Fischel-Ghodsian et al., 1988; Heller, 1988).

1.2.1. Externally-Regulated Systems
1.2.1.1. Magnetically Enhanced Polymeric Drug Delivery
Magnetically triggered systems are comprised of drug molecules and magnetic
beads uniformly dispersed within a polymeric matrix. Drug release is constant until an
external oscillating magnetic field causes a higher rate (Hsieh et al., 1981; Edelman et al.,
1985; Kost et al., 1985 and 1987). Early in vitro characterisation provided information on
the critical parameters affecting the release rate, namely the magnetic field strength and
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the mechanical properties of the polymer matrix (Hsieh et al., 1981; Edelman et al., 1985;
Kost et al., 1985). In vivo implants comprising of EVAc impregnated with insulin and
embedded magnets were placed subcutaneously in diabetic rats for two months (Kost et
al., 1987). It was found that upon exposure to the magnetic field, the blood glucose levels
were reproducibly lowered as a result of insulin release (Kost et al., 1987). It is believed
that the embedded magnets move back and forth within the polymer matrix thereby
exerting pressure on, and squeezing drug out of, the matrix pores (McCarthy et al., 1984;
Edelman et al., 1985). These magnet-polymer systems have the added benefit over
implantable pumps that there are no catheters, external lines and moving parts.
Furthermore, no significant inflammatory response was detected in different in vivo assay
sites using the polymer-based system with (Hsieh et al., 1981) and without (Langer et al.,
1981; Brown et al., 1983) embedded magnets.

1.2.1.2. Ultrasonically Triggered Systems
The use o f ultrasound as an external means of modulating delivery from polymeric
devices has been reported (Kost et al., 1989; Levy et al., 1989; Kost, 1993). Increased
release rates were observed within two minutes post-application of the ultrasonic trigger to
biodegradable polymers implanted in rats (Kost et al., 1989). The system was capable of
repeated modulation, with the release-rate returning to baseline levels between ultrasound
applications (Miyazaki et al., 1988; Kost et al., 1989). Furthermore, non-erodible
polymeric systems composed of EVAc have been developed by Miyazaki et al. (1983;
1985; 1988) that are capable of delivering the anticancer agent 5-fluorouracil or insulin.
Release rates of zinc bovine insulin from EVAc matrices were 15-times higher when
exposed to ultrasound compared with basal diffusion-controlled release rate. Typically,
ultrasound values used for in vivo are 1 W/cm2 applied over a period of 30 min (Kost et al.,
1989; Miyazaki et al., 1988). Experimental evidence indicates that cavitation by the
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ultrasound waves may be partially responsible for augmented drug release (Mitragotri et
al., 1995b), in addition the increase in temperature observed by Miyazaki et al. (1988)
might also be considered responsible.

1.2.1.3. Thermo-responsive Polymeric Drug Delivery
Stimuli-sensitive polymers which change their structure and physical properties in
response to external signals have promising potential in the design of drug-delivery
systems. The concept of self-regulating antihyperpyretic drug delivery is perceived
attainable through the increase in body temperature observed in a disease state (Hoffman
et al., 1986). Temperature-sensitive polymers can be classified into two groups based on
the origin of thermosensitivity in aqueous swelling (Hoffman et al., 1986; Bae et al., 1987).
The first is based on polymer-water interactions, whilst the second is based on additional
polymer-polymer interactions. A pulsatile drug-release pattern regulated by temperature
changes has been demonstrated (Hoffman et al., 1986).

1.2.1.4. Electrically Controlled Drug Delivery
Electrochemically controlled release is based on polymers which bind and release
bioactive compounds in response to an electrical signal (Miller et al., 1987). The polymer
has two redox states, only one of which is suitable for ion binding. Drug ions are bound in
one redox state and released from the other. The attached electrodes serve to switch the
redox states and the amount of current passed can control the amount of ions released.
This area o f controlled drug delivery has not attracted as much interest as other pulsatile
drug-delivery systems.
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1.2.2. Self-Regulated Systems
A self-regulated drug-delivery system can be defined as one capable of receiving
feedback information and adjusting the drug release in response. Self-regulated drug
delivery has been reviewed by Heller (1988) and Kost and Langer (1992). An example of
an enzyme-substrate pH-sensitive reaction is detailed. When the pH inside the polymer
system changes, the solubility of the drug shifts dramatically, which changes the diffusion
or dissolution driving force, and hence the release rate changes correspondingly (Heller,
1988). Fischel-Ghodsian et al. (1988) investigated the feasibility of an enzymatically
controlled insulin delivery system, utilising the knowledge that insulin solubility increases
with decreasing pH. The controlled release system was prepared using EVAc, insulin and
the enzyme glucose oxidase. The enzymatic reaction with external glucose was shown to
decrease the pH in the microenvironment by the production of glycolic acid (FischelGhodsian et al., 1988).

1.3. Transdermal Drug Delivery
Transdermal drug delivery (TDD) offers several advantages over traditional drugdelivery methods such as oral delivery. Specifically, TDD benefits from the ability to
circumvent first-pass metabolism and the delivery can be interrupted simply by removing
the drug-laden patch from the skin. Despite the potential advantages of TDD, few drugs
can be administered across the skin at therapeutic levels, due to the remarkable barrier
properties of the stratum comeum (e.g. Bronaugh and Maibach, 1989). TDD has found
limited clinical applications however. This is largely because transport of most drugs
across the skin is slow, exhibiting large lag times of hours to days and steady-state rates
which are typically sub-therapeutic for a variety of disease states (Mitragotri, 1995a; Kost
et al., 1996; Johnson et al., 1996; Singh and Bhatia, 1996). As a result, ultrasound and
electric fields have been studied as approaches in the enhancement of transport rates.
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These TDD approaches have been combined synergistically in an attempt to further
enhance delivery.

1.3.1. Ultrasound Transdermal Drug Delivery
TDD has been shown to increase through ultrasound (Levy et al., 1989; Julian and
Zentner, 1990; Mitragotri et al., 1995a and b), the frequency and intensity of which is
dependent upon the thickness and permeability of the skin at the exposure site (e.g. Tyle
and Agrawala, 1989). Therapeutic levels of ultrasound are applied at frequencies between
1 to 3 MHz, with corresponding intensities of 0 to 2 W/cm2 (Mitragotri et al., 1995b;
Mitragotri et al., 1996). Such levels have been used in an attempt to enhance the delivery
of low molecular weight (< 500 Da) drugs across the human skin (Skaun and Zenter,
1984), as well as proteins such as insulin (e.g. Mitragotri et al., 1995a). Typically, delivery
is enhanced 10-fold (Mitragotri et al., 1995b), although in many cases, no enhancement of
TDD has been observed upon application of therapeutic ultrasound. Due to this
uncertainty and inefficiency, therapeutic ultrasound TDD has found limited clinical
application. Sub-therapeutic frequencies, in the region o f 20 kHz and an intensity of 125
mW/cm2 resulted in an increase in the transdermal transport of salicylic acid, for example
by a factor of at least 300 (Mitragotri et al., 1996). Enhanced transdermal delivery is
believed to arise through several mechanisms of which cavitation, the generation and
oscillation of gas bubbles leading to disorder in the stratum comeum lipid bilayer
(Edwards and Langer, 1994; Mitragotri et al., 1995b), attracts the most attention.
Application of low frequency ultrasound does not appear to cause any long-term damage to
the barrier properties of the epidermis (Skaun and Zenter, 1984; Mitragotri et al., 1996).
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1.3.2. Electrically Modified Transdermal Drug Delivery
Electrically controlled membrane permeability has recently received increased attention as
a means of systemic drug delivery (Banga and Chien, 1988; Singh and Bhatia, 1996).
Iontophoresis has been performed at either constant voltage or constant current. The
literature is consistent on the fact that the imposition of an electric field results in a
decrease in skin resistance (Oh et al., 1993; Kalia and Guy, 1995). D ’Emanuele and
Staniforth (1991, 1992a and b, 1993) demonstrated the feasibility of using electrophoresis
in the development of a controlled TDD system. Currents were typically in the range of 0
to 2.5 mA, with typical power requirements of approximately 3 mW. A linear relationship
was found between the propranolol hydrochloride delivery rate and the current enabling a
feedback controlled device to be proposed. Pulsed direct current has been found to be
equally or more effective in facilitating the skin permeation of drugs (Liu et al., 1988;
Bagniefski and Burnette, 1990) as well as reducing the incidence of skin irritation and
subsequent damage (Okabe et al., 1986). In vivo experiments have been conducted on
diabetic rats (Liu et al., 1988) using constant rate and pulsed dc electric fields. Liu and co
workers (1988) found that constant dc electric fields have little significant effect on the
blood glucose levels, whereas blood glucose levels markedly decreased when pulsed dc
electric fields, at the same current density (0.33 mA/cm2), were applied for short time
periods (typically ms).
Prausnitz et al. (1996b) investigated the TDD of calcein under low voltage constant
electric fields and high voltage pulsed electric fields. The range of transdermal voltages
used for high voltage pulsing was 40 to 450 V, with corresponding transient peak current
densities of approximately 0.1 to 5 A/cm2. A transition at approximately 100 to 150 V was
observed, below which the flux increases were fully reversible (Prausnitz et al., 1993).
Typically, pulses o f duration less than 1 ms are favourable to minimise nerve stimulation
(Ledger, 1992), the limits are approximately 0.5 A/cm2 in terms of sensation. High voltage
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pulsing has been shown to provide some advantages over conventional iontophoresis.
Steady-state flux can be reached within minutes and maintained for many hours (Prausnitz
et al., 1993 and 1996b); this reduction in lag time may lend itself to applications requiring
rapid onset and/or complex drug delivery profiles.
Electroporation is believed to work, in part, by creating transient pores in the lipid
bilayers of the stratum comeum (Prausnitz et al., 1993 and 1996a; Pliquett et al., 1995).
Edwards et al. (1995) proposed that the voltage across the skin, which could be calculated
from the sum total o f the individual voltage drops across the stratum comeum’s lipid
bilayers, o f which there are approximately 100 (Elias, 1991). Electroporation of a single
bilayer occurs at a voltage of approximately 1 V (Freeman et al., 1994). Therefore
iontophoresis would occur at voltages of less than or equal to 100 V, whilst electroporation
would occur above this value (Edwards et al., 1995). The passage of electric current
through the skin provokes sensations ranging from localised temperature changes, through
tingling and itching to outright pain (Ledger, 1992). Tolerated iontophoretic applications
are in the region o f 0.5 mA/cm2 (Banga and Chein, 1988; Burnette and Ongpipattanakul,
1988). As the total amount of current that can be passed through the skin is limited to the
battery of the iontophoretic device and the tolerance of the patient, the efficacy becomes a
key question in determining the practicality for a given drug therapy.

1.3.3. Synergistic Transdermal Drug Delivery
Johnson et al. (1996) proposed a synergistic combination of two chemical
enhancers, linoleic acid and ethanol, with therapeutic ultrasound would result in a
dramatic increase in the permeability of corticosterone for example. Chemical enhancers
have been shown previously to increase transdermal drug transport via several mechanisms
including increased solubility o f the drug in the donor formulation (Knutson et al., 1993),
increased partitioning into the stratum comeum, induced disorder of the lipid bilayer
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(Barry, 1987; Mak et al., 1990; Ongpipattanakul et al., 1991) and disruption of the
intracellular proteins. The ratio of permeability of corticosterone with ethanol and linoleic
acid with ultrasound was increased by a factor of 14. On a similar basis, Kost et al. (1996)
hypothesised that the combination of electric field and ultrasound would result in an
enhancement of the transdermal delivery of calcein and sulphorodamine. Results
indicated that in combination with ultrasound, the required voltage decreased from 95 V
without ultrasound to 75 V with ultrasound.

1.4. Mechanical Pumps and Implantable Batteries
Mechanical diffusion pumps may be considered as either constant or controlled
drug-delivery systems depending on their complexity. There are several types of infusion
pump namely external pumps and implantable devices. Portable external pumps offer
several advantages: ability to administer multiple drugs at a desired volume, with the
ability to halt administration by the patient (Sefton, 1984). Disadvantages are associated
with the need for a venous or arterial access device connected to tubing, together with the
inconvenience of the device. Infusion pumps offer a number of advantages (Langer, 1980)
in particular for drugs which are poorly absorbed or inactivated upon digestion.
Advantages over other types of delivery device are the ease of replenishment and the
administration of large volumes and multiple dose therapies. The advantages of a totally
implanted pump are the convenience to the patient, coupled with the reduced risk of
infection and the inability towards tampering. Cost and biocompatibility are disadvantages
associated with the development of such devices, but mechanical failure resulting in either
dose dumping or blockage of the pump are potential risks post-implantation.
Insulin delivery in pancreatectomised dogs was investigated using an implanted
controlled release micropump (Sefton et al., 1990), based on diffusion, where the
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concentration difference is the driving force. Augmentation of the delivery rate was
achieved by means of an external dc power supply.
SynchroMed™ pumps are implantable, battery powered devices that release drug
from the reservoir at pre-programmed intervals (Medtronic Technical Manual). Usually,
these devices are implanted in the abdominal region, with the drug delivering catheter
directed to the delivery site. Lithium-thionyl-chloride battery has a capacity of 2 ampere
hours with an operating voltage of 3.6 V. The life of the battery is dependent on the rate
and extent of drug delivery and typically for 0.5 ml of drug delivered per day, the battery
will fail within 4 years.
Pacemakers are used for the long-term management of sino-atrial node disease and
in treatment of advanced atrio-ventricular block. Pacemakers are implanted
subcutaneously and connected to the heart by insulating wires terminating at one or more
electrodes. The power source is driven by lithium batteries, with an expected life of
between 7 and 10 years. Typically, the batteries are composed of lithium/iodine,
lithium/silver vanadium oxide and lithium/carbon monofluoride, with varying nominal
capacities ranging from approximately 0.5 to 2.5 ampere hours. A significant challenge in
the development of implantable batteries, both as pacemakers and for other biomedical
applications is the necessity to predict the performance of the cell. Pacemaker failure is
usually caused by battery expiry, however this can usually be detected by regular
monitoring of the patient. Infection around the power source may respond to antibiotics,
but often requires re-implantation of the unit at an alternative site.

7.5. Rheology
Rheology can be defined as the science of the deformation and flow of matter.
This definition was conceived by Bingham and adopted as the official definition by the
American Society of Rheology in 1929.
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1.5.1. Definitions o f Rheological Flow Models
In its simplest form, flow describes the relationship between the stress (related to
the force applied) and the shear rate (speed with which the fluid flows) o f a sample (Figure
1.1). The ideal shear experiment would involve placing the test fluid between two parallel
plates a distance (d) apart. One plate is now moved at a constant velocity (v) with respect
to the other without altering the gap.

zzz S
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srr/rrr/rrr///

r
Shear stress cr = —
A

v
Shear rate y = —
d

<7
Viscosity rj = —
y

Figure 1.1. Diagrammatic representation o f the ideal shear experiment. Shear stress, shear
rate and viscosity, where F is the applied force, A is the area (m2), v is the velocity and d is
the distance (m) are defined.

The rheological behaviour o f most samples can be divided in to two categories,
Newtonian and non-Newtonian. For a Newtonian fluid, the flow curve will take the form
of a straight line passing through the origin, with the slope being equal to the reciprocal of
the viscosity (Figure 1.2).

cr = rjy

Equation 1.1

where a is the shear stress, y is the shear rate and q is the shear viscosity with the SI units
o f Ns/m2 (Pa s). The kinematic viscosity, v, of a fluid is defined as:
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V =

—

p

where p is the density of the fluid. The unit of kinematic viscosity is m2/s (Stoke).

Newtonian

Bingham

Shear stress, a
Figure 1.2. Idealistic rheograms of the shear stress - shear rate behaviour of various
rheological flow models.

Non-Newtonian fluids can be subdivided into shear thinning (pseudoplastic) and
shear thickening (dilatant) materials. Materials which exhibit shear thinning behaviour
show a decrease in viscosity as the shear rate increases. Shear thinning can be described
mathematically by the Power law model (e.g. Harris, 1977):

cr = k / n

Equation 1.2

where n, the Power law index (n < 1), is a measure o f the degree of non-Newtonian
behaviour and k is the viscosity coefficient; the higher the value of k the more viscous the
fluid. Materials that exhibit shear thickening behaviour show an increase in viscosity as
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the shear rate increases (Barnes, 1989). Shear thickening can also be described
mathematically using the Power law equation, where the shear rate index is (n > 1).
The third time-independent response, where a shear stress independent viscosity is
achieved once a finite yield stress has been surpassed, can be described using the Bingham
model (discussed below).

1.5.2. The Yield Stress
The existence of the dynamic yield stress for any material is still controversial.
Barnes and Walters (1985) contend that the dynamic yield stress is nothing more than an
empirical constant that depends upon the experimental conditions and is thus not a real
physical property. With the advent of rheometers capable of measuring shear rates in the
region of 10'5 1/s, the question of whether samples exhibit a yield stress is further
questioned. Hartnett and Hu (1989), in an attempt to disprove Barnes and Walter’s claim,
performed an experiment where a ball placed in a fluid failed to travel any measurable
distance over an extended time period. Furthermore, a logarithmic plot of the viscosity
versus shear stress will tend to infinity for yield stress samples (Nguyen and Boger, 1992).
Yield stress fluids are structured materials, where the rheology is strongly
dependent on the history and it has, therefore, been found that the yield stress can be
sensitive to the duration and time o f measurement (Cheng, 1986). Recognising the
problem involved in experimental determination of the yield stress, Blair (1933) proposed
a practical definition of the yield stress as “any critical stress below which no flow can be
observed under the condition of experimentation”. The British Standard (1975) definition
of the yield stress is “the stress above which the substance is an elastic solid and below it is
a liquid with a plastic viscosity, r|” such that:

a = cry + 71/
where c y is the yield stress that must be exceeded to start flow. The minimum stress
required to initiate flow in a yield stress fluid, however, is not necessarily the dynamic
yield stress described above, but rather the static yield stress.

1.5.2.1. Rheological Models for Yield Stress Fluids
Several empirical and theoretical models have been proposed and used to describe
the rheological behaviour of yield stress fluids. Typically, three yield stress values
characterise the rheological behaviour of a material. The first is the elastic-limit yield
stress and represents the transition between the elastic and plastic deformation. The static
yield stress is defined as the minimum stress necessary to deform irreversibly the material.
Whilst the value obtained by extrapolation of the flow curve is known as the “apparent”
yield stress or the dynamic yield stress. On several occasions, a given fluid can be equally
described by more than one model, resulting in different yield stress values (Keentok,
1982; Nguyen and Boger, 1983).
The Bingham model represents the ideal case where the structure responsible for
the yield stress breaks down completely as soon as the applied shear stress overcomes the
yield value. The Bingham model states that shear rate independent viscosity is maintained
once a yield stress has been exceeded.

cr = cry + rjBy

Equation 1.3

where <ryis the yield stress and rjB is the Bingham viscosity.

In most cases, the linearity of the flow curve is only obtained at high shear stresses
or shear rates. This is probably because the structure responsible for the yield behaviour
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may breakdown gradually during shear and its complete disruption may occur only at high
stresses (Nguyen and Boger, 1992). Non-linear behaviour may be described by the
following empirical equation, originally proposed by Herschel and Bulkley (1926):

<j = a m + k y m

where thb is the yield stress and k and m are constants, equivalent to the power law
parameters commonly used for approximating the behaviour of many viscous fluids.
When m < 1 the fluid is yield pseudoplastic, and m > 1 corresponds to yield dilatant
behaviour. If m = 1 the equation reduces to the Bingham equation.

1.6. Electrorheological Fluids
Electrorheology describes the rapid and reversible change in viscosity exhibited by
certain suspensions of solid particles in electrically non-conducting liquids upon
application of an electric field (e.g. Winslow, 1949; Block and Kelly, 1988).
Electrorheological (ER) fluids can run freely like water, ooze like honey or solidify like
gelatine, depending on the electric field. The ER response is extremely rapid; although
full structure formation after application of an electric field can take several seconds, the
viscosity increases significantly over a millisecond time scale (Sprecher et al., 1987;
Halsey, 1992; Weiss and Carlson, 1992; Klingenberg et al., 1993). The ER effect is
completely reversible upon removal of the applied electric field.
In the absence of an electric field most ER fluids, to a first approximation, behave
as Newtonian fluids in accordance with Equation 1.1. Upon application of an electric
field, typically between 1-5 kV/mm, ER fluids undergo a pseudo-phase change from liquid
to solid which may be described by the Bingham equation (Equation 1.2) (Uejima, 1972;
Gast and Zukoski, 1989; Marshall et al., 1989; Klingenberg, 1990). The existence of a
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static yield stress is demonstrated by the solidification of an ER fluid between two
electrodes (Winslow, 1949; Bullough, 1992). In addition, falling ball experiments
described previously were conducted by Zitter and co-workers (1994a and b) under the
influence of an electric field. An electric current is observed to flow through the fluid
when it is subjected to the electric field; the response is non-ohmic (Brooks, 1990).

1.6.1. Applications
ER fluids have been implicated in the design of ubiquitous devices such as
clutches, first proposed by Winslow (1947) and subsequently modified and improved by
Stevens et al. (1988), Monkman (1993) and Stanway and Sproston (1994). The potential
uses o f ER fluids, extends beyond the automotive industry into robotics, where their
application in “pick and place” robots (Shulman et al., 1981) and shape-sensing finger
pads (Monkman, 1992) have been proposed
The potential of ER fluids beyond the realms of engineering has only recently
begun to be realised. The rapid and easily controlled response time of ER fluids together
with the strength and elasticity of siloxane gel have been exploited to create an artificial
striated skeletal muscle (Bohon and Krause, 1998). Composite gels of differing ratios
were prepared and subjected to dc and ac electric fields ranging from 300 V/mm to 2.5
kV/mm. Electric field magnitude and ER fluid concentration were found to influence the
displacement, or the ability of the gel to compress, between two flexible electrodes. The
concentration o f siloxane gel was critical in terms of the restoring properties of the
composite gels upon removal of the electric field. Bohon and Krause (1998) concluded
that the reality of an artificial muscle was achievable with the advent of active ER fluids at
low applied electric fields.
In 1996, despite efforts to improve ER fluids and eliminate their shortcomings,
Parthasarathy and Klingenberg (1996) pronounced that there were currently no
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commercially available ER fluid based device; a statement which holds true today. The
main limitation has been the lack of effective fluids in terms of properties, stemming
largely from insufficient understanding of the underlying mechanisms (Hartsock et al.,
1991; Weiss et al., 1993). The presence of water in fluids introduces problems associated
with current and temperature limitations of the device (Gast and Zukoski, 1989; Weiss and
Duclos, 1994). Applications require fluids with large field-induced rheological changes,
low conductivities (small power requirements), and which are non-abrasive,
environmentally benign, and stable against sedimentation, irreversible flocculation, and
chemical degradation (Hartsock et al., 1991).

1.6.2. Composition o f Electrorheological Fluids
The substrates used over the past fifty years to formulate ER fluids are so diverse
that the conclusion might easily be drawn that, given the right additive, almost any particle
could be used (Block and Kelly, 1988). However, it is recognised that there are a number
of attributes common to all the materials used in the particulate phase, namely
hydrophilicity, porosity and the ability to polarise under an electric field (Stangroom,
1983). A comprehensive list of candidates for the dispersed phase can be found in the
reviews by Block and Kelly (1988) and Gast and Zukoski (1989). Table 1.1 highlights
several pharmaceutically acceptable compositions.
Most formulations require the presence of water, in the range between 5 and 10 %
by weight (Block and Kelly, 1988), to activate or enhance performance (Winslow, 1949;
Klass and Martinek, 1967; Block and Kelly, 1988). Furthermore, complete drying of these
formulations has been shown to result in the destruction of the ER effect (Uejima, 1972;
Deinega and Vinogradov, 1984; Kordonsky et al., 1991; Kawai et al., 1994 and 1996).
With systems where additives are necessary, water is not unique as alcohols (Takeo and
Omura, 1976), ethylene glycol (Winslow, 1953), dimethylamine and formamide (Takeo

20

and Omura, 1976) have all been proposed as alternatives to water. In general, it is thought
that the activated systems are all capable of ionic conductance.

Particulate phase

Dispersing medium

Additive

Reference

Gelatine

Olive oil

Water

Winslow (1947)

Water

Yatsuzuka et al. (1995)

Mineral oil
Microcrystalline

Silicone oil

cellulose
Silica

Kawai et al. (1996)
Water

Silicone oil

Kawai et al. (1994)
Kawai et al. (1996)

Starch

Water

Mineral oil

Winslow (1947)

Table 1.1. Examples of electrorheological fluid composition

1.6.2.1. Particle Size and Shape
In most cases, the diameter of the particles used in ER fluids range from 10 to 100
pm (Winslow, 1947 and 1949; Stangroom, 1983; Block and Kelly, 1988; Stanway and
Sproston, 1994); the limits beyond which no ER activity is evident are not clearly defined.
Large particles are undesirable in ER fluid formulations for a number of reasons, not least
their increased propensity to more rapid sedimentation in the non-electrified state. The
electrode gap places an upper limit on particle size, as a result it is generally recommended
that the maximum particle size be less than one-tenth of the distance between the
electrodes (Stangroom, 1983). A lower limit must exist, as at some stage Brownian
motion may overcome the interactions that give rise to the ER effect (Block and Kelly,
1988). Several researchers have investigated the effect, both experimentally (Shih and
Conrad, 1994) and theoretically (Ota and Miyamoto, 1993 and 1994), of particle size on
the ER response. Shih and Conrad (1994) discovered an increase in yield stress values
21

with particle size. Whilst Ota and Miyamoto (1994) investigated the optimum particle-size
distribution using a complex simulation involving the many-body effect (or cubic-particle
chain model) and discovered that ER fluids consisting of the same size particles gave the
largest yield stress.
Particle shape may play a part in the ER effect. In an electric field, elongated
particles combine effectively forming complex structures (Asano et al., 1997), but form
weaker connections at the electrode surface compared to spherical particles. Fibres and
elongated particles are known to undergo much larger polarisations than spheres, so that
on polarisation grounds such particles may be more advantageous in ER applications
(Block, 1992).

1.6.2.2. Disperse Phase Concentration
The response of ER fluids to the application of a field is strongly dependent upon
the concentration of the disperse phase. Increasing the concentration of the dispersed
phase not only increases the yield stress (Jordan and Shaw, 1989; Stanway and Sproston,
1994) of the fluid in the presence of an electric field, but also enhances the zero-field
viscosity due to particle crowding i.e. the higher the viscosity, the more energy is expended
in forcing the base fluid around the closely packed particles. Of course, by this reasoning,
it follows that the zero-field viscosity can be decreased by lowering the volume fraction.
However, by doing this, a larger electric field is required to produce a similar yield stress
enhancement. For best results, the particulate phase should make up between 10 to 40 %
by weight of the mixture (Pool, 1990).

1.6.2.3. The Continuous Phase
Adriani and Gast (1988) predicted that ER activity will occur in any system where
there is a substantial difference in dielectric permittivity between the dispersed phase and
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the medium. Stangroom (1984) lists the desired properties of the liquid and includes
hydrophobicity, low viscosity, high boiling point, low freezing point, high electrical
resistance and high dielectric strength. In practice, it is difficult to obtain liquids of a high
dielectric constant owing to the rigorous purification requirements when used in high field
applications (Gallagher, 1975). Thus, in practice, the continuous medium is nearly always
of low permittivity and is usually an insulating oil. A list of the more common carrier
liquids has been compiled by Block and Kelly (1988). Such liquids can withstand both
contamination without adverse effects and high electric fields without breakdown.
Obviously, low conductivity is desirable for the reduction of power consumption.

1.6.2.4. Applied Electric Field
Generally, electric fields in excess of 1 kV/mm are applied with fluids operating
practically at much larger fields. Dielectric breakdown places an upper limit on the
electric field (Block and Kelly, 1988). Little research has been carried out in the field of
electrorheology on the behaviour of ER fluids at low applied electric fields (below 1
kV/mm). Upon application of an electric field of the order 1 kV/mm, ER fluids exhibit
yield stress values ranging from 10 to 15000 Pa (Chen et al., 1991).
The quest for high yield stress ER fluids dominates the literature, where the need
for such fluids is driven by the nature of the applications (e.g. brake and clutch proposals).
In response to Block (1988), several investigators have conducted experiments below 1
kV/mm and acknowledged the development of an ER response (Marshall et al., 1989;
Chen et al., 1991; Gandhi and Thompson, 1992; Parthasarathy and Klingenberg, 1996; Wu
et al., 1996; Hao, 1997; Lue and Mao, 1997). The formation of a yield stress was not
observed until 240 V/mm by Lue and Mao (1997) using a com starch in silicone oil
dispersion; the yield stress at 240 V/mm, estimated from the published graphs, was 1 Pa
rising to 8 Pa at 600 V/mm. Gandhi and Thompson (1992) investigated the rheological
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properties of an ER fluid comprising o f 45 % com starch and 55 % silicone oil, at electric
fields as low as 20 V/mm. The yield stress values were estimated, from published graphs,
to be approximately 5, 8,10 and 100 Pa for applied electric fields of 20 V/mm, 50 V/mm,
100 V/mm and 600 V/mm respectively. A volume fraction of 0.13 lithium
poly(methacrylate) dispersed in a chlorinated hydrocarbon oil was investigated by
Marshall et al. (1989) at applied electric fields of 50,100, 200 and 400 V/mm. We have
estimated the yield stress values, at a shear rate of 10-4 1/s, are 0.001,0.006,0.02 and 0.1
Pa respectively. Sakai et al. (1997) predicted the formation of particle chains, albeit
sparse, at applied electric fields as low as 50 V/mm. To the best of our knowledge, there is
no published review of ER behaviour at low applied electric fields.

1.6.3. Mechanisms
The occurrence o f a yield stress suggests the presence of structure. In Winslow’s
original publication (1949), he observed that upon application of an electric field, the
particles within an ER fluid aligned in the direction of the field forming a chain-like or
fibrous structure. Such fibrils are considered to be of paramount importance in the ER
phenomenon, as they are presumed to provide the mechanical support which led to the
development of a yield stress. Several mechanisms have been proposed (reviewed by
Parthasarathy and Klingenberg, 1996) for the origin of the ER effect, of which electrostatic
polarisation and water bridging have received most attention. Although the electrostatic
polarisation mechanism appears to explain most experimental observations, other
phenomena are likely to influence behaviour in some systems and under some conditions.
Furthermore, given the chemical diversity of ER fluids, it seems unlikely that they all work
in exactly the same manner.
The electrostatic polarisation mechanism, proposed originally by Winslow (1949),
attributes the origin of the ER effect to the field induced polarisation of the disperse phase
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relative to the continuous phase. In this model’s most general form, polarisation can arise
from a number of charge transport mechanisms, including electronic, atomic, dipolar,
nomadic or migration (interfacial) polarisation. Ignoring any net particle charge, a
particle’s charge distribution can be described as a dipole aligned with the applied electric
field. Neighbouring dipolar particles are attracted to each other when pairs are aligned
with the external field, and repel when perpendicular to the field, thus producing the
fibrous structures observed experimentally. In order for the suspension to flow, the fibrous
columns must be deformed or broken; the large increase in shear stress, and thus the
apparent viscosity, arises from the work required to overcome the attractive dipolar
particle interactions. The most widely accepted polarisation mechanisms involve bulk or
interfacial processes (Klass and Martinek, 1967; Gast and Zukoski, 1989; Block et al.,
1990). Bulk polarisation involves creation or alignment of molecular dipoles within the
confines o f the particulate or continuous phase. Interfacial polarisation can involve
migration o f charge through the particles, along the surface of the particles, or within the
double layer region of the dispersion (Havelka and Pialet, 1996). The electrostatic model
assumes that the ER fluids are dispersions of dielectric, non-conducting particles in a low
dielectric medium and that free charges and charge transfer can be neglected. This model
is based on the fact that particles polarise and apply a force to neighbouring particles as a
result of the permittivity mismatch between the particles and the continuous phase. In
practice, ER fluids are more complex. A number of studies have been carried out to
extend this model to include conductivity (Wu and Conrad, 1997a).
One theory proposed by Stangroom (1983) proposed the formation of water bridges
between adjacent particles, the number of which depends on the electric field and moisture
content. When the field is applied, ions move out of the pores, carrying water to the
particle surface and thus permitting the formation of bridges between particles. When the
field is removed, surface tension pulls the water back into the particle pores. See et al.
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(1993) support the formation of water bridges as the underlying mechanism, whilst
Tamura et al. (1993) modified the theory introducing interfacial polarisation. Furthermore,
as water in bulk has a large dielectric constant (Gast and Zukoski, 1989) and can generate
mobile ions (either by solvation or self-dissociation). However, its influence on particle
polarisation and its ability to alter the response through electrostatic polarisation
mechanism should not be ignored. Water adhering to the surface of particles could greatly
increase their dielectric constant as water is easily polarised. However, the advent of
anhydrous ER fluids (Block and Kelly, 1988; Filisko and Radzilowski, 1990; Gow and
Zukoski, 1990) has provided counter evidence for the necessity of water. Thus, while
water may play a role in some systems, it is unlikely that water alone produces an ER
effect.
Pertinent to these pharmaceutical studies, is the possibility that certain suspensions
exhibit an electrically induced decrease in apparent viscosity. The so-called “negative”
ER effect, is believed to be as a direct result of electrophoresis (Boissy et al., 1995).
Traditionally, the particulate phase in ER fluids is of a higher conductivity than the
suspending fluid. The inability of these new fluids to form stable chains upon application
of an electric field arises from the attraction of the low conductivity particles to one
electrode (Boissy et al., 1995; Trlica et al., 1996; Wu and Conrad, 1997b). This novel ER
response has been demonstrated by poly (methyl methacrylate) in mineral oil (Boissy et
al., 1995) and magnesium hydroxide in silicone oil (Trlica et al., 1996).
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Chapter Two

General Characterisation o f Materials
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2.1. Materials
Microcrystalline cellulose (MCC) was kindly donated by Penwest Pharmaceuticals
Co. (Patterson, USA). Three grades of MCC were employed: Emcocel 50M (Lot No.
E5D7C21), LM50 (Lot No. L5S6003X) and XLM90 (Lot No. X9F5003X). Laboratory
grade poly(dimethyl-siloxane) 200® fluid (silicone oil) of dynamic viscosity 100 cSt (25
°C) was supplied by Aldrich (Gillingham, UK). In order to remove any traces of moisture,
the silicone oil was kept over a molecular sieve (8-12 mesh, Aldrich, Gillingham, UK),
which was replaced every six weeks. Super-refined oils were received from Croda
Oleochemicals (Goole, UK). In order to prevent rancidity, these oils were stored in wellfilled, air-tight, light-resistant containers under nitrogen. Linoleic acid (Z,Z-9,12octadecadienoic acid) and oleic acid (Z-9-octadecenoic acid) were supplied by SAF (Poole,
UK). Linoleic and oleic acids were stored in air-tight, light-resistant containers under
nitrogen at 2 °C.

Oil

Batch number

Oil

Batch number

Linoleic acid
Oleic acid

110H8452
105H8449

Peanut
Safflower

PP5/504
PP5/517

Almond

PP4/408

Sesame seed

PP6/326

Apricot kernel

PP4/466

Soyabean

PP6/345

Table 2.1. Batch numbers for super-refined oils

Tacrine hydrochloride hydrate (BN: 86H3647) was obtained from SAF (Poole, UK)
and stored desiccated below 4 °C. All other chemicals and solvents used were of HPLC
grade (Fisons Scientific Equipment, Loughborough, UK). Throughout this thesis tacrine
hydrochloride hydrate has been abbreviated to tacrine.
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2.2'. Characterisation o f Materials
2.2.1. Preparation o f Size Fractions and Particle-Size Analysis
A representative sample of MCC powder was separated according to size using a
vibrational dry-sieving technique and particle-size distributions were separately
determined. MCC powders were sieved in 25-30 g lots on a stack of test sieves (BS and
ISO specifications; Endecotts Ltd., London, UK), of nominal aperture diameters 125,90,
75, 63 and 45 pm. The sieve stack was mechanically vibrated (Fritsch Analysette,
Christison Scientific, Gateshead, UK), at approximately 50 Hz, for two periods of 15 min.
The sieves were cleaned with a brush, to unblock the mesh between sieving. Each sieve
fraction was then air-jet sieved (Alpine, Augsburg, Germany) for 6 min in order to remove
undersized particles (or fines). In addition, particles having a sieve fraction below 45 pm
were collected.
Two methods, depending on the nature of the material, were employed to
determine the particle-size distributions. Particle-size analysis of all the materials studied
was by laser light scattering (LLS), with a Malvern Mastersizer X (Malvern Instruments
Ltd., Malvern, UK). The scattered light from the cloud of powder traversing the laser
beam is collected to a multi-element detector. Using a Fourier Transform lens, the
scattered light is presented as a stationary diffraction pattern. The scattering of the
particles is predicted by either Fraunhofer, or more generally the Mie theory (Malvern
Instruments Technical Information). The particle diameter was calculated by comparison
with a spherical particle of an equivalent volume and quoted as the median particle
diameter. For each method, three readings were carried out on each sample.

a) Dry-Powder Feeder
The LLS was configured to be used in conjunction with a dry powder feeder, into
which a representative powder sample was placed. The 300 mm lens was chosen, enabling
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particles between 1.2 to 600 pm to be detected. The laser was switched on and a
background reading performed. The feeder was switched on and the powder agitated,
before traversing the laser beam. Size analysis on LM50 and XLM90 was conducted on
the sieve fraction below 45 pm.

b) Stirred Sample Cell
The particle-size distribution of tacrine was measured using the stirred sample cell
in conjunction with the 45 mm lens enabling particle sizes as low as 0.1 pm to be
measured. When using a wet cell, a suitable dispersant is used to suspend a representative
powder sample. In this case, 0.1 % lecithin in cyclohexane was found to form an adequate
dispersion. The dispersion was sonicated (Decon FS300b, Decon®, UK) for 5 min prior to
measurements. The stirred sample cell was filled with 0.1 % lecithin in cyclohexane and
allowed to circulate, before a background reading was taken. Using a pipette, the drug
dispersion was added to the cell until an obsuraction (or the laser obstruction) of 15-20 %
was achieved.

2.2.2. Scanning Electron Microscope
The scanning electron microscope has provided much of the information required
on the particle shape. It was found that all MCC needed to be dried at 60 °C for 24 h
before observation. This was to minimise initial problems associated with charging of the
particles, caused by the presence of residual moisture. Samples were mounted on
aluminium discs using double-sided adhesive tape and sputter coated with gold (Sputter
Coater, Model S15B, Edward’s High Vacuum, Sussex, UK). To prevent charring o f the
samples, coating was carried out for two periods of 5 min using a chamber pressure of 7
mBar. Scanning electron microscope studies (JSM 6330, Japanese Electron Optics Ltd,
Tokyo, Japan) were carried out using an incident beam of 10 kV, which was selected to
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avoid sample damage. Samples of tacrine were visually examined under a scanning
electron microscope (JSM 6310, Japanese Electron Optics Ltd, Tokyo, Japan). The
samples were coated with gold for two periods of three min each. Photomicrographs were
taken with the accelerating voltage set to 15 kV.

2.2.3. Moisture Content Measurements
Water content of the powders was determined using a Mettler LP16 Infrared Dryer
(Mettler Toledo AG, Switzerland) linked to a Mettler PM 2500 Delta Range balance
(Mettler Toledo AG, Switzerland). This method of moisture determination utilises
infrared radiation to penetrate the material and heat it from the bottom. A sample of MCC
(~ 1 g) was heated to 105 °C, until constant weight was achieved (British Pharmacopoeia,
1993). Three readings were taken and the mean value calculated.

2.2.4. True Density Determination o f Microcrystalline Cellulose
Powder true density was determined using helium pycnometry (AccuPyc 3310,
Micromeritics, USA). All powders analysed were dried in a forced convection oven
(Gallenkamp Incubator, Model 1H-ISO, UK) at 60 °C for 24 h. The dried powder
(~ 1.5 g) was accurately weighed into the sample cell. Helium gas was used to pressurise
the sample chamber and the pressure recorded. An additional volume was connected to
the sample cell and the subsequent pressure recorded. From the pressure readings, the
volume of the sample cell and the additional volume, the true density of the sample was
determined. The true density was calculated by dividing the mass of the sample by the
sample volume. The pycnometer calculates the mean true density value from ten readings.
The true density of Emcocel 50M was found to be 1.581 g/cm3 (± 0.002).
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2.2.5. Determination o f the Relative Density o f Silicone Oil
The precise volume of a capillary stopper density bottle (Fisher Scientific,
Loughborough, UK) was determined at 37 °C by weighing before and after the addition of
Milli-Q water, free from air (degassed using helium). This determination was performed
five times and a mean value calculated. The volume was calculated by dividing the weight
by the known density of water at 37 °C (0.993360 g/ml) (Handbook of Chemistry and
Physics, 1969). All oils were gently heated in a Gyratory water bath shaker (Model G76,
New Brunswich Scientific Co. Inc., New Jersey, USA) to approximately 37 °C. After
thermal equilibration, the oils were placed in the calibrated density bottle and weighed.
The temperature of each oil was verified (Jenway 2060 thermometer, ±0.5 °C, UK), after
each weighing. The results were replicated (n = 5) and mean density values calculated.

2.2.6. Solubility Determination o f Tacrine in Distilled Water
The solubility of tacrine was determined, by UV analysis, following the
equilibration of a saturated solution (Pharmaceutical Codex, 1979). The saturated solution
was equilibrated in a gyratory water bath at 25 °C and 37 °C over 24 h. After
equilibration, the vial was centrifuged and the concentration of the supernatant determined
at a wavelength of 240 nm. Five measurements were carried out at each temperature.
The solubility of tacrine hydrochloride hydrate in distilled water at 25 °C and 37 °C
was 74 mg/ml (± 0.54) and 82 mg/ml (± 0.36) respectively.

2.2.7. Determination o f the Silicone Oil/Water Partition Coefficient
The partition coefficient (P) of a solute is defined as the ratio of the concentration
in the two phases at equilibrium, and is usually presented as: P = Co/Cw, where CGis the
concentration of the solute in the organic phase and Cw is the concentration o f the solute in
the aqueous phase. The partition coefficient of tacrine in silicone oil/water was measured
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using a shake-flask method (Pharmaceutical Codex, 1979). A solution of tacrine in
distilled water was prepared and shaken with an equal volume of silicone oil. The aqueous
drug phase was equilibrated with the silicone oil for 24 h at 37 °C. The two phases were
separated and the aqueous phase analysed by UV spectrophotometry for drug
concentration (n = 5).

2.2.8. Dielectric Constants Determination
The behaviour of ER fluids in response to an applied electric field is thought to be
governed by a mismatch in the dielectric constants between the disperse and suspending
phases (Gow and Zukoski, 1990). The dielectric constant is a measure of how easily a
material polarises in an electric field and can provide a useful prediction o f the
effectiveness of the ER fluid. The dielectric constant can be calculated using a parallel
plate capacitor to measure the capacitance (or the ability to store electric charge).

C =

—
d

Equation 2.1

where A is the area of the plates (m ), d is the distance between the plates (m), eQis the
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permittivity of free space (8.85x10' F/m) and e' is the dielectric constant of the material.
The measurement of the dielectric constant under quiescent conditions was carried
out using a static permittivity micrometer Jig D321 (General Radio, UK) in conjunction
with a GenRad 1689M Precision RLC Digibridge (universal bridge used to measure
inductance, capacitance and resistance). A sinusoidal alternating voltage (ac) at
approximately 1.275 V was generated in the form of a periodic waveform denoted by
frequency. It is assumed that the applied electric field is low enough to ignore interactions
between particles and hence chain formation. The parallel-plate capacitor employed in the
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dielectric constant measurements is illustrated in Figure 2.1. The upper (UE) and central
lower (CE) electrodes have diameters of 34.2 and 52.0 mm respectively, with the lower
electrode having a outer PTFE guard.
The zero-gap point was measured by decreasing the plate separation whilst
monitoring the resistance on the RLC Digibridge (set to 1 kHz or default). The air
capacitance was measured 10 times and the mean value calculated. As Cair= £oA/d, where
A is the surface area o f the electrode, then it follows that Caird should be constant and take
the value of SoA. Assuming no edge effects, this cell constant should be 8.13 pFmm. The
cell is so designed that edge effects are considered negligible at the gaps used.
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Figure 2.1. Diagrammatic representation of the parallel plate capacitor (Reproduced from
Rattray, 1994).
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A small volume of the fluid to be tested was poured on to the middle of the lower
electrode, and the upper electrode slowly lowered to minimise the risk of trapping air
bubbles. The gap between the plates was 250 pm (± 0.5 %). Measurements were made
over the frequency range 1 2 H z - l x l 0 5Hz using the GenRad 1689M Precision RLC
Digibridge (General Radio, UK). For each frequency, five measurements were taken and
the mean value calculated. All dielectric measurements were made at ambient
temperatures (typically 20 - 22 °C). The dielectric constant of 100 cSt silicone oil and the
other oils have been calculated in the following experiments. The effect of the addition of
the disperse phase (MCC sieve fraction below 45 pm) has also been investigated along
with the relationship between concentration of the disperse phase and dielectric constant.

2.2.9. Assay o f Tacrine by Ultraviolet Spectrophotometry
A 7.5 pg/ml solution of tacrine in distilled water was prepared and a scan
performed on a double-beam spectrophotometer (Perkin Elmer, Beaconsfield, UK) using
1 cm path length quartz cuvettes. The solution was scanned, over the range 190 to 390 nm,
to determine a suitable wavelength for UV assay. This procedure was repeated for tacrine
in propan-2-ol.
A validation of the Beer-Lambert law was undertaken to ensure a linear
relationship existed between the concentration o f tacrine and the absorbance. Triplicate
stock solutions (A, B and C) of approximately 50 pg/ml tacrine in distilled water were
prepared. A series of standard solutions (5 dilutions) were prepared, in duplicate, from
each stock solution to cover the concentration range 0.5 to 6.0 pg/ml. Triplicate readings
were made for each standard solution. Similarly, a series of standard solutions were
prepared covering the concentration range 1.0 to 25.0 pg/ml and the UV absorbance
determined at 324 nm. A validation of tacrine in propan-2-ol, over the aforementioned
concentration range, was also conducted at a wavelength of 324 nm.
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2.3. Results and Discussion
2.3.1. Preparation o f Size Fractions and Particle Size Analysis
Particle-size data for MCC powders are shown in Table 2.2. Particle-size
distributions for Emcocel 50M, LM50 and XLM90 are presented in Appendix One (A 1.1
to A 1.7).

Material

d (0.1)

d (0.9)

d (0.5)

Mean

SD

Mean

SD

Mean

SD

Emcocel 50M
9 0 - 125 pm

78.43

1.02

128.34

4.56

200.33

2.62

75 - 90 pm

59.47

1.58

106.64

1.25

179.39

0.38

63 - 75 pm

51.85

1.14

90.12

1.23

155.74

1.18

45 - 63 pm

36.56

0.99

68.32

2.08

125.81

0.70

< 45 pm

13.29

0.17

32.99

0.83

70.61

0.22

LM50 (< 45 pm)

4.93

0.21

26.36

1.79

70.94

4.81

XLM90 (< 45 pm)

12.30

0.99

35.82

1.12

72.01

3.29

Table 2.2. Particle-size analysis o f Emcocel 50M, LM50 and XLM90 sieve fractions.

Laser light scattering methods assume that the particles are spherical and present
data in terms of an equivalent volume diameter, that is the diameter of a sphere having the
same volume as the particle under analysis. Scanning electron photomicrographs indicate
the MCC particles are cylindrical and this may account for the higher than expected
median diameters obtained.
Tacrine was found to have a wide size-distribution with 90 % o f particles below
30.35 (± 1.02) and 10 % below 0.33 (± 0.00). The median equivalent volume particle
diameter for tacrine was 5.47 (± 0.06). The particle-size distribution is shown in Appendix
One (A 1.8). The particle size properties were considered acceptable for the present study
and therefore the tacrine was used as supplied.
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2.3.2. Scanning Electron Microscope
The scanning electron photomicrographs shows Emcocel 50M particles to be
irregularly shaped, with some particles appearing almost dendritic and some roughly
spherical. Figure 2.2 shows the scanning electron photomicrograph o f Emcocel 50M of
sieve fraction 90 - 125 pm. The remaining photomicrographs are displayed in Appendix
Two (A 2.1 to A 2.4). Inherently low moisture grades of MCC (LM50 and XLM90) are
shown in Appendix Two (A 2.5 and A 2.6 respectively). These particles, as for Emcoccl
50M, are typically irregularly shaped. The tacrine particles are irregularly shaped with a
wide particle distribution (Figure 2.3).

Figure 2.2. Scanning electron photomicrograph showing Emcocel 50M (sieve fraction 90 125 pm) at an accelerating voltage of 10 kV (x 100).
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Figure 2.3. Scanning electron photomicrograph showing tacrine at an accelerating voltage
of 15 kV (x 1000).

2.3.3. Moisture Content Measurements
1 he moisture contents o f the three grades of Hmcocel employed in these studies are
shown in Table 2.3.

Material

Moisture content

Nominal moisture

(%)

content (%)*
< 6 .0

Emcocel LM50

4.21 (0.06). .
2.87 (0.27)

< 3 .0

Emcocel XLM90

1.69 (0.12)

< 1.5

Emcocel 50M

Table 2.3 Moisture content of Emcocel samples. Standard deviation values are shown in
brackets (n = 5). *Moisture content determined by Penwest Pharmaceutical Co. Patterson,
New York, using a loss on drying method.
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The moisture contents of different grades of Emcocel were determined and found to be
comparable to the technical information provided (Penwest Pharmaceuticals Co.). The
low moisture grades of MCC (LM50 and XLM90) were sieved in a temperature controlled
environment (21.0 ± 0.2 °C) with variable humidity (~ 45 %). Under these experimental
conditions, the hygroscopic nature of MCC is likely to result in moisture uptake during the
sieving process. LM50 and XLM90 are dried to the required moisture content prior to
packaging, thereby retaining similar physicochemical properties to Emcocel 50M.

2.3.4. Determination o f the Relative Density o f Silicone Oil
The relative density of each oil at 37 °C is given in Table 2.4. The density o f 100
cSt silicone oil, at 20 °C, quoted by the manufacturer, was 0.960 g/ml, which is
comparable to the value obtained (0.95511 g/ml).

Material

Density (g/ml)

Standard deviation

Silicone oil (100 cSt)
Almond oil

0.95511
0.90247

2.15 x 10'3
1.71 xlO4

Apricot oil

0.90277

4.37 xlO4

Peanut oil

0.90174

2.97 x lff4

Safflower oil

0.90944

2.45 xlO4

Sesame seed oil

0.90389

2.37 xlO4

Soya bean oil

0.90903

1.66 x 104

Table 2.4. Relative density measurements of silicone oil and other oils at 37 °C.

2.3.5. Determination o f the Silicone Oil/Water Partition Coefficient
The silicone oil/water partition coefficient was calculated to be 0.104 (± 0.003).
Sathyan et al. (1995) calculated the partition coefficient of tacrine in mineral oil/water to
be 0.79. The value calculated is relatively low considering the lipophilic nature of tacrine
(Madden et al., 1995). The criteria outlined for the choice of organic phase

39

(Pharmaceutical Codex, 1979), namely that the phases are immiscible and of high purity
enabling good reproducibility, have been fulfilled. The partition coefficient provided a
measure of the affinity of tacrine for the silicone oil. The value calculated does not
represent the situation in the diffusion cell, as the drug is diffusing from silicone oil into
the aqueous medium.

2.3.6. Dielectric Constant Determination
The distance between the electrodes was 250 pm (2.5x1c4 m) and the cell constant
(8oA) as calculated from the air capacitance (32.1 pF ± 0.2) was found to be 7.78 pFmm (±
0.2) (7.78 xlO"15Fm). Using Equation 2.1, the dielectric constant at each frequency was
calculated from the measured capacitance. Figure 2.4 shows the dielectric constants for
silicone and BP oils obtained over the frequency range 12 Hz to 105 Hz. The dielectric
constant o f 100 cSt silicone oil was 2.74, which is comparable to other values obtained
(Conrad et al., 1991; Sprecher et al., 1992). In all the oils studied, the dielectric constant
exhibited a gradual decrease over the frequency range 12 Hz to 105 Hz. The dielectric
constants for the BP oils were higher than silicone oil, indicating an increased ability to
store charge.
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Figure 2.4. Dielectric constants over a range of frequencies of silicone oil and various BP
oils. Error bars representing the standard deviation (n = 5), are smaller than the symbols
used.
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The effect of disperse phase concentration on the dielectric constant is shown in
Figure 2.5. The dielectric constant was observed to slightly decrease with increasing
frequency for the ER fluids studied in the quiescent state. This response is mirrored in
studies of ER fluids in ac fields which have revealed a decrease in viscosity with frequency
(Klass and Martinek, 1967; Uejima, 1972). When an ac electric field is applied to a
dielectric material the polarisation requires time to reach equilibrium. The decrease in the
ER effect at high frequencies is indicative of a migration polarisation mechanism (Block et
al., 1988; Weiss et al., 1993; Hao et al., 1995). This effect can be understood by
considering the time-dependence for particle polarisation and the resulting particle-particle
interactions.

100 cSt silicone oil
10.0 % w/w MCC
20.0 % w/w MCC
30.0 % w/w MCC

~

3.5 -

<L
>
5

le+1

le+2

le+3

le+4

le+5

Frequency (Hz)

Figure 2.5. Dielectric constants of silicone oil alone and in combination with different
concentrations of MCC (sieve fraction below 45 pm) over the frequency range 12 Hz to
105 Hz. Error bars representing the standard deviation (n = 5) are smaller than the symbols
used.
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Due to the difficulty in measuring the dielectric properties o f powder, the dielectric
constant of the solid phase

k er

(KSoud) was estimated using the linear rule of mixtures:

= ^ K soiid + O-^Kuquid

Equation 2.2

where KER and KLiquid are the dielectric constants of the ER fluid and the liquid phase
respectively. <J) is the volume fraction of the solid phase. The dielectric constant of MCC
(sieve fraction below 45 pm), as calculated from Equation 2.2, is 11.39 (± 0.73).

2.3.7. Assay o f Tacrine by Ultraviolet Spectrophotometry
Figures 2.6 and 2.7 are the UV scans, between 190 and 390 nm, for tacrine in
distilled water and propan-2-ol respectively. The maximum peak absorbance occurred at
240 nm, which coincided with published values (Ekman et al., 1989; Hartvig et al., 1990),
in addition, twin peaks occurred at 324 nm and 342 nm. The calibration plots for tacrine
in distilled water, at 240 nm, were linear (Figure 2.8). Least square regression analysis was
performed on the data and presented in Table 2.5.

Preparation

Gradient

Intercept

r2

Estimated

S.D.

Estimated

S.D.

Dilution A l

0.1477

0.0009

-0.0008

0.0033

0.99989

Dilution A2

0.1475

0.0007

0.0064

0.0026

0.99993

Dilution B1

0.1496

0.0006

-0.0040

0.0024

0.99994

Dilution B2

0.1471

0.0008

0.0038

0.0030

0.99991

Dilution C 1

0.1485

0.0007

0.0024

0.0026

0.99993

Dilution C2

0.1498

0.0005

-0.0035

0.0020

0.99996

Table 2.5. Linear regression data for UV analysis of tacrine in distilled water at 240 nm.
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Figure 2.6. UV spectrum of tacrine at a concentration of 7.5 pg/ml in distilled water.
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Figure 2.7. UV spectrum of tacrine at a concentration o f 7.5 pg/ml in propan-2-ol.
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Figure 2.

Calibration curve for tacrine in distilled water as determined by UV analysis at

240 nm.

Replicate samples of 2.5 pg/ml and 5 pg/ml gave 95 % confidence limits o f ± 0.15
% and 0.91 % respectively. The t-test indicated no significance difference between the
duplicate calibration data plots (for example stock solution A:

^ (* 1

= 0.01, ttab = 2.447, p

= 0.05). Furthermore, on combining the results obtained for all stock solutions, the least
square regression (r2)was determined to be 0.99984, with a linear equation o f y = 0 .1484x
+ 0.0007. The analysis of tacrine by UV detection was therefore considered appropriate
over the concentration range examined.
In accordance with the Beer-Lambert law, the relationship between the
concentration of tacrine in distilled water and the absorbance (at 324 nm) was linear
(Figure 2.9). The combined equation for all stock dilutions, in distilled water, was:
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y = 3 .1040x + 0.0035, with a linear regression (r2) of 0.99987. As we found with water,
the relationship between the concentration o f tacrine in propan-2-ol and the absorbance (at
324 nm) was linear. The combined equation for all stock dilutions, in propan-2-ol, was:
y = 3.606lx+ 0.0038, with a linear regression (r2) ofO.99991.
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Figure 2.9. Calibration curve for tacrine in distilled water as determined by UV analysis at
324 nm.

Tacrine hydrochloride hydrate exists in aqueous solution in the form o f the
conjugate acid of the weak base, together with its CT counterion. The pH o f the aqueous
solution, together with the pKa value plays a vital role in the degree of ionisation. The
existence of different ionic species may result in different UV spectra. The dependence of
pH on the degree of ionisation of a weak base can be illustrated using the HendersonHasselbach equation:
[Base]
pH = p* - +
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According to the Henderson-Hasselbach equation, when the pH is approximately
equal to the pATa value, 50 % of the species are present in the ionised form; as such small
changes in the pH can have a dramatic effect on the proportion of ionised to unionised
species present. For efficient ionisation, the pH of the medium should be outside the
range, pA^ ± 2. The pKavalues of tacrine (g) and a range of similar compounds (Figure
2.10) were obtained from the literature (Table 2.6).

'N

Pyridine
(a)

Quinoline
(b)

Acridine

N
4-Aminopyridine
(d)

4-Aminoquinoline

9-Aminoacridine

(e)

(f)

(c)

NH

9-Amino-1,2,3,4-tetrahydroacridine
(g)
Figure 2.10. Chemical structures of pyridine (a), quinoline (b), and the 4-amino
derivatives (d and e respectively), acridine (c) and its 9-amino derivative (f). The chemical
structure of tacrine (g) is also illustrated.
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Compound

P^a

Conditions

Reference

Pyridine (a)

5.23

Water; 20-25 °C

Perrin et al., 1981

Quinoline (b)

4.92

Water; 20-25 °C

Perrin et al., 1981

Acridine (c)

5.60

Water; 20 °C (± 5)

Albert and Goldacre, 1946

4-aminopyridine (d)

9.25

Water; 20 °C

Albert and Serjeant, 1971

4-aminoquinoline (e)

9.17

Water; 20 °C

Albert et a l, 1948

9-aminoacridine (f)

9.99

Water; 20 °C (± 5)

Albert and Goldacre, 1946

9-amino-1,2,3,4-

9.40

50 % ethanol

Albert and Goldacre, 1946

tetrahydroacridine (g)

20 °C (± 5)

Table 2.6. The pATa values of pyridine, quinoline, acridine and their amino-derivatives in
water at 20 °C (± 5). The pATa value of tacrine in 50 % ethanol is provided.

Not unexpectedly, the pA^a values show that the removal of one or two benzene
rings from acridine (c) has no profound affect on the basicity of the pyridine ring (Albert
and Goldacre, 1943; 1946). In all cases, the addition of an amine group in the position
opposite the ring nitrogen atom results in an increase in the basicity o f the compounds.
The corresponding pKa value for 9-aminoacridine (f) in 50 % ethanol at 20 °C is 9.45
(Albert and Goldacre, 1946). These values are all quoted at 20-25 °C, Albert and Sejeant
(1971) have shown that, in water, bases become weaker as the temperature rises. The pH
of distilled water was measured to be 6 .6 , which would suggest that the tacrine is almost
completely ionised (99.96 %) throughout the UV determination experiments.

2.4. Preparation of Electrorheological Fluids
ER fluids were prepared on a % w/w basis. The viscosity o f the silicone oil used
was such that pouring was difficult, therefore we chose to use a weight measurement.
Suspensions were prepared by first weighing the appropriate quantity of powder into a vial
followed by the silicone oil. The sample was sonicated for two periods of 15 min each.
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2.5. Conclusions
In this chapter, we have reported in detail the physicochemical properties of the ER
fluid constituents employed. MCC powders have been separated according to size using a
sieving technique and the particle-size distributions were separately determined. Scanning
electron photomicrographs have been used in conjunction with the particle size
distributions to obtain a complete overview of the physical properties of MCC powders.
Moisture content has been shown in various studies to have a significant effect on the ER
response (Klass and Martinek, 1967), therefore three grades of MCC of inherently
different moisture contents were analysed using an infrared drying technique. The
dielectric mismatch between the two phases is thought to contribute to the ER response
and it was therefore considered important to investigate the dielectric properties of the
components. The dielectric constant for the BP oils employed in the study were
significantly higher than silicone oil. Furthermore, the addition of MCC in to silicone oil
resulted in an increase in the dielectric constant indicating a strong dependence of the
particulate phase on the ER response.
The solubility of tacrine in distilled water provided a measure of the affinity of
tacrine for the solvent of choice used later in the diffusion cell (Chapter Five).
Furthermore, the silicone oil/water partition coefficient of 0.104 (± 0.003) indicates an
affinity of tacrine for water. The use of UV spectrophotometry has been investigated, at
pH 6.6, in order to determine the tacrine concentration in the diffusion cell.
The application of an electric field has a dramatic effect on the rheological
behaviour of ER fluids resulting in the ability of these fluids to run freely like water, ooze
like honey or solidify like gelatine. The flow properties have been extensively investigated
and are reported in Chapter Three. The conclusions we draw there often rely upon the
information determined in this Chapter.

Chapter Three

Flow Properties o f
Electrorheological Fluids
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3.1. Introduction
Rheology is the science of the deformation and flow of matter. In this Chapter, we
focus on the flow behaviour of ER fluids in the absence and presence of an applied electric
field. ER fluids exhibit Newtonian behaviour under no field conditions. Upon application
of an electric field, ER fluids undergo a metamorphosis from fluid to solid, resulting in an
increase in viscosity. In terms of flow behaviour, ER fluids under the influence of an
applied electric field behave, to a first approximation, as Bingham fluids. The Bingham
yield stress can be defined as the stress which must be exceeded before flow starts.
The model ER fluid chosen for this study is microcrystalline cellulose (MCC) in
silicone oil. At the commencement of these studies, there was knowledge of the ER
behaviour of our model ER fluid at electric fields between 1 and 3 kV/mm (Yatsuzuka et
al., 1995; Kawai et al., 1996). Yatsuzuka et al. (1995) investigated the effect of particle
shape, weight fraction, surface conductivity and applied electric field on various grades of
MCC and silica in silicone oil. They found that the yield stress increased proportionally
with weight fraction for all sample fluids. The ER effect was also enhanced by increasing
the applied electric field, possibly resulting from enhanced electrostatic interactions
between neighbouring particles. They found that particle shape plays an important role in
the ER effect, with cylindrical particles having a higher yield stress.
The initial objective of this study is to investigate the flow properties of our model
ER fluids under no applied electric field. Such behaviour will provide essential
information on the viscosity of ER fluids during routine laboratory handling. The rheology
of suspensions and the influences of particle concentration and particle size on the
resultant fluid viscosity (Pa s) will be examined. The prediction o f suspension viscosity
using Einstein’s equation (Equation 3.1) will be investigated.
Currently, few research groups have acknowledged the development of a yield
stress below 1 kV/mm (Marshall et al., 1989; Chen et al., 1991; Gandhi and Thompson,
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1992; Malins and Lacey, 1994; Parthasarathy and Klingenberg, 1996). With this in mind, a
further aim of the present study is to characterise the flow behaviour, at electric fields of
500 V/mm and below, as a function of particle concentration, particle size, moisture
content and applied electric field. Clearly, in the case of implants, it is critical to have a
physiologically acceptable electric field. In order to provide correlation with future studies
on the diffusion profile of tacrine from ER fluids, we have investigated the effect of the
addition of tacrine to suspension rheology and Bingham yield stress. Tacrine, an
acetylcholinesterase inhibitor, was chosen as a suitable candidate as an intraspinal implant
for potential application in the treatment of neurodegeneration, particularly in Alzheimer’s
disease and senile dementia (Forsyth et al., 1989; Small, 1992).
Although a number o f particulate phase components of typical ER fluids could be
considered as pharmaceutically acceptable, there appear to be no pharmaceutically
acceptable oils. In controlled drug delivery applications, particularly parenterals, it would
be necessary to use approved constituents. For this reason, we have studied the ER
behaviour of suspensions o f MCC (sieve fraction below 45 pm) in different BP oils.
Peanut and sesame seed oils are used in the formulation of sustained-release intramuscular
injections (Pharmaceutical Codex, 1983). Almond oil is also cited as a vehicle for
injections (Pharmaceutical Codex, 1983). Soyabean oil has replaced peanut oil, as a result
of anaphylactic shock syndrome, in total parenteral nutrition regimens (Excipients
Handbook, 1994). Glycerides of oleic acid are the major constituent of apricot kernel
(68.0 %) (Femenia et al., 1995), safflower (63.0 %) (Croda Information), peanut (56.0 %)
(Excipients Handbook, 1994) and sesame seed oil (45 %) (Excipients Handbook, 1994).
Linoleic acid, in the form o f glycerides, is the primary constituent of soyabean (50.0 to
57.0 %) (Excipients Handbook, 1994) and sweet almond oils (75 %) (British
Pharmacopoeia, 1993). Suspensions prepared with the major long-chain fatty acid
components were also assessed for ER behaviour.
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3.2. Materials
MCC (Emcocel 50M, LM50 and XLM90), 100 cSt silicone oil and BP oils as
previously described in Section 2.1. A 0.1 % w/v aqueous solution of potassium chloride
(BN 38767 464, Fisons, Loughborough, UK) in freshly distilled water was prepared.

3.3. Modification of the CSL2 Rheometer fo r Electrorheological Measurements
A controlled stress rheometer (CSL2 100, TA Instruments, Leatherhead, UK) was
specially modified to allow the application of an electric field across test fluids. A
diagrammatic representation of the modifications carried out to enable ER measurements
to be conducted is illustrated in Figure 3.1. Figure 3.2 depicts the rheometer set-up during
ER measurements, whilst Figure 3.3 shows the modified parallel plate, insulated draw rod
and protective casing.

'ositive terminal
Electrolyte
reservoir

Protective casing

i ------ Optical encoder

Insulated
draw rod

Air bearing

Motor
Insulating
material
Stainless steel
parallel plate
To earth

}

id

— Peltier plate

Figure 3.1. Diagrammatic representation of the ER conversion o f the CSL2 rheometer
showing a parallel-plate geometry (reproduced from TA Instruments manual).
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Figure 3.2. Photograph showing the rheometer conversion for the ER measurements.

Firstly, the draw rod is insulated with an insulating heat-shrinked sleeving (RS
Components, UK) except for the threaded portion at the tip. At the opposite end, a small
electrolyte filled reservoir containing aqueous potassium chloride forms the link between
the positive terminal o f the power supply and the rheometer. An insulated seat completes
the isolation process, so that the potential difference is only apparent at the draw-rod tip.
The draw-rod tip screws into the conductive geometry, enabling electrical connection to be
made. By earthing the other components o f the geometry, it is the sample alone which
experiences the applied electric field. For reasons o f safety, a protective perspex screen
was used to shield the rheometer during all applied electric-field experiments.
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Figure 3.3. Photograph showing the modified parallel plate, insulated draw rod and
protective casing.

Careful consideration must be given to the choice of geometry, as the effect of the
electric field must be taken into account. A uniform gap is required for ER applications,
thus practical designs include either the concentric cylinder or parallel plate (Figure 3.4).
Sharp edges should be avoided to reduce electric-field edge effects.

Torque (M)
I

V

Angular velocity co rad/s

Figure 3.4. Schematic diagram of a parallel plate geometry, where d is the gap between
the parallel plates, r is the plate radius and M is the torque.
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In order to establish a correlation between the yield stress measured on the
electrorheometer and the response in the diffusion cell, a 40 mm diameter stainless steel
parallel-plate geometry with a gap of 1.0 mm was chosen. It is generally recommended
that a gap of at least ten times the particle size be used for dispersed systems (Nguyen and
Boger, 1992). Particularly with low viscosity formulations, a compromise between large
gaps and fluid retention must be reached. The main disadvantage of the parallel plate is
that the shear rate is not uniform across the entire diameter; the shear rate at a point is
proportional to the distance from the centre.

3.4. Methods
3.4.1. Standardised Experimental Procedures for Flow Measurements
Compressed air which was clean, dry and oil-free was supplied to the air-bearing at
a pressure o f approximately 262 kPa (38.5 p.s.i.). The basic measurement is torque (M) as
a function o f the angular velocity (co), from which the fundamental shear stress - shear rate
relationship can be established. The angular velocity, the speed at which the plate rotates,
is measured by the optical encoder. Temperature control was achieved via a Peltier plate
system, which enabled the temperature to be controlled to within ± 0.1 °C. All
experiments were conducted at 37 °C, unless otherwise stated. A continuous shear stress
ramp from 0 to 50 Pa was applied to the test fluid. On attaining 50 Pa, the reverse
response from 50 to 0 Pa was observed. Shear stress was applied at a rate of 0.1 Pa/s.
All ER fluids were prepared in triplicate (Samples A, B, and C), with five
determinations from each sample being performed. Experiments were conducted in a
manner avoiding the introduction of bias. The mean and standard deviation for each
sample was calculated and an ANOVA test (one way) was carried out to highlight the
presence o f inter-sample differences. Data were collected via a personal computer using
TA Instruments software (Leatherhead, UK) and subsequently processed using Excel 7.0
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for the purpose of graphical reproduction (Windows 95, Microsoft Corporation, USA). To
aid clarity, every fiftieth measurement, with values being offset for ascending and
descending curves, was used to plot the flow rheograms illustrated below.

3.4.2. Flow Behaviour o f Electrorheological Fluids in the Absence o f an Applied Electric
Field
The effect of particle concentration and particle size is known to have an effect on
suspension viscosity (Barnes et al., 1989). Einstein’s equation predicts that the viscosity of
a suspension will increase. The rheological behaviour of our model ER fluids is discussed
below. Furthermore, the rheological properties of our model ER fluids with the addition of
0.5 % w/w tacrine was measured.

3.4.2.1. Effect o f Particle Concentration
Suspensions of MCC (sieve fraction below 45 pm) in 100 cSt silicone oil were
prepared at the following concentrations: 1.0, 2.5, 5.0, 10.0 and 20.0 % w/w in accordance
with the method outlined in Section 2.4. In addition, samples were prepared containing
the above listed concentrations of MCC (sieve fraction below 45 pm) together with 0.5 %
w/w tacrine.

3.4.2.2. Effect o f Particle Size
From information provided by particle-size analysis (documented in Section 2.3.1)
and SEM photomicrographs (Section 2.3.2 and Appendix Two), together with the true
density, the approximate weight for one particle in each sieve fraction was calculated. The
true density of MCC, as measured by helium pycnometry, was found to be 1581 kg/m3 (±
0.002). From SEM photomicrographs, the approximate length of an MCC particle was
taken to be 100 pm. The volume was calculated on the assumption that the particles were
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approximately cylindrical. All subsequent calculations were based on the equivalent
number of particles in a 1.0 % w/w suspension of MCC (sieve fraction below 45 pm) in
25.0 g of silicone oil. The following equation was used to calculate the number of
particles present:

• ,

No. of particles =

m

tp nx \

where m is the mass of powder, p is the true density o f the powder, r is the radius of the
particle and 1 is the length of the particle. The following sieve fractions were investigated:
< 45 , 45 - 63, 63 - 75, 75 - 90 and 90 - 125 pm.

3.4.3. Flow Behaviour o f Electrorheological Fluids under the Influence o f an Applied
Electric Field
Several parameters were considered to have an effect on the development of the
yield stress, namely temperature, the duration of the applied electric field and the rate at
which the shear stress was applied. Power consumption is critical in the development of
battery-operated controllable drug-delivery devices. The current was measured using a
simple ammeter (Department of Pharmacy and Pharmacology at the University of Bath)
capable of measuring up to 100 pA.
As yield stress fluids are generally structured materials whose rheology is
dependent on the previous shear history, it has been found that the determination of the
yield stress may be sensitive to the duration of measurement (Cheng, 1986). More
specifically, in the case of ER fluids, it may well be dependent on the duration of the
applied electric field prior to analysis. The rheological properties of a 10.0 % w/w
suspension of MCC (sieve fraction below 45 pm) in 100 cSt silicone oil were determined
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following an equilibrium period of 0, 5 and 10 min. During the equilibrium period, an
applied electric field of 250 V/mm was applied. Furthermore, the rate at which the shear
stress is applied has also been investigated on a 10 % w/w suspension of MCC (sieve
fraction below 45 pm) in 100 cSt silicone oil at 250 V/mm. The shear stress was applied
at rates of 0.05, 0.1 and 1 Pa/s.
The effect of particle concentration on the ER response was investigated. The
following suspensions of MCC (sieve fraction below 45 pm) in 100 cSt silicone oil were
prepared: 1.0,2.5, 5.0,10.0 and 20.0 % w/w. The rheological properties at 250 V/mm
were investigated. Particle size is known to have an effect on the ER response (see Section
1.8.2.1) and the series of experiments conducted in Section 3.4.2.1 were repeated at 250
V/mm.
MCC powders of different moisture contents were investigated to establish a
relationship between the Bingham yield stress and moisture. A representative sample of
MCC (sieve fraction below 45 pm) was dried in the oven (Gallenkemp, Model IH-150,
UK) at 60 °C for 48 h. MCC grades with inherently low moisture content (LM50 and
XLM90) were sieved according to the procedure outlined in Section 2.2. The moisture
content and particle size distribution were measured for all samples (for methods refer to
Section 2.2.1 and 2.2.3 respectively). A suspension of 10.0 % w/w MCC (sieve fraction
below 45 pm) was prepared in 100 cSt silicone oil and the rheological properties
investigated at 250 V/mm. A 10.0 % w/w suspension of MCC (sieve fraction below 45
pm) in 100 cSt silicone oil was prepared and the flow behaviour observed at applied
electric fields of 50,100,250 and 500 V/mm.

3.4.4. Rheological Behaviour o f Three Compartment Electrorheological Fluids
The rheological behaviour of a 0.5 % w/w suspension of tacrine in 100 cSt silicone
oil was investigated at 0 V/mm and 250 V/mm. There is a possibility that tacrine may
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undergo electrophoresis upon application of an electric field as tacrine carries one positive
charge at physiological pH. For this reason, an investigation into the effect of polarity on
the rheological behaviour at 250 V/mm was conducted. The charge on the lower electrode
plate was altered by switching the power supply polarity.
The rheological properties of tacrine-MCC suspensions under the influence o f an
applied electric field have also been investigated. The aforementioned experiments
investigating the effect of particle concentration, particle size, moisture content and
applied electric field were repeated with the addition of 0.5 % w/w tacrine.

3.4.5. Rheological Behaviour of Microcrystalline Cellulose in Super Refined (or BP) Oils
In controlled drug delivery applications, it would be necessary to use approved
constituents. For this reason, we observed the ER behaviour of a 10.0 % w/w suspension
of MCC (sieve fraction below 45 pm) in different super refined (or BP) oils. Linoleic and
oleic acids, as the major components of the chosen super refined oils, were also
investigated. The rheological behaviour was investigated at 0 V/mm and 250 V/mm.

3.4.6. Microscopic Observation
Two stainless-steel razors blades were affixed onto a standard microscope slide,
such that the gap between them was approximately 1.0 mm. A Zeiss microscope
(Germany) was coupled to a JVC TK1270 colour video camera through which the images
were captured using the Optimas software (Version 5.2). The distance between the
electrodes was accurately measured with the aid of a graticule (Graticules, London, UK).
A 2.5 % w/w suspension of MCC (sieve fraction below 45 pm) in 100 cSt silicone oil was
used for the microscopy illustrated. The structure formation at higher concentrations and
different particle sizes was also investigated. However, at these high concentrations it was
difficult to resolve chain formation at the microscopic level. Approximately 1.0 ml of the
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ER fluid was placed between the electrodes. The dispersed ER fluid under no field
conditions was photographed together with the image after 10 min application of the
electric field. The effect of structure formation with respect to time was also investigated
by applying the electric field and photographing the resultant structure formation after 0, 5
and 10 min.

3.5. Results and Discussion
3.5.1. Flow Behaviour o f Electrorheological Fluids in the Absence o f an Applied Electric
Field
In general, suspensions of MCC in silicone oil exhibited Newtonian behaviour in
the absence of an applied electric field. The following sections outline the effect of
particle concentration and size on the suspension viscosity. The Newtonian viscosity of
silicone oil at 37 °C was 0.0809 Pa s (± 0.0012). The viscosity provided by the
manufacturers at 25 °C was 0.0801.

3.5.1.1. Effect o f Particle Concentration
Figure 3.5 shows the flow rheograms of the effect of particle concentration under
no applied electric field. Table 3.1 summarises the Newtonian viscosities of different
concentration of MCC (sieve fraction below 45 pm) in 100 cSt silicone oil.
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Figure 3.5. The effect of particle concentration on the Newtonian behaviour o f MCC
(sieve fraction below 45 pm) in 100 cSt silicone oil (Sample A). Open symbols depict the
descending curve. Error bars representing the standard deviation are smaller than the
symbols used (n = 5).

The Newtonian viscosity was found to increase with particle concentration. For all
concentrations, there were no significant differences (t-test; tu* 2.776; p > 0.05) between
the ascending and descending curves for each sample (Samples A, B and C). At 20.0 %
w/w concentration, the flow properties deviated from Newtonian behaviour; the viscosity
was observed to decrease with increasing shear rate. The Power law index (n) was
calculated using Equation 1.2. The term n, a measure o f the degree of non-Newtonian
behaviour, was calculated to be 0.934 (± 0.00), indicating a tendency towards shear
thinning or pseudoplastic behaviour. Reinforcement of pseudoplastic behaviour is
achieved through observation of the descending curve, which exhibited a decreased
Newtonian viscosity. This indicated a gradual breakdown o f the structure upon reduction
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o f the shear stress. This type o f behaviour is observed to a lesser extent in the 10.0 % w/w

suspension.

Concentration

Newtonian viscosity (Pa s)

% w/w

1 .0

2.5

5.0

1 0 .0

2 0 .0

Sample A

Sample B

Sample C

Up

Down

Up

Down

Up

Down

0.0813

0.0812

0.0810

0.0811

0.0813

0.0811

(0.0004)

(0.0007)

(0 .0 0 0 2 )

(0.0006)

(0.0005)

(0.0006)

0.0897

0.0896

0.0898

0.0896

0.0897

0.0896

(0.0042)

(0 .0 0 2 2 )

(0.0030)

(0.0024)

(0 .0 0 2 2 )

(0.0019)

0.0941

0.0937

0.0943

0.0936

0.0941

0.0931

(0.0014)

(0.0014)

(0.0005)

(0.0006)

(0.0014)

(0.0014)

0.1135

0.1124

0.1135

0.1129

0.1137

0.1124

(0.0023)

(0 .0 0 2 2 )

(0.0019)

(0.0027)

(0 .0 0 2 1 )

(0.0013)

0.2079

0.2037

0.2080

0.2034

0.2079

0.2037

(0.0048)

(0.0048)

(0 .0 0 2 2 )

(0.0014)

(0.0048)

(0.0048)

Table 3.1. The effect of particle concentration on the Newtonian viscosity at different
concentrations o f MCC (sieve fraction below 45 pm) in 100 cSt silicone oil. Standard
deviation values are shown in brackets (n = 5).

The viscosity of suspensions of solid particles in Newtonian liquids can be
predicted by Einstein’s equation. Einstein showed that a single particle increased the
viscosity of a liquid as a simple function of its phase volume, according to the following
equation:
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=

77,

(1 + 2.5(/))

Equation 3.1

where r\ is the viscosity of the suspension and r\\ is the viscosity o f the suspending liquid.
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The volume fraction was calculated as follows:

,=

(m,

^
I f\) +

_____
pp)

(m p /

where mp and mj refer to the mass of powder and liquid used and pp and pi are their
respective densities.
Einstein’s theory neglects the effects of particle size and position and generally
correlation with experimental data is only achieved at low volume fractions, typically
below 0.03 (Eirich, 1967; Lee, 1969). Many theoretical and experimental studies have
been made to extend Einstein’s theory to suspensions o f finite concentration and
geometrically different particles.
The Newtonian viscosity is plotted against the concentration in Figure 3.6 together
with the predicted viscosity calculated using Einstein’s equation (Equation 3.1).
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Figure 3.6. Newtonian viscosity of different concentrations of MCC (sieve fraction below
45 pm) in 100 cSt silicone oil. Predicted viscosity calculated using the Einstein equation.
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The experimental data for concentrations 5.0 % w/w (<j>= 0.029) and below were
adequately predicted using Equation 3.1. Eirich (1967) stated that the Einstein equation
holds true at volume fractions below 0.03. The influence of particle concentration on the
viscosity of concentrated suspensions cannot be accounted for simply by adding the effects
of each particle sequentially and is generally determined in relation to the maximum
packing fraction (Krieger and Dougherty, 1959; Quemada, 1984). At high concentrations,
flow is no longer affected only by hydrodynamic interactions and Brownian motion.
Particle asymmetry may also account for the deviation from Einstein’s equation at high
concentrations. Thus far, the particles in question have been spherical; as such, rotation or
orientation of the particles has no influence. In the case of cylindrical particles,
orientation, the degree of which will depend on Brownian motion, will interfere with the
laminar flow (Reiner, 1960). Figure 3.7 shows the effect of MCC concentration (sieve
fraction below 45 pm) in a 0.5 % w/w suspension of tacrine in silicone oil. The
Newtonian viscosities are presented in Table 3.2.

Concentration

Newtonian viscosity (Pa s)

% w/w

Up

Down

1.0

0.0822 (0.0013)

0.0817(0.0017)

2.5

0.0889 (0.0021)

0.0825 (0.0012)

5.0

0.0927 (0.0021)

0.0919(0.0023)

10.0

0.1112(0.0007)

0.1103 (0.0010)

20.0

0.1892 (0.0072)

0.1854 (0.0073)

Table 3.2. The effect of the addition of 0.5 % w/w tacrine in different concentration
suspensions on the Newtonian behaviour o f MCC (sieve fraction below 45 pm) in 100 cSt
silicone oil. Standard deviation values are shown in brackets (n = 5).
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Figure 3.7. The effect of the addition of 0.5 % w/w tacrine in different concentration
suspensions on the Newtonian behaviour o f MCC (sieve fraction below 45 pm) in 100 cSt
silicone oil. Open symbols depict the descending curve; error bars represent standard
deviation (n = 5).

The Newtonian viscosity increased with MCC concentration. The addition of
tacrine did not result in a significant difference (p > 0.05) in the viscosity for
concentrations up to and including 10.0 % w/w MCC. A significant difference (p < 0.05; F
= 13.87) was observed after the addition of tacrine to the 20.0 % w/w MCC suspension.
The Power law index (n) was calculated to be 0.9190 (± 0.0020), indicating shear thinning
behaviour. The Einstein equation successfully predicted the viscosity for suspensions of
5.0 % w/w MCC and below (Figure 3.8). Particle size distribution plays a significant part
in the maximum packing fraction (Lee, 1970; Metzner, 1985). The smaller tacrine
particles may fill the voids between the larger MCC particles, thereby reducing the
maximum packing fraction. The Quemada equation (Equation 3.2) suggests that by
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lowering the maximum packing fraction (<j)m) the relative viscosity o f the suspension (qr)
will decrease at a given volume fraction and indeed this is observed experimentally (Goto
and Kuno, 1984; Tsai et al., 1992; Chang and Powell, 1994; Probstein et al., 1994). Farris
(1968) estimated the bimodal suspension viscosity by using the product of the individual
components computed by the Krienger and Dougherty equation.
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Figure 3.8. Newtonian viscosity o f a 0.5 % w/w suspension of tacrine with different
concentrations of MCC (sieve fraction below 45 pm) in 100 cSt silicone oil. Predicted
viscosity calculated using the Einstein equation.

3.5.1.2. Effect o f Particle Size
Figure 3.9 shows the flow rheograms of the effect o f particle size under no applied
electric field. Table 3.3 summarises the Newtonian viscosities of suspensions o f MCC of
different sieve fractions in 100 cSt silicone oil.
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Figure 3.9. The effect of particle size of MCC on the Newtonian behaviour in 100 cSt
silicone oil (Sample A). Open symbols depict the descending curve; errors bars represent
the standard deviation (n = 5).

Each sieve fraction was prepared to contain an approximately equal number of
particles, based on the assumptions that the particles are cylindrical and of equal mean
length. The number of particles in a 1.0 % w/w suspension o f MCC (sieve fraction below
45 pm) was 1.85 x 107/25 g. It was found that a 1.0 % w/w suspension of MCC (sieve
fraction below 45 pm) contained the optimum particle number, with higher particle
numbers resulting in paste-like suspensions when larger sieve fractions of MCC were used.
The Newtonian viscosity increased with particle size. For all concentrations, there was no
significant difference (p > 0.05) between the ascending and descending curves for each
sample (Samples A, B and C). For the sieve fraction 90 - 125 pm, the Power law index, n,
was calculated and found to be 0.9163 (± 0.0059), indicating shear thinning behaviour.
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Sieve fraction
pm

<45

45-63

63-75

75-90

90-125

Newtonian viscosity (Pa s)
Sample B

Sample A

Sample C

Up

Down

Up

Down

Up

Down

0.0809

0.0807

0.0808

0.0807

0.0809

0.0807

(0.0007)

(0.0007)

(0.0006)

(0.0005)

(0.0007)

(0.0006)

0.0948

0.0944

0.0947

0.0943

0.0948

0.0944

(0.0027)

(0.0028)

(0.0026)

(0.0025)

(0.0023)

(0.0015)

0.1041

0.1020

0.1039

0.1021

0.1040

0.1019

(0.0010)

(0.0010)

(0.0009)

(0.0008)

(0.0012)

(0.0016)

0.1449

0.1421

0.1448

0.1420

0.1450

0.1419

(0.0013)

(0.0013)

(0.0015)

(0.0011)

(0.0012)

(0.0009)

0.2421

0.2352

0.2420

0.2351

0.2422

0.2351

(0.0045)

(0.0041)

(0.0048)

(0.0039)

(0.0043)

(0.0038)

Table 3.3. The effect of particle size of MCC in 100 cSt silicone oil on the Newtonian
viscosity. Standard deviation values are shown in brackets (n = 5).

Figure 3.10 shows the relationship between the equivalent volume particle diameter
and the Newtonian viscosity together with the estimated Einstein viscosity. Einstein’s
equation neglects the effect of particle size which results in the poor correlation observed
in Figure 3.10. Einstein’s equation successfully predicted the viscosity for the suspension
containing particles below 45 pm. As the suspensions were formulated to contain
approximately equal numbers of particles, the increase in Newtonian viscosity observed
must be as a direct result of the particle size.
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Figure 3.10. Newtonian viscosity of different equivalent volume particle diameters in 100
cSt silicone oil. Estimated values for the viscosity as determined using the Einstein
equation are shown.

The effect of particle size of MCC in a 0.5 % w/w suspension of tacrine in 100 cSt
silicone oil is illustrated in Figure 3.11. The respective Newtonian viscosities are shown in
Table 3.4. The Newtonian viscosity was observed to increase with particle size. The
addition of tacrine did not result in a significant change (p > 0.05) in the Newtonian
viscosity for suspensions containing sieve fractions 63 - 75 pm and below.
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Figure 3.11. The effect of the addition of 0.5 % w/w tacrine in different particle size
suspensions on the Newtonian behaviour of MCC (sieve fraction below 45 pm) in 100 cSt
silicone oil. Open symbols depict the descending curve; error bars represent standard
deviation (n = 5).

Particle size

Newtonian viscosity (Pa s)

pm

Up

Down

<45

0.0822 (0.0013)

0.0817(0.0014)

45-63

0.0919(0.0043)

0.0913(0.0040)

63-75

0.1067 (0.0021)

0.1026 (0.0063)

75-90

0.1372 (0.0017)

0.1337(0.0015)

90 - 125

0.2996 (0.0087)

0.2862 (0.0081)

Table 3.4. Newtonian viscosity values of different size particles o f MCC in a 0.5 % w/w
suspension of tacrine in 100 cSt silicone oil. Standard deviation values are shown in
brackets (n = 5).
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3.5.2. Flow Behaviour o f Electrorheological Fluids under the Influence o f an Applied
Electric Field
The yield stress was determined by extrapolating the shear stress-shear rate graph
to zero shear rate in accordance with the Bingham model (see Section 1.7.1.1). In general,
good correlation (r2 values typically 0.9999) was observed as the viscosity above the yield
stress became shear stress independent. On several occasions, the rheological properties
could be described equally well by more than one model and hence could have a different
yield stress (Keentok, 1982).
Three distinct regions can be discerned on the flow rheogram and by further
analysis of the data. Upon application of the electric field, viscosities of all the fluids
tested increased. At shear-stress values below the yield stress (pre-yield region), the shear
rate remains constant, despite the increase in shear stress. In terms of structure formation,
Asano et al. (1997) and Sprecher et al. (1990) observed an inclination of the particle chains
in the direction of the applied shear stress (Figure 3.12b). At the yield stress, there is a
sudden increase in the shear rate, corresponding to the breakdown of the fibrous structure
(Figure 3.12c). At shear stresses above the yield stress (post-yield region), the response is
approximately linear and can be correlated to the Bingham model (Figure 3.12d). As the
fluid is sheared and the structure breaks down, the viscosity decreased to zero field
viscosity (Figure 3.12d). The linearity of the flow curve was only obtained at high shear
stress values, probably because the structure responsible for the yield behaviour may
gradually breakdown during shear and its complete destruction may only occur at high
shear stress values (Bonnecaze and Brady, 1992). There is some debate as to whether the
chains (in Figure 3.12c) undergo a reforming process at shear stresses proceeding the yield
stress (Bonnecaze and Brady, 1992).
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(a)

(b)

(d)

(c)

Figure 3.12. Idealised microstructural configurations depicting the effect o f applied shear
stress (t) on an ER fluid (a) below the yield stress (b), at the yield stress (c) and above the
yield stress (d). For simplicity, the illustration depicts single particle diameter chains with
no inter-chain cross-linking. Adapted from Bonnecaze and Brady (1992).

Measurement of the yield stress may produce conflicting values depending on the
technique or shear stress range employed, therefore it is often useful to quote the static
yield stress. The static yield stress, the point at which the fluid begins to flow, was higher
than the dynamic yield stress as measured using the Bingham model. Most o f the samples
exhibited a hysteresis which may be accounted for by the difference in the original particle
arrangement (i.e. Figure 3.12d as opposed to Figure 3 .12a). Upon commencement of the
descending curve, the structure has been completely destroyed by the previous shear stress
history. Approaching the yield stress under the influence o f an applied shear stress would
mean that the structure would have to form under constant stress. In dilute suspensions,
this constant movement of particles may never lead to structure formation.
In general, the power requirements of the ER suspensions tested ranged from 0.5
mW for systems operating at 50 V/mm to 7.5 mW at applied electric fields of 500 V/mm.
Pacemakers in use today operate at voltages of approximately 1-3 V with current values in
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the region of mA (Wilson Greatbatch Technical Information). The possibility o f using ER
fluids at physiologically acceptable power requirements is achievable using electric fields
below 100 V/mm. The sensitivity of the ammeter did not allow for minor variation on
current flow to be detected during the experiment.

3.5.2.1. Pre-treatment Parameters
Figure 3.13 shows the ascending flow rheograms following 0, 5 and 10 min o f applied
electric field (250 V/mm). Figure 3.14 shows the ascending flow rheograms at applied
shear stress rates of 0.05, 0.1 and 1 Pa/s. Table 3.5 summarises the Bingham yield stress
values.
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Figure 3.13. Ascending flow rheograms after 0, 5 and 10 min of applied electric field.
Error bars represent the standard deviation (n = 5).
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Figure 3.14. Ascending flow rheograms at applied shear stress rates o f 0.05, 0.1, 1 Pa/s.
Error bars represent the standard deviation (n = 5).

Treatment

Bingham yield stress (Pa)

Applied electric field

Up

Down

0 min

2.9886 (0.0836)

1.2466 (0.0931)

5 min

3.0104 (0.1782)

0.8912(0.0327)

10 min

2.9726 (0.0821)

1.1184 (0.0740)

0.05 Pa/s

3.1562 (0.0306)

0.8047 (0.0208)

1 Pa/s

3.7322 (0.2808)

0.6056 (0.0639)

Shear stress rate

Table 3.5. Pre-treatment parameters investigating the duration of the applied electric field
prior to analysis and the rate of application of the shear stress. Standard deviation values
are shown in brackets (n = 5). Note: 10 min = 0.1 Pa/s.
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The duration of the applied electric field prior to analysis was found to have no
significant effect (one-way ANOVA; p > 0.05; F = 0.12) on the resultant Bingham yield
stress. Upon application of an electric field, the ER response is known to occur within
milliseconds, although to achieve a full structure may take several seconds (Sprecher et al.,
1987; Conrad et al., 1990; Otsubo et al., 1991; Halsey, 1992). The rate at which the shear
stress was applied resulted in a significant difference (one-way ANOVA; p < 0.05, F =
27.23) between the Bingham yield stress values. A Fisher pairwise test indicated that no
significant difference occurred between 0.05 Pa/s and 0.1 Pa/s. The initial viscosities of
the samples subjected to 1 Pa/s applied stress were significantly higher, indicating the
migration of chains into columns.
In light of these results, it was decided to conduct all experiments at a rate of 0.1
Pa/s, following a 10 min temperature equilibration period during which time the electric
field was applied.

3.5.2.2. Effect o f Concentration
Typical ascending and descending rheograms of shear rate versus shear stress are shown
for sample A in Figures 3.15a and 3.15b respectively. Yield stress values, as determined
by the Bingham model, are shown in Table 3.6.
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Figures 3.15 (a and b). The effect of particle concentration on the flow properties of MCC
(< 45 pm) in 100 cSt silicone oil (Sample A) at an applied electric field o f 250 V/mm.
Figures 3.15 (a and b) represent the ascending and descending curves respectively; error
bars represent the standard deviation (n = 5).
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Concentration
% w/w

1.0

2.5

5.0

10.0

20.0

Bingham yield stress (Pa)
Sample A

Sample B

Sample C

Up

Down

Up

Down

Up

Down

0.0928

-0.2634

0.0921

-0.2651

0.0971

-0.2620

(0.0035)

(0.0060)

(0.0257)

(0.0095)

(0.0321)

(0.0069)

0.3440

-0.1636

0.3489

-0.1965

0.3371

-0.1902

(0.0209)

(0.0553)

(0.0144)

(0.0729)

(0.0168)

(0.0163)

1.0510

-0.0087

1.0502

-0.0375

1.0556

-0.0308

(0.0343)

(0.0449)

(0.0285)

(0.0370)

(0.0176)

(0.0520)

2.9726

1.1184

2.9680

1.1170

2.9454

1.0798

(0.0821)

(0.0740)

(0.0627)

(0.0153)

(0.0634)

(0.0410)

7.9610

5.8836

7.9798

5.8802

8.0284

5.9478

(0.2269)

(0.2682)

(0.0460)

(0.0826)

(0.0834)

(0.2097)

Table 3 .6. The effect of particle concentration on the Bingham yield stress o f different
concentrations of MCC (sieve fraction below 45 pm) in 100 cSt silicone oil at 250 V/mm.
Standard deviation values are shown in brackets (n = 5).

For each concentration, no significant difference (one-way ANOVA; p > 0.05) was
found between the Bingham yield stress calculated for ascending curves of samples A, B
and C. No significant differences existed between the descending curves of samples A, B
and C at concentrations of 10.0 and 20.0 % w/w. However, there was a significant
difference (t-test; ttab 2.776; p < 0.05) in all samples between the ascending and descending
curves. The descending curve produced a lower yield stress and at concentrations of 5.0 %
w/w and below the yield stress was negative, indicating possible Newtonian behaviour.
The relationship between Bingham yield stress and concentration was found to be
approximately linear (Figure 3.16), with yield stress increasing with concentration.
Previous studies investigating the effect of concentration on yield stress have shown a
similar linear relationship (Conrad et al., 1992; Sprecher et al., 1992; Yatsuzuka et al.,
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1995). The original correlation value (r2) of 0.98552 was considered low (n = 5). At a
concentration of 1.0 % w/w, it is possible that the behaviour exhibited was Newtonian
under the influence of an electric field and was therefore omitted from the linear
regression analysis. Regression analysis (n = 4) yielded the following equation for the
linear relationship (y = mx + c) between Bingham yield stress and concentration:
r2

: 0.99160

Gradient (SD)

: 0.4440(0.0289)

Intercept (SD)

: -1.0755 (0.3331)
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Figure 3.16. Relationship between Bingham yield stress and concentration o f MCC (sieve
fraction below 45 pm) in 100 cSt silicone oil at 250 V/mm. Data points represent the
mean Bingham yield stress of samples A, B and C. Error bars are smaller than the symbols
(n = 15).

The number of particle chains is likely to scale linearly with concentration,
resulting in a subsequent linear increase in yield stress. Although a linear relationship
exists, the function does not pass through the origin, indicating the presence of a more
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complex association between concentration and yield stress which can not be accounted
for simply by the number of particle chains (Marshall et al., 1989).
It is often stated that there is no ER effect at low concentrations (<J>< 0.1 or below
20.0 % w/w MCC) (Klass and Martinek, 1967; Gast and Zukoski, 1989). However, other
workers often report the absence of any measurable solidification, whereas the question of
whether some field enhancement of the flow resistance may be occurring is generally
neither probed nor reported. In the case of the 1.0 % w/w suspension, no Theologically
noticeable structure would appear to have developed upon application of the electric field.
However, the viscosity at low applied shear stress (approximately 0.5 Pa) increased six
fold (compared to the Newtonian viscosity at 0 V/mm) from 0.1096 Pa s (± 9.39 x 10'3) to
4.5084 Pa s (± 0.931). Furthermore, the stress at which the fluid was observed to flow (or
static yield stress) was in the region of 1.6460 Pa (± 0.2027).
Increasing the concentration of the dispersed phase not only increased the yield
stress value of the fluid in the presence of an electric field, but also enhanced the zero field
viscosity (see Section 3.5.1). Uejima (1972) plotted the ratio of the viscosity under field
( t|e )

to the viscosity under zero field (rj0) against weight fraction and found a maximum.

This points to an optimum concentration that maximises the yield stress whilst maintaining
fluidity in the absence of a field. Increasing the particulate concentration can obviously
present problems of loss of fluidity, but additionally this state often negates the required
effect as contact between the conducting particles may become so extensive as to short the
electrodes (Block and Kelly, 1988). The optimum concentration forging the maximum
yield stress for MCC (sieve fraction below 45 pm) in 100 cSt silicone oil would be
between 5.0 and 10.0 % w/w (Figure 3.17). According to the point-dipole approximation,
yield stress values are expected to increase in proportion to the number of particle chains
or concentration (Klingenberg et al, 1991b; Ota and Miyamoto, 1993). This saturation
occurs at high concentrations, where the particles form columns as opposed to single
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particle chains, thereby introducing inter-particle chain interactions (Cerda et al, 1981;
Chen et al., 1991; Bonnecaze and Brady, 1992 a and b). At low concentrations,
interactions between chains may be considered negligible (Ota and Miyamoto, 1993).
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Figure 3.17. Relative viscosity (r|E/r|0) of MCC (sieve fraction below 45 pm) at different
concentrations in 100 cSt silicone oil. The viscosity ratio was calculated using the
viscosity reading at an approximate shear stress of 0.5 Pa. Errors bars representing the
standard deviation (n = 15) are smaller than the symbols.

3.5.2.3. Effect o f Particle Size
The effect of particle size on the rheological behaviour of MCC in 100 cSt silicone
oil under the influence of an applied electric field (250 V/mm) is shown in Figure 3.18.
The Bingham yield stress values are found in Table 3.7.
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Figures 3.18 (a and b). The effect of particle size on the flow properties o f MCC in 100
cSt silicone oil (Sample A) at an applied electric field o f 250 V/mm. Figures 3.18 (a and
b) represent the ascending and descending curves respectively; error bars represent the
standard deviation (n = 5).
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Bingham yield stress (Pa)

Sieve fraction
pm

Sample A

Sample B

Sample C

Up

Down

Up

Down

Up

Down

0.0928

-0.2634

0.0927

0.0459

0.0930

0.0758

(0.0354)

(0.0061)

(0.0245)

(0.0025)

(0.0125)

(0.0052)

1.5818

0.1547

1.5821

0.1552

1.5820

0.1546

(0.0821)

(0.0411)

(0.0745)

(0.0126)

(0.0753)

(0.0231)

3.2762

1.4158

3.2764

1.4158

3.2763

1.4157

(0.1050)

(0.2201)

(0.0998)

(0.2078)

(0.1064)

(0.1985)

4.8308

3.3632

4.8304

3.3628

4.8305

3.3632

(0.2622)

(0.1773)

(0.2302)

(0.1812)

(0.1998)

(0.1728)

8.4081

7.6613

8.4083

7.6614

8.4081

7.6613

(0.1456)

(0.0224)

(0.1321)

(0.0125)

(0.1235)

(0.0598)

<45

45-63

63-75

75-90

90 - 125

Table 3.7. The effect of particle size on the Bingham yield stress of MCC in 100 cSt
silicone oil at an applied electric field of 250 V/mm. Standard deviation values are shown
in brackets (n = 5).

There was no significant difference (p > 0.05) between the determined Bingham
yield stress values (for the ascending curve) o f sample replicates (n = 5) and batches of
samples (A, B and C) for all sieve fractions. The relationship between the equivalent
particle diameter and the Bingham yield stress increased exponentially (Figure 3.19)
according to the following equation (Equation 3.3):
y = abx
r2

:0.99035

a (SD)

: 0.2609 (0.0683)

b (SD)

: 1.0275 (0.0022)
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Figure 3.19. Relationship between the equivalent volume particle diameter and the
Bingham yield stress (•). The static yield stress value for the sieve fraction below 45 pm
is also shown (■). Errors bars representing the standard deviation (n = 15) are smaller than
the symbols. The estimated number of particles per chain for each sieve fraction is given

(-)■

The sieving process (outlined in Section 2.2), plays a critical role in determining
the nature of MCC particles in each size fraction as particles may transverse the mesh in
one of two ways: horizontally or vertically. As the ER fluids were prepared such that all
sieve fractions contained approximately equal number of particles (1.85 x 107 particles/25
g), the non-linear relationship may arise as a result of chain diameter or number o f particle
chains. Microscopic observation, at high magnification, o f the particle rearrangement in
response to the application of an electric field (see Section 3.5.5) indicated that particles
orientated vertically. From SEM photomicrographs (see Section 2.3.2), we observed the
presence of particles of similar lengths in all sieve fractions. The calculation for the
number o f particles was based on the assumption that equilength particles were present in
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each sieve fraction. The hypothesis in this case is that the chain diameter was the crucial
factor in the development of the yield stress (Figure 3.20a).

(b)

(a)

t

d (0.5)

(c)
Figure 3.20. Diagrammatic representation of chain formation in ER fluids containing
different particle sizes, (a) represents the scenario where the MCC particles transverse the
mesh vertically, (b) and (c) represent horizontal transversal through mesh o f small and
large apertures respectively. Each figure contains the same number of particles.

The number of particles from each sieve fraction required to span the electrode gap
was calculated (Figure 3.19). The estimated number o f particles, based on the assumption
that the powder transverses the mesh horizontally (Figure 3.20 b and c), decreased
exponentially. This suggests a correlation between the number of particle chains (related
to the estimated number of particles per chain) and the Bingham yield stress (Figures
3.19). Further research is required to provide a definite answer, however, in reality the
relationship is likely to arise as a result of a combination of number and diameter of
chains. The optimum particle size would dependent on the device design.
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3.5.2.4. Effect o f Moisture Content
The Theological properties of MCC of different moisture contents in 100 cSt
silicone oil are depicted in Figure 3.21 and the Bingham yield stress values are shown in
Table 3.8.

Type

Moisture

Bingham yield stress (Pa)

content
%

Sample B

Sample A

Sample C

Up

Down

Up

Down

Up

Down

Dried

1.77

0.8891

0.3644

0.8902

0.3642

0.8921

0.3641

(50M)

(± 0.09)

(0.0891)

(0.0141)

(0.0458)

(0.0245)

(0.0235)

(0.0183)

LM50

2.87

2.5403

0.1674

2.4983

0.1673

2.5289

0.1672

(± 0.27)

(0.0739)

(0.0082)

(0.1124)

(0.0101)

(0.1572)

(0.0097)

1.69

0.8772

0.3624

0.8698

0.3621

0.8725

0.3626

(± 0.12)

(0.119)

(0.0141)

(0.0987)

(0.0099)

(0.1324)

(0.0153)

4.21

2.9726

1.1184

2.9680

1.1170

2.9454

1.0798

(± 0.06)

(0.0821)

(0.0740)

(0.0627)

(0.0153)

(0.0634)

(0.0410)

XLM90

50M

Table 3.8. The effect of oven dried MCC (sieve fraction below 45 pm) in a 10.0 % w/w
suspension in 100 cSt silicone oil compared with two low moisture grades of MCC on the
development of the Bingham yield stress at 250 V/mm. Standard deviation values are
shown in brackets (n = 5).

The particle size distributions for sieved LM50 and XLM90 are shown in Table 2.3.
The median equivalent volume diameters are 32.99 pm (± 0.83), 26.36 pm (± 1.79) and
35.82 pm (± 1.12) for oven dried MCC, LM50 and XLM90 respectively. The particle-size
distribution for LM50 contained 10 % of particles below 5 pm compared with 13.29 pm (±
0.17) and 12.30 pm (± 0.99) for oven dried MCC and XLM90 respectively.
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Figures 3.21 (a and b). The effect o f moisture content on the flow properties of MCC in
100 cSt silicone oil (Sample A) at an applied electric field o f 250 V/mm. Figures 3.21 (a
and b) represent the ascending and descending curves respectively; error bars represent the
standard deviation (n = 5).
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The ER response, at 250 V/mm, was significantly reduced (p < 0.05) following the
drying process. There was found to be no significant difference (p > 0.05) between the
extra low moisture MCC grade (XLM 90) and the oven dried MCC. Furthermore, there
was a significant difference between the low moisture MCC grade and the standard grade
MCC. The role of water in the activation or enhancement of the ER effect is well
documented (Winslow, 1949; Klass and Martinek, 1967; Block and Kelly, 1988; Block,
1992). Complete drying of these formulations has been shown to result in the destruction
of the ER effect (Deinega and Vinogradov, 1984; Gast and Zukoski, 1989),

3.5.2.5. Effect o f the Appl ied Electric Field
The effect of applied electric field on the rheological properties of MCC (sieve
fraction below 45 pm) in 100 cSt silicone oil are shown in Figure 3.22 and Table 3.9.
The Bingham yield stress was found to increase with applied electric field. There
was no significant difference between the Bingham yield stress values of samples A, B and
C. At high shear stress values the merger of the flow curves indicated the cessation of
electric field effects. At high shear stress values, there appears to be a limiting curve
corresponding to the viscosity of the non-electrified suspension. This finding provides
evidence in support of the rheological behaviour being Bingham, where unrestricted flow
occurs after structure destruction.

88

500
0 V/mm
50 V/mm
100 V/mm
250 V/mm
500 V/mm

400

CO 300

<D
<D

-c

200

100

0

10

30

20

40

50

Shear stress (Pa)

500
0 V/mm
50 V/mm
100 V/mm
250 V/mm
500 V/mm

400

300

<D

100

50

40

30

20

10

0

Shear stress (Pa)

Figure 3.22 (a and b). The effect of applied electric field on the flow properties o f 10.0 %
w/w MCC (< 45 pm) in 100 cSt silicone oil (Sample A). Figure 3.22 (a and b) represent
the ascending and descending curves respectively; error bars represent the standard
deviation (n = 5).
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Applied

Bingham yield stress

electric field

(Pa)

V/mm

50

100

250

500

Sample A

Sample B

Sample C

Up

Down

Up

Down

Up

Down

0.3191

0.1156

0.3190

0.1155

0.3191

0.1154

(0.0187)

(0.0043)

(0.0156)

(0.0041)

(0.0014)

(0.0034)

0.5743

0.1147

0.5744

0.1146

0.5742

0.1146

(0.0472)

(0.0032)

(0.0451)

(0.0012)

(0.0312)

(0.0024)

2.9726

1.1184

2.9680

1.1170

2.9454

1.0798

(0.0821)

(0.0740)

(0.0627)

(0.0153)

(0.0634)

(0.0410)

8.7320

3.0106

8.7319

3.0107

8.7322

3.0109

(0.3631)

(0.3116)

(0.2895)

(0.3121)

(0.3012)

(0.2989)

Table 3.9. The effect of the magnitude of the applied electric field on the Bingham yield
stress for a 10.0 % w/w suspension o f MCC (sieve fraction below 45 pm) in 100 cSt
silicone oil. Standard deviation values are shown in brackets (n = 5).

The development of a yield stress below 200 V/mm is questioned by Block and
Kelly (1990) and Halsey (1992), however the observed increase in apparent viscosity is
indicative of an ER response. At low shear stress under the influence of 50 V/mm electric
field, the viscosity increased 15-fold (compared to conditions of no applied electric field),
compared to a 75-fold increase at 100 V/mm. Static yield stress values at 50 and 100
V/mm o f 4.312 Pa (± 0.541) and 7.822 Pa (± 0.698) respectively provided further evidence
for field induced structure formation. The yield stress values obtained in the present study
were found to be of a similar magnitude, if not higher in some cases, to previous research
carried out at low applied electric fields (Marshall et al., 1989; Gandhi and Thompson,
1992; Lue and Mao, 1997).
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Figure 3.23. The relationship between Bingham yield stress and applied electric field.
Errors bars representing the standard deviation (n = 15) are smaller than the symbols.

The yield stress followed a square dependence on the electric field (Figure 3.23),
similar to results by other workers experimentally and theoretically (Marshall et al., 1989;
Conrad et al., 1991; Klingenberg et al., 1990 and 1991a; Lemaire and Bossis, 1991; Xu and
Liang, 1991). This is a common response, though not always the case for hydrous-based
ER fluids systems. It follows from the fact that the interaction force for dipoles in an
electric field is proportional to the field and many hydrous based fluids have linearly
induced dipole moments. The net effect will be that the interaction force and consequently
the strength of the fluid are proportional to the square o f the electric field; this should hold
until the particle’s polarisability saturates. At high electric fields, saturation may occur
(Winslow, 1949; Uejima, 1972; Stangroom, 1983; Havelka andPialet, 1996) ultimately
leading to electrical breakdown.
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3.5.3. Rheological Behaviour o f Three-Compartment Electrorheological Fluids
The rheological properties of 0.5 % w/w suspension of tacrine in 100 cSt silicone
oil are presented in Figure 3.24 and Table 3.10.
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Figure 3.24. Ascending curves for 0.5 % w/w suspensions of tacrine in 100 cSt silicone oil
at 0 V/mm and 250 V/mm. Error bars represent the standard deviation (n = 5).

The Newtonian viscosity of a 0.5 % w/w suspension of tacrine in 100 cSt silicone
oil was 0.08186 Pa s (± 0.0026) and 0.08129 Pa s (± 0.0027) for the ascending and
descending curve respectively. There was no significant difference between the ascending
and descending curves (p > 0.05).
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Conditions

Newtonian viscosity (Pa s)
Up

Down

0 V/mm

0.08186 (0.0026)

0.08129 (0.0027)

250 V/mm (+)

0.08290 (0.0017)

0.08206 (0.0015)

250 V/mm (-)

0.08092 (0.0015)

0.08017(0.0014)

Table 3.10. The rheological behaviour of a 0.5 % w/w suspension of tacrine in 100 cSt
silicone oil at 0 V/mm and 250 V/mm. Values for standard deviation are shown in
brackets (n = 5).

A 0.5 % w/w suspension of tacrine in 100 cSt silicone oil did not exhibit an ER
response at 250 V/mm. In addition, the effect o f the upper electrode polarity was
investigated. When comparing the Newtonian viscosity for the different treatments, there
was no significant difference (one-way ANOVA; p > 0.05; F = 1.98). After completion of
the experiment it was noted that tacrine particles appeared to clump on the lower plate i.e.
the negative electrode. When the polarity was reversed and the lower plate became the
positive electrode, this pattern was not so prominent. The small particle-size distribution
of tacrine (see Section 2.2) may account for the lack of an ER response, however, it is
more likely that electrophoresis is occurring owing to the positive charge on the tacrine.
Furthermore, microscopic evidence reported in Section 3.5.5 indicated that tacrine
particles do not rearrange upon application of an electric field.
Currently, there is little information available on three-compartment ER fluids.
Klingenberg et al. (1995) introduced small amounts o f protein (< 0.1 % by weight) to
suspensions of alumina, silica or zeolite A in silicone oil. The response was investigated
under ac electric fields up to 1.5 kV/mm. They observed a significant increase in the
Bingham yield stress in suspensions containing protein. The proposed mechanism
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involved enhanced polarisation of the disperse phase particles owing to the increased
number or mobility of the charge carriers.

3.5.3.1. Effect o f Particle Concentration
The effects of particle concentration on the rheological properties of MCC in a
suspension of 0.5 % w/w tacrine in 100 cSt silicone oil under the influence o f an applied
electric field (250 V/mm) is shown in Figure 3.25. The Bingham yield stress values are
also given below (Table 3.11).

Concentration

Bingham yield stress (Pa)

% w/w

Up

Down

1.0

0.0945 (0.0278)

-0.1536 (0.0364)

2.5

0.3179 (0.0444)

0.0761 (0.0365)

5.0

1.0619(0.0289)

0.3008 (0.0240)

10.0

2.8468 (0.2113)

1.4971 (0.1139)

20.0

8.2392 (0.2545)

7.1181 (0.2728)

Table 3.11. Calculated Bingham yield stress values for different concentrations of MCC
(sieve fraction below 45 pm) and 0.5 % w/w tacrine in 100 cSt silicone oil (cf. Table 3.6
pp. 78). Standard deviation values are shown in brackets (n = 5).
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Figure 3.25 (a and b). The effect of the addition of 0.5 % w/w tacrine in different
concentration suspensions of MCC (< 45 pm) in 100 cSt silicone oil at an applied electric
field of 250 V/mm. Figure 3.25 (a and b) represent the ascending and descending curves
respectively; error bars represent standard deviation (n = 5).
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The addition of tacrine did not result in a significant difference (p > 0.05) in the Bingham
yield stress for each concentration investigated. The low concentration of tacrine in the
suspension may mean that there is not enough to make any significant difference to the HR
response. Similar to the response observed in formulations containing MCC alone, the
relationship between the Bingham yield stress and concentration was linear (Figure 3.26).
The gradient, as estimated by least square linear regression, was 0.465 (± 0.0345)
compared to 0.4440 (± 0.0289). As this is the relationship between the Bingham yield
stress and the concentration, the addition of tacrine tended to produce higher yield stress
values. In light of this finding, the tendency towards higher yield stresses may be
accounted for by adsorption of tacrine to MCC powders producing larger particle sizes (as
described in Section 2.9). This hypothesis could not be successfully quantified as the
powders were not dry blended prior to the addition of silicone oil resulting in difficulties in
the analysis o f powder composites within the ER formulation.
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Figure 3.26. Relationship between the Bingham yield stress and the MCC concentration
(sieve fraction below 45 pm) in 100 cSt silicone oil at 250 V/mm. Error bars representing
the standard deviation are smaller than the symbols used (n = 5).
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3.5.3.2. Effect o f particle size
The rheological behaviour of 0.5 % w/w tacrine with different particle size MCC
powders in 100 cSt silicone oil is shown in Figure 3.27. The Bingham yield stress values
are given below (Table 3.12).

Particle size

Bingham yield stress (Pa)

pm

Up

Down

<45

0.0945 (0.0278)

-0.1536 (0.0364)

45-63

1.5838(0.1392)

0.2362 (0.0710)

63-75

3.2458 (0.0712)

1.7792 (0.0356)

75-90

4.8248 (0.1437)

3.6036 (0.0646)

9 0- 12 5

8.7704 (0.2484)

7.4838(0.4195)

Table 3.12. The Bingham yield stress values for ER fluids comprising of 0.5 % w/w
tacrine with different size MCC particles in 100 cSt silicone oil (cf. Table 3.7 pp. 83).
Standard deviation values are shown in brackets (n = 5).

There was no significant difference (one-way ANOVA; p >0.05) between the
Bingham yield stress values for MCC suspensions with and without the addition o f 0.5 %
w/w tacrine up to and including the sieve fraction 63 - 75 pm. Large sieve fractions (75 90 and 90 - 125 pm) exhibited a significant increase (p < 0.05) in the Bingham yield stress
values upon addition of tacrine.
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Figure 3.27 (a and b). The effect of the addition of 0.5 % w/w tacrine in different particle
size suspensions of MCC (< 45 pm) in 100 cSt silicone oil at an applied electric field of
250 V/mm. Figure 3.27 (a and b) represent the ascending and descending curves
respectively; error bars represent standard deviation (n = 5).
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Figure 3.28. Relationship between the equivalent volume particle diameter o f MCC and
the Bingham yield stress. The suspensions contained equal number of particles (1.85 x
107/25 g). Error bars are smaller than the symbols used (n = 5).

The Bingham yield stress values exhibited an exponential increase with equivalent
MCC volume diameter. The parameter b as described in Equation 3.3 is related to the
equivalent volume particle diameter and remained constant for the regression analysis of
Figure 3.28. The addition of tacrine yielded an estimated value for a as 0.2688 (± 0.0076)
compared to 0.2352 (± 0.0558), with a regression value (r2) of 0.99198. Although there
was no significant difference (p > 0.05) found with the addition of tacrine, regression
analysis pointed to a tendency for slightly higher yield stress values.
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3.5.3.3. Effect o f Moisture Content
The rheological properties of MCC powders of different contents with 0.5 % w/w
tacrine in 100 cSt silicone oil are depicted in Figure 3.29 and the Bingham yield stress
values are shown in Table 3.13.

Moisture content

Bingham yield stress (Pa)
Up

Down

Oven dried

0.8989 (0.1001)

0.3752 (0.0247)

LM50

2.6389 (0.1121)

0.2543 (0.0122)

XLM90

0.9001 (0.0990)

0.8754 (0.0879)

Table 3.13. The effect of moisture content on the development of the Bingham yield stress
in suspensions of 0.5 % w/w tacrine with 10 % w/w MCC (sieve fraction below 45 pm) of
different moisture contents in 100 cSt silicone oil at 250 V/mm (cf. Table 3.8 pp. 86).
Standard deviation values are shown in brackets (n = 5).

The addition of tacrine resulted in a significant increase in the Bingham yield stress
values for all moisture contents. The moisture content of tacrine was determined using
infrared dryer described in Section 2.4 as 4.09 % (± 0.35). Moisture available as a result
o f the introduction of tacrine may transfer to the MCC particles.
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Figure 3.29 (a and b). The effect of the addition of 0.5 % w/w tacrine in different MCC
moisture content suspensions in 100 cSt silicone oil at an applied electric field of 250
V/mm. Figure 3.29 (a and b) represent the ascending and descending curves respectively;
error bars represent standard deviation (n = 5).
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3.5.3.4. Effect o f Applied Electric Field
The effect of applied electric field on the rheological properties of MCC (sieve
fraction below 45 pm) and 0.5 % w/w tacrine in 100 cSt silicone oil are outlined in Figure
3.30 and Table 3.14.

Applied

Bingham yield stress

electric field

(Pa)

V/mm

Up

Down

50

0.4833 (0.1195)

-0.0397 (0.0507)

100

0.6436 (0.0229)

0.0858 (0.0843)

250

3.0068 (0.2113)

1.4971 (0.1139)

500

8.0123 (0.3965)

3.9712 (0.5850)

Table 3.14. The effect of the applied electric field on the ER response o f a suspension of
0.5 % w/w tacrine and 10.0 % w/w MCC (sieve fraction below 45 pm) in 100 cSt silicone
oil (cf. Table 3.9 pp. 90). Standard deviation values are shown in brackets (n = 5).

A significant increase (p < 0.05) in the Bingham yield stress resulted in suspensions
o f 10.0 % w/w MCC (sieve fraction below 45 pm) containing 0.5 % w/w tacrine at applied
electric fields of 50, 100 and 500 V/mm. However, no significant difference was observed
with the addition of tacrine at an applied electric field o f 250 V/mm. Further evidence for
the enhanced effect of tacrine was provided by regression analysis of the relationship
between the electric field squared and the Bingham yield stress (Figure 3.30). In the
absence of tacrine, the gradient was 0.3919, however, in the presence o f tacrine the
gradient increased to 0.4804.
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Figure 3.30 (a and b). The effect of the addition of 0.5 % w/w tacrine in a 10.0 % w/w
suspension of MCC (< 45 pm) in 100 cSt silicone oil at different applied electric fields.
Figure 3.29 (a and b) represent the ascending and descending curves respectively; error
bars represent standard deviation (n = 5).
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Figure 3.31. The relationship between the Bingham yield stress and the applied electric
field on a suspension of 0.5 % w/w tacrine and 10.0 % w/w MCC (sieve fraction below 45
pm) in 100 cSt silicone oil. Error bars representing the standard deviation (n = 5) are
smaller than the symbols used.

3.5.4. Rheological Behaviour o f Microcrystalline Cellulose in Super Refined (or BP) Oils
Table 3.15 shows the rheological properties of 10.0 % w/w MCC (sieve fraction
below 45 pm) in 100 cSt silicone oil under no applied electric field and after application of
a 250 V/mm electric field. Figures 3.32 a and b depict the rheological behaviour o f 10 %
MCC (sieve fraction below 45 pm) with BP oils as substitutes for silicone oil.
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Figure 3.32 (a and b). The use of BP oils as substitutes for silicone oil as the continuous
phase. The ER fluids were prepared with 10.0 % w/w MCC (sieve fraction below 45 pm)
and the applied electric field was 250 V/mm. Error bars representing the standard
deviation (n = 5) maybe smaller than the symbols used.
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Super

Newtonian viscosity

Bingham yield stress

refined oil

(Pa s)

(Pa)

Almond

Apricot

Down

0.05079

0.04997

2.6177

1.7223

(1.4571 x 10'3)

(1.3661 x 10'3)

(0.1066)

(0.1654)

0.04778

0.04794

4.4883

1.7597

(1.3973 x 10'3)

(6.1102 x 10'5)

(0.1388)

(0.0987)

Linoleic

Up

Down

Up

1.4832
(0.0901)
2.3861

Oleic

(0.2088)
Peanut

Safflower

Sesame seed

Silicone oil

Soyabean

0.05329

0.05256

6.0577

5.5785

(1.0024 x 10'3)

(1.0492 x 10'3)

(0.4471)

(0.3104)

0.04734

0.04665

3.3732

1.4783

(1.0128 x 10'3)

(1.0080 x 10'3)

(0.1755)

(0.1040)

0.04503

0.04414

3.5433

1.5897

(1.5454 x 10'3)

(1.4434 x 10'3)

(0.1607)

(0.0870)

0.0809

0.00809

2.9726

1.1184

(0.0012)

(0.0011)

(0.0821)

(0.0740)

0.04404

0.04313

3.5431

1.544

(2.0602 x 1O'4)

(8.1851 x 10'5)

(0.1706)

(0.0891)

Table 3.15. Rheological properties of 10 % MCC (sieve fraction below 45 pm) in 100 cSt
silicone oil and BP oils at 0 and 250 V/mm. Standard deviation values are shown in
brackets (n = 5).

In general, the super refined oils afforded a higher Bingham yield stress, typically
greater than 3.5 Pa compared to 2.5 Pa. Using the ANOVA test (one way), it was found
that there were significant differences (p < 0.05) between the oils. A Fisher analysis was
carried out to highlight where the difference occurred. No significant difference was
found between almond and silicone oil. Safflower, sesame seed and soyabean oils were
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also found not to be significantly different from each other In light of these findings, we
conclude that super refined oils which have glycerides of oleic acid as the major
constituents have generally have higher yield stress values compared with super refined
oils having glycerides of linoleic acid as their major constituent. Further investigation
using a 10.0 % w/w suspensions of MCC in the constituent acids confirmed that oleic acid
as the base fluid produced a higher yield stress. In terms of the dielectric constants for the
super refined oils, peanut oil with a dielectric constant of 3.51 (at 12 Hz) produced the
highest yield stress at 6.0577 Pa. Generally, the higher the dielectric constant the greater
the yield stress. The ER response is thought to arise through a mismatch in dielectric
constants between the powder and the base fluid (Klingenberg et al., 1989; 1991a and b).

3.5.5. Microscopic Observation
The field-induced rheological changes described earlier are accompanied by
equally dramatic changes in the suspension structure. It is now generally accepted that
upon application of an electric field the particles align in the direction of the field forming
a chain-like or fibrous structure (Winslow, 1949; Klingenberg and Zukoski, 1990).
Poor resolution of particle rearrangement presented difficulties when investigating
concentrated suspensions. For this reason the photographs reproduced in the following
section are representative of the images obtained using a 2.5 % w/w suspension of MCC
(sieve fraction below 45 pm) in silicone oil. The field-induced structure formation in the
quiescent fluid, at applied electric fields of 50,100,250 and 500 V/mm are illustrated in
Figures 3.33 b, d, f, i. respectively. The corresponding fluids prior to electric field
application are depicted in Figures 3.33 a, c, e, h respectively. A quantitative method
using image analysis to determine the approximate column diameter was investigated.
The loading process together with the tendency of the electrodes to behave as a capacitor
after the removal of the electric field resulted in the particle clumping near the electrodes.
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Subsequent analysis of the chain diameter resulted in poorly reproducible results. The
general trends in the chain width are discussed in the following sections.
Particle rearrangement occurred at applied electric fields as low as 50 V/mm. The
particles under the influence of a 50 V/mm electric field rearranged to form incomplete
structures, typically in the middle of the electrode gap. This is in agreement with the
sparse chain density calculated by Sakai et al. (1997) using a suspension of approximately
32 % com starch in a insulating oil at 50 V/mm. At 100 V/mm single particle diameter
chains spanning the electrode gap were observed. At these low applied electric fields,
many of the clumps or loosely woven structures appear not to span the entire gap. Chains
which are not parallel with the electric field are likely to be cross-links rather than
individual chains formed at an angle to the electrodes. As the structures were allowed to
develop over a 10 min period, there is a possibility that as gravity acts normal to the
microscope slide that sedimentation would occur. In these circumstances, there is
necessity for the forces involved in the chain formation to overcome gravity, possibly
providing explanation for the incomplete chain formation observed at these low voltages.
However, preliminary experiments carried out with the electric field application
immediately after sample loading showed similar structure patterns, therefore negating the
effects of gravity.
Figure 3.33 f depicts the structure formation at 250 V/mm. The removal of the
electric field, caused the fibrils to breakdown resulting in a disordered fluid similar to the
original arrangement (Figure 3.33 g). At 500 V/mm, the chains appear to no longer be
composed of single particle thickness chains. The thickening of the particle fibrils with
increasing applied electric field, could provide an explanation as to the increase in the
Bingham yield stress. If the yield stress is defined as the stress which must be exceeded
before the fluid flows, it stands to reason that enhanced chain formation would require a
higher stress to disrupt and subsequently destroy it.
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Figure 3.33 (a-d). Field-induced structure formation at applied electric fields of 50 (b),
100 (d). (a) and (c) are the corresponding zero-field images.
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Figure 3.33 (e-g). Field-induced structure formation at an applied electric field of 250
V/mm (f). (e) are the corresponding zero-field images.
no

Figure 3.33 (h and i). Field-induced structure formation at an applied electric field of 500
V/mm (i). (h) is the corresponding zero-field images.

The dominant fediures o'the chain formation were evident immediately upon
applicaion of the electri; field figure 3.34 1). Photographic evidence has reinforced the
conclusion that the duraton of tie applied ebctric field prior to analysis had no significant
effect ai the Bingham ybld stress. Continuous readjustment of the particles occurred over
the 5 nin time period folowingthe initial stucture formation. Wen et al. (1999)
conduced from their wok on the general stncturc kinetics that an initial change followed
by contnuous adjustmens over m extendedtime period occurred. The chains are
observed to coalesce eve-the loig time period, leading to a coarsening of the fibrous
structuE (Figure 3.34 c). Clear :ones can beclearly distinguished at this stage. There
appeared to be no furtherchain Earrangemeit after 5 nin.
At low concentraions, tie microstructure consisted mainly of incomplete or
isolatec chains of a single partice width. Asthe concentration increased, the number
density of the chains increased vithout much increase in the average width At high
concentations, the structire corsisted of thick clusters Structures consisting of bundles
rather tlan isolated chairs are lilely to have in increased strength arising from the
increased particle contacipoints. This hypotiesis is substantiated by the high yield
stressesobserved with coicentraed suspensions. At sufficiently high enough
concentrations, tie columns became indiscernible under the light microscope.
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Figure 3.34 (a-d). Field-induced structure formation, immediately (b), 5 min (c) and 10
min (d) after application of an electric field of 250 V/mm.
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3.6. Conclusions
We have demonstrated the presence of a yield stress at physiologically acceptable
low applied electric fields. Particle concentration, size and moisture content were found to
increase the Bingham yield stress value. For example, increasing the concentration from
1.0 to 10.0 % w/w resulted in a yield stress of 7.96 Pa (± 0.23) compared to 0.09 Pa (±
0.004); a similar increase was observed for particle size. The moisture content in MCC
was found to have a significant effect on the ER behaviour; oven dried and very low
moisture grades of MCC (XLM90) exhibited a decrease in the Bingham yield stress from
approximately 3.0 Pa to 0.9 Pa. Low moisture grades of MCC (LM50) were found to have
no effect on the Bingham yield stress value, possibly as a result of the particle-size
distribution, indicating that particle-size effects may overcome the decreased moisture
content. The relationship between the magnitude of the applied electric field and the
Bingham yield stress was approximately linear, with an yield stress increase from 0.32 Pa
(± 0.02) to 8.73 Pa (± 0.36) at 50 and 500 V/mm respectively. The ER response at 50
V/mm resulted in a power consumption of 0.5 mW, therefore within the order of
magnitude stated for pacemaker batteries.
High yield stress values can be obtained by the judicious choice of parameters. The
yield stress values obtained in the present study were found to be of similar magnitude, if
not higher in some cases, to previous research carried out at low applied electric fields
(Marshall et al., 1989; Chen et al., 1991; Gandhi and Thompson, 1992; Malins and Lacey,
1994; Parthasarathy and Klingenberg, 1996).
Typically, microscopic observations has provided evidence for particle alignment
upon application of an electric field at fields as low as 50 V/mm. Although chains
spanning the entire electrode gap do not appear until 250 V/mm, a noticeable increase in
the apparent viscosity was observed below this level. It is likely that even pre-chain
completion, agglomerates influence fluid structure in a manner which affects the flow.
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The creep and recovery behaviour of ER fluids will be investigated in Chapter
Four. Typically, creep experiments are conducted in the linear viscoelastic region, where
the strain is proportional to the applied stress. Analysis in the viscoelastic region is
designed not to destroy the structure, thereby providing information on the intermolecular
and inter-particle forces within the structure. The creep and recovery behaviour will be
investigated using the factors described above, namely particle concentration, size and
moisture content, together with the magnitude of the applied electric field.
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Chapter Four

Creep Behaviour o f
Electrorheological Fluids
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4.1. Introduction
Flow experiments have provided information on the yield stress and strength of ER
fluids. Creep and recovery experiments are intended to complement these findings and
enhance our understanding of the structure-formation process. As in the flow experiments
(Chapter Three), several factors, namely particle size, particle concentration and the
magnitude of the applied electric field will be investigated.
The process of creep may be defined as the slow and progressive deformation of a
material with time, under a constant stress. Creep experiments are usually conducted in
the linear viscoelastic region, where the strain is proportional to the applied stress.
Investigations carried out in this region are designed to be Theologically non-destructive,
thereby providing information on the intermolecular and interparticle forces within the
structure (Barry, 1974). The results of such experiments may then be interpreted using
linear viscoelastic theory as the Boltzmann principle is obeyed (Feny, 1970). The
material, initially at rest, is subjected to a constant shear stress (aQ). The shear strain (y) is
monitored as a function of time. The stress is removed and the rate and extent to which
the sample recovers its original dimensions are measured. The total creep compliance (Jt)
is the strain (y) divided by the stress (a0):

Mechanical models comprising of springs and dashpots, arranged in parallel or in
series, provide a popular method of describing linear viscoelastic behaviour. In
mechanical models, Newtonian flow is represented by a dashpot (where the force is
proportional to the rate of extension) (Figure 4. la), whilst Hookean deformation is
represented by a spring (where the force is proportional to extension) (Figure 4. lb). The
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individual elements can be combined, in series or in parallel to describe complex
viscoelastic behaviour, for example, the Maxwell model consists of a dashpot in series
with a spring. A Voigt unit comprises of a spring of compliance Jc and a dashpot o f
viscosity rj0 mounted, in parallel, on a rigid frame (Figure 4. lc).

±

i= y

T

▼
a)

c)

Figure 4.1. Mechanical representation o f a viscous liquid (a), an elastic solid (b) and a
Voigt unit (c).

A typical creep and recovery curve is illustrated in Figure 4.2. According to
convention, the curve is in units of compliance (strain/stress) versus time, thus the same
curve is produced regardless o f the magnitude of the applied stress provided the test is in
the linear viscoelastic region.

Retardation

Recovery

D

Figure 4.2. Typical creep compliance and recovery curve for a viscoelastic material.
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The creep compliance and recovery curve can be divided into three regions. The
initial region (A-B) is characteristic of the instantaneous compliance associated with the
elastic component. B-C is representative of the time-dependent retarded elastic behaviour
exhibited by a single Voigt unit. The existence of additional Voigt units is accounted for
by the summation of each individual unit (Equation 4.1). C-D is the linear region of
Newtonian compliance indicative o f the residual viscous flow or viscosity o f the dashpot
fluid. On removal o f the stress, the recovery curve is represented by D-F. There is an
instantaneous elastic recovery (D-E) of the same magnitude as A-B, followed by a retarded
elastic recovery (E-F) equivalent to the region B-C. The latter portion of the creep curve is
not recoverable as the bonds are irreversibly ruptured in the region represented by C-D.
The creep compliance curve enables the spring compliance (J0) and zero-shear viscosity
(r|0) to be determined from the regions A-B and C-D respectively. The total compliance
(Jt) for a viscoelastic material may be described mathematically as:

where J0 is the compliance o f the elastic spring and r|0 is the residual shear viscosity of the
dashpot liquid. The compliance associated with the Voigt units is calculated by the
summation of the individual elements:

Equation 4.1
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The development of the mathematical theory o f linear viscoelasticity is based on
the assumption that the response (strain) at any time is directly proportional to the value of
the initiating signal (stress). Thus, in linear viscoelastic theory, the differential equations
are linear. In addition, the coefficients of time are constant, thereby enabling the
prediction of material parameters such as spring compliance (JQ) and zero-shear viscosity
(r|0). Compared to linear theory, characterisation of the non-linear response of a material
is much more complex. There is no specific generalised constitutive equation that is
universally acknowledged and which is capable of predicting the mechanical behaviour of
different types of non-linear viscoelastic material. Several constitutive equations have
been developed for describing the non-linear behaviour of viscoelastic materials (Green
andRivlin, 1957, 1960; Tervoort, 1996; Drozdov, 1997).

4.1.1. Creep Behaviour o f Electrorheoloigcal Fluids
ER fluids have been shown to exhibit Bingham behaviour under the influence of an
electric field (Chapter Three). In terms of the mechanical models described above, a
material exhibiting a yield stress can be represented by the addition of a slider
corresponding to the stress which must be overcome prior to flow initiation (Figure 4.3).

Slider

Figure 4.3. Diagrammatic representation of ideal Bingham fluid behaviour.

At shear-stress values below the yield stress, the fluid is expected to behave as an
elastic solid, the strain increases with time towards a constant value and a complete strain
recovery may be observed upon the removal of the stress (Nguyen and Boger, 1992). At
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stresses above the yield stress, the strain increases indefinitely with time and a steady rate
of shear indicating viscous flow will be attained.
The development of yield stress in steady-state shear stress experiments can be
derived from the single-chain model in which the particles all align into fully developed
chains. According to the single-chain model, under the influence of an electric field, ER
behaviour is characterised by Voigt units (Otsubo and Edamura, 1994,1995,1996). The
elastic modulus is derived from the chains and the viscosity component from the
suspending fluid. Several researchers (Conrad et al., 1991; Gamota and Filisko, 1991)
have shown the existence of viscoelastic behaviour in ER fluids at shear-stress values
approaching the yield stress. However, viscoelastic experiments have produced
contradictory information on the relationship between the rheological behaviour and
magnitude of the applied electric field (Klingenberg, 1993). Furthermore, the rheological
behaviour expressed by a given sample is dependent on the applied stress, applied electric
field and, in the case of oscillatory experiments, the frequency and magnitude of the
applied stress.
The failure of creep and indeed oscillation experiments to verify the predicted
model particularly at high particle concentration, stems from the coalescence of primary
structures into columns or clumps (Gamota and Filisko, 1991). Otsubo and Edamura
(1994,1995, 1996) have published a series of articles on the creep and recovery behaviour
of ER fluids. The creep and recovery behaviour fell into three distinct categories,
depending on the applied stress in relation to the predicted yield stress. These creep and
recovery responses will be described below in detail in Section 4.4.2. The static yield
stress estimated from the viscous flow transition was approximately 70 % of the static
yield stress predicted from the steady flow curve (Otsubo and Edamura, 1994).
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4.2. Materials and Methods
ER fluids were prepared using sieve fractions of MCC (Emcocel 50M, LM50 and
XLM90) and 100 cSt silicone oil as previously described in Section 2.1. A 0.1 % w/w
aqueous solution of potassium chloride was used as the electrolyte for all ER
measurements.
Several factors have been shown to influence the Newtonian viscosity (0 V/mm)
and the development of the Bingham yield stress under the influence of an electric field
(see Chapter Three). The following parameters will be investigated to establish the creep
and recovery behaviour of ER fluids with and without the application of electric field:
particle concentration, particle size and the magnitude of the applied electric field. The
role in moisture content in the creep and recovery behaviour will not be investigated owing
to the hygroscopic nature of MCC. The preparation of ER fluids is outlined above in
Section 2.4, with specific details relating to particle concentration and particle size in
Sections 3.4.2 and 3.4.3.
In order to achieve consistent and reproducible results from creep experiments, it is
important to ensure that the material under test is in a completely relaxed state. The
loading of the sample is critical and it is usual to leave the sample to stand for several
hours prior to the experiment. In the case of suspensions, sedimentation is likely to occur
over such time scales, as gravity acts normal to the parallel plate. As the application of an
electric field has been shown to induce particle rearrangement (Section 3.5.5), it was
considered unnecessary to ensure a completely relaxed state prior to experiment
commencement. Preceding assessment of the creep and recovery response, a simple but
effective test was conducted to determine the linear viscoelastic range for each sample,
both in the non-electrified and electrified states. The applied stress is increased until the
strain is observed to increase gradually indicating the attainment of the linear viscoelastic
region.
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The electrorheometer used in these studies is described in Section 3.3. Prior to
initiating the experiment, all samples were subjected to an applied stress of 1.0 Pa for 5
min, and then electrified, in the quiescent state, for a further 10 min. The initial pre-shear
of the test fluid was found to reduce errors associated with failure to ensure a completely
relaxed state. Subsequently, the stress was applied and maintained for 2 min, after which
time the stress was removed and the rate and extent to which the sample recovered were
monitored for 2 min. A parallel-plate geometry of 40.0 mm diameter was chosen for the
experiments with a gap of 1.0 mm (see Section 3.3). All measurements were conducted at
37 °C (± 0.1 °C). Samples were prepared in triplicate (Samples A, B and C) with five
determinations at each stress being performed.
Data were collected via a personal computer using TA Instruments software and
subsequently processed using Excel 7.0 for the purpose of graphical reproduction
(Windows 95, Microsoft Corporation, USA). In all cases, the graphs reproduced are for
Sample A and are entirely representative of the responses observed for Samples B and C.
The standard deviation values are represented by error bars (n = 5), which may in some
cases be smaller than the symbols used. Circles (•) represent the creep response, whilst
square symbols (■) represent the recovery behaviour.

4.3. Results and Discussion
4.3.1. Creep and Recovery Responses under no Applied Electric Field
The experiments were carried out in the linear viscoelastic region, where the strain
is proportional to the stress, for all samples investigated under no applied electric field.
Upon application of the stress, the compliance was observed to increase at a constant rate
which is inversely proportional to the zero-shear viscosity. Upon removal of the applied
stress, no recovery was observed. The combined creep and recovery response is typical of
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a viscous or Newtonian fluid. The strain was observed to increase as a constant rate in
response to the application of a uniform stress and may be fitted to the following equation:

a _
'7o= 7

1

~ [dJ(t)/dt]

where rj0 is the zero-shear viscosity of the sample, which can be calculated from the
reciprocal of the slope:

J = —
%

Equation 4.2

Table 4.1 shows the viscosity of different MCC concentrations (sieve fraction
below 45 pm) in 100 cSt silicone oil as measured by the reciprocal of the retardation
slope. Furthermore, for comparison, the viscosity as determined using the flow technique
is presented (Section 3.5.1.1). In Figures 4.4,4.5 and 4.6, the responses observed under a
constant stress of 1.0 Pa and 2.5 Pa for 20.0 % w/w MCC concentration (retardation) and
after removal of the stress (relaxation) are shown as creep and recovery curves.
There was no significant difference (one-way ANOVA; p > 0.05) observed
between samples (A, B and C) of each concentration. However, significant differences
(one-way ANOVA; p < 0.05) were observed between the predicted viscosity values
determined by the reciprocal of the slope and the steady-state flow method for
concentrations greater than and equal to 5.0 % w/w. The viscosity predicted using the
reciprocal of the creep curve is indicative of the zero-shear viscosity of the sample, and
therefore reflects the absolute-viscosity value.
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Concentration

Newtonian viscosity

Viscosity
(l/r|o)

(% w/w)

Sample A

Sample B

Sample C

(Pa s)

1.0

0.0813

0.0824

0.0819

0.08090

(0.0017)

(0.0026)

(0.0021)

(0.0005)

0.0894

0.0900

0.0901

0.08981

(0.0012)

(0.0010)

(0.0005)

(0.0023)

0.1021

0.1031

0.1027

0.0941

(0.0025)

(0.0016)

(0.0014)

(0.0010)

0.1404

0.1397

0.1400

0.1136

(0.0023)

(0.0019)

(0.0012)

(0.0018)

0.3840

0.3844

0.3846

0.02079

(0.0301)

(0.0292)

(0.0283)

(0.0036)

2.5

5.0

10.0

20.0

Table 4.1. The viscosity of MCC (sieve fraction below 45 pm) at different concentrations
in 100 cSt silicone oil. The standard deviation is shown in brackets (n = 5).
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Figure 4.4. Creep (•) and recovery (■) curves for 1.0 and 2.5 % w/w suspensions of MCC
(sieve fraction below 45 pm) in 100 cSt silicone oil at an applied stress of 1.0 Pa.
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Figure 4.5. Creep (•) and recovery (■) curves for 5.0 and 10.0 % w/w suspensions o f MCC
(sieve fraction below 45 (am) in 100 cSt silicone oil at an applied stress of 1.0 Pa.
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Figure 4.6. Creep (•) and recovery (■) curve for a 20 % w/w suspension of MCC (sieve
fraction below 45 pm) in 100 cSt silicone oil at an applied stress of 2.5 Pa.
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The creep response was measured in the linear viscoelastic region, enabling the
zero-shear viscosity to be estimated (Equation 4.2) for MCC suspensions containing
particles of different sieve fractions. The determined viscosity values o f different sieve
fractions of MCC in silicone oil are tabulated below (Table 4.2). In Figures 4.7 and 4.8,
the creep and recovery curves are illustrated.

Sieve fraction

Viscosity

Newtonian viscosity

(pm)

(1/rio)

(Pa s)

< 45

45-63

63-75

75-90

90 - 1 2 5

Sample A

Sample B

Sample C

0.0813

0.0824

0.0819

0.08090

(0.0017)

(0.0026)

(0.0021)

(0.0005)

0.0958

0.0961

0.0967

0.0949

(0.0021)

(0.0025)

(0.0031)

(0.0009)

0.1208

0.1212

0.1202

0.1041

(0.0089)

(0.0048)

(0.0065)

(0.0012)

0.1545

0.1551

0.1545

0.1449

(0.0067)

(0.0050)

(0.0029)

(0.0023)

0.3690

0.3684

0.3692

0.2421

(0.0121)

(0.0097)

(0.0111)

(0.0015)

Table 4.2. The viscosity of different sieve fractions o f MCC in 100 cSt silicone oil. The
standard deviation is shown in brackets (n = 5). For reference the mean Newtonian
viscosity (n = 15) as determined in Section 3.5.1.2 is included. The equivalent particle
density for all samples is 1.85 x 106 particles/25 g.
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Figure 4.7. Creep (•) and recovery (■) curves for sieve fractions of MCC below 45 pm, 45
- 63 pm and 63 - 75 pm in 100 cSt silicone oil at an applied stress o f 1.0 Pa.
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Figure 4.8. Creep (•) and recovery (■) curves for sieve fractions of MCC 75 - 90 pm and
90 - 125 pm in 100 cSt silicone oil at applied stresses of 1.0 Pa and 2.5 Pa respectively.
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The zero-shear viscosity was significantly different (one-way ANOVA, p < 0.05 )
from the predicted shear stress-shear rate viscosity (see Section 3.5.1.2). There was no
significant difference, except for suspensions of sieve fraction 63 - 75 pm, between the
prepared samples (A, B and C). The existence of the inter-sample variation for the
aforementioned sieve fraction may simply be as a direct result of poor loading. The
theoretical explanation for the increase in viscosity observed with concentration and sieve
fraction has been discussed in Chapter Three.

4.3.2. Creep and Recovery Behaviour o f ER Fluids under the Influence o f an Applied
Electric Field
Theory predicts that as the elastic modulus is derived from the chains and the
viscosity from the suspending fluid, an ER fluid under the influence of an applied electric
field will exhibit simple Voigt properties (Conrad et al., 1991; Gamota and Filisko, 1991;
Otsubo and Edamura, 1994). Deviation from theory has been observed, particularly at
high particle concentration (Otsubo and Edamura, 1994, 1995,1996) where the creep and
recovery behaviour could not be quantified using linear viscoelastic components. The
complexities o f non-linear viscoelastic responses have prevented the calculation of
quantitative data from the creep and recovery curves. Nonetheless, the creep and recovery
curves have provided valuable information on chain formation and the development of
yield stress. Typically, three distinct creep and recovery responses were observed
depending on the magnitude of the applied stress in relation to the predicted yield stress.

a) Pre-yield stress
At low stresses, the creep curves were found to be composed of instantaneous
elastic, retarded elastic and viscous regions. The behaviour, however could not be
described using typical linear viscoelastic components. Preliminary observation of the
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resultant creep curves indicated the presence of a large elastic modulus that is not
recovered upon removal of the stress. At the longest times, the compliance was observed
to increase linearly with time. This constant-rate strain was due to viscous flow and was
not recovered.
The application of the stress resulted in an increase in the viscosity of ER fluids
with time. The formation of particle chains upon application of an electric field has been
illustrated in Chapter Three. Imperfections in the chain structure, cross-linking and single
particles are known to occur particularly at low concentrations. The application of the
stress may provide additional momentum resulting in single particle contribution to the
primary chain structures or the rupture of cross-links and the subsequent coalescence of
single chain structures. These weakly associated particles or structures may be bought
together by collision during shear. The formation of a more favourable structure results in
an increase in viscosity. Otsubo and Edamura (1996) extended the single-chain model to
account for particle chain aggregation. Tao and Sun (1991) have shown theoretically that
the ideal structure of ER under an electric field is a body-centred tetragonal lattice. In this
configuration, repulsion forces act on particles directly approaching the chain structure.
When the chain structure is strained, the existence of attractive forces within the columns
maintains the arrangement. It is believed that at a critical strain value, the column
structure changes from a body-centred tetragonal lattice to another metastable
configuration (Otsubo and Edamura 1996). The existence of such a configuration provides
an explanation for the failure o f elastic recovery.

b) Yield stress
The generally accepted model for an ER fluid is that when the material is subjected
to an electric field, the particles align themselves, forming a fibrous structure.
Furthermore, it has been suggested that the yield phenomena may be related to the
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destruction of the chains (Shulman et al., 1989). At stresses just below the yield stress,
samples underwent instantaneous deformation and reached equilibrium without viscous
flow and subsequently showed no recovery after removal of the stress. It is considered
unlikely that this response was a result of inertia or drift owing to the high viscosity of the
sample under question. This is comparable to the response typically exhibited by
thixotropic materials, where structures takes time to respond to the stress (Barnes, 1997).
The yield-stress value determined by creep analysis was generally lower than the
estimated static-yield stress from flow data. For example, the Bingham yield stress for a
10 % w/w suspension o f MCC in 100 cSt silicone oil at 250 V/mm was 1.05 Pa. The
static-yield stress, which is described as the stress at which flow occurs was 3.81 Pa,
compared to a yield stress between 2 and 3 Pa as determined by creep analysis (cf. Table
3.6 pp. 78).

c) Post-yield
This region is characterised in steady state by the material shearing continuously at
a constant rate in response to a shear stress. At stresses above the predicted yield stress the
suspensions behaved as viscous fluids. When the stress was placed on to the sample, the
strain increased at a constant rate which was inversely proportional to the zero-shear
viscosity o f the liquid (r|0). When the stress was removed, the sample stopped deforming
with no subsequent recovery.
Gamota and Filisko (1991) proposed a mechanical analogy to represent
qualitatively the dynamic behaviour observed. The mechanical model for a Bingham
material (Figure 4.3) is essentially composed of a frictional element, simulating the field
dependent yield stress, sandwiched between a dashpot and spring. Gamota and Filisko
(1991) proposed the addition of a Voigt unit between the slider and spring, representing
the linear viscoelastic behaviour observed in pre-yield deformation.
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The figures reproduced below (4.9 - 4.13) illustrate the effect of particle
concentration on the creep and recovery behaviour. Typically, three types of behaviour,
depending on the magnitude of the applied stress to the predicted stress, were observed.
The effect of particle concentration is discussed in detail below. The creep and recovery
curves shown (Figures 4.9 - 4.13) demonstrate the general trends in behaviour exhibited by
all test fluids; graphs illustrating the effect of particle size and applied electric field
magnitude are not included.

d) Concentration
Figures 4.9 through 4.13 illustrate the creep and recovery behaviour of MCC
suspensions of different concentrations (1.0,2.5, 5.0,10.0 and 20.0 % w/w respectively) at
applied stress values below the yield stress, at the yield stress and above the yield stress
(cf. Table 3.6 pp. 78). Creep analysis has provided valuable information on the existence
of structure even at low concentrations. The responses observed at low MCC
concentrations (1.0 and 2.5 % w/w) are indicative of solid behaviour. In general, the creep
and recovery behaviour below the yield stress could not be described using linear
viscoelastic principles. However, a detailed assessment of the creep and recovery
responses observed with a 1.0 % w/w MCC suspensions under an applied stress of 0.5 Pa
provided the following information on the viscoelastic components. The compliance (JQ)
was calculated to be 1.27 m2/N (± 0.15), whilst the Newtonian viscosity, predicted at long
times, was 2259 Pa s (± 343). A single Voigt unit described the intermediate region o f the
creep curve with a retardation time o f 329 s (± 25).
At high MCC concentration (> 5.0 % w/w), the compliance was observed to
respond almost instantaneously and reach equilibrium without viscous flow. This response
was more typical of an elastic solid, possibly indicating the formation of fully developed
chains between the electrode gap. Unexpectedly, the suspensions showed no elastic
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recovery upon removal of the stress. The degree of movement observed under these
experimental conditions is but slight, typically 0.01 radians. A possible explanation is the
rearrangement of MCC particles resulting from the removal of an opposing stress. It has
previously been shown (Chapter Three) that the degree of particle chain development is
concentration dependent. The creep and recovery response at applied stress values above
the yield stress is representative of viscous behaviour. The zero-shear viscosity (Table
4.3.), for Sample A, was calculated from the reciprocal o f the creep slope (Equation 4.2).

Concentration

Viscosity

(% w/w)

(Pa s)

1.0

0.1008(0.0095)

2.5

0.1072 (0.0114)

5.0

0.1263 (0.0135)

10.0

0.2444 (0.0178)

20.0

9.7547 (0.7456)

Table 4.3. Table showing the zero-shear viscosity o f different concentration MCC (sieve
fraction below 45 pm) suspensions under the influence of an electric field (250 V/mm) at
applied stress values above the predicted yield stress (cf. Table 3.1 pp. 63). Standard
deviation values are shown in brackets (n = 5).

The zero-shear viscosity values determined from the reciprocal of the creep curve
under the influence of an electric field are significantly higher than the estimated zeroshear viscosity values without the application o f an electric field (cf. Table 4.1 pp. 125).
The increased zero-shear viscosity may be as a result of chain formation upon application
o f an electric field. It seems reasonable to assume that even under an applied stress, ER
fluids are capable of structure formation; the degree o f chain formation is dependent on the
applied stress.
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Figure 4.9. Creep (•) and recovery (■) behaviour for a 1.0 % w/w suspension of MCC in
100 cSt silicone oil under the influence of an electric field (250 V/mm) at applied stress
values of 0.25 (a), 0.5 (b) and 0.75 (c) Pa respectively.
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Figure 4.10. Creep (•) and recovery (■) behaviour for a 2.5 % w/w suspension o f MCC in
100 cSt silicone oil under the influence of an electric field (250 V/mm) at applied stress
values of 0.5 (a), 1.0 (b) and 2.0 (c) Pa respectively.
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Figure 4.11. Creep (•) and recovery (■) behaviour for a 5.0 % w/w suspension of MCC in
100 cSt silicone oil under the influence of an electric field (250 V/mm) at applied stress
values of 1.0 (a), 2.0 (b) and 3.0 (c) Pa respectively.
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Figure 4.12. Creep (•) and recovery (■) behaviour for a 10.0 % w/w suspension of MCC in
100 cSt silicone oil under the influence of an electric field (250 V/mm) at applied stress
values of 2.5 (a), 3.5 (b) and 4.5 (c) Pa respectively.
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Figure 4.13. Creep (•) and recovery (■) behaviour for a 20.0 % w/w suspension of MCC in
100 cSt silicone oil under the influence of an electric field (250 V/mm) at applied stress
values o f 10.0 (a), 12.0 (b) and 13.0 (c) Pa respectively.
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e) Particle size
Similar patterns of response were observed in MCC suspensions prepared with different
particle sieve fractions. Each suspension contained an equal number of MCC particles
(approximately 1.85 x 106 particles/25 g) as described in Chapter Three. Table 4.4 shows
the zero-shear viscosity of MCC suspensions (Sample A) prepared with different sieve
fractions under the influence of an electric field (250 V/mm).

Particle sieve fraction

Viscosity

(pm)

(Pa s)

<45

0.1008 (0.0095)

4 5 -6 3

0.1145 (0.0987)

6 3 -7 5

0.1454 (0.0159)

7 5 -9 0

0.1897 (0.0115)

90 - 125

11.0112(0.9754)

Table 4.4. The zero-shear viscosity and standard deviation (n = 5) calculated from the
reciprocal of the creep curve at applied stress values above the yield stress for suspensions
prepared with different MCC sieve fractions (cf. Table 3.3 pp. 69). The applied electric
field was 250 V/mm.

f i Applied electric fie ld
Figure 4.14 illustrates the creep and recovery response of a 10.0 % w/w MCC
suspension (sieve fraction 45 pm) under the influence of an applied electric field
(50 V/mm).
The shape of the creep and recovery curve under an applied electric field of 500
V/mm at a shear stress below the predicted yield stress was similar to the 20.0 % w/w
suspension at 250 V/mm (Figure 4.13). The zero-shear viscosity for the 10.0 % w/w
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suspension (sieve fraction below 45 pm) under the influence of a 500 V/mm electric field
was 12.5601 Pa s(± 0.1300).
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Figure 4.14. Creep (•) and recovery (■) behaviour of a 10 % w/w suspension o f MCC in
100 cSt silicone oil under an applied electric field of 50 V/mm. The linear regression
analysis is shown for the retardation (creep) behaviour.

The applied stress (0.05 Pa) utilised in this experiment was at the limits of the
CSL rheometer. The resultant response was indicative of a viscous liquid. It was unlikely
that under these experimental conditions, no chain formation has occurred. However, the
reciprocal of the slope was 2.63 Pa s which was significantly higher than the predicted
zero-shear viscosity without the application of the electric field. The observed increase in
zero-shear viscosity points to the presence o f structure. Observation using a light
microscope (Chapter Three), at 50 V/mm, indicated the presence of incomplete chains at
this concentration (10.0 % w/w), providing an explanation of the increased zero-shear
viscosity observed, but the failure, under these experimental conditions, of the creep
analysis to detect structure formation.
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4.4. Conclusions
From our flow data (Chapter Three), the development of a yield stress could be
quantified by the Bingham constitutive equation, and provided a method for the
determination of the particle chain strength and structure. Creep and recovery experiments
conducted in this Chapter, indicate that ER fluids are much more complex in properties
than we previously concluded. The development of the pre-yield region described above is
not accounted for in the Bingham model. The consistent and reproducible creep and
compliance responses observed cannot be as a result of instrument artefacts. Typically, the
behaviour followed the characteristic three-stage response depending on the magnitude of
the applied stress in relation to the predicted yield stress. Such complex properties for ER
fluids are also supported by recent literature reports (Gamota and Filisko, 1991; Otsubo
andEdamura, 1994, 1995, 1996).
The Newtonian viscosity predicted from the reciprocal of the creep slope was
higher than previously calculated values from flow data (Chapter Three). Post-yield, the
Bingham model predicts a complete structure breakdown, however, predicted viscosity
values for this region on the flow curve are significantly higher than the Newtonian
viscosities, indicating the presence of residual particle structures.
Prior to investigating the release kinetics of tacrine from ER fluids (Chapter Six), a
modified diffusion cell was constructed and validated for use with these low viscosity
formulations (Chapter Five). A diffusion cell, based on a traditional Franz cell, will be
used to determine the release rates of tacrine from 100 cSt silicone oil in the non
electrified state through several mesh apertures. In addition, the effects of stirring rate,
receptor fluid volume and temperature will be investigated. A possible release mechanism
will then be defined using literature models of drug release, primarily taken from the fields
of oral and transdermal drug delivery.
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Chapter Five

Validation o f a Modified Diffusion Cell
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5.1. Introduction
The purpose of in vitro diffusion studies is to gain an understanding of the release
mechanism and expected release rates of tacrine, as our chosen drug, from silicone oil. It
is envisaged that the classic diffusion cell will require modification for use with such low
viscosity formulations. Mathematical modelling of the drug release process is of
considerable importance in the prediction of the release behaviour and in the investigation
of parameters which may affect the release process.
Tacrine hydrochloride is a drug which may be a suitable candidate for a controlled
drug-delivery device. Tacrine, a reversible cholinesterase inhibitor, is used for the
treatment of mild to moderate Alzheimer’s disease (e.g. Forsyth et al., 1989; Small, 1992).
Conventional dosage forms are not entirely satisfactory due to low bioavailability and
variability in plasma levels within individuals due to extensive first pass metabolism (e.g.
Hartvig et al., 1990; Sathyan et al., 1995). Ideally, a delivery route avoiding the hepatic
circulation would thus be preferable.

5.1.1. Diffusion
Diffusion is the process by which matter is transported from one part of a system to
another as a result of random molecular motions. The rate of transfer of the diffusing
substance through unit area of a section is proportional to the concentration gradient
measured normal to the section and can be described by Fick’s first law of diffusion:

dC

where Jd is the rate of transfer per unit area of section, C is the concentration of the
diffusing substance, x is the distance of movement perpendicular to the surface o f the
barrier and D is the diffusion coefficient. The negative sign indicates that the flux is in the
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direction of decreasing concentration. The equation assumes that the driving force of
diffusion is the concentration gradient. In order to acknowledge the fact that the
concentration depends not only on the rate of transfer (jt), but also on time, Fick’s law is
often expressed as a differential equation. Fick’s second law states that the rate of change
in concentration in a volume element within a diffusional field (dC/dt) is proportional to
the rate o f change in concentration at that point in the field (d2C/dx2) as stated below:

dC
dt

d 2C
dx2

Fick’s second law is a general equation which has many complex solutions depending
upon the boundary conditions being considered (Crank, 1975).
Mathematical modelling is used extensively in the literature to describe diffusioncontrolled release from oral polymeric systems such as monolithic (or matrix) and
reservoir devices. Such diffusion controlled systems are dependent on a rate-limiting
process, either a polymer membrane (reservoir devices) or a polymer network (matrix
systems). The kinetics of drug release from matrix devices containing uniformly dispersed
or dissolved drug are well documented (e.g. Langer, 1980; Langer and Peppas, 1981;
Cardinal, 1984). A simple mathematical model for the prediction of diffusion of a drug
suspended in a polymeric matrix above its solubility limit was presented by Higuchi
(1961), who extended his work concerned with drug delivery from ointments. For systems
containing dispersed drug, where the drug loading per unit volume (A) is greater than the
drug solubility in the matrix (Cs), the drug release kinetics (Q) can be analysed by the
Higuchi equation (Higuchi, 1961):

Q = [C, (2 A - C.) D t f
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The above equation is based on the following assumptions: (1) the drug is uniformly
suspended, (2 ) the total amount of drug present per unit volume is substantially greater
than the solubility of drug per unit volume in the matrix, (3) the release medium is a
perfect sink and there are no boundary layer effects, (4) the polymer remains of constant
dimensions and (5) diffusion through the polymer is the rate-limiting step.
Higuchi (1962) deduced the following equation for the amount of drug released
from one side of an ointment layer in which the drug is initially uniformly dissolved:

hC.
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Equation 5.1

where Q is the amount of drug released per unit area, h is the thickness, C0 is the initial
concentration, D is the diffusion coefficient, t is the time after application and m is an
integer. The main assumptions in Equation 5.1 are that D remains constant with respect to
time, depletion of vehicle components does not occur and that sink conditions prevail in
the receptor compartment (Higuchi, 1962). Equation 5.1 can be simplified at release rates
below 30 % (Higuchi, 1962) to:

i D tY 2
Q = 2 C0[ — J

Equation 5.2

Fickian diffusion from a plane sheet may be expressed using Equations 5.1 and 5.2.
Furthermore, Korsmeyer et al. (1983) and Peppas (1985) have presented a simple equation
which can be used to analyse controlled-release data, from a plane sheet, under perfect
sink conditions. For short times (Mt/ M* < 0.6), Fickian-diffusion release can be described
using the following equation:
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Mt
—-— = kt
Moo

Equation 5.3

where Mt is the amount of solute released at time t,

is the amount of solute released at

infinite time, theoretically corresponding to the total amount of active agent incorporated
into the formulation, k is a constant incorporating structural and geometric characteristics
o f the controlled release device and n is the release exponent, indicative of the mechanism
o f drug release.
Such a mathematical model may be used to predict solute release rates and
elucidate the physical mechanisms of solute transport by comparison o f the data to
mathematical models. Investigations into whether the drug diffusion process is Fickian or
non-Fickian, can be conducted by fitting the release data to the above equation (Equation
5.3). The exponent (n) may take a range of values depending on the transport mechanism
(Sinclair and Peppas, 1984; Peppas, 1985) (Table 5.1).

Release exponent (n)

Drug transport mechanism

0.5

Fickian or Case I

0.5 < n < 1.0

Anomalous (non-Fickian) transport

1.0

Case II transport

n > 1.0

Super Case II transport

Table 5.1. Interpretation of diffusional release mechanisms applicable to drug release data
from thin polymeric films (Peppas, 1985).
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5.1.2. In Vitro Drug Diffusion Measurements
As there are no general directives in the pharmacopoeias regarding the diffusion
cell design, researchers have designed their own (for example, Rolland et al, 1992; Parera
Morell et al., 1996), although there does exist a general series of considerations which
must be taken into account to guarantee reliability of release results. The rate of diffusion
depends, among other factors, on the temperature at which the test is performed and the
type of membrane employed, particularly important in transdermal applications. The
receptor solution must be maintained in sink conditions with respect to the drug (Higuchi,
1961; Higuchi, 1962) and it is advisable for it to be stirred at an adequate speed to ensure
removal of the drug from the boundary layer (Higuchi, 1961; Higuchi, 1962). These
theoretical requirements stem from Fick’s first law of diffusion.
Two techniques have been adopted in studying the drug transport, the infinite-dose
technique and the finite dose technique (Franz, 1975). In the infinite-dose technique, the
donor compartment contains a solution of drug under study, and the build up of drug in the
receptor is monitored during the experiment course. Generally, the concentration in the
donor remains constant during the experiment and the receptor acts as an effective sink,
thus in the case o f skin permeability experiments, after an initial lag period, steady-state
diffusion would prevail. The finite dose technique involves the application of the drug to
the donor side exposed to ambient conditions. During the course of the experiment, the
flux rises to a peak then falls as the concentration on the exposed site decreases.
In this Chapter, we detail our diffusion cell design and its validation by preliminary
experiments at 0 V/mm. The traditional Franz cell has been modified for use with low
viscosity formulations by incorporation of an interchangeable mesh support, a rubber oring and a glass lip. Stainless steel square wire mesh cloths, complying to BS and ISO
specifications of 45, 90 and 180 pm aperture and 34 % open area were chosen as inert
supports (Endecotts, London, UK).
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5.2. Diffusion cell design
Conceptional designs for the diffusion cell were based either on vertically or
horizontally orientated electrodes. Vertically orientated electrodes posed several
problems, not least formulation retention between the electrodes under no applied electric
field and sedimentation. Furthermore, the magnitude o f the applied electric field negated
the total submersion of the electrodes into the receptor fluid. The diffusion cells
constructed and validated in this study are based on a Franz ceil design (Franz, 1975;
Nugent and Wood, 1980; Barry, 1983) (Figure 5.1). The open diameter of 40.0 mm was
chosen to correspond to the parallel plate diameter (see Chapter Three). The diffusion cell
is composed of a donor compartment and a receptor compartment. Square mesh woven
wire cloths were chosen as an inert support on to which the sample was loaded (Endecotts
London, UK). The mesh was manufactured from stainless steel and conformed to ISO and
BS standards. Table 5.2 outlines the mesh apertures used throughout these studies. The
open area is expressed as a percentage of all mesh openings in relation to the total cloth
area, where w is the aperture size (pm) and the wire diameter is d (pm):
w2* 100

F°~ (w + d f

Aperture size (pm)
45
90
180

Wire diameter (pm)
32
63
125

Open area (%)
34
34
34

Table 5.2. Aperture size, wire diameter and percentage open area for the stainless steel
mesh supports used in the diffusion cell work. Reference source: Endecotts literature on
BOPP woven wire cloth (Endocotts, London, UK).

148

The cells were designed to satisfy the following criteria according to theoretical
and experimental requirements. Firstly, stirring must be adequate and constant in order to
minimise boundary layers and to give reproducible analysis of diffusion results (Gummer
et al., 1987. Sink conditions must prevail to ensure valid application of Fick’s first law of
diffusion (Higuchi, 1962). The membrane should be chemically inert, permeable to the
drug concerned and should not be the rate-limiting step in the release process (Corbo et al.,
1993). Three prototype diffusion cells are described, each building on the previously
exposed design flaws; prototype C is described in Chapter Six.
Donor
compartment

Mesh support
Receptor
compartment

Sampling arm

Stirring
bar

Figure 5.1. Schematic diagram of prototype A.

5.2.1. Prototype A
Prototype A, based on the classic Franz cell design described, was used in
preliminary studies to assess the general performance of horizontally oriented electrodes
(Figure 5.1). Several criteria were addressed in these initial experiments, namely
suitability o f design in terms of formulation retention and a measurable degree of drug
release. The cell comprised of donor and receptor compartments, with a ground glass
interface. The stainless steel mesh was sandwiched between the donor and receptor
compartments and the cell clamped together. The open diameter, measured using internal
callipers at five points, was 39.58 mm (± 0.98 ) resulting in an effective diffusional area of
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12.30 cm2. The diffusion cell was not thermostatically controlled, therefore experiments
were conducted at ambient temperatures (21.0 °C ± 0.2). The withdrawal of the receptor
medium was achieved, using a long needle 500 pL syringe (SGE, UK), via the sampling
arm at point X. Several problems were highlighted during work with this prototype which
were subsequently addressed in prototype B.

5.2.2. Prototype B
In order to overcome the problem of poor fluid retention, encountered in prototype
A, a glass lip was secured around the donor compartment (Figures 5.2 and 5.3). In
addition, prototype B was built with an integral fluid jacket which extended to the level of
the mesh support, enabling temperature controlled experiments to be conducted. The
mean open diameter, measured using internal callipers, and was found to be 38.40 mm
resulting in an open area of 11.58 cm2. The mean receptor height was 32.55 mm, resulting
in a receptor volume of 35.54 ml. The calculated receptor volume did not take into
account the volume of receptor fluid within the sampling arm.
A rubber o-ring was fixed to the mesh using silicone rubber compound (RS
Components, Northants, UK), resulting in a surface area of 10.92 cm2 and an estimated
formulation loading volume of 1.15 cm3. The upper plate was cut from 500 pm thickness
copper sheet to a diameter of 50.0 mm. The separation of the two electrodes was
maintained constant throughout all the experiments, at a distance of 1.02 mm. The
electrode assembly was secured with a glass weight, to ensure flatness.
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Donor

Glass lip

Mesh support
Receptor
Temperature
control

Sampling arm
Stirring
bar

Fluid jacket

Figure 5.2. Schematic diagram of prototype B.

Figure 5 .3. Photograph of prototype B.
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5.3. Materials
Tacrine and silicone oil as previously described (Section 2.1). Distilled water,
which was degassed (using helium) for 30 min, was chosen as the receptor fluid. Distilled
water was elected for the receptor fluid for several reasons, specifically the solubility of
tacrine in distilled water ensured adequate sink conditions over the course of the
experiment and the determined oil/water partition coefficient (Sections 2.2.6 and 2.3.5).
Degassed distilled water was used to minimise poor reproducibility experienced by other
researchers (for example Gummer et al., 1987; Parera Morell, 1996). Propan-2-ol was of
HPLC grade (Fisons Scientific Equipment, Loughborough, UK).

5.4. Methods
5.4.1. Determination o f Excipient Interference in the Assay o f Tacrine by UV
Spectrophotometry
The possibility of MCC and silicone oil interference in the previously measured
UV calibration curves (Section 2.10) is addressed in this section. Primarily, each of the
formulation constituents (MCC and silicone oil) was scanned, against the appropriate
blank, over the range 190 to 390 nm (Perkin Elmer, Beaconsfield, UK). MCC insolublity
in the chosen solvents was addressed by dispersion and subsequent equilibration in the
appropriate solvent over 24 h, prior to the scan being performed. Calibration curves were
constructed at 324 nm in distilled water and propan-2-ol, over the concentration range 1.0
to 25 pg/ml, with the addition of MCC and silicone oil. MCC and silicone oil were
introduced at the maximum concentrations enlisted in the ensuing experiments (Chapter
Six). In addition, the silicone rubber glue (RS Silicone Rubber Compound, RS
Components, Northants, UK) used to fix the rubber spacer to the mesh apertures was left
in water and propan-2-ol for 24 h before being spectrophotometrically assessed in the
wavelength range 190 to 390 nm.
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5.4.2. Evaluation o f Tacrine Recovery from Silicone Oil
Tacrine (-5 .0 mg) dispersed in silicone oil (~ 1.5 g) was accurately weighed into
single use vials (n = 10) and the total amount of drug recovered assessed using a UV
spectrophotometric method. The vials were sonicated for two periods of 15 min and then
washed with propan-2-ol into a 250 ml volumetric flask. The amount of tacrine in the
volumetric flask was determined at 324 nm.

5.4.3 Drug Diffusion Determination using Prototype A
The cell was prepared by firstly smearing a thin layer of vacuum grease onto the
interfacial ground glass joints of the donor and receptor compartments. A magnetic stirrer
bar was placed into the receptor compartment, together with 52.0 ml of distilled water.
The level of water in the receptor compartment was just below the mesh aperture;
formulation seepage resulted thereby ensuring the existence of negligible air space. The
stirring rate was maintained at a low, but constant speed over the experiment (Heidolph
MR3000 stirrer, Germany). The 45 pm aperture mesh was sandwiched between the donor
and receptor compartments which were then clamped together, prior to the sample being
uniformly loaded onto the mesh support. The cell had one sampling arm through which
1.0 ml was manually withdrawn by syringe after 24 h. The sampling arm aperture was
covered with Nescofilm™ (Nippon Shoji Kaisha Ltd, Osaka, Japan).
The preparatory experiments were conducted using a concentrated formulation of
tacrine (~ 250 mg) in 5.0 g silicone oil weighed into a single-use vial. The amount of
tacrine remaining in the vial was determined spectrophotometrically, in order to calculate
accurately the concentration of tacrine embodied in the diffusion cell formulation. At the
cessation of the experiment, the cell was carefully dismantled and the mesh support
washed using propan-2-ol into a 250 ml volumetric flask; subsequent dilution was needed.
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The amount of tacrine released together with the vial and mesh washings, yielded the total
drug recovery.

5.4.4. Standardisation o f Experimental Procedures in Prototype B: Temperature
Maintenance, Stirring Rate and Turbulence
Prototype B comprised of an integral water jacket for conducting temperature
controlled experiments (Figure 5.2). An investigation into the temperature of the fluid
jacket required to maintain an internal receptor fluid temperature of 37.0 °C was carried
out. In addition, temperature fluctuations over 12 h were assessed (n = 5). It was
envisaged that water evaporation may occur over the course of the experiment. The
diffusion cell was assembled, according to the method described below, with and without a
layer of silicone oil and the weight monitored at 30 min intervals over 12 h (n = 5).
Three stirring rates were measured over a 1 min period, together with ability of the
stirrer to maintain constant speed over 12 h. Five reading were taken for each method and
the mean stirring rate calculated. Slow and/or incomplete stirring is often cited as a cause
of irreproducible results (Gummer et al., 1987). In order to ensure adequate stirring in the
modified Franz cell, the degree of dispersal of potassium permanganate from a silicone oilbased formulation was qualitatively assessed in relation to the mesh aperture and stirring
rate. The end-point was taken as the time after loading when even colouration, extending
up the sampling arm, was observed. The colouration in the receptor compartment, using a
45 pm mesh aperture and stirring rate of 62 rpm, was photographed at 1.5 s intervals.
The use of sesame seed oil in sustained-release intramuscular injections and in the
preparation of subcutaneous injections, promoted a feasibility study into its use in ER
drug-delivery devices (Chapter Three). A UV scan, indicated that sesame seed oil
absorbed at X 324 nm. At high stirring rates, turbulence in the formulation layer beneath
the mesh aperture, may result in the formation of an oil-in-water emulsion.
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The degree of turbulence, at three stirring rates (62, 100 and 150 rpm), was assessed over
8 h using sesame seed oil (n = 5). The receptor fluid was pumped through the UV detector
at a rate of 0.6 ml/min (± 0.02) and readings taken every 30 min.

5.4.5. Assembly o f Prototype B and General Experimental Procedures
The assembly of the prototype B diffusion cell (Figure 5.4) and preparatory
experimental details are outlined below.

» CMlfcON

Figure 5.4. Photograph showing the experimental apparatus used in the determination of
tacrine release from ER fluids.
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The fluid jacket temperature (Grant Y6 circulating water bath, BDH, UK) was
allowed to equilibrate for 1 h. The temperature of the modified Franz cell was maintained
at 37.0 °C (± 0.2 °C), unless otherwise stated. During this time, the UV spectrophotometer
was zeroed using distilled water as the blank; this procedure ensured removal of
contaminants in the peristaltic tubing. The degassed distilled water was weighed into a
measuring cylinder and poured into the diffusion cell; temperature equilibration o f the
receptor medium was conducted for a further 30 min. Previous experiments established
that no detectable water evaporation occurred over this time period. The flow-through
tubing was inserted into the sampling arm avoiding the scenario where the outflow is in
direct contact with the sampling tube. The sampling arm aperture was sealed with
Nescofilm™ to minimise water evaporation over the coarse of the experiment. The
diffusion cell was agitated using a stirring bar. The ground glass surface of the donor
compartment was smeared with a thin layer of vacuum grease and the mesh support
secured in place. The formulation was uniformly distributed on the mesh aperture and the
upper plate carefully lowered on top. A glass weight was lowered into place, to ensure
flatness of the electrode assembly.
The diffusion characteristics were determined by monitoring the concentration of
tacrine in the receptor compartment by UV analysis. The receptor cell solution was
pumped at a rate of 0.6 ml/min (± 0.02) (Gilson Minipuls 2, Anachem, Luton, UK) into the
flow-through UV detector (Jasco UV-975, Jasco, UK) and the outflow returned to the
receptor cell. Although the principle absorption peak is 240 nm, an alternative X of
324 nm had a more convenient extinction coefficient (e24o = 3.7 x 104 L/mole/cm and
8 324

= 1.1 x 104 L/mole/cm) at the concentrations employed in these experiments. The UV

detector was calibrated at weekly intervals by analysing a number of solutions of known
concentration. The absorbance measurements were taken manually at 2 min intervals for
the first h and then every 15 min thereafter for 7 h. The release profiles were determined
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five times for each experimental condition, with runs conducted in a fashion that avoided
the introduction of bias.
The volume of distilled water required is a balance between the attainment of sink
conditions and the assurance of adequate receptor fluid stirring. All volumes used in the
present study ensured the maintenance of sink conditions, as defined by Corbo et al.
(1993). The solubility was determined in Section 2.2.6 to be 82 mg/ml (± 0.36), which is
considerably higher than ten times that of the maximum achievable concentration during
the course of the experiment (approximately 0.13 mg/ml).
Suspensions of 0.5 % w/w tacrine (~ 7.5 mg) in 100 cSt silicone oil (~ 1.5 g) were
prepared in single-use vials and sonicated for two periods of 15 min. After sample
loading, the single use vial was washed with propan-2-ol into a 250 ml volumetric flask
prior to spectrophotometric evaluation at 324 nm. The decision was taken not to conduct
the spectrophotometric assay at the major peak wavelength due to the possibility of
interference of silicone glue at the lower wavelength (see below). The mesh support was
carefully removed at the end of the experiment and washed, with propan-2 -ol, into a
500 ml volumetric flask. The samples were sonicated for 2 min, prior to UV
determination. Sample centrifugation was not necessary to displace the quantities of
silicone oil present. The UV spectrometer was zeroed using propan-2-ol as the blank
solution, with each unknown solution assayed at 324 nm, in triplicate, and the mean
absorbance recorded.
The cleaning of the diffusion cell at the cessation of an experiment was carried out
in three stages to ensure removal of trace amounts of silicone oil. The diffusion cell was
soaked for 2 h in an aqueous solution of Decon®, prior to rinsing with concentrated
Decon® in the hard to reach areas, particularly at the intersection of the ground glass with
the lip. The diffusion cell was thoroughly rinsed in distilled water before drying at 50 °C.
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5.4.6. Validation o f Prototype B: The Effect ofMesh Aperture, Stirring Rate, Receptor
Fluid Volume and Temperature on the Release o f Tacrine from Silicone Oil
Several factors which may influence the diffusion profile, namely mesh aperture,
stirring rate, receptor fluid volume and temperature were investigated. Unless otherwise
stated, the temperature was maintained at 37.0 °C, the receptor fluid volume was 37.0 ml
and the mesh aperture was 45 pm. The effect of stirring rate on the tacrine release rate
was studied at four stirring rates (0, 62,100 and 150 rpm). Three mesh apertures, each
with the same open area, were chosen (see Section 5.2) and the release rate assessed at low
stirring rates (62 rpm). The effect of receptor fluid volume on tacrine release through a 45
pm mesh aperture was investigated at low stirring rates (62 rpm). In order to ensure
accuracy of measurement, the equivalent weight corresponding to each volume was
determined. The equivalent volumes were 36.5, 37.0 and 37.5 ml. The effect of
temperature on the release properties of tacrine from 100 cSt silicone oil was determined.
Experiments were conducted at 25.0 and 37.0 °C, through a mesh aperture of 45 pm, with
a receptor fluid volume of 37.0 ml stirred at 62 rpm. The effect of temperature on the
density of distilled water was taken into account.
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5.5. Results and Discussion
5.5.1 Determination o f Excipient Interference in the Assay o f Tacrine by UV
Spectrophotometry
Silicone oil was found to have a peak absorbance in water and propan-2-ol at
approximately 2 1 0 nm, enabling the conclusion to be drawn that no interference would
prevail upon addition of silicone oil. Furthermore, no absorbance was detected with MCC
in either solvent, probably owing to the insoluble nature of MCC. The silicone glue
soaked in distilled water produced a similar absorbance profile to silicone oil, with a peak
at approximately 210 nm. A gradual increase in the absorbance commencing at 300 nm
was observed for silicone glue soaked in propan-2 -ol culminating in a peak at
approximately 203 nm. In light of these findings, the vial and mesh washings were
analysed at 324 nm to avoid the possibility of interference.
Calibration plots for tacrine in distilled water and propan-2-ol together with the
addition of MCC and silicone oil were linear (Figures 5.4 and 5.5) and it was therefore
considered that analysis by UV detection was appropriate over the concentration range
examined. In both figures, the curves shown with and without (Section 2.3.8) the addition
of silicone oil and MCC are dilution A l. Statistical analysis was carried out to determine
whether any difference occurred between the calibration curves with and without the
addition of silicone oil and MCC. No significant difference (one-way ANOVA; p > 0.05)
in absorbance was noted with the addition of MCC and silicone oil and it was therefore
concluded that any dissolved excipients did not interfere with the assay. The respective
combined calibration curves calculated in Section 2.3.8 were used for the analysis of all
unknown samples.
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Figure 5.4. Calibration curve for tacrine, in distilled water at 324 nm, with and without the
addition of silicone oil and MCC.
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Figure 5.5. Calibration curve for tacrine, in propan-2-ol at 324 nm, with and without the
addition of silicone oil and MCC.

5.5.2. Evaluation o f Tacrine Recovery from Silicone Oil
The total amount of tacrine recovered from the formulation was 97.60 % (± 5.62).
The amount of tacrine recovered indicated that the method installed for the analysis of
drug content provided an acceptable outcome.

5.5.3 Drug Diffusion Determination using Prototype A
The principle aim of prototype A was to assess the feasibility of a horizontally
oriented diffusion cell for the determination of release profiles from ER fluids. The total
tacrine release was 0.54 % (approximately 1.35 mg) after 24 h. The percentage recovery
was 89.59 % (± 15.91). The poor recovery can be explained by the seepage of the
formulation from the donor and receptor cell interface. Prototype A yielded valuable
information with regard to the suitability of diffusion cells in these experiments.
Furthermore, design flaws such as the loss of formulation were addressed in prototype B.

5.5.4. Standardisation o f Experimental Procedures in Prototype B: Temperature
Maintenance, Stirring Rate and Turbulence
In order to ensure a temperature that is essentially constant and close to 37.0 °C, it
was experimentally determined that the water circulating around the fluid jacket be heated
to 37.5 °C. It was found that within 15 min the receptor fluid was at 37.0 °C and the
temperature was maintained within 0.2 °C (n = 5) over the 12 h. Water evaporation was
found to occur over 12 h, with a significant reduction in volume occurring after 2 h. It was
found that once silicone oil had been place on top of the mesh aperture, water evaporation
was (not unexpectedly) reduced, resulting in no significant change in volume occurring
over the course of the experiment (n = 5).
The stirring rates used during this work were 62 rpm (± 2.0), 100 rpm (± 1.0) and
150 rpm (± 2.0). There was no significant change (n = 10; p > 0.05) in the stirring rate at
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each speed over the 12 h. The choice of 62 rpm was taken as this was the lowest
achievable stirring rate. Figure 5.6 (a - h) illustrates the receptor compartment appearance
immediately after potassium permanganate loading on to the 45 pm mesh aperture and the
subsequent progression over one min. Immediately after loading, a stream of potassium
permanganate was observed to form towards the apex of the stirring bar. Subsequent
observations indicated that the stream of potassium permanganate initiated from different
areas, suggesting the presence of a clump of solid. Within 60 s, complete colouration
extending up the side arm was achieved. As the mesh aperture increased, the time taken to
achieve complete colouration decreased from approximately 35 s to 15 s for the 90 and
180 pm meshes respectively. The degree of dispersal was considered unacceptable under
conditions of no stirring, with patchy potassium permanganate colouration observed. An
homogeneous distribution of potassium permanganate was not achieved even after

10

min,

indicating the possibility of irreproducible release rates.
The UV spectrum of sesame seed oil made it an ideal candidate for these studies.
It was found that at low stirring rates (< 100 rpm), there was no deviation from the base
line, indicating that the sesame seed oil was not being mixed with the receptor fluid. At
high stirring rates (150 rpm), there was a significant move away from the base line and
visual examination upon completion of the experiment, showed the receptor fluid was an
emulsion. These high revolutions resulted in receptor medium turbulence and possibly
alterations to the mesh support-receptor solution interface not normally visibly
appreciated. For this reason, the stirring rates investigated in the study were 62 and
100

rpm.
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Figure 5.6 (a-d). Receptor compartment distribution of potassium permanganate after
release from 100 cSt silicone oil using a 45 pm mesh aperture and a stirring rate of 62 rpm.
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Figure 5.6 (e-h). Receptor compartment distribution o f potassium permanganate after
release from 100 cSt silicone oil using a 45 pm mesh aperture and a stirring rate o f 62 rpm.
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5.5.5. Assembly o f Prototype B and General Experimental Procedures
The total percentage drug recovery for all experiments conducted was 97.68 % (±
2.02). The total percentage tacrine recovery from the diffusion was comparable to the
value quoted in Section 5.5.2, although some formulation loss occurred during cell
disassembly.
The cumulative percentage of tacrine in the receptor compartment was plotted
against the time in minutes. The reproducibility was considered to be acceptable, with
relative standard deviation values within 12.0 %. After the first data point was plotted,
subsequent recordings were plotted every

10

min for the first hour and then every 15 min

for 7 h. The error bars represent the standard deviation (n = 5), which in some cases are
smaller than the symbols used. An investigation into the mechanism involved in the drug
diffusion process (Fickian or non-Fickian) was carried using the release data. In order to
be able to quantify the release kinetics from ER fluids, the data were analysed according to
various models. As can be seen from the release profiles shown, the zero-order model
does not apply, as the release was not linear with time. As all the drug release profiles
obtained conformed to the pattern of apparently exponential decreasing cumulative drug
release with increasing time, it was decided to analyse the data according to first order and
square root time models. Furthermore, the exponent value (n) was determined for all
release profiles (Equation 5.3).

5.5.6. Validation o f Prototype B: The Effect o f Mesh Aperture, Stirring Rate, Receptor
Fluid Volume and Temperature on the Release o f Tacrine from Silicone Oil
i) Stirring Rate
The effect of receptor fluid stirring rate on the cumulative percentage release of
tacrine from 100 cSt silicone oil is shown in Figure 5.7. The cumulative percentage
release over 8 h is tabulated below (Table 5.3).
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Figure 5.7. The effect of stirring rate on the cumulative percentage release of tacrine from
100 cSt silicone oil using a 45 pm mesh aperture support at 37.0 °C.

Stirring rate

Cumulative % release

Standard deviation

(rpm)

after 8 h

(RSD)

0

-

-

62

12.10

0.80 (6.61 %)

100

12.16

0.43 (3.55 %)

Table 5.3. The effect of stirring rate on the cumulative percentage release of tacrine from
100 cSt silicone oil using a 45 pm mesh aperture support at 37.0 °C.

A Student’s t-test was conducted to determine the effect of stirring rate on the
cumulative percentage release. The degrees o f freedom was 4 (n -1 ) and the tabulated t
value was 2.776 at the 95 % significance level. There was no significant difference (tcriticai
= 0.12) in the cumulative percentage tacrine release when the receptor fluid was stirred at
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62 and 100 rpm. Under conditions of no stirring, the diffusion of tacrine was erratic and
irreproducible. The cumulative percentage release validation experiments have reinforced
evidence observed in previous studies (Section 5.5.6), where the failure to produce an
homogenous distribution of potassium permanganate led to the conclusion that the degree
of distribution was unacceptable under conditions of no agitation. Furthermore, the
conclusions drawn with respect to formulation turbulence at high stirring rates (> 150 rpm)
(see Section 5.5.5) have been strengthened with the aid of these validation studies. A
stirring rate of 150 rpm resulted in a higher than expected initial burst of tacrine release
indicative of agitation o f the formulation layer beneath the mesh support. On cessation of
the experiment, the receptor fluid compartment resembled an oil in water emulsion.
The general shape of the release profiles obtained suggested that either first-order
or a square root of time relationship existed. The release data were analysed according to
a first-order kinetics using the following equation:

Log10M = -

kt

+ Log 10Mo

Equation 5.4

where k is the first-order rate constant, M is the mass of drug remaining at time t and Mo is
the initial mass of drug in the formulation. For drug release to occur according to this
model, a plot of logio M versus time would produce a straight line with a slope -k/2.303.
Data were plotted according to this relationship except that the percentage remaining was
used in place of mass remaining. A plot showing the general relationship over the entire
experimental time is shown in Figure 5.8, together with an expanded long time plot (t >
165 min).
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Figure 5.8. Plot of log10 percentage original drug concentration remaining versus time for
the aforementioned formulation stirred at 62 rpm using a 45 pm mesh aperture support at
37.0 °C (Symbol •). An expanded plot (t > 165 min) is shown together with the calculated
linear regression analysis curve (Symbol □; right hand side y-axis).

Analysis of the first-order plot indicated two distinct regions, with the long-time
region (t > 165 min) being approximately linear (r2 = 0.99503). The sample loading in
horizontally oriented diffusion cells, will inevitably result in the seepage of formulation
through the mesh support (Figure 5.9), forming a thin layer on top of the receptor fluid.
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Figure 5.9. Post-loading formulation distribution as a result of seepage through the mesh
support.
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Although likely to create a rate-limiting barrier, sesame seed oil measurements
(Section 5.5.5) indicated that this layer does not become involved in the receptor fluid at
the stirring rates used in these studies (< 100 rpm). The initial rapid release (or “burst”
effect) may be as a direct result of drug release from this layer. In the diffusion cell
arrangement, there was no rate-limiting barrier between the formulation and the receptor
fluid, resulting in the rapid drug release observed. An analogy to the boundary layer
effects described for membrane-controlled reservoir devices may be drawn to explain the
decrease in release rate observed at long time periods. The boundary layer offers
significant resistance to mass transfer resulting in the constant release rate observed during
the early times, with a later transition to first-order release at long times. It seems likely
from this initial mechanism investigation, that the release was biphasic, with a short time
oil/water partitioning process and a long time oil/oil diffusion controlled release. The drug
was first removed from the formulation layer beneath the mesh aperture, after this layer
has been depleted replenishment was initiated from the formulation layer retained by the
mesh aperture. The time quoted (165 min) appeared to describe the transition point from
“burst” release to possible first-order release kinetics.
Biphasic drug delivery is not a novel concept. Reservoir devices in which the drug
is surrounded by a polymeric membrane (e.g. Langer, 1980; Langer and Peppas, 1981;
Peppas, 1985), typically silicone based (Blackshear, 1979; Lee et al., 1997) or ethylene
vinyl acetate copolymer (EVAc) (Siegel et al., 1989; Edelman et al., 1996) sometimes
exhibit a “burst” of drug release associated with the saturation of the rate controlling
membrane (Park et al., 1984). The release from matrix systems, were the active agent is
homogeneously dissolved or distributed throughout the polymer matrix (e.g. Langer, 1980;
Narasimhan and Langer, 1997), is diffusion controlled and governed by Fick’s first law of
diffusion. However, low drug loading matrix systems are often seen to exhibit a two phase
release profile, the “fast” phase corresponding to the release of drug from the pore network
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adjacent to the surface and a “slow” phase possibly corresponding to the diffusion of drug
through the polymer matrix (Siegel et al., 1989; Brachais et al., 1998; Kikkinides et al.,
1998). Historically, most drug models fail to predict the initial burst (Rhine et al., 1980)
however, Narasimhan and Langer (1997) have recently developed a mathematical model
which quantitatively accounts for the burst effect observed with polymeric hemispheres.
In an attempt to provide further support for the aforementioned hypothesis, the
release data were fitted according to the square root of time model (Equation 5.3 when n is
equal to 0.5). A plot of the amount of drug remaining against t1/2 should yield a linear plot
with a slope k. Figures 5.10 and 5.11 show the square root of time plots over the entire
release period and at long times (t > 165 min) respectively. The curve depicted previously
in Figure 5.8 was likely to comprised of two regions, an initial non-linear section
proceeding a linear region at long times. The linearity of the long time region (t < 165
min) of the curve was assessed using least square regression analysis (Figure 5.11). The
cumulative percentage released is used instead of mass.
Figure 5.11 indicated a good linear regression correlation (r2 = 0.98651). The
linearity of the square root of time plot indicated that Fickian diffusion is the predominant
mechanism o f release at long times.
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Figure 5.10. Graph showing the cumulative percentage tacrine release versus square root
o f time for a suspension of 0.5 % w/w tacrine in 100 cSt silicone oil stirred at 62 rpm using
a 45 pm mesh aperture support at 37.0 °C.
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Figure 5.11. Expanded linear regression analysis curve (t > 165 min) of Figure 5.10.
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The mechanisms involved in the drug diffusion process were further investigated by fitting
the release data to Equation 5.3. The significance of the magnitude of the power term has
been discussed in Section 5.1. The power term values (n) predicted for each stirring rate
(62 and 10 rpm) were 0.25 and 0.28 respectively, indicating neither zero nor first-order
kinetics were obeyed. In both cases, the correlation between the drug release profile and
the model was in the region of 0.9000. Peppas (1985) concluded that the exponent (n)
may take values greater than or equal to 0.5, with smaller values indicative of a statistical
analysis problem. Korsmeyer and co-workers (1983) further proposed the use of Equation
5.3 for drug diffusion through polymeric structure. The analysis of drug release from
porous systems is likely to lead to exponent (n) values below 0.5 as a result of a
combination mechanism for example diffusion through the swollen matrix and water filled
pores will result in small values of n (Korsmeyer et al., 1983; Peppas, 1985). The
exponent values predicted are indicative of a complex release mechanism, possibly
composed of several routes of diffusion. This provides strength for the biphasic release
mechanism proposed earlier.
The initial portion of the curve (Mt/Moo < 0.60) was analysed to determine the
exponent (n) value (Figure 5.12). The total amount of drug released after infinite time,
Moo, was taken to be the value at which the release curve reached an asymptote. The
exponent (n) value calculated for stirring rates of 62 and 100 rpm were 0.69 (r2 = 0.9820)
and 0.71 (r2 = 0.9847), signifying anomalous or non-Fickian transport mechanisms.
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Figure 5.12. Determination of the exponent (n) value for the initial portion o f the release
curve (Mt/Moo < 0.60).

ii) Mesh Aperture
The effect of mesh aperture on the release of tacrine from 100 cSt silicone oil is
reproduced in Figure 5.13 (a and b). The total cumulative percentage release after 8 h is
shown in Table 5.4.

Mesh aperture

Cumulative % release

Standard deviation

(pm)

after 8 h

(RSD)

45

12.10

0.80 (6.61 %)

90

18.58

0.39 (2.10% )

180

34.83 ’

1.07 (3.07% )

Table 5.4. The effect of mesh aperture on the cumulative percentage release of tacrine (0.5
% w/w) from 100 cSt silicone oil with a stirring rate of 62 rpm at 37.0 °C. (* over 1 h).
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Figure 5.13 (a and b). The effect of mesh aperture (45, 90 and 180 pm) on the cumulative
percentage release of tacrine (0.5 % w/w) from 100 cSt silicone oil with a stirring rate of
62 rpm at 37.0 °C.

174

The mesh aperture was found to have a significant effect (p < 0.05) on the release
of tacrine from silicone oil, with an increase observed from 12.10 % (± 0.80) to 18.58 % (±
0.39) for 45 and 90 pm respectively. The tacrine release through the 180 pm mesh was
rapid, with 34.83 % (± 1.07) released over 1 h. The basal rate of release from the
formulation could, therefore, be controlled through the appropriate choice of mesh
aperture. The first-order release kinetics were obeyed at long times (t > 165 min) for mesh
apertures of 45 and 90 pm (calculated r2 values were 0.99503 and 0.99708 respectively).
The first-order rate constants (k) for mesh apertures of 45 and 90 pm are 3.85 and 12.74
min'1 respectively. With regard to the release profile using the 180 pm mesh support, firstorder kinetics were obeyed after approximately 30 min (r2 = 0.99221) (Figure 5.14). The
relationship between square root time and cumulative percentage release was analysed for
the 180 pm mesh aperture over the same period (Figure 5.15).
The power terms in Equation 5.3 were calculated using least square regression
analysis to be 0.25, 0.23 and 0.26 for mesh apertures of 45, 90 and 180 pm respectively.
Although these values do not predict the mechanism of tacrine release from silicone oil,
the closeness of the value indicates that similar processes are occurring regardless of the
mesh aperture utilised.
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Figure 5.14. Plot of logio percentage original drug concentration remaining versus time for
a 0.5 % w/w suspension of tacrine in 100 cSt silicone oil stirred at 62 rpm using a 180 pm
mesh aperture at 37.0 °C (Symbol •). An expanded plot (t > 30 min) is shown together
with the calculated linear regression analysis curve (Symbol □; RHS y-axis).
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Figure 5.15. Expanded linear regression analysis curve (t > 30 min) for a 0.5 % w/w
suspension of tacrine in 100 cSt silicone oil stirred at 62 rpm using a 180 pm mesh
aperture support at 37.0 °C.
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8

The hypothesis proposed in the previous section alludes to a biphasic release
profile originating from the seepage of formulation through the mesh aperture and
consequently forming a layer on top of the receptor compartment medium. Reinforcement
of this hypothesis would ensue, but for the fact that the mesh apertures were specifically
chosen with equal open areas. The receptor fluid volume in each case was approximately
37.0 ml, thereby negating the possibility of formulation thickness variations beneath the
mesh support. However, there is a significantly higher initial tacrine release associated
with the mesh aperture of 180 pm; indeed the burst effect release increased with
increasing mesh aperture. The differences observed may be as a result of an increased
amount of water in the immediate vicinity of the formulation for drug dissolution.
Furthermore, the hypothesis may be further extended to incorporate the effect of
convection flow within the mesh openings; convection being greatest with the 180 pm
mesh aperture. The increased drug release may simply be explained by the ease of drug
diffusion through large apertures, without the obstacle of small openings.

iii) Receptor Fluid Volume
The effect of receptor fluid volume on the release of tacrine from 100 cSt silicone
oil is reproduced in Figure 5.16. The total percentage release over 8 h is shown in Table
5.5.
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Figure 5.16. The effect of receptor fluid volume on the cumulative percentage release of
tacrine (0.5 % w/w) from 100 cSt silicone oil with a mesh aperture of 45 pm and a stirring
rate of 62 rpm at 37.0 °C.

Receptor fluid volume

Cumulative % release

Standard deviation

(g)

after 8 h

(RSD)

36.5

13.67

0.52 (3.80% )

37.0

12.10

0.80 (6.61 %)

37.5

9.52

0.35 (3.68 %)

Table 5.5. The effect of receptor fluid volume on cumulative percentage release o f tacrine
(0.5 % w/w) from 100 cSt silicone oil using a 45 pm mesh aperture and a stirring rate o f
62 rpm at 37.0 °C.
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For reasons of accuracy, the receptor fluid was weighed (by difference) into the
receptor compartment as opposed to measuring the volume. The receptor fluid volume
had a significant effect (one-way ANOVA; p < 0.05) on the release of tacrine from 100 cSt
silicone oil with an increase from 9.52 % (± 0.35) to 13.67 % (± 0.52) for 37.5 ml and 36.5
ml respectively. The observed increase in cumulative percentage drug release with
decreasing receptor fluid volume has strengthened the hypothesis previously proposed.
The effluence of formulation through the mesh aperture was suggested for the initial burst
of drug release observed in the profiles. With decreasing receptor fluid volume, the layer
beneath the mesh support increases. The first 20 min of each run yields comparable drug
release, indicating the time scale for the establishment of the water/oil equilibrium.
In subsequent experiments (Chapter Six), conducted under the influence of an
applied electric field, care was needed with respect to the amount of distilled water in the
receptor compartment. Although, a decrease in the tacrine release was observed at
receptor volume of 37.5 ml, indicating a minimal amount of formulation seepage through
the mesh support, problems arising from power surges negated the use of this volume;
instead 37.0 ml was added to the receptor compartment.

iv) Temperature
The effect of receptor fluid temperature on the release of tacrine from 100 cSt
silicone oil is shown in Figure 5.17. The total percentage release over 8 h is shown in
Table 5.6.
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Figure 5.17. The effect of temperature on the cumulative percentage release of tacrine (0.5
% w/w) from 100 cSt silicone oil with a mesh aperture o f 45 pm, a stirring rate o f 62 rpm
and a receptor volume of 37.0 ml.

Temperature

Cumulative % release

Standard deviation

(°C)

after 8 h

(RSD)

25

10.21

0.80 (7.85 %)

37

12.10

0.80 (6.61 %)

Table 5.6. The effect of receptor fluid temperature on the cumulative percentage release
of tacrine (0.5 % w/w) from 100 cSt silicone oil with a mesh aperture of 45 pm, a stirring
rate of 62 rpm and a receptor volume o f 37.0 ml.

The percentage release of tacrine from silicone oil significantly increased
(one-way ANOVA; p < 0.05) from 10.21 % (± 0.80) to 12.10 % (± 0.80) for experiments
conducted at 25.0 and 37.0 °C respectively. The observed increase in tacrine release with
180

temperature was to be expected. The release profile obtained at 25.0 °C is of a similar
shape to those obtained previously. The mechanism of release was evaluated using
previously described models. The first order rate constant was calculated from the linear
plot of log10 M against time at long time periods (t > 165 min) to be 7.28 min'1. At long
times (t > 165 min), good correlation was observed (r2 values 0.99178 and 0.99917
respectively) when fitting the release data to first order kinetics and the square root of time
relationship. The exponent value (n) was determined over the experiment duration to be
0.32 compared to 0.25 at 37.0 °C. The initial burst effect (Mt/M* < 0.6) yielded an
exponent value (n) of 0.66 (r2 = 0.97055), indicating anomalous or non-Fickian behaviour
as described previously.

5.6. Estimation o f Diffusion Coefficient
The diffusion coefficient (D) in a liquid of viscosity q can be calculated according
to Stokes-Einstein equation:

D=

RT
-------—
6nrj a N a

Equation 5.5

where R is the gas constant (8.314 x 107 erg/deg/mole), T is the temperature (Kelvin), q is
the medium viscosity (Poise or g/cm sec), a is the radius of the diffusing particle (cm) (cf.
Table 2.2 pgl79) and Na is Avogadro’s number (6.0221 x 1023 mole'1). Values are given
in cgs units as the diffusion coefficient is usually defined in cm2/sec.

The estimated diffusion coefficients are 1.01 x 10'11 cm2/sec (37.0 °C) and 9.75 x
10'12 cm2/sec (25.0 °C). The main assumption is that the tacrine particle is spherical. As
D increases, the cumulative percentage of drug released increases. This relationship is
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perhaps most useful for predicting the value of D in ER fluids (Chapter Six) with and
without the application of an electric field. According to this equation, the diffusion rate
will decrease in ER fluids upon application of an electric field as the apparent viscosity is
known to increase significantly. The predicted diffusion coefficient fails to account for the
initial burst of release observed. The amount of drug released during the burst period is
likely to be independent of the drug diffusion coefficient. Drug released during this burst
episode is a function of formulation seepage and subsequent partition with the receptor
medium. The burst effect is therefore probably controlled by the drug solubility in the
receptor compartment.

5.7. Conclusions
The classic diffusion cell has been modified for use with these low viscosity
formulations with the addition o f a mesh support and a glass lip to aid retention. The
modified diffusion cell has been validated and several factors, namely mesh aperture,
receptor fluid volume, stirring rate and temperature have been investigated. It was
concluded from the general shape o f the profile obtained that either first-order or a square
root of time model would possibly describe the release process and the data were therefore
fitted to these models. These simple mathematical models did not describe the tacrine
release data obtained over the entire experimental duration. It was hypothesised that there
was a biphasic release profile; after an initial period of rapid release, the curve approached
a quasi-equilibrium followed by a slow approach to final equilibrium. The initial rapid
and major release of tacrine was as a result of formulation seepage through the mesh
aperture. An increase in mesh aperture and a decrease in receptor fluid volume confirmed
this hypothesis. When the mesh aperture was increased from 45 pm to 90 pm, the
cumulative percentage release rate was increased from 12.10 (± 0.80) to 18.58 (± 0.39). In
addition, an increase in mesh opening is likely to enhance convection movements and

182

increase the water content for solubility. The cumulative percentage release was
significantly decreased with increased receptor fluid volume from 13.67 (± 0.52) to 9.52 (±
0.35) for 36.5 and 37.5 ml respectively.
Electrorheologically controllable drug release is discussed in the final Chapter.
The simple, precise and reliable method developed above will be used in the determination
o f drug release from ER fluids. MCC will be added to the tacrine formulation to provide
the scaffolding matrix envisaged to hinder or halt drug release from ER fluids. The work
will be conducted in accordance with the yield stress results obtained and discussed in
Chapter Three.
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Chapter Six

In- Vitro Model o f an Electrorheological
Fluid Based Drug-Delivery Device
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6.1. Introduction
The formation of particle chains under the influence of an applied electric field was
extensively discussed in Chapter Three, and the conclusion drawn that the magnitude of
the yield stress value provided information as to the extent and relative strength of these
chains. It is envisaged that the electrorheologically controlled diffusion of tacrine under an
applied electric field would, in part, be dependent on the degree of chain formation and the
resultant tortuosity of the diffusion pathway. The existence of a correlation between the
yield stress and the rate of diffusion is investigated below. In this Chapter, the feasibility
of an ER controlled drug-delivery device is examined. The ability of this type of device to
deliver a model drug, tacrine, to a delivery site in a fully controlled and predictable manner
is investigated. The purposes of this work are twofold: (1) to investigate the effect of
structural characteristics of ER fluids on tacrine release, and (2) to establish guidelines for
development o f controlled release formulations with the ultimate goal of achieving a
feedback-controlled delivery system.
The in vitro device examined in the present study is based on the previously
validated diffusion cell (Chapter Five). Throughout this study, the lower electrode uses
different mesh apertures (45, 90 and 180 pm). The formulations were chosen to represent
the extremes of behaviour, in terms o f the Bingham yield stress, exhibited by each factor
(particle size, particle concentration and applied electric field) as discussed above in
Chapter Three. A finite element modelling scheme is used to predict the electric field
response around an isolated wire. A solution of Gauss’ flux theorem is provided. The
effect of mesh aperture on the development of the Bingham yields stress is investigated in
an attempt to correlate cumulative percentage release data with ER fluid strength. The
possibility of tacrine adsorbance onto MCC was investigated in Chapter Three and found
to be a potential problem. Therefore, we have also investigated the amount of tacrine
recoverable from the ER fluid formulation.
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6.2. Diffusion Cell Design
A schematic diagram of the diffusion cell used in this study is shown in Figure 6.1,
together with a photograph in Figure 6.2. The diffusion cell was further modified by the
addition of an extra side arm enabling separation of the input and output UV detector
tubes (prototype C).

To power supply
Insulating o-ring

Sample out

Water in
Sample in
Water out
Stirring bar

Fluid jacket

Figure 6.1. Schematic diagram of the diffusion cell.

Figure 6.2. Photograph of the diffusion cell developed in this study (prototype C).
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The electrode assembly, comprising a lower mesh cloths electrode (Section 5.2)
and an upper flat plate electrode of approximately 0.90 mm in thickness and 50.0 mm in
diameter (Figure 6.3 and 6.4), was placed horizontally in the diffusion cell. The choice of
material for the electrodes would ideally have been platinum as it is generally considered
to be inert. Limitations o f cost and more specifically the lack of choice in mesh apertures
for platinum electrodes negated its use in this study.

Figure 6.3. Photograph o f the electrode design.

Brass plate
electrode

Insulating o-ring
Mesh electrode

BNC connector
Figure 6.4. Schematic diagram o f the electrode design.
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6.2.1. Electric fie ld Distortion using Mesh Electrodes
The device utilised in these studies is analogous to a parallel-plate capacitor. In the
traditional capacitor design, the electrodes would both be flat plates, thereby resulting in a
uniform electric field. The capacitance being defined as the ratio between the charge
magnitude and the potential difference existing between the plates. The addition o f a
dielectric material between two parallel plates increases the capacitance by a
dimensionless factor, e, or the dielectric constant (see Equation 2.1; Section 2.9).
Electric field lines provide a qualitative description of the electric field. The
number of electric field lines is proportional to the magnitude of the charge on the positive
electrode and is termed electric flux. The electric field lines for a parallel-plate capacitor
reveals that the field is uniform in the central region between the plates, but exhibits
distortion at the edges. In the situation where one of the electrodes was a mesh, the
electric field lines may not simply run perpendicular to the plates. In a simple model, the
lower electrode is an open-weave parallel plate. In this situation, the effect on the electric
field would simply be the percentage reduction as a result of the open area. For example,
if the applied electric field was 250 V/mm, then the voltage experienced by the test fluid
would be approximately 165 V (i.e. 66 % of 250 V/mm). In reality the situation is
probably more complex, but can be modelled as a series of parallel plate capacitors
representing the wire between the gaps (Figure 6.5).

Flat plate electrode

+

Mesh electrode
Figure 6.5. Hypothetical electric field lines for a mesh electrode parallel plate capacitor.
The diagram is not drawn to scale.
188

The electric field response was predicted using a finite element modelling scheme
(Department o f Electrical and Electronic Engineering at the University of Bath). In a
simplified 2D model of the electrode design, the lower electrode is represented by an
isolated wire o f diameter 125 pm (corresponding to a mesh aperture o f 180 urn). The
predictions were carried out using a hypothetical applied electric field o f 500 V/mm and
an electrode gap of 1.0 mm. The accuracy o f the electric field response could be enhanced
by accounting for the dielectric constant of the test material. The dielectric constant was
predicted to be 3.54 for a 10.0 % w/w suspension o f MCC (sieve fraction below 45 urn) in
silicone oil (see Section 2.10). Figure 6.6 illustrates the predicted electric field response
around the isolated wire. The voltage is represented using a colour coded scale.

xlO3
1078.5
1035.4
992.22
949.08
905.94
862.80
819.66
776.52
733.38
690.24
647.10
603.96
560.82
517.68
474.54
431.40
388.26
345.12
301.98
258.84
215.70
172.56
129.42
86.280
43.140
0 . 00 0 01

i
Figure 6.6. Diagrammatic representation of the electric field strength surrounding a wire.
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The area immediately below the wire was found to possess a residual voltage in
the region of 170 V. At an unknown distance from the underside of the wire, the voltage is
zero. The predicted voltage at the wire apex was in the region of 1078 V. The voltage
experienced by the wire is more than double the applied electric field.
In Figure 6.7 the arrows are representative o f the electric field lines; the number o f
lines per unit area is proportional to the strength o f the electric field in that region. The
closeness of the arrows at the wire apex compared to the region at the top of the diagram,
is indicative o f a region of high voltage.

M

! M

Figure 6.7. Diagrammatic representation of the electric field strength in the immediate
vicinity o f the wire. The size and frequency of arrows are indicative o f the electric field
strength.
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The 3D representation in Figure 6.8, simulates the wire overlap. The uppermost
edge o f the wire experiences approximately 1040 V, whilst the underside of the lower wire
is at approximately 40 V. As before, at an unknown distance from the lower wire, the
voltage was zero. The finite modelling scheme did not predict electric field variations as a
result of the wire diameter and dielectric constant modifications discussed above.

xlO3
1040.8
999.17
957.54
915.91
874.28
832.64
791.01
749.38
707.75
666.12
624.48
582.85
541.22
499.59
457.95
416.32
374.69
333.06
291.43
249.79
208.16
166.53
124.90
83.265
41.632
.00023

Figure 6.8 3D representation o f the electric field strength around two interwoven wires.
A colour scale has been used to represent the voltage
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Gauss’ flux theorem can be used to predict the voltage experienced by the isolated
wire. The electric flux (O) is a measure of the number o f electric field lines penetrating a
plane of area A and can be defined as follows:

O =

= —
J

Equation 6.1

£o

where E is the electric field strength, e0 is the permittivity o f space and q is the charge
enclosed by the surface. This equation is a surface integral, which must be evaluated over
the hypothetical surface in question. The equation holds true when evaluating the flux
through a closed surface, known as the gaussian surface. Gauss’ theorem relates the flux
through a closed surface to the charge enclosed by the surface. In the context o f an
isolated wire, Gauss’ flux theorem can be used to predict the electric field response, as the
system is closed. The simplest gaussian surface, in this situation, is a cylindrical surface of
radius r and length / (Figure 6.9).

Gaussian surface
Wire

<
i
Figure 6.9. Gaussian surface used for the prediction of the electric field response.

The total charge inside the gaussian surface is IX, where / is the length o f the
cylinder and X is the charge per unit length. The electric field strength is constant in
magnitude and perpendicular to the wire surface at each point. The electric flux is
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predicted using Gauss’ law (Equation 6.1), where the area of the surface is A = 2nxl.
Therefore:

7I n^e j.= 2 * -r

where k is the Coulomb constant (8.99 x 109 Nm2/C2).

This expression for the calculation of the electric field strength holds true for points
close to the wire and far from the ends. For a given radius, the electric field doubles.
Gauss’ flux theorem has successfully predicted the electric field response for an isolated
wire. The effect of wire diameter or mesh aperture cannot be predicted using Gauss’ flux
theorem. The theory, however, cannot be extended to the whole lower electrode, as the
surface is not closed. These predictions do, however, yield valuable information on the
response of the electric field.
The traditional Franz cell design has been modified with the addition of a glass lip
and an electrode assembly, comprising of an interchangeable mesh support. Throughout
these studies, three prototype diffusion cells have been used, each building upon the
previously exposed design flaws. Prototypes B and C encompassed fluid jackets and
enabled UV flow-through detection of tacrine in the receptor compartment. Flow
measurements, together with microscopic observations, of ER fluids have provided an
insight into the structure formation upon application of an electric field. It is envisaged
that this matrix, may hinder or halt the diffusional pathway of tacrine.
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6.3. Materials and Methods
Tacrine, MCC (Emcocel 50M) and silicone oil as previously described (Section
2.1). ER fluids were prepared by weighing each component into a single use vial. The
vial was sonicated for two periods of 15 min. The suspensions contained approximately
1.50 g of silicone oil.

6.3.1. Release Kinetics o f Tacrine from. ER fluids with and without the Application o f an
Electric Field

The development of a yield stress has been shown to provide quantitative
information on the strength and to some extent the morphology of chain formation. The
particle size, particle concentration and the magnitude of the applied electric field
enhanced the development of the yield stress, whilst a decrease in moisture content
significantly reduced the Bingham yield stress (Chapter Three). The formation o f chain
like structures were observed under the light microscope and the hypothesis proposed that
not only the number, but also the chain diameter played a role in the magnitude of the
yield stress. Such variations in chain evolution may directly influence the tortuosity of the
diffusion pathway, thereby halting or hindering drug release.
In the development of a correlation between the yield stress and the degree of
tacrine release, the aforementioned factors were investigated in accordance with Table 6.1.
The effect of moisture content was not investigated. The concentration of tacrine in each
suspension was 0.5 % w/w. Each experimental factor was assessed with and without the
application of an electric field (250 V/mm, unless otherwise stated). In addition, the sieve
fraction used was below 45 pm, unless otherwise stated. As previously described (Chapter
Three), the number of particles used in the investigation of the effect of particle size was
approximately equal for each sieve fraction. The cumulative percentage release over 4 h
was determined (n = 5).
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Concentration

Size

Applied electric field

(% w/w)

(pm)

(V/mm)

10.0

9 0 - 125

250

2.5

6 3 -7 5

50

Table 6.1. Variables investigated in the tacrine release from ER fluids.

The possibility of an electrophoretic mechanism governing tacrine release under
the application of an electric field was investigated. A 0.5 % w/w suspension o f tacrine
was prepared and the release profiles assessed over 4 h with and without the application of
an electric field (250 V/mm unless otherwise stated). In addition, the polarity o f the
electrodes were altered.
The assembly and preparatory experimental details for the diffusion cell are
described in Chapter Five. All experimental procedures were conducted at 37 °C (± 0.2).
The receptor fluid volume was 39.0 ml. In addition, filter paper (Size 1, Whatman, UK)
was soaked in distilled water prior to insertion below the mesh electrode. Early
experiments in which the distilled water was in direct contact with the lower electrode
resulted in a current surge and subsequent electrical breakdown. The possibility of
excipient interference was assessed in Chapter Five. From our initial experiments reported
above (Chapter Five), the flow-through UV detector was set at a wavelength of 324 nm.
Calibration curves utilised in the determination of tacrine concentration in distilled water
and propan-2-ol are given in Section 5.5.1 (Figures 5.3 and 5.4 respectively). The single
use vial and the electrode assembly were washed with propan-2-ol (Section 5.4.8).
The current drawn through the device was constantly monitored throughout the
experiment. The potential difference across the electrodes was measured upon
commencement and cessation of each run (Digital Voltmeter BM8035, Megger AVO
International Ltd, Kent, UK).
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6.3.2. Flow Behaviour ofMCC, Tacrine and Silicone Oil Suspensions using Mesh
Electrodes
Pertinent to these studies is the effect mesh electrodes will have on the
development ofMCC particle chains under the influence of an electric field. Estimation
of the electric field response provided no definite figure for the voltage experienced by the
test sample. An investigation into the yield stress development in the suspensions assessed
in this Chapter has been conducted using mesh electrodes. The influence of a non-uniform
electric field on the ER response has not received much attention in the literature.
Monkman (1991) attached a layer of cotton to the clutch plate and observed a significant
increase in the measured torque under dc fields. Abu-Jdayil and Brunn (1995) coated
electrodes with polyvinyl chloride (PVC) foil of low electrical conductivity. In order to
produce a non-uniform electric field, a series of holes, approximately 5.0 mm in diameter,
were punched in the PVC foil coatings. Depending on the symmetry of the punched holes,
the ER effect ranged from negligible, for unsymmetrical aligned holes, to a fraction of the
response exhibited by the non-coated electrodes, for symmetrical aligned holes. Otsubo
(1997) demonstrated an increase in the yield stress associated with a honeycomb electrode
compared to a parallel plate electrode. The ER response exhibited in non-uniform electric
fields is, therefore, dependent on the electrode design.
In order to simulate the electrode assembly, an attachment which fitted over the
peltier plate was manufactured (TA Instruments, Leatherhead, UK) (see Section 3.3). The
plate, of approximately equal dimensions to the diffusion cell (diameter 41.1 mm), was
designed to enable the mesh aperture to be changed by unscrewing the sleeve (Figure
6.10). In a manner similar to the diffusion cell design, an (insulating) o-ring was secured
to the mesh aperture to aid sample retention.
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The temperature o f the plate was maintained, through heat conduction, at
approximately 37.0 °C (± 1.0) by setting the peltier plate at 55.0.°C. Prior to sample
loading, the temperature o f the plate was checked and adjusted accordingly. The test
fluids were prepared in single use vials in accordance with Table 6.1

In order to avoid

potential damage of the upper plate at high shear stress values, the experiments were
conducted over the range 0 to 25 Pa at a rate o f 0.1 Pa/s. The experiments were conducted
in a similar manner to the procedure outlined in Section 3.4. Each experimental variable
was assessed five times and the mean Bingham yield stress predicted by extrapolation to
the shear-stress axis. The reproduced graphs are plotted using six data points, with error
bars representative o f the standard deviation (n = 5).

Figure 6.10. Photograph showing the plate used in the assessment o f mesh aperture on the
electric field and the development o f the yield stress.
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6.4. Results and Discussion
The total mean recovery for all test fluids was 96.35 % (± 8.69). Generally, the
results indicated that tacrine adsorption on to MCC particles was negligible. However,
suspensions prepared with the sieve fraction 9 0 - 125 pm resulted in a lower than expected
total recovery of 89.45 % (± 2.36), indicating a degree of tacrine adsorption on to the MCC
particles. Our decision not to dry blend the two powder components prior to mixing with
silicone oil stemmed from the possibility of tacrine adsorption on to MCC. The total
amounts recovered in similar preliminary experiments carried out using dry blended
powders (MCC sieve fraction 9 0 - 125 pm) were significantly lower, with values in the
region of 79.56 % (± 6.02). The silicone oil may form a protective barrier surrounding the
powder particles thereby minimising adsorption.

6.4.1. Release Kinetics o f Tacrine from ER fluids with and without the Application o f an
Electric Field
The investigation into the release kinetics of tacrine from ER fluids is divided into
two sections: a) basal drug delivery in the non-electrifled state (0 V/mm) and b) tacrine
release under the influence of an applied electric field. The cumulative percentage release
values are provided in the tables below (6.4. lb), however, the release profiles and trends in
basal drug delivery are now discussed.

a) Basal Drug Delivery
Typically, the response did not follow the zero-order model, as release was not
linear with respect to time. It was concluded from the general shape of the profiles that
either a first order or a square root of time model could possibly describe the release
process. In the previous Chapter, a biphasic release mechanism was proposed and indeed
it was likely that basal drug delivery followed a similar pattern. The characteristic initial
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burst of release explained by formulation seepage through the mesh aperture. With a
subsequent decline in release at long times as a direct result of tacrine diffusion within the
formulation.
Basal drug delivery was found to be higher in the current study, an observation
explained be the necessity to reduce the amount of water in the diffusion cell. Several
modifications were necessary in order to reduce the risk of current surges and subsequent
electrical breakdown observed in preliminary experiments conducted under the influence
of an electric field. The distilled water level in the receptor compartment was lowered to
minimise such risks, but also to prevent electrochemical reactions occurring at the
electrodes. A reduction in the receptor fluid volume resulted in enhanced formulation
seepage through the mesh electrode, resulting in a higher than predicted cumulative
percentage release.
The effect of mesh aperture (45, 90 and 180 pm), at a given concentration (2.5 or
10.0 % w/w), on the cumulative percentage release was statistically assessed using a one
way ANOVA test. In addition, t-tests were carried out to compare the effect of
concentration on the cumulative percentage tacrine release through each mesh aperture.
The degrees of freedom was 4 (n -1), resulting in a tabulated t value of 2.776 at the 5 %
significance level. The cumulative percentage tacrine release was found to significantly
increase (p < 0.05) at a given concentration with mesh aperture. The basal drug delivery
was found to decrease with MCC concentration (sieve fraction below 45 pm) through
mesh apertures of 45 and 90 pm ( ^ < * 1 0.45 and 0.18 respectively). A possible
explanation for this may be the adsorption of tacrine on to MCC particles. The recovery
values calculated indicated that in the presence of silicone oil, there is limited and in some
cases negligible tacrine adsorption on to MCC. The differences observed may be due to
the increase in viscosity associated with an increased concentration, resulting in a reduced
leakage of formulation through the mesh aperture. In addition, the diffusional pathway
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may be hindered in concentrated suspensions, as the medium viscosity has been shown to
influence the diffusion coefficient (D) according to Stokes-Einstein equation (Equation 5.5
pp 181). Values are given in cgs units as the diffusion coefficient is usually defined in
cm2/s. The suspension viscosity and the median equivalent tacrine diameter are
reproduced in Table 6.2 (Sections 3.5.1.1 and 2.2 respectively). The calculated diffusion
coefficients for tacrine in 2.5 and 10.0 % w/w suspensions ofMCC (sieve fraction below
45 pm) are 9.34 x 10'12 cin2/s and 7.47 x 10'12 cm2/s respectively. Despite the assumption
that tacrine particles are spherical, the calculated diffusion coefficients predict a
significant reduction in the diffusion rate of tacrine in the concentrated suspension.
The t-test (^ cai - 0.89) revealed no significant difference between the cumulative
percentage release of tacrine at an MCC concentration of 2.5 and 10.0 % w/w using the
180 pm mesh aperture. It has been proposed, in this work, that a large aperture minimises
vortex movements enabling the free passage of formulation through the opening (see
Chapter Five).
Statistical analysis comparing the effects of mesh aperture (one-way ANOVA) and
particle size (t-test) were conducted. Basal drug delivery was significantly reduced in
suspensions of the sieve fraction 9 0 - 125 pm compared with the sieve fraction 63 - 75 pm.
In comparing the cumulative percentage release using the 180 pm mesh aperture, the total
amount delivered reduced from 49.77 % (± 1.91) for the sieve fraction 63 - 75 pm to
3.62 % (± 0.16) for the sieve fraction 9 0 - 125 pm (tcnticai 0.08). The median equivalent
particle diameter for the sieve fraction 9 0 - 125 pm was 128.34 pm (± 4.56). The mesh
aperture is similar in size to the MCC particles, suggesting a potential for blockage of the
mesh opening. In addition, the increase in viscosity associated with suspensions prepared
with the 90 - 125 pm sieve fraction may account for the small cumulative percentage
release.
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The diffusion coefficients calculated using Equation 5.5 are 7.78 xlO'12 and
2.77 x l0 ‘12cm2/s for suspensions prepared with the sieve fractions 63 - 75 and 90 - 125 pm
respectively. Suspension viscosity may not be the only factor affecting tacrine diffusion.
Comparison of the cumulative percentage release rates for suspensions composed of 10.0
% w/w MCC (sieve fraction below 45 pm) and the sieve fraction 63 - 75 pm have similar
diffusion coefficients, however, the release rates through the 45 and 90 pm mesh apertures
are significantly different (tcnticai 1-56 and 0.99 respectively). Such a discrepancy may
provide further evidence for the proposed “mesh blockage” theory. Furthermore, no
significant difference (tcnticai -2.781) in the cumulative percentage release was observed
between the aforementioned suspensions through the 180 pm mesh aperture. An
anomalous behaviour was observed in the release profile from suspensions containing the
sieve fraction 9 0 - 125 pm through the 90 pm mesh aperture (Figure 6.11). Linear
regression analysis of the data indicated a relatively good fit (r2 = 0.98946). However, the
release profile would however appear to be biphasic, with a slight inflection at
approximately 90 min prior to a surge in release after approximately 140 min. The “mesh
blockage” theory holds true in this situation, where the diameter of the MCC particle, in
this case, is larger than the mesh aperture. As the release profile exhibits a small initial
burst response, we concluded that little formulation seepage has occurred. In this
situation, diffusion within the formulation may be the predominant mechanism in tacrine
release, resulting in the near zero-order release profile exhibited.
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Figure 6.11. The tacrine release profile from a suspension ofM CC (sieve fraction 90 - 125
pm) through a 90 pm mesh aperture.

In summary, basal drug delivery was found to be formulation dependent. The
suspension viscosity had an effect on the cumulative percentage release o f tacrine. In
addition, the particle size in conjunction with the mesh aperture was shown to influence
the release profile. Two factors affecting the ability o f ER fluids to control the release of
tacrine have been proposed, namely the formulation viscosity and formulation seepage
through the mesh aperture, particularly for low viscosity formulations.
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b) Drug release profiles under the influence o f an applied electric field
Chain formation under the influence of an applied electric field plays a
fundamental role in the controlled release of tacrine from ER fluids. The ability to form
and subsequently sustain chains may be fundamental in the control of tacrine release from
ER fluids. In Chapter Three, particle size, particle concentration and the magnitude of the
applied electric field were shown to influence the strength and possibly the structure of the
chains. The validation of the diffusion cell in Chapter Five introduced the possibility of
formulation seepage through the mesh aperture. The void space beneath the mesh
electrode remained constant irrespective o f the mesh utilised, however, the degree of
seepage was found to be dependent on the mesh aperture and the formulation viscosity.
The reality of formulation seepage is likely to result in a reduction ofMCC particles
available for chain formation.
Extensive preliminary investigations highlighted the following experimental
limitations on the test sample and the diffusion cell assembly requirements:
1) High viscosity suspensions (> 20 % w/w) were difficult to load.
2) For reasons of safety, electric fields above 250 V/mm were not used.
3) Experiment duration was reduced to 4 h to minimise current surge and electrical
breakdown.
4) Receptor fluid volume was reduced to prevent electrochemical reactions at the
electrodes and current surge. The introduction of a filter paper beneath the mesh electrode
minimised the void volume.
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The power consumption (P) of the ER fluid based drug-delivery devices was
calculated from the following relationship: P = IV, where / is the current (amperes) and V
is the potential difference (volts). It follows from Ohm’s law, V = IR, that P = I2R and
therefore the power levels are sensitive to the square of the currents employed. Typically,
the initial power requirements at constant potential differences of 50 V and 250 V were
0.75 and 3.75 mW respectively (the current drawn through the system is 15 pA). The
difference in power requirements for individual formulations was negligible. The current
was observed to increase steadily over the duration of the experiments resulting in a
maximum power consumption of 2.75 mW and 13.75 mW for constant potential
differences of 50 V and 250 V respectively. The increased current requirements may
result from particle chain rearrangement during the experiment.
Depending on the battery composition, the operating voltage of implantable drugdelivery devices and pacemaker batteries is in the region of 3.0 V, with a current demand
in the milliampere (mA) range. The power requirements for these batteries (i.e.
implantable drug-delivery devices and pacemakers) are in the mW range. Although
calculated power requirements are within the range of commercially available battery
systems, currently these batteries do not address the voltage requirements of our ER fluid
based drug-delivery device even when operating at its lowest voltage (50 V/mm). They
certainly cannot supply the potential difference for more traditional ER fluids used e.g. in
clutches (5 kV/mm) where a typical electrode gap is in excess of 10 mm. However, the
current drawn through our ER fluid based drug-delivery system is 1000-times lower than
the equivalent current requirements in the aforementioned implantable batteries.
A table summarising the median equivalent volume particle diameters and
suspension viscosity for the samples is given below (Table 6.2). The mesh apertures
chosen for this study were woven using different wire diameters. The wire diameters are
32, 63 and 125 pm for mesh apertures of 45, 90 and 180 pm respectively.
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Median equivalent

Newtonian viscosity

particle diameter (pm)

(Pa s)

2.5 % w/w

32.99 (0.83)

0.0889 (0.0021)

10.0 % w/w

32.99 (0.83)

0.1112(0.0007)

63 - 75 pm

90.12(1.23)

0.1067 (0.0021)

90 - 125 pm

128.34 (4.56)

0.2996 (0.0087)

Formulation

Table 6.2. Summary table showing the median equivalent particle diameters (s.d.) and
Newtonian viscosities (s.d.) of the test suspensions. Methods of determination are given in
Chapters Two and Three respectively.

The following section of work is constructed to enable the development o f a theory
for the controlled release of tacrine from ER fluids. For clarity, the number o f data points
plotted has been reduced as described in Section 5.5.7. In all cases, errors bars represent
the standard deviation (n = 5). Throughout, data points representing basal (0 V/mm)
tacrine release are black (filled symbols), whilst data points representing the response
under an applied electric field are white (open symbols).

i) Particle Concentration
Table 6.3 shows the cumulative percentage release after 4 h of tacrine from MCC
suspensions (sieve fraction below 45 pm) of different concentrations. Figure 6.12 depicts
the release profiles over 4 h, with and without the application of an electric field, through
mesh apertures of 45 and 90 pm respectively. The release profiles from MCC suspensions
of 2.5 and 10.0 % w/w through mesh apertures of 90 pm (6.13a) and 180 pm are shown in
Figure 6.13. Figures 6 .13b and 6 .13c represent the release rates at MCC concentrations of
2.5 % and 10.0 % w/w respectively.
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Mesh aperture

Cumulative % release after 4 h
(Standard deviation)
2.5 % w/w

10.0 % w/w

0 V/mm

250 V/mm

0 V/mm

250 V/mm

45 pm

24.00(1.04)

25.49(1.45)

8.21 (1.49)

9.15(0.62)

90 pm

36.94 (2.30)

35.38(1.72)

21.41 (0.88)

18.20 (0.77)

180 pm

49.07(1.96)

48.65 (0.98)

53.18(1.08)

49.24 (0.94)

Table 6.3. The effect of particle concentration (sieve fraction below 45 pm) on the
cumulative percentage release after 4 h through mesh apertures of 45, 90 and 180 pm with
and without the application of an electric field (250 V/mm).
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Figure 6.12. Release profiles from MCC suspensions of 2.5 and 10.0 % w/w (sieve
fraction below 45 pm) in 100 cSt silicone oil through a 45 pm mesh aperture. Open
symbols represent basal drug delivery. Closed symbols represent drug delivery under the
influence of an electric field.
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Figure 6.13 (a-c). Release profiles from suspensions of 2.5 and 10.0 % w/w MCC (sieve
fraction below 45 pm) in 100 cSt silicone oil through a mesh aperture o f 90 (a) pm and
180 pm (b 2.5 % w/w; c 10.0 % w/w) respectively.
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The existence of a linear relationship between the yield stress and concentration
(cf. Table 3.11 pp. 94), predicts a four-fold increase in the number of particle chains in a
10.0 % w/w suspension compared to a 2.5 % w/w suspension. According to the
hypothesis, the basal delivery rate from the 10.0 % w/w suspension is more likely to be
reduced upon application of an electric field. The effect of mesh aperture on the degree of
particle-chain development can be estimated from the Bingham yield stress values (Figure
6.14). For each of the test formulations, mesh aperture was found to significantly reduce
the Bingham yield stress, compared to parallel-plate measurements (Chapter Three).
Paired Student’s t-tests were conducted on the cumulative percentage release rates with
and without the application of an electric field. The degrees of freedom was 4 (n -1 )
resulting in a tabulated t value of 2.776 at the 5 % significance level.
For each of the mesh apertures (45, 90 and 180 pm), tacrine release from a
2.5 % w/w suspension remained unchanged upon application of the electric field (tcritlcai 1.51, 1.00 and 1.18 respectively). The Bingham yield stress values for each of the mesh
apertures (45, 90 and 180 pm) were 0.0881 Pa s (± 0.0129), 0.0799 Pa s (± 0.0102) and
0.0890 Pa s (± 0.0268) respectively (Figure 6.14). The incomplete particle-chain
formation predicted by the small yield stress values is unlikely hinder the diffusional
pathway of tacrine within the formulation (i.e. at long times).
The cumulative percentage release from a 10.0 % w/w suspension ofMCC (sieve
fraction below 45 pm) significantly decreased under the influence of an electric field for
mesh apertures of 90 and 180 pm (tcnticai 12.06 and 4.73 respectively). However, there was
no significant difference between release rates through the 45 pm mesh aperture from the
10.0 % w/w suspension in the non-electrified and electrified states ( t criticai -1 5 6 ). The
predicted Bingham yield stresses for mesh apertures of 45, 90 and 180 pm (Figure 6.14)
are 0.0904 Pa s (± 0.0301) 0.5923 (± 0.0817) and 1.0092 (± 0.1296) respectively. The
inability ofMCC to structure effectively, despite the suspension concentration, on the
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45 pm mesh aperture is apparent from the yield stress value. The introduction of a second
variable, the wire diameter, was required to provide a possible explanation for this
anomalous behaviour. The wire diameter being approximately equal to the median
equivalent particle diameter (Table 6.1) may be unable to support the formation ofMCC
particle chains.
The apparent viscosity is known to increase upon application of an electric field
(Winslow, 1949; Block and Kelly, 1988). The apparent viscosities under low shear
stresses were 19.6 (± 2.3) and 84.5 Pa s (± 5.9) for suspensions of 2.5 and 10.0 % w/w
respectively. These values are approximate, as the rheometer was unable to resolve the
viscosity at such low shear stress values. However, the calculated diffusion coefficients
(Equation 5.5) for suspensions of 2.5 and 10.0 % w/w under the influence of an electric
field are 4.24 x 10*14 cm/s and 9.83 x 10'15 cm/s. In comparison to the basal diffusion rate,
the Stokes-Einstein equation predicted a decrease in the diffusion rate upon application of
the electric field. As discussed above, the possibility of incomplete or negligible structure
formation at low concentration and associated with the narrow diameter wire mesh is not
addressed in these calculations.
In general, these findings are consistent with the proposed hypothesis of tacrine
entrapment within MCC particle chains. Although, the possibility of chain development
cannot be ruled out, it is unlikely that the degree of chain formation is able to hinder
tacrine release from the 2.5 % w/w suspension. Basal tacrine delivery from 10.0 % w/w
MCC suspensions was significantly reduced through the 90 and 180 pm mesh apertures.
This reduction in cumulative percentage release could be explained by the high particle
density, possibly as a result of low formulation seepage, producing chain-like structures
capable of tacrine entrapment upon application of the electric field. Although, the open
area is the same for each mesh cloth, the wire diameter varies and may influence the
ability of ER fluids to form chains.
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Figure 6.14. The effect ofM CC (sieve fraction below 45 pm) concentration on the
development of the Bingham yield stress using mesh apertures of 45 (a), 90 (b) and 180 (c)
pm. The applied electric field was 250 V/mm.
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ii) Particle Size
Table 6.4 shows the effect of mesh aperture on the cumulative percentage release
for the sieve fractions 63 - 75 and 9 0 - 125 pm. Figure 6.15 illustrates the tacrine release
profiles from suspensions containing MCC particles of the sieve fraction 63 - 75 pm using
mesh apertures of 45 and 90 pm (a) and 180 pm (b).

Mesh aperture

Cumulative % release after 4 hours
(Standard deviation)
Sieve fraction 63 - 75 pm

Sieve fraction 9 0 - 125 pm

0 V/mm

250 V/mm

0 V/mm

250 V/mm

45 pm

13.39(1.12)

12.19(0.94)

2.98(0.11)

1.60 (0.20)

90 pm

20.60 (0.73)

16.80(1.53)

6.39 (0.32)

0.14(0.00)

180 pm

49.77(1.91)

31.13(3.13)

3.62 (0.16)

2.45 (0.31)

Table 6.4. The effect of particle size on the cumulative percentage release after 4 h
through mesh apertures of 45, 90 and 180 pm with and without the application of an
electric field (250 V/mm).

Paired t-tests were conducted on cumulative percentage release data with and
without the application of an electric field for the sieve fraction 63 - 75 pm. There was no
significant difference

( t critlCa i

1.54) observed in the cumulative percentage release through

the 45 pm mesh aperture. However, significant differences

( t c r iti Ca i

8.39 and 12.65

respectively) were observed for the mesh apertures 90 and 180 pm.
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Figure 6.15. Release profiles from suspensions prepared with the sieve fraction 63 - 75
pm in 100 cSt silicone oil with (250 V/mm) and without the application of an electric field
through mesh apertures of 45 (a), 90 (a) and 180 (b) pm.

The proposed hypothesis predicts that suspensions prepared with the sieve fraction
63 - 75 pm, with a predicted Bingham yield stress o f 0.1067 Pa s (± 0.0021) (Table 6.2),
would hinder the release of tacrine upon application o f the electric field. These findings
from the cumulative percentage release through the mesh apertures 90 and 180 pm have
provided evidence in support of the proposed hypothesis. The predicted yield stress values
on mesh apertures o f 90 and 180 pm are 0.7128 Pa s (± 0.1092) and 1.0499 Pa s (±
0.1325) respectively. The anomalous behaviour exhibited using the 45 pm mesh aperture
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would indicate that the diameter of the wire may play a role in the development of particle
chains on mesh cloths.
Figure 6.16 illustrates the release profile exhibited in MCC suspensions (sieve
fraction 9 0 - 125 pm) through mesh apertures of 45, 90 and 180 pm with and without the
application of an electric field. The cumulative percentage release values for MCC
suspensions (sieve fraction 90 - 125 pm) for all mesh apertures are provided in Table 6.4
above.
Basal drug delivery was significantly reduced (tcritica- 5.48) through the 180 pm
mesh aperture upon application of an electric field. The release profile was similar in
shape to those previously described. The Bingham yield stress for this mesh aperture is
1.4092 Pa s (± 0.1325) (Figure 6.17c) and is indicative of a highly structured system,
comprising of complete particle chains spanning the electrode gap. The chain diameter in
such formulations will be high, possibly resulting in little or no inter-chain voids. This
may provide an explanation for the decrease in basal drug delivery observed. In addition,
the viscosity of the formulation is high, therefore, resulting in low formulation seepage
through the mesh electrodes.
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Figure 6.16 (a-c). Release profiles through the 45 (a), 90 (b) and 180 (c) pm mesh
apertures of MCC suspensions (sieve fraction 90 - 125 pm) with (250 V/mm) and without
the application of an electric field.
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Significant differences in the cumulative percentage release over 4 h were observed
through the 45 and 90 pm mesh apertures. An anomalous pattern of behaviour was
described for the release through these mesh apertures without the application of an
electric field. In these circumstances, formulation seepage may be completely prohibited
by the inability of MCC particles to transverse the mesh, resulting in diffusion
predominating the release mechanism. Assessment of the release profiles with and
without the application of an electric field through the 45 pm mesh aperture revealed a
significant decrease in the cumulative percentage release values. Previously, the inability
of the 45 pm mesh aperture to support chain formation has been proposed and indeed
equally applies in this situation. The viscosity of the suspensions may result in little or no
formulation loss through the small mesh opening, thereby resulting in a high MCC particle
concentration. The Bingham yield stress, under these experimental conditions, was 1.1926
Pa s (± 0.1123) (Figure 6.17a).
Formulations prepared with the sieve fraction 90 - 125 pm and the release assessed
through the 90 pm mesh aperture resulted in an almost complete cessation of tacrine
release throughout the 4 h period. Previously, we concluded that the basal drug delivery
followed approximately zero order release kinetics. Furthermore, there was little or no
formulation seepage detected. Under these experimental conditions, MCC particles are
likely to structure (i.e. the possibility of at least partial chain formation as evidenced by the
development of a yield stress) upon application of the electric field, as the Bingham yield
stress value of 2.8954 Pa s (± 0.6129) demonstrated (Figure 6.17b). This combination of
mesh aperture and formulation provided optimum conditions for the cessation o f tacrine
release under an applied electric field.
Figure 6.17 shows the rheological behaviour of tacrine suspensions with MCC of
sieve fractions 63 - 75 and 9 0 - 125 pm using mesh apertures of 45, 90 and 180 pm.
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Figure 6.17. The effect of MCC particle size on the development of the Bingham yield
stress using mesh apertures of 45 (a), 90 (b)and 180 (c) pm. The applied electric field was
250 V/mm. The suspensions contained approximately equal number of particles.
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iii) Applied electric field
The cumulative percentage releases, with and without the application of an electric
field (50 V/mm), through mesh apertures of 45, 90 and 180 pm are shown in Table 6.5.
Figure 6.18 shows the release profile from a 10.0 % w/w MCC suspension (sieve fraction
below 45 pm) through mesh apertures of 45, 90 and 180 pm with (50 V/mm) and without
the application of an electric field.

Mesh aperture

Cumulative % release after 4 h
(Standard deviation)
0 V/mm

50 V/mm

45 pm

8.21 (1.49)

8.49 (0.59)

90 pm

21.41 (0.88)

17.87 (2.08)

180 pm

53.18 (1.08)

52.97 (0.38)

Table 6.5. Cumulative percentage release after 4 h from a 10.0 % w/w MCC (sieve
fraction below 45 pm) suspensions in 100 cSt silicone oil with and without the application
of an electric field (50 V/mm) using mesh apertures o f 45, 90 and 180 pm.

The effect of mesh aperture (45, 90 and 180 pm) on the cumulative percentage
release under an applied electric field of 50 V/mm was statistically assessed using a one
way ANOVA test. In addition, t-tests were carried out to compare the effect o f application
o f an electric field (50 V/mm) on the cumulative percentage tacrine release through each
mesh aperture. The degrees of freedom was 4 (n -1 ), resulting in a tabulated t value of
2.776 at the 5 % significance level. There was no significant difference between the
cumulative percentage release values through each mesh aperture with and without the
application of an electric field (50 V/mm). At the 99 % significance level, cumulative
percentage release through the 90 pm mesh aperture was found to decrease significantly.
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Figure 6.18. Release profiles exhibited by a 10.0 % w/w MCC (sieve fraction below 45
pm) suspension in 100 cSt silicone oil with (50 V/mm) and without the application of an

electric field using mesh apertures of 45 (a), 90 (b) and 180 (c) pm.
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The Bingham yield stress values for each of the mesh apertures (45, 90 and
180 pm) were 0.0845 Pa s (± 0.0101), 0.1012 Pa s (± 0.0864) and 0.0954 Pa s (± 0.0099)
respectively. Figure 6.19 shows the rheological properties at 50 V/mm.
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Figure 6.19. Rheological behaviour of a 10.0 % w/w suspensions of MCC (sieve fraction
below 45 pm) at an applied electric field of 50 V/mm using mesh apertures of 45, 90 and
180 pm.

iv) Electrophoretic Effect
The proposed chain formation hypothesis does not account for the possibility of
electrophoresis under the influence o f an applied electric field. Indeed, the mechanism of
hindered tacrine release under the influence of an electric field may be as a direct result of
electrophoresis. An investigation into the possibility of electrophoresis has been
conducted using suspensions of 0.5 % w/w tacrine in 100 cSt silicone oil. The cumulative
percentage tacrine release from 100 cSt silicone oil after 4 h through mesh apertures o f 45,
90 and 180 pm is shown in Table 6.6 and Figure 6.20. The polarity of the upper electrode
was reversed (i.e. negative polarity) and the cumulative percentage release measured. This
is denoted in Table 6.6 and in Figure 6.20 as (-).
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Cumulative % release after 4 hours

Mesh aperture

(Standard deviation)
0 V/mm

250 V/mm (+)

250 V/mm (-)

45 pm

19.12(1.56)

22.12(2.30)

24.50(1.19)

90 pm

34.35 (2.15)

30.62 (2.84)

30.52 (2.36)

180 pm

38.79(1.24)

35.01 (1.25)

37.25 (1.25)

Table 6.6. Cumulative percentage release through mesh apertures of 45, 90 and 180 pm
from a 0.5 % w/w tacrine suspensions in 100 cSt silicone oil with and without the
application o f an electric field (250 V/mm). In addition, the effect of polarity on the
cumulative percentage release is shown.

A one-way ANOVA test was carried out to determine the existence of statistical
difference between the cumulative percentage release rates with and without the
application of an electric field. There was no significant difference observed at the 95 %
confidence level, however a significant difference was observed for all mesh apertures at
the 99 % confidence level.
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Figure 6.20 (a-c). Release profiles exhibited by a 0.5 % w/w tacrine suspension in 100 cSt
silicone oil with (250 V/mm) and without the application o f an electric field using mesh
apertures of 45 (a), 90 (b) and 180 (c) pm respectively.
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The possibility of electrophoresis cannot be discounted as a factor influencing the
reduction in tacrine release observed under the influence of an electric field. Fluorescence
microscopy was conducted in ER fluids prepared with tacrine and MCC particles (sieve
fraction below 45 pm) in an attempt to map the movement of tacrine particles under the
influence of an electric field. The movement of tacrine was observed to follow the chain
formation patterns described in Chapter Two. The evidence was inconclusive as the
intense fluorescence nature of tacrine resulted in single MCC particles being
indistinguishable.

6.5. Conclusions
Gauss’ flux theorem enabled the prediction of the electric field response for an
isolated wire. A prediction of the electric field response for the mesh as a whole was not
carried out due to the complexity of the calculations. In order to address the possibility of
alteration of the chain formation patterns described in Chapter Three, the Bingham yield
stress values were calculated using a specially designed lower electrode enabling the
interchange of mesh apertures. The release profiles were determined for a range of
formulations with and without the application of an electric field. In addition, the
formulation properties may affect the chain formation.
In the absence of an electric field, a basal level of drug release will occur which
may be modulated in a controllable manner by altering the magnitude of the electric field.
Furthermore, the degree of modulation may be altered by the initial choice of formulation.
Basal drug delivery was found to follow a similar pattern to the biphasic response
described in Chapter Five. Anomalous behaviour was observed with suspensions prepared
with the sieve fraction 9 0 - 125 pm, particularly with mesh apertures of 45 and 90 pm.
The formulation viscosity, together with the mesh opening were found to play a role in the
release profile observed. The reduction of the cumulative percentage release with the
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application of an electric field was found to correlate with the high Bingham yield stress
values calculated. The tacrine release was halted through the mesh aperture 90 pm from
suspensions containing the sieve fraction 90 - 125 pm.
Three possible mechanisms for controlled drug release are illustrated in Figure

6.21.

+

+

(a)

(b)

o MCC particle
• Tacrine particle

Figure 6.21. Three possible mechanisms for the controlled release o f tacrine from
electrorheological fluids: (a) entrapment of tacrine particles, (b) electrophoretic control
and (c) formulation seepage.

The entrapment of tacrine particles within the chain structure may lead to the
reduced release rates observed. The adsorption of tacrine onto MCC particles was
previously discussed and may result in reduced tacrine availability. This mechanism
would, however, result in little differences between the responses observed with and
without the applied electric field. The second mechanism is electroporation and involves
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attraction of tacrine to the negatively charge electrode. The third mechanism is the
seepage of formulation through the mesh; upon application of an electric field, the
formulation viscosity will increase resulting in reduced formulation seepage.
The use of ER fluids in controllable drug-delivery devices has been demonstrated
at power requirements of similar magnitude to existing pacemaker and implantable-device
battery technologies (i.e. typically mW). This in vitro model of an ER fluid based drugdelivery device is a prototype for future research in this area.
In this thesis, creep and recovery behaviour, together with flow response data have
been used synergistically to develop our understanding of the ER response at low applied
electric fields. We have demonstrated the development of dynamic yield stresses, in our
model ER fluids, at low applied electric fields (< 500 V/mm) under conditions of flow.
Upon application of an electric field, MCC particles were observed to form particle chains
spanning the electrode gap. Chains of different structures and densities formed depending
on the magnitude of the electric field. The development of such particle chains is the
probable cause of the yield stress; the degree of which is dependent on several established
factors, namely particle size, particle concentration, moisture content and the magnitude of
the applied electric field. It was envisaged that these particle chains could entrap the
tacrine particles, thereby hindering or halting tacrine release under the influence of an
electric field.
A traditional Franz cell was modified for use with low viscosity formulations by the
addition of a glass lip, an insulating o-ring and an interchangeable mesh support that acted
as the lower electrode. The modified diffusion cell was validated in Chapter Five using
tacrine in 100 cSt silicone oil. The degree of drug release from ER fluids was assessed in
relation to three factors, namely particle concentration, particle size and magnitude of the
applied electric field.
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Future experimental work in this field may involve the use of platinum electrodes,
possibly coated on the underside of the lower electrode to overcome problems encountered
with current surges. Basal tacrine release at long times was slow, resulting in the small
differences observed upon application of an electric field. In future work, a drug of choice
may exhibit a high partition coefficient and low lipophilicity, thereby resulting in higher
basal drug delivery rates. Nevertheless, we have designed and developed ER fluids from
pharmaceutically acceptable materials, operating at less than 1 kV/mm.

225

Appendices

226

Appendix One
The following distributions are representative of the particle size distributions o f Emcocel
and tacrine powders used in the present study.
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A 1.1. Particle size distribution of Emcocel 50M (sieve fraction 90 - 125 pm).
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A 1.2. Particle size distribution of Emcocel 50M (sieve fraction 75 - 90 pm).
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A 1.6. Particle size distribution of Emcocel LM50 (sieve fraction below 45 jam).
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.7. Particle size distribution of Emcocel XLM90 (sieve fraction below 45 fim).
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Appendix Two

A 2.1. Scanning electron photomicrograph showing Emcocel 50M (sieve fraction 75 - 90
pm) at an accelerating voltage of 10 kV (x 100).

A 2.2. Scanning electron photomicrograph showing Emcocel 50M (sieve fraction 63 - 75
pm) at an accelerating voltage of 10 kV (x 100).

1 0 KU

A 2.3. Scanning electron photomicrograph showing Emcocel 50M (sieve fraction 45 - 63
pm) at an accelerating voltage of 10 kV (x 100).

A 2.4. Scanning electron photomicrograph showing Emcocel 50M (sieve fraction below 45
pm) at an accelerating voltage of 10 kV (x 100).

A 2.5. Scanning electron photomicrograph showing Emcocel LM50 (sieve fraction below
45 pm) at an accelerating voltage of 10 kV (x 100).

A 2.6. Scanning electron photomicrograph showing Emcocel XLM90 (sieve fraction
below 45 pm) at an accelerating voltage of 10 kV (x 100).
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E lectrorh eological beh aviou r at low applied electric fields o f m icrocrystalline
cellu lose in BP oils

J a y n e L. D a v ie s, Ia n S . B la g b r o u g h * f a n d J o h n N . S ta n ifo r th
Departm ent o f Pharm acy and Pharm acology, University o f Bath. Bath. UK BA2 7AY

Electrorheological fluids have been prepared at low applied
electric fields from B P oils containing microcrystalline
cellulose (MCC); even at a low applied electric field of 500 V
m m '1, 10% MCC in oils rich in linoleic or oleic acids behave
as electrorheological fluids with the latter displaying sig
nificantly higher yield stresses.
E lectrorheology describes the rapid and reversible change in
viscosity exhibited by certain susp en sions o f solid particles in
electrically non-conducting liquids upon application o f an
electric field. E lectrorheological (ER ) fluids can run freely like
water, ooze like honey or so lid ify like gelatine, depending upon
the applied electric field. W in slow pioneered the use o f ER
fluids in the 1940s, with m echanical engineering applications
ranging from a sim ple hydraulic valve* to a com plex tracking
device for cop yin g m a ch in es.2 T he appeal o f ER fluids is the
rapid response, usually on the m illisecon d tim e scale, upon
application o f an electric field ,3-5 and this response is
com pletely reversible upon rem oval o f the electric field .5 6
Although typically the electric fields necessary to provide an
ER effect are in the region o f 1-5 kV m m - ', the pow er
consum ption is small (m W ).7
Traditionally, ER fluids are com posed o f a dispersed
paniculate phase,7 8 in the siz e range 0.5 to 100 pm , in an
insulating base fluid.9-11 In the absence o f an electric field, most
ER fluids behave, to a first approxim ation, as Newtonian fluids.
When a continuous DC electric field E is applied to an ER fluid
and the fluid is sheared in a direction perpendicular to the field,
the relationship betw een the stress ran d the shear rate yean be
described by the Bingham m odel. A ccording to this equation,
flow only occurs once the applied stress exceed s the static yield
stress r / £ ) . T he flow equation is given in eqn. (1), where q B is
t

(E ) =

ty (E)

+ q By

(1)

termed the Bingham viscosity. W e are investigating the
feasibility o f using ER fluids as controllable drug delivery
system s. In the absence o f an electric field, a basal level o f drug
release will occur by d iffu sion across a mesh electrode. It is
envisaged that upon application o f an electric field, drug release
will be controlled (hindered or halted).
We initially selected the pharm aceutically acceptable tablet
excipient m icrocrystalline c ellu lo se (M C C ) in silicone oil as our
ER fluid. This ER fluid has been recently reported, but only
under high electric fields (in the range 1-3 kV m m - 1 ) .12‘ 'T h is
project encom passes the search for pharm aceutically acceptable
alternatives to traditional (engineerin g based) ER base fluid
com ponents. Thus, silicon e oil (1 0 0 c S ) or an alternative oil was
used as the base fluid, together with sieved MCC (size fraction
below 45 p m ) 4 W e have investigated the use o f super refined
BP oils as substitutes for silico n e oil.J: O leic acid [(Z)-octadec9-enoic acid] is the major constituent o f apricot kernel (68% ),14
safflower (63% ),t peanut (56 % ),15 and sesam e seed o ils
(45% ).15 L inoleic acid [(Z ,Z )-octadeca-9,12-dienoic acid) is the
primary constituent o f sw eet alm ond oil (75% )16 and soyabean
oil (50% ).15 In pharm aceutics, peanut and sesam e seed oils find
their uses as vehicles for sustained-release intramuscular
injections.16 A lm ond oil is also used as a vehicle for in jection s17

and soyabean oil has replaced peanut o il in total parenteral
nutrition regim en s.15
A C S L 2 rheometer (TA Instruments, Leatherhead, UK) has
been sp ecially m odified to allow the application o f an electric
field across the test fluid. A sm all electrolyte reservoir
(approxim ately 0.5 ml) containing a 0.1% w /v solution o f aq.
KC1 w as used to form the electrical connection betw een the
pow er supply (M odel P S 350 H igh V oltage Power Supply.
Stanford Research System s, Sunnyvale, C A , U S A ) and the
rheom eter geom etry. The draw rod is insulated except for the
threaded portion at the tip w hich m akes contact with the
geom etry. In our experim ents, w e used a sm all volum e (c a . 3.5
ml) concentric cylinder where the diam eters o f the cup and bob
were 9.3 3 and 8 .60 mm, respectively, resulting in a gap o f 730
pm . A ll ER fluids were prepared using 10% w /w M CC (sieve
fraction below 45 pm ) in the appropriate oil, then sonicated
(D econ F S300b) for two periods o f 15 min prior to analysis.
Temperature equilibration (37 ± 0.1 °C) o f the sam ple was
carried out for 15 min under the influence o f an applied electric
field (5 0 0 V m m - 1 ) prior to m easurem ent. A continuous ramp
o f shear stresses from 0 to 50 Pa at a rate o f 0.1 Pa s _1 was
applied to each ER fluid with the resultant shear rate measured.
A flow curve was plotted (Fig. 1) and the yield stress was
determ ined by extrapolation o f the experim ental shear stressshear rate data to zero shear rate using the Bingham m odel. Five
m easurem ents from each sam ple were taken and the associated
mean and standard deviation were calculated (see Table I).
In these studies, w e have show n that, at a low applied electric
field o f 5 0 0 V m m - 1 , suspensions o f 10% w /w MCC in a range
o f BP o ils behave as ER fluids. Furthermore, in general, BP oils
afforded a higher Bingham yield stress than silicone oil (see
Table 1), typically 12 Pa com pared to 9 Pa. Using the A N O V A
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T ab le 1 The Bingham yield stress values for 10% w /w M CC in various oils
at 500 V m m -1 (n = 5)

Oil

Bingham
yield stress/Pa

Standard
deviation

Alm ond
Apricot
Peanut
Safflow er
Sesam e seed
Silicon e
Soyabean

8.79
12.54
12.78
12.17
12.27
8.94
10.53

0.29
0.39
0.33
0.47
0.12
0.26
0.37

test (one w ay), it w as found that there were statistical
differences (p < 0 .0 5 ) b etw een the oils. A Fisher analysis was
carried out to high light w here differences were present. N o
significant d ifference (p < 0 .0 5 ) was found betw een alm ond oil
and silico n e oil. A pricot oil, peanut oil, safflow er oil, and
sesam e seed o ils w ere also found not to be significantly
different. In the light o f these findings, w e conclu de that the BP
oils which have o leic acid as the major constituent have
significantly higher yield stress values com pared with the BP
oils having lin o leic acid as their major constituent. Preliminary
studies, using a parallel plate geom etry, with 10% M CC in oleic
and linoleic acids (ca. 95%)% also exhibited an ER response at
2 50 V m m - 1 . T h is dem onstration o f ER responses below 1 kV
m m - 1 , using pharm aceutically acceptable oils, should find
ready ap p lication s.18-22
W e thank H oechst M arion R oussel (Sw indon, UK , and
Kansas City, U S A ) for funding this studentship (to J. L. D.). W e
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i Reagents M icrocrystalline c ellu lo se (M CC) (Lot No: E 5D 7C 21. Eincocel
50M. M endell. Patterson. N Y . U SA ); 100 cS silicone oil. oleic and linoleic
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acids (Aldrich, Gillingham, UK); super refined BP oils (Croda O leochem icals, G oole, UK)
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