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Physiological Aspects of Drug Delivery
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Aims of Lecture

To provide a basic outline and summary of the main physiological processes affecting drug delivery for low molecular weight drugs, macromolecules and particulate delivery systems.

1
Basic Effects of Physiology on Drugs (particularly relevant for low Mw drugs)

Effectiveness of drugs is very dependent on both the physicochemical properties of the drug and the physiology of the body.  Physiology is particularly important for macromolecular and particulate drugs and drug delivery systems.

1.1
Drug absorption, distribution & elimination (Pharmacokinetics)

Living tissues are aqueous based, so for most interactions and effects drugs must have some solubility in an aqueous environment.  

All cells are surrounded by a lipid membrane and intracellular compartmentation is also based on lipid membranes.  In order to reach their pharmacological targets drugs must be sufficiently lipophilic to pass across membranes.

Most drugs therefore have a mix of hydrophilicity and lipophilicity which allows them to partition between membranes and aqueous phases and diffuse to their site of action. They are also mostly of low molecular weight.

These properties allow low Mw drugs to cross blood capillaries and distribute in the extracellular fluids surrounding cells, and also to cross cell membranes and distribute in the intracellular fluids within cells.

When drug is administered – usually orally – it is subject to a number of processes as below:
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Fig 1. Schematic Representation of Absorption, distribution & metabolism 

Absorption will depend on both the aqueous solubility of the drug and its lipophilicity to partition across membranes.  Once absorbed, the drug will rapidly distribute around the body

to all body  compartments. 

As soon as the drug reaches the blood, processes of metabolism and elimination of the drug will start to occur. The time course of drug in the body is therefore the net effect of disappearance from the absorption site and the processes of elimination and metabolism

Fig 2. Time course of drug disappearance from the absorption site

Once a distribution equilibrium has occurred (which happens fairly rapidly) elimination follows a first order kinetic process. Like radioactive decay this follows a logarithmic function and can be described by a half life (T1/2), the time taken for any concentration to drop to half its value.

1.2
Bioavailability

Processes of absorption are dependant on the solubility of the drug and its availability at the absorption site.  The balance of the factors affecting dissolution and absorption will affect how much of the administered dose reaches the bloodstream.  It is also possible for some degradation or metabolism of drug to take place before absorption is complete.  These processes are summed up by the term Bioavailability

Bioavailability is defined as fraction or percent of drug reaching the bloodstream in an active form

Bioavailability can be affected by the route which a drug is administered, together with the formulation of the drug.

1.3
GI tract & Drug Absorption

The main parts of the gastrointestinal tract are the stomach and the small intestine.

The stomach is a small rugby ball shaped organ which varies in volume from about 50mL to 1L. with some folds but a smooth mucosa, and therefore a small surface area.  

The small intestine is a long narrow tube, with folds inside.  The mucosa has protruberances called villi, and on the mucosal surface of the epithelial cells are microvilli.  All these features increase the surface area to make absorption more efficient.  Consequently orally administered drugs are mostly absorbed from the small intestine.

Effect of GI motility on drug absorption and dosage forms

Motility of the GI tract can also have a large effect on bioavailability, and this is mostly determined by the stomach.

Stomach has two types of motility

Fasted - An 80 - 120 minute cycle where the stomach starts with very low motility, with contractions to move food down through the stomach increasing in intensity and frequency.  At the end of this period a series a large contractions called the housekeeper sequence empty the remaining contents of the stomach.

The Fed sequence is initiated by food distending the stomach. 

Liquids are emptied fairly rapidly (about 30 minutes), 

Digested and undigested food particles take about 2.5 -0 4 hours to empty leaving undigestible fragments (including whole/unfragmented dosage forms) in the stomach.  These are only cleared by the next housekeeper phase of the fasted cycle.

Thus the stomach has a large effect on different dosage forms and how rapidly drugs in these dosage forms become available for absorption. 

In contrast, the small intestinal motility is largely unaffected by dosage form, all materials passing down the small intestine in about 4 hours.

1.4
Specificity and Biodistribution of drugs

Specificity of most drugs is dependant on specific interactions with biological molecules which mediate particular functions, e.g pharmacological receptors, enzymes or cellular components. If the drug reacts with more than one target this results in side effects. Most drugs have fairly specific interactions with receptors therefore relatively few side effects. 

The distribution of drugs is not even.  It will depend to some extent on whether drug is adsorbed to body materials e.g. plasma or tissue components, as well as the accessibility of different tissues. 

Some tissues are better perfused with blood than other organs.  This can affect the rate of drug accumulation and/or rate of elimination in some tissues e.g. sites such as liver are readily accessible but sites like the CNS or fat are much less available. 

Some diseases may be difficult to treat due to location and accessibility to drug.  Particularly true for tumours.  Depends on degree of vascularisation. Some tumours very good, some tumours very poor - can get both situations in the same tumour!!!!.  Some tumours promote  growth of new blood vessels, but tendency for  centre of tumours to be poorly vascularised, hypoxic, slowly growing and relatively inaccessible to drugs

1.5
Patient compliance and extended Release oral dosage forms

Due to excretion & metabolism, most drugs have a relatively short residence time in tissues,  therefore need to take most drugs every 4-6 hours.  

But easier for patients if need to take less doses less often.  

Better compliance = more effective treatment.  

There are therefore a number of strategies to give slower release of drug from dosage forms. Can be used for oral dosage forms or for parenteral dosage forms 

Oral Extended Release dosage forms - limited by both properties of the drug and physiology of the GI tract.

Maximum time for drug release depends crucially on stomach emptying ( difficult due to variability of presence of food) and time of passage down small intestine limiting time available for release dissolution and absorption.  So for slow drug release, require a drug with both good dissolution and good drug absorption.Extended release formulations

Parenteral delivery systems -Use depots of drug which will  release drug slowly to maintain effective therapeutic concentrations over a longer period of time.  

Various formulations e.g. microparticles,  implants ( e.g. rods of polymer containing drug) can be inserted into tissues and release drug over a prolonged period of time.  May be designed to give local effect in the vicinity of the implant (e.g. anti-tumour drug), or so that drug is released into the bloodstream for a systemic effect (e.g. peptide hormone)

2.
Macromolecules and Particles

Increasing awareness of biological molecules and their potential for therapy, e.g. peptide hormones, enzymes, antibodies.  Also possibilities for delivery systems based on particles e.g nanoparticles, microparticles, gene therapy.

Macromolecules & particles have completely different properties to Lmw drug.

a.
Diffusion ( Mw therefore diffusion & distribution much slower

b.
Partitioning across membranes - doesn't happen


- can't diifuse out of vasculature


- can't diffuse into cells

c.
Elimination through kidneys - dependent on Mw

<60,000Da excreted via kidneys


>60,000Da retained in circulation for a prolonged period.

2.1
Accessibility to tissues – Extravasation from the blood stream

Mostly dependant on capillaries - large surface area, thin cells

Endothelia, basement membranes, biodistribution

Endothelium (cells composing capillary walls and blood vessel linings) can have different properties in different tissues.

Main type - continuous endothelium - present in most tissues


Macromolecules can extravasate by passing through endothelial cells into tissues by a process known as trancytosis - a slow vesicular process ( seee endocytosis later).  Rate of extravasation decreases with molecular weight up to about 350,000Da (about 13-15nm diameter) when extravasation effectively ceases.

Some tissues have fenestrated endothelium where the endothelial cells have holes about 100nm in diameter but retain a basement membrane e.g. liver.  A few tissues e.g. spleen, have discontinuous endothelium where basement membrane is absent in addition to presence of fenestrae.

Biodistribution:

Differences in vasculature & membrane permeability therefore regulate distribution of macromolecules around the body (biodistribution) so leading to differential accumulation of macromolecules and particles.  Interactions between ligands on macromolecules and receptors on cells in tissues can enhance accumulation of drug delivery systems in particular tissues e. g. antibody targeting.

2.2
Accessibility to cells
As macromolecules cannot partition across membranes, they are dependant on endocytic processes for uptake into cells.  There are a number of mechanisms involved but all have a similar pattern.

Endocytosis

Involves uptake of particles into vesicles which migrate into the cytoplasm. Vesicles are usually about 100nm in diameter but some vesicles up to 350nm .

Endocytic processes occur in all cells.  They can be specific processes involving receptors, or may be non-specific where receptors are not involved. The endocytic vesicles become acidified and ultimately filled with degradative enzymes to digest endocytosed material. Endocytosed material remains enclosed in a membrane, so drugs designed to enter cells by this route may require further mechanisms to release them from the endposome into the cytoplasm for action.

Specific ligands attached to Macromolecules and particles can enhance uptake by endocytic processes.

Phagocytosis

Larger particles can be taken up by a similar process called phagocytosis, but this only occurs in specialised cells like macrophages and neutrophils. These cells are very prevalent in Liver and spleen, but present to some extent in all tissues. 

Phagocytosis is mediated by a process called opsoninisation due to recognition and adsorption of materials by blood components called opsonins.

2.3 Metabolism of particles and macromolecules.

Opsonisation can be an extreme problem for microparticles, nanoparticles and gene therapy systems because they are removed from the circulation and metabolised extremely rapidly - before they can be therapeutically effective.

Similarly metabolism of natural macromolecules occurs through specifuc receptors and endocytic processes which also mainly take place in the liver.

Conversely, macromolecules> 60,000Da which cannot be degraded can accumulate in tissues and cells and cause toxic effects.

Suggested Reading:

Biopharmaceutics and clinical pharmacokinetics 4th edition.  Milo Gibaldi, Lea & Febiger.

Pharmaceutics: The science of dosage form design. M. E. Aulton, Churchill Livingstone
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