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Abstract 

The rate and extent of intramuscular (i.m.1 and subcutaneous kc.1 drug absorption arc very erratic and variable. 
The lipophilicity of the compound plays an important role. Aqueous drug solutions and suspensions of the more 

lipophilic compounds arc often absorbed incompletely within the therapeutically relevant time. More hydrophilic 
compounds arc absorbed completely. Injection depth, drug concentration and vehicle volume, pH-pK,, relation. 
vehicle, cosolvents and surfactants have strong influences on the absorption profile of lipophilic drugs. Aqueous 
solutions of hydrophilic drugs are less sensitive to these factors. Drug solutions in oil and even suspensions in oil are 

often thought to be sustained release preparations. In fact, rapid absorption has often been observed. Slow release is 
not a property of the oily vehicle but is achieved by a high lipophilicity of the dissolved or suspended compound. 
Liposomal preparations are currently under investigation as i.m. and S.C. injectable sustained release preparations. 
Factors that induce drug release at the injection sites are the proteins and especially lipoproteins in the interstitial 

kids, originating from serum filtrate and from turnover of inflammatory cells. Phagocytosis by macrophages and fat 
cells may play an important role in the local clearance of liposomal material from the injection site. Sustained 
release of some pharmaceuticals with normal or long half-lives appeared in specific cases preferable to rapid release. 

In addition, high arterial drug concentrations during the absorption phase may result in undesired effects even when 
venous drug concentrations are within the safe range. 
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1. Introduction 

The intramuscular and subcutaneous routes of 
drug injection are often used when drugs cannot 
be injected intravenously because of their low 
aqueous solubility and/or when high peak con- 
centrations, resulting in local or systemic side 

* Corresponding author. 

effects, occur with intravenous injection. More- 
over, additional advantages of these routes in- 
elude greater convenience, less problems with 
compatibility of the injection components with 
full blood in the ciculation and often less fre- 
quent administration when compared to intra- 
venous administration. 

Many variables are known to affect drug re- 
lease after intramuscular or subcutaneous injec- 
tion. Factors such as molecular size, pK,,, drug 
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solubility. initial drug concentration, injection 
depth, body movement, blood supply at the injec- 
tion site. injection technique and properties of 
the vehicle in which the drug is formulated have 
been discussed extensively in a previous review 

(Zuidema et al.. 198X). This article is an update 
with emphasis on factors related to drug trans- 
port through the tissue. the role of drug 
lipophilicity. recent technology to modulate drug 
absorption from intramuscular and subcutaneous 
injection sites by carrier systems such as lipo- 

somcs, absorption by the lymphatic system and 

clinical implications. 
Drugs such as antibiotics. anti-asthmatics, anti- 

convulsics. anxiolytics and analgesics are often 
administered intramuscularly in severe diseaac 

states. A generally held viewpoint is that the drug 
is rapidly and complctcly absorbed from the in- 
jcction site. Previously published data have al- 
ready demonstrated that complete absorption 
during ;I time relevant for therapy is not true in 
cvcry case (Ballard, 190X; Dundce et al., 1974; 
Kostenbaudcr et al.. 1975; Tse and Welling. Ic)XO), 

however. recognition of their significance is lack- 

ing. Such findings may have important clinical 
implications. 

Consequently. this article is aimed at rcviewiny 

the relevant literature, in order to provide and to 
discuss material for the rational design of intra- 

muscular and subcutaneous drug formulations 

and to examine the clinical aspects of these typo 
of injections. In contrast to the former review 
which was organiscd in order of the types 01 

injection. this article is mainly ordered with rc- 
spcct to elements of the mechanism and furthel 
subdivided in types of injection. 

2. Drugs in conventional systems 

C’onventional systems arc solutions, emulsions 
and suspensions in aqueous or in oily vehicles. 

2.1. 1. Aq~ieorls it1jecTiorl.s; rwriuhility irl ahsorptiori 

rule 

It has frequently been reported that absorp- 
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tion after intramuscular and subcutaneous injec- 
tion is very variable (Gibaldi. 1077). This is first 
illustrated with some aqueous solutions. 

Artelinic acid is a water-soluble derivative ot 
artemisinin, an antimalarial drug. of the fast- 

acting schizontocidal type. Artemisinin and its 
derivatives arc important new drugs. cspcciall) 

for the treatment of life-threatening states of the 
disease. Artelinic acid is even mot-c active than 

artemisinin itself, but is very rapidly eliminated 
after intravenous injection. Rapid and complete 
absorption is therefore essential. After intramus- 

cular injection in rabbits the absorption rate ap- 

pars to hc very variable (Titulaer et al.. 19M). 
This is depicted in Fig. I where the fractions not 

absorbed are plotted vs time. 
The curves representing the fraction remaining 

to bc absorbed suggest an apparent /eraol-cicr 
absorption. This is ;I rather uncxpccted phc- 
nomcnon, since diffusion is charactcrised by ;I 
first-order mechanism. A possible explanation ih 
ii solvent flow dcpendcnt paraccllular transport 
of this highly hydrophilic solute. ‘[‘his transport 
capacity is very variable. at least between sub- 
jects, and it appears that it is intlucnccd by scv- 
cral factors including muscle activity. inflamma- 
tion and tlow of the tissue fluid (Zuidcma et al.. 

19XXa). This explanation is supported by the next 
example. 

Rclcvant information on kinetic bchaviour ot 
i.m. and S.C. injections has often originated from 



veterinary studies. The risk of residual drug at 
injection sites is a considerable problem in meat 
consumption. Fig. 2 shows as a second example 
the large variation in absorption parameters after 
intramuscular and subcutaneous injection, in a 
fat-rich region, also referred to as intra-adipose 

injection (Kadir et al., 1990a). Carazolol is a 
P-blocking agent which is used in veterinary prac- 

tice as a tranquillising agent in cattle and pigs. 
The fraction of carazolol absorbed during the 
first 24 h from an aqueous solution varied from 
24 to 59% after intramuscular and from 2.5 to 
66% after intra-adipose injection. 

Many factors which influence the variability in 

the rate and extent of absorption can be postu- 
lated. Firstly, a difference between intra- and 

intermuscular injection is postulated and defined 
as injections within and between the muscle fib- 

rils, respectively (Groothuis et al., 1980). Such a 
supposition must be supported by a bimodal sta- 
tistical distribution in absorption rate. In the lit- 
erature, however, experimental evidence for this 
contention is lacking. Secondly, differences in 
drainage and blood flow are possible explana- 

tions. The cause of these differences, however, 
remains unclear. Thirdly, differences in absorp- 
tion rate might also be result from differences in 
osmolality and other formulation factors, how- 
ever, such factors cannot explain variability with 
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the same preparation and batch. Physiological 
circumstances that vary randomly and physiologi- 
cal reactions to the injection trauma might influ- 
ence absorption. 

A more likely explanation than those men- 

tioned above is a variation in the shape of the 

depot. The shape may vary from merely spherical 
to almost needle-shaped in different subjects. 
These differences depend on the local cohesion 
between the muscle components and the ten- 
dency to be torn open by the injection procedure. 
Differences in shape are accompanied by differ- 

ences in the depot surface (and therefore in the 
effective permeation area). the interface between 
depot and tissue and the absorption rate. 

2.1.2. Drug lipophilicity in aqueous systems: e.xtent 
of absorption and absorptiorz rate 

Lipophilic compounds are slowly absorbed 
from intramuscular and subcutaneous injection 
sites (Zuidema et al., 1988). Recent findings show 

that absorption under such conditions often seems 
to be incomplete as well. It appeared that the 
apparent half-lives of midazolam in patients after 
intramuscular injection are much longer than af- 
ter intravenous injection, due to rate-limiting sus- 
tained release from the intramuscular injection 

site (Raeder and Nilsen, 1988). In a former study 
by the same group, a reduced apparent bioavail- 
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Fig. 2. Individual concentration-time curves of carazolol in the serum of four pigs following intramuscular and subcutaneous 

administration of 0.025 mg/kg in a fat layer (intra-adipose injection). 



ability of midazolam under these conditions was 
also observed (Raeder and Breivik, 1987). 

Phenobarbital appeared to bc completely ab- 
sorbed after intramuscular injection in deltoid 

muscle in children, however, the bioavailability 
was only 80% relative to oral administration in 

adults (Viswanathan et al., 1978). Nevertheless. 
the number of investigated subjects was too small 
to permit definite and statistically warranted con- 
clusions. A lack of stability of phenobarbital (the 

amide bonds might be hydrolysed at the injection 

site) might be proposed as an explanation for the 
incomplete bioavailability. This possibility cannot 
excluded, however, it does not explain the differ- 

cnce between children and adults nor the find- 
ings in the midazolam study. Further information 

is needed for a better understanding of the fac- 
tors which determine bioavailability in these spe- 
cific cases. 

The P-blocking agents are an ideal group for 
studying drug lipophilicity and release from intra- 
muscular and subcutaneous injection sites, since 
they have similar molecular weights and p/C,, 
values but differ markedly in lipophilicity. Studies 

in pigs using crossover experiments with propra- 
nolol, atenolol, carazolol, metoprolol and al- 
prenolol have recently been published (Kadir ct 
al., 1990a,b). 

The curves representing the fraction remaining 
to be absorbed of the P-blocking agents, con- 
structed from intramuscular and subcutaneous 
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(intra-adipose) plots and using intravenous data 

as references, demonstrate biphasic declines; a 
rapid first phase followed by a very slow second 

phase (Fig. 3). Initial release rates appeared to bc 
negatively correlated with drug lipophilicity ex- 

pressed as fat-buffer partition coefficients, cspc- 
cially after injection in the subcutaneous fat lay- 
ers, also called intra-adipose layers. Propranolol 
showed greater and faster absorption than cx- 
petted from its lipophilicity only after intramus- 

cular, but not after intra-adipose. injection. Pro- 
pranolol is known to possess irritating properties 

which may improve blood perfusion in the mus- 
cles and account for the deviation in behaviour 
after intramuscular injection. The subcutaneous 

fat layer or adipose layer is less sensitive to such 

irritating properties and is less perfused. 
The extent of drug release within the mcn- 

tioned 24 h also transpired to bc dependent on 
the lipophilicity of the compound: the more 
lipophilic the compound, the lower the bioavail- 
ability at 24 h after injection (the observation 

period) (Fig. 4). The most hydrophilic compound. 
atcnolol, was the only one which was completely 
absorbed or bioavailablc within 8 h after intra- 
muscular injection and within 24 h after subcuta- 

neous injection (Fig. 3). 
injected drugs arc probably rapidly absorbed, 

provided sufficient vehicle is present to maintain 
the drug in solution or to drive the absorption 
process. After the vehicle has been absorbed the 
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Fig. 3. Fraction remaining to he absorbed curves (drug vs time) after intramuscular and intra-adipose administration of a heries ot 

P-blocking agents. (0 ) Propranolol, (0) alprenolol. (0) metoprolol. ( n ) atenolol. 
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Fig. 4. Correlation between the fat-buffer distribution con- 

stants and release rates on intra-adipose administration of 

stenolol (At). metopropol (Me), alprenolol (Al) and propra- 

nolo1 (Pr). 

absorption rate of the drug decreases rapidly. 
This theory explains the midazolam studies but is 
also relevant in the case of the rapid absorption 
of artemisinin from an intramuscularly injected 

suspension in oil and the low and erratic absorp- 
tion of artemisinin from a suspension in water as 
shown in the following (Fig. 5). 

2.1.3. Oily injections; influence of the lipophilicity 

of the rlehicle on the absorption rate 

The next example is an oily injection. 
Artemisinin is rather lipophilic and not soluble in 

water, however, it is also sufficiently insoluble in 
oil to allow its preparation as a dissolved injec- 
tion as of a conventional oil system with a suffi- 

ciently high dose. 
Oil systems and suspensions for injection are 

generally considered to be sustained release for- 

mulations. Therefore, the rapid onset of absorp- 
tion shown in Fig. 5a with the artemisinin suspen- 
sion in oil is striking (Titulaer et al., 1990b). The 
oily vehicle is absorbed only very slowly and re- 
mains present at the injection site for several 
months. Apparently, artemisinin dissolves rather 
rapidly in the oil phase and the dissolved fraction 
is then depleted by further absorption. In the 
case of artemisinin, this depletion is apparently a 
rapid transit process over the oil to the water 
interface to the tissue fluids. This is less favoured 
in the case of highly lipophilic substances. 

In contrast to the oily system, the rate of 
dissolution of artemisinin in the aqueous injec- 
tion is slow and the process appears to cease 
almost completely within the first few hours, the 
time during which the aqueous vehicle has been 

absorbed. 
In the preceding section, studies have been 

discussed in which the lipophilicity of a drug or 

model compound was the variable in a given 
aqueous medium. Interestingly, a study has ap- 

peared in which the drug was chosen as the 
constant and the lipophilicity of the oily vehicle 
was the variable (Table 1) (Al-Hindawi et al., 
1986). The in vivo release of testosterone propi- 
onate in a number of oily vehicles was investi- 
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Fig. 5. Plots of artemisinin concentrations in serum vs time 

(11 = 10) after a dose of 400 mg artemisinin to human volun- 

teers: (a) suspension in oil intramuscularly; (b) suspension in 

an aqueous vehicle intramuscularly. 



Tahle I 

gad. Disappearance from the injection site ap- 
peared to be proportionally related to the in vitro 
partition coefficients. This study illustrates and 
emphasises the importance of the vehicle and the 
affinity of’ the drug to the vehicle for the disap- 
pearance process in the muscles after injection. 

Data on the influence of injection volume and 
drug concentration seem to be contradictory. They 
can be classified into the following four groups of 

results on: (i) hydrophilic drugs in aqueous sys- 
tems (concentrations are much lower than drug 
saturation in the vehicle); (ii) lipophilic drugs 
solved in oily systems; (iii) tipophilic drugs in 
aqueous systems (concentrations are ctosc to drug 
saturation in the vehicle); and (iv) drugs in sus- 

pension. The latter is discussed in section 7.1, 
since most of the suspension formulations arc 

intended to be sustained release formulations. 
The available information on the first three 

groups is summariscd below. 
Atropinc, sodium chloride. sugars and potyols 

such as mannitot and sorbitol. all hydr-uphilic dnrg 

solutior~s it1 uqucou.s systems, wcrc reported to be 
absorbed more rapidly when the compounds were 
administered in smatter injection volumes (War- 
ncr et at., 105.3; Schriftman and Kondritzer, 1957: 
Sund and Schou, 1964). The common propcrtics 
of these compounds are that they arc veT hy- 
drophilic. readily soluble in water and have low 
molecular weights. Examples of compounds with 
higher molecular weights arc the dcxtrans. which 
appear to behave similarly but have a slower rate 
of absorption. The molecular weight appears to 
bc invcrscty rctated to the absorption rate. The 

higher absorption rate in smaller volumes can be 
cxplaincd by the greater diffusion potential. Ob- 

viously. the absorption of this type of compound 
is controlled by passive diffusion or by paracetlu- 
lar transport. 

Results with umikacin. an aminogtycosidc. arc 

often misinterpreted (Pfeffer and Harkcn. I%31 1. 
In the available literature. thcsc rcsutts arc often 

wrongly discussed together with the first group. 
Amikacin is a hydrophilic compound but with :I 
high molecular weight. In aqueous systems it is ;I 

suspension. which is slowly absorbed I‘rom ;I sin- 
gle large depot. It is preferably given in multiple, 
simultaneously administered separate injections. 
in order to provide sufficiently high conccntra- 
tions in serum. The solved amikacin fraction is 
constant and concentration is theretore not ;I 

uscfut absorption rate-dctcrmining variable vari- 
able. This in contrast to the situation with a- 
ropinc. sugars and potyots as discussed above. 

The cffccts of drugs which depress absorption 
rate are illustrated with atropine. At higher doses 

it exerts a self-dcprcssive effect on the absorption 
rate by its parasympathicolytic activity. Effects ot 
this type have scarcely been investigated and lit- 
eraturc data arc sparse. 

Tcstostcronc and some other model com- 
pounds represent examples of the second group. 
lipopililic arhstatlccs it! oil. They have been stud- 

ied in scvcral oily vehicles (Tanaka ct at., 1974). 
This type of compound is absorbed more rapidly 
when it is dosed in smaller votumcs of an oily 
vehicle. Again the diffusion potential is obviously 
the dominating absorption rate-determining fac- 

tor. 
The influence of injection volume on the 

bioavailability of Iipophilic clnrgs irl uyuro~t.s .sol- 

~w~t.s. the third group, has been studied in rats 
(Kadir et al., 19’92~). The aforcmcntioned study 
was performed in order to find an explanation i’ot 
the incomplete absorption of the more lipophitic 
P-blocking agents as described in section ?.I. 
Propranotol was used as the model compound. 

Both the rate and the extent of absorption at X 
h appeared to increase with increasing injection 
volume. When the vehicle volume is increased 
the residence time of the vehicle at the injection 
site incrcascs, maintaining the drug in solution 
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for the same rat (II = 6). 

for a greater length of time; in other words, it 

remains dissolved over a longer time and absorp- 
tion is faster from the dissolved state (Fig. 6). 
Moreover, the increasing volume may increase 

the vehicle flow away from the depot This influ- 
ence is in a certain sense comparable with the 
action of the mobile phase in a chromatographic 
system. In HPLC terms: increasing solvent flow 
diminishes the retention time. This effect may be 
a possible explanation for the greater absorption 
rate during the initial phase. 

2.1.5. Influence of pH and /or cosoll>ents 

Cosolvents such as ethanol, glycerol, propylene 
glycol and also polyethylene glycol 400 are used 
as solvents together with water, in order to en- 
hance the solubility of certain drugs for injection 
(Chen-Der and Kent, 19X2). They have varying 
influences on the absorption of drugs. Ethanol is 
better discussed separately in the next survey, 
since the mechanism of its influence deviates 
from those of the other cosolvents. 

Ethanol is a liquid of very low viscosity and 
exerts only a minor influence on the viscosity of 
the vehicle in mixtures with water. When used at 
high concentrations it has a denaturing effect on 

proteins at the injection site. It appears to have 

an inhibitory effect on the absorption rate of 
water-soluble ionic as well as non-ionic model 
drugs such as isonicotinamide, methylisonicoti- 
nate, isonicotinic acid and procaine hydrochlo- 
ride (Kobayashi et al., 1977). This influence could 

be attributed to alterations in the permeability of 
the connective tissue which was significantly de- 
creased. In chromatographic terms: ethanol seems 
to change the properties of the ‘stationary phase’. 

probably by protein denaturation. 
Other cosolvents such as propylene glycol, 

glycerol and polyethylene glycol 400 have been 
reported contradictorily to diminish and to en- 
hance the absorption rate of model compounds 
(Kakemi et al., 1972; Cheng-Der and Kent, 1982). 
The diminishing effect is ascribed to the 
viscosity-enhancing influence of these compounds 

on the vehicle. 
Effects of cosolvents may partly be explained 

by a change of the properties of the ‘mobile 
phase’. The dielectric constant and consequently 
the hydro/lipophilicity of the solvent is changed 

to that of water. The enhancing effect of cosol- 
vents and the properties of the systems where 

enhancement occurs are discussed below, to- 
gether with the effects of pH-pK,, relationships. 

Additives with high molecular weights, known 
as viscosity enhancers, such as cellulose deriva- 
tives, dextrans or long-chain polyethylene glycols 
resulted in a degree of inhibition that was less 
than expected. This suggests that macromolecules 
apparently do not interfere with the absorption 
mechanisms. 

The absorption rate of cefonicid has been de- 

scribed as being pH-dependent (Brumfitt et al., 
1988). However, the authors failed to give an 
explanation nor is it possible to analyse their 
results, since the experimental data were lacking 
in detail. Other studies shed more light on the 
pH dependency in i.m. and S.C. absorption pro- 
cesses. 

Salts with an alkaline or acidic reaction which 
can be neutralised by the tissue fluids have the 
potential to precipitate after injection due to the 
neutralising or buffer capacity of the tissue fluids. 
This has been briefly mentioned in the literature 
for quinidine hydrochloride as well (Tse and 



Welling, 1980). The effect, however, is clearly 
illustrated in the study using human volunteers by 
Kostenbaudcr et al. (1975) with intramuscular 

phcnytoin (see section 1). Phenytoin is absorbed 
over a period of approx. 5 days. Even after 40 h 
20% of the drug remained unabsorbed. Phcny- 
toin is a drug which is dissolved for injection in 
relatively high concentrations at pH 11 or higher, 

and also using cosolvents and/or complexing 
agents. 

The authors reported that precipitation and 
slow redissolution of the drug by tissue fluids at 

the injection site could explain their results and 
developed a mathematical model based on this 
concept. The observed drug concentration curves 
in plasma fitted well with this model. Precipita- 
tion probably has two causes, i.e., the pH neutral- 
ising effect of the tissue components and the 

rapid absorption of some of the solvents. 

The influence of cosolvents on the absorption 
of salts is illustrated by a study of the effect of 
propylene glycol on the absorption of benzimida- 
zole hydrochloride (Cheng-Der and Kent, 1982). 
It appeared that propylene glycol, which appar- 
cntly is absorbed more slowly than water. may 
prevent in certain circumstances, at least partly, 
the precipitation of the free base (or free acid). 
In this manner, it might enhance the absorption 
of the drugs in question. 

2.1.6. In~fh3zce csf surfactunts 

The influence of surfactants and injection 
depth on the kinetics of absorption has hcen 
discussed previously (Zuidema et al., 1985). Non- 
ionic surfactsnts at low concentrations probably 
exert a retaining effect on well-absorbed watcr- 
soluble drugs, however, the promotion of absorp- 
tion has been reported for a poorly absorbed high 
molecular weight polypeptide. The mechanisms 
underlying this phenomenon are still not well 
understood. Again the model of reversed-phase 
chromatography may be helpful. 

Surfactants in the mobile phase might have a 
coating effect on the Iipophilic stationary phase, 
making the stationary phase more hydrophilic. 
This might explain the retaining effects on hy- 
drophilic drugs. Such a model predicts the re- 
vcrsc effect on lipophilic drugs. 

III the articles discussed above. the difference 
in absorption rate between deep i~~tr~~rnuscul~~~ 
injections and shallow subc~itanc(~~ls or intra- 
adipose injections is shown in Fig. 3 (Kadir ct al.. 

199Ob). Even the hydrophilic atcnolol is already 
completely absorbed 8 h after intramuscular in- 
jection whereas this lasts about 24 h after subcu- 
taneous or intra-~ldip~)se injection. The fatty sub- 

cutaneous connective tissues and adipose Iaycrs 
arc more lipophilic and perfused less than muscu- 
lar tissues. These phenomena have been dis- 
cussed extensively previously (Zuidema ct al.. 
1988). 

Long-acting systetns consist either of lipophilic 
drugs in aqueous solvents as suspensions or 01 

highly lipophilic drugs dissolved or suspended in 
oil. In the first case. the release or ~lbsorption is 
dissolution rate controlled, while in the latter, the 
compounds with lower molecular weights, which 
are soluble in oil. are ‘phase transfer controlled’ 
released from the system Guidema et al., lY8X): 
the c~~mpounds with high molecular weights, 
which are not soluble in the oil, are released by 
dissolution and/or phase transfer control, these 
factors alone or in combination. 

Another possible absorption mechanism is 
phagocytosis. The participation of direct absorp- 
tion of fine particlcs by phagocyrosis appears to 
be possible in certain casts but the c~)lltribLlt~on 
to the overall absorption process can mostly bc 
neglected. Absorption via the mechanisms of lym- 
phatic transport and intlammation-mcdiatcd ap- 
pearance of phagocytosing macrophages (24-48 h 
after injection) have been demonstr~~ted for iron 
complexes (Beresford et al., 1957). 

Long-lasting residues after intramuscular in- 
jection or subcutaneous injection, of water-in- 
soluble penicillin derivatives and dihydrostrcpto- 
mycin in aqueous vehicle in cattle have been 
detected 30-45 days after administrati~)n (Merccr 
et al., 1971). Examples of long-acting systems in 
oil are the depot neuroleptics as discussed previ- 
ously (Zuidema et al.. 1988). 

Ober et al. (1958) stated that aggregation in 
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concentrated systems often gives rise to increased 
viscosities, specific rheological features and a di- 
minished rate of dissolution after injection. It is 
known that viscosities and specific rheological 
features such as fpseudo)plastic behaviour in sus- 
pensions and emulsions increase with increasing 
concentration and with decreasing particle size. 

In fact, this process is associated with the 
so-called flocculation phenomenon. This is be- 
cause gel formation consists of aggregation to a 
large viscous aggregate in which vehicle might be 
included (structured water or, in oil, structured 
oil), which is a special case of flocculation of 
lyophilic dispersions. These systems display mostly 
(pseudo~plastic properties. This theory is largely 
expounded in the context of colloidal systems but 
is it also valid for systems of small non-colloidal 
particles. 

When either lyophilic or lyophobic systems are 
concentrated by precipitation under gravitational 
forces or by other compression forces, they might 
develop a more compact form of aggregation, 
comparable with the phenomenon referred to as 
caking. 

This theory, applied to suspension prepara- 
tions for injection, was provided with a solid and 
mathematical foundation by the work of Hirano 
et al. (1981) and Hirano and Yamada (1982, 
1983a,b). It is relevant to review this work in a 
little more detail, since it is also pertinent to the 
behaviour of liposomes, as discussed in section 3. 

The authors studied the local clearance of 
suspensions of practically water-insoluble drugs 
injected intramuscularly or subcutaneously in the 
rat. They used these results to develop or to 
check their mathematical model. This work is of 
great importance for understanding the influence 
of the phenomenon of aggregation on the release 
kinetics. The theory is mainly applicable to those 
drugs for which the absorption into blood or 
lymph is controlled by dissolution. Phase transi- 
tion of oily systems and blood supply are not 
thought to be relevant. As is clear from the 
former study, this is a simplification and not true 
for every system (Zuidema et al., 1988). 

Hirano and co-workers expressed the influ- 
ence of aggregation as a factor E with two limits: 
no aggregation and complete aggregation. In the 

first case, the suspension particles behave inde- 
pendently, while in the latter, the aggregate be- 
haves as a single clot with the clot surface acting 
as the effective area for release or in vivo dissolu- 
tion. The parameter E is governed by particle 
size, concentration, volume, hydrodynamic factors 
such as injection speed and pressure and histolog- 
ical and physiological states at the injection site. 
This means that particle size has two opposite 
influences on the dissolution rate: on the one 
hand, smaller sizes without aggregation lead to a 
greater effective dissolution surface and therefore 
to higher dissolution rates; on the other, smaller 
particle sizes may lead to stronger aggregation 
effects with more compact aggregates and subse- 
quently to a smaller effective dissolution surface. 

A deviation of this pattern occurs for particles 
smaller than about 2-3 pm, especially after sub- 
cutaneous injection. These particles appear to 
pass more easily through the fibrous networks 
accompanying the spreading of the dispersion 
medium during injection and seem to form conse- 
quently looser agglomerate. Differences between 
muscle or subcutaneous networks, however, were 
not investigated and therefore not discussed. 

Dose adjustment can be effected as a change 
in drug concentration for a constant volume or as 
a change in vehicle volume at a constant drug 
concentration. In both cases, the absorption rate 
appears to decrease with increasing dose as a 
result of the aggregation phenomenon. The rela- 
tion with volume is less pronounced than with 
concentration, however, rapid in vivo absorption 
of aqueous vehicle will lead to an increase in 
concentration. Hence, the absorption rate de- 
pends mainly on three factors: solubility, rate of 
diffusion through the surrounding medium and 
particle density. 

This all has important consequences: firstly, 
increasing dosages will lead to a higher aggrega- 
tion state and therefore a smaller effective disso- 
lution area, consequently giving rise to increased 
sustained release characteristics of a suspension 
injection. On the other hand, reversibility of ag- 
gregation during an absorption process of this 
kind of injection may lead to deviations in the 
Noyes-Whitney dissolution behaviour of the sus- 
pension. Moreover, it is not the in vitro dissolu- 



tion rate but rather the in vitro solubility which 
appears to have a positive relation to the in vivo 
absorption rate. 

In addition. the kind of cxcipients used for 
stabilising the suspension is important. On the 
one hand, a better dispersed system will promote 
the individual behaviour of the particles, i.c.. Icss 
aggregation and a greater absorption rate will 

occur. On the other. some excipients arc known 
to promote the aggregation of particles, giving 
rise to lower absorption rates. 

It can be concluded that the absorption rate of 
this kind of practically water-insoluble drug is 
obviously predominantly determined by the physi- 
cal behaviour of the injection depot. This signifies 
that interspecies differences should not be ex- 
pected, other than those caused by an increase in 
dose for larger animals (or humans). Studies in a 

range of rodents of different sizes arc in lint with 
this hypothesis. 

3. Drugs encapsulated in liposomes 

Liposomes are thermodynamically stable 
spherical phospholipid systems which can be used 

as drug carriers. Liposomal properties arc dc- 
pendent on the manner of production. size and 
number of concentric membranes and their com- 
position. Liposomal membranes arc built up as 

bilayers consisting of phospholipids and often sta- 
bilising additives such as cholesterol; they include 
an aqueous interior. Gel-state liposomes are lipo- 

somes with a phase-transition temperature above 
37°C. mostly consisting of saturated phospho- 
lipids and some additives: tluid-state liposomes 
are liposomes with a phase-transition tempera- 
ture below .37”C, mostly consisting of unsaturated 
phospholipids. Hydrophilic drugs, diagnostics or 
experimental compounds can be included in the 
aqueous interior, while lipophilic types can be 
incorporated into the mcmbranc or bc adsorbed 
to the membrane. Fluid-state liposomes are more 
leaky than gel-state liposomes. 

The different types of liposomes can be used 
for a large range of applications. mostly experi- 
mental. Interesting experiments with drug- or 
biotherapeutic-loaded liposomes have been de- 

scribed and reviewed in the literature ((‘romme- 
lin ct al.. IYYI: Storm et al.. IYYI). 

Liposomal systems arc biodegradable and can 
be used as systems for parenteral sustained t-c- 
lcasc or drug targeting. After intravenous or in- 
trapcritoncal application the period of relcase of 

the drug from the liposomes is short. being dcter- 
mined by the elimination and termination 01‘ the 
liposomcs by the rcticulo-cndothclial system 
(RES). The mean absorption times (MAT) are 
mostly in the order of magnitude of I day (Titu- 

Iacr, IYYOb). Rcccntly, it has been rccognised that 
the USC of spccialised phospholipids, csterified 
with hydrophilic groups such as polyethylene 
derivatives, enables RES elimination to bc 

avoided and prolongs the in vivo circulation time. 
The application of liposomes as drug dclivcry 

systems for intramuscular injection has been in- 

vestigated, for example, by Arrowsmith et al. 

(lYX4). using large multilamcllar vesicular (MLV) 
liposomes. The subcutaneous injection of lipo- 
somcs has been reported by Kim and Howell 
(lYX7). ‘I‘hc therapeutic results of thcsc typos ot 

applications have been rcviewcd recently (Kadil 
et al.. lYY3). The release times of the drug from 
the liposomal formulation (mcan absorption 
times) arc several-fold grcatcr than after intr:i- 
venous administration of free drugs. Recent cx- 
perimental data have been employed in the at- 
tempt to clucidatc the rclcasc mechanisms. ‘l‘his 
is reviewed and discussed below. 

The more basic release phenomena of drugs 
from liposomal preparations are illustrated by the 
following study. Free chloroquine was compared 
with (gel-state and rather large-sized) chloro- 
quine liposomes which were injected intrapcri- 
toneally, intramuscularly and intramuscularly in 
mice. The study belongs to a series on the rela- 
tionship bctwccn the kinetics and minimal in- 
hibitory concentrations of chloroquine against 
f%.wzociimz herghei in rodents (Titulaer et al.. 
IYYOa). As assessed from the curves of drug con- 
centration in the blood, distribution data in the 
heart. liver and spleen and efficacy against the 
parasite. it appeared that after intramuscular OI 



subcutaneous administration, in contrast to in- 
traperitoneal administration, liposomes were not 
cleared by the liver and spleen and therefore not 
absorbed intact from the injection site and that 
the liposomes released chloroquine over pro- 
longed periods. In this study, the maximal release 
time was not determined, however. the protective 
effects of chloroquine against challenging with 
parasites lasted a few weeks. 

Interestingly, the concentrations after higher 
liposomal dosages appeared to be lower than 
after the lower dosages, suggesting more sus- 
tained release characteristics. During the first few 
hours after administration, a peak was observed 

in the drug concentration-time curves in plasma. 
Without knowing the exact cause. this is never- 
thelcss often called a ‘burst effect’. In fact, the 
inverse relation between dose and release rate is 
explained on the basis of a higher aggregation 
state. This is in accordance with the findings of 
Ober et al. (1958) and Hirano ct al. (1581) and 
Hirano and Yamada (lYX2, 1983a,b) with suspen- 
sions, as discussed above. This observation stimu- 
lated more focused research on this subject and is 
discussed in the ensuing section. 

3.1.1. Irljluence of injection r~olume 
If the theories of Ober et al. (1958) and Hi- 

rano et al. ( 198 1) and Hirano and Yamada (1982. 
1983a,b), developed for solid drug particles in 
suspensions. essentially hold true for the more 
flexible particles of liposomes, then an increased 
volume at a fixed concentration must result in an 
increased rate of absorption and a greater dose 
or liposome concentration must correspondingly 
lead to a decreased absorption rate. In fact, the 
results might be more pronounced because the 
flexible structure of liposomes will give rise to a 
smaller effective release surface at a certain de- 
gree of aggregation E. Studies with intramuscular 
and subcutaneous injections of liposomal chloro- 
quine in mice have confirmed this idea (Kadir et 
al., 1991). A liposomal dose, corresponding to 0.6 
mg chloroquine, was administered in different 
volumes. Subcutaneous injection resulted in lower 
concentrations than intramuscular administra- 
tion. The absorption rate constants showed a 
positive correlation with injection volume after 
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Fig. 7. Initial absorption rate constants after injection ot 

liposome-encapsulated chloroquine. corresponding to 0.6 mg 

chloroquine. in different volumes after intramuscular CC) and 

aubcutaneow injection (0). 

both routes of administration (Fig. 7). The results 
can be explained by assuming that an aggregation 
process occurs under the influence of the muscle 
tonus and that release from the aggregate at its 
surface is the rate-limiting step in drug absorp- 
tion. 

3. I. 2. ln,fluence of lipowme concer2ttution 
The aggregation theory also appears to apply 

in a study in mice with increasing dosages admin- 
istered by intramuscular or subcutaneous injec- 

tion as reported recently (Kadir et al., 1992b). 
Fig. 8 demonstrates that increasing dosages re- 
sulted in increasing mean residence times and 
decreasing initial absorption rate constants. 

Within the range tested, injection of higher 
doses of liposomal chloroquine exhibited pro- 
longed and comparatively slower release of 

chloroquine. In addition, it also appeared that 
the prophylactic efficacy, i.e., the time that an 
animal is protected against infection as measured 
by repeated inoculation with P. herghei strains, 
increased with the liposomal chloroquine dose. 

3.2. Release meclumisms 

The liposome studies, described above, were 
performed with gel-state liposomes containing 
high percentages of cholesterol. Such liposomes 
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arc very stable in vitro in buffer systems. After 
injection, however, liposomes lose their stability. 
depending on the lipid composition and additives, 

and release the drug more or less rapidly. This 
may occur rather rapidly after intravenous or 
intraperitoneal injection but more slowly after 
intramuscular or subcutaneous injection. ‘The 
subsequent text provides a survey of current 
knowledge on the release-triggering or iiposome- 
dcstabilising factor in vivo. The question is less 
relevant in the case of fluid-state liposomes which 
are much less stable in vitro and do not show a 
stability difference between the in vivo and in 
vitro situ~ltiolls to the same extent. 

3.2. I. Enzymatic triggered r&use 
An influence of the muscle components on the 

phospholipid membranes of liposomes is one of 

the possibilities that have been proposed to cx- 
plain the loss of stability of liposomes after injec- 
tion. In order to examine this idea, a study has 
been performed with in vitro incubation of 
chloroquine-containing liposomes in buffer solu- 
tion, in diluted muscle homogenates and in cul- 
tured muscle cells, simulating various environ- 
ments which the liposomes may encounter upon 

intr~~nluscLllar injection (Kadir ct al., lYY2d). In 
ail casts, a small amount of the encapsulated 

chloroyuine was released during the first few 
minutes but thereafter the liposomcs appeared 
very stable. Only in cultured muscle cells was ;I 
slight tendency toward greater release obscrhcd. 
however, the sample size of the experiment did 
not allow significant conclusions to bc drawn, 
This study suggests that tissue components arc 
not important release rate controlling factors. 
However, the experiments with the muscle ho- 
mogenates were perfctrmed with diluted systems. 
thus hindering a definite interprctati~~n of the 
results. 

Experimental data with muscle interstitial flu- 

ids are not available; interstitial fluid is a filtrate 
of strum or plasma and contains all fractions of 
serum proteins. however, their co]lcentr~lti~~Ils arc 
low and depend on the site Serum or plasma 
appears to have liposome leakage-inducing prop- 
crties. From experiments with a series of serum 
dilutions the leakage rate appeared dependent on 
the concentrations and showed saturation effects 

iTituiacr, personal c~~rnrnunic~it~~)n). Thus, lips- 

sornes deplete plasma of its destabilising factors 

(Hunt, lYX2). 
Leakage is also dependent on the composition 

of the liposomes: it could bc reduced by the 
incorporation into the liposome mcmbrancs of 
cholesterol or sph~n~~?myeIjn and lcakagt is in- 
creased by lysophospholipids or an osmotic gradi- 
ent across the membrane (Kitagawa ct al.. 1076; 
Finkelstein and Weismann. 1070; Allen and Cle- 
land. lY80; Kirby et al., 1980). ‘I’hc Icakage-induc- 
ing roles of free fatty acids, lysophosphotipids. 
plasma proteins and (apo~lipoprotcins have been 
investigated extensively (Black and Grcgoriadis. 
lY7h; Tyrctl et al., 1077: Zborowsky ct al.. 1077: 
Kimelberg and Mayhew. lY78; Hoekstra and 
Scherphof. 197’); Jackson ct al., 1970; Guo ct al.. 
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1980). In particular, high density lipoproteins are 
potent liposome-destabilising factors (Scherphof 
et al., 1978; Damen et al., 1980; Tall and Green, 
1981). Destabilising factors such as proteins and 
lipoproteins in the muscle may originate from 
tissue fluids but may also be the result of cell 
turnover. This subject is discussed further in sec- 
tion 3.2.2. However, when liposomes are de- 
graded, secondary destabilising factors may arise 
from their own metabolites (e.g., lysophospho- 
lipids). 

3.2.2. Metubolising cells and local clearance 
Another point of interest is the possible role of 

metabolising cells in the induction of release from 
liposomes. Evidence of the migration of granulo- 
cytes and macrophages to liposomal depots was 
provided by another study (Kadir et al., 1992a). 

In this work, primarily designed to investigate 
the protection of muscle tissues against strongly 

irritating drugs by liposomal encapsulation, the 
liposomal depots appeared to attract granulocytes 
and later macrophages, irrespective of the drug 
content of the liposomes. Rapid accumulation of 
granulocytes was observed after injection and, 
from day 7 on, lipid-containing macrophages and 
clusters of fat cells were seen in the histological 

preparations. Macrophages are possibly involved 
in the process of clearance of the liposomal mate- 
rial by phagocytosis. Whether or not the fat con- 

tent of the macrophages and fat cells that was 
found is of liposomal origin was not definitely 
proven. 

Phagocytosis by macrophages, however, cannot 
be the definitive explanation for drug release 
from liposomes. It is clear that the onset of this 

supposed mechanism is much slower than that of 
release. Release is already significant within the 
first hours and days after administration whereas 
the appearance of macrophages spans a matter of 
days. Moreover, it is open to doubt whether the 
phagocytosed material is again rapidly released 
from the macrophages. To summarise, cell-medi- 
ated drug release, should it exist, is a slow pro- 
cess which cannot explain the early drug release. 

The possible role of granulocytes, which ap- 
pear rapidly after injection in the tissues sur- 
rounding the depot, is difficult to interpret but 

very interesting. Granulocytes also have phagocy- 
tosing capacity. Granulocytes and other inflam- 
mation cells show a high turnover. (Lipolproteins 

originating from turnover and other cell degrada- 
tion products might be involved in the induction 

of release from the liposomes. 
The burst effect is an indication that a certain 

amount of release-inducing material is already 

present in the interstitial fluid at the time of 
injection, originating from serum filtrate, cell 
turnover or injection trauma. This amount is 

probably rapidly depleted after which further re- 
lease is dependent on turnover and supply of new 
systemic factors. The complete removal or clear- 
ance of lipid material is probably a much slower 
process, essentially processed by the macrophages 
and fat cells. 

4. Absorption via the lymphatic system after in- 
tramuscular and subcutaneous iqjection 

The venous system is not the only one which 
drains the tissue fluids and transports injected 
drugs to the circulation. Another is the lymphatic 
system, a low-pressure system with filter stations, 
the lymph nodes, in which macrophages are ac- 

tive. The lymphatic system converges into large 
vessels flowing into the vena cava. The flow in the 
lymphatic system is low, in fact much lower than 

the blood flow in the capillaries, and derives its 
energy mainly from muscle motility, however, the 
large vessels have their own contractile elements 
with valves. The flow is dependent on body activ- 
ity and on humoral factors. 

Intended uptake of drugs via the lymphatics is 
mostly accomplished by subcutaneous or in- 

traperitoneal injection. It is used therapeutically 
to deliver antivirals or antibiotics in order to treat 
lymphatic infections or to deliver antineoplastics 
to lymphatic tumours or metastases of primary 
tumours in the lymphatics. Metastases migrate 
from the primary tumour via the interstitial fluid 
to the lymphatics; they are often filtered by the 
lymph nodes and therefore often become lo- 
calised in the lymph nodes. 

Lymphatic transport after parenteral drug ad- 
ministration has been reviewed very recently in 



the literature and will bc treated here only very 
briefly (Takakura et al.. 1992). The absorption 
pathway of topically injected pharmaceuticals de- 
pends on injection depth, lipophilicity of the com- 
pound and size of the particles or carrier. 

Absorption into the lymphatics takes place 
more readily from the subcutaneous layers than 
from the muscular injection sites, since the lym- 
phatic system is better developed in the subcuta- 
ncous layers. Highly lipophilic compounds are 
preferentially absorbed into the lymphatics. 

whereas more hydrophilic compounds are bettct 
absorbed by the venous capillaries. Molecules 
smaller than 5 kDa favour absorption by the 

capillaries whcrcas species larger than lh kDa 
arc prcfcrentially taken up by the lymphatics. 
Liposomes and other particles up to 200 nm in 
siLe arc prcfcrcntially drained by the lymphatic 
system. Thus. liposomal preparations developed 
as sustained release systems for intramuscular or 
subcutaneous injection must be larger than 200 
nm. This type of preparation is discussed in the 
preceding section. Small liposomes. macro- 
molecules larger than Ih kDa and emulsions arc 

suitable carriers for lymphatic targeting. 

5. Discussion 

Many factors may affect the release from an 
intramuscular or subcutaneous injection site. It 
was the aim of this article to review current 

opinions. Ionisation and binding to tissue compo- 
nents play a role (Sund and Schou, 1064). but in 
gcncral a cohesive picture seems to have emcrgcd 
with a central theme: for the rapid and complctc 
absorption of a compound, it is important to keep 
a drug, which is intended to act rapidly. in a real 
solution at the injection site as long as is possible. 
In oily systems this is not a problem at all. since 
oil is cleared from the injection site at a rate 
almost always slower than that of clearance of the 
drug from the injection site. However, the prob- 
lem is much grcatcr for drugs in aqueous systems. 

Absorption from aqueous systems is charac- 
terised by a biphasic absorption process: a rcla- 
tivcly rapid initial phase during the period of 

absorption of water from the vchiclc and a vcr); 
slow second phase (Fig. 3). The latter can clini- 
cally bc interprctcd as corresponding to incom- 
plctc bioavailability for drugs which arc adminis- 
tered for rapid action. The hang-over cffcct 01‘ 
the drug. howcvcr. during the second absorption 
phase might be a source of unwanted side cffccts. 

The observed relation between drug lipophilic- 
ity and initial absorption rate could he explained 
by assuming that the fat-containing parts of the 
tissue have stronger retarding effects on more 

lipophilic than on hydrophilic compounds. This 
part of the process can he compared favourably 
with partition chromatography (of the revcrscd- 

phase type) with the paraccllular route as the 
mobile phase and the cells as the more lipophilic 

stationary phase (Kadir et al.. IWOb). The corn- 
position of the mobile phase (the injection vehi- 
clc) and possible alterations of the stationary 
phase (the ccl1 material) by injection components 
such as surfactant\ determine the initial absorp- 
tion rate. 

Hydrophilic paracellular transport is prohabl\~ 
the predominant process for hydrophilic com- 

pounds, whcrcas more lipophilic compounds arc 
retarded by ‘partitioning’ over the transcellular 
route of transport. Variation in the Icngth 01‘ the 
‘chromatographic column’, the distance from the 
injection site to the circulation. is one of the 
likely factors determining the variation in absorp- 
tion rate. In the cast of hydrophilic compounds 
the drainage capacity may bc rate limiting in 

certain cases, causing apparent ret-o-order al,- 
sorption kinetics (Titulacr et al., 1001). 

After the aqueous vehicle has been absorbed. 
two aspects arc important. Firstly, its contribu- 
tion to the dissolved state of the drug is less and 
secondly the vehicle flow to the circulation stops. 
further absorption from that time on being oni) 
dcpendcnt on the comparatively low flow of the 
tissue fluids and normal diffusion processes. ‘l’is- 
sue binding probably plays only ;I minor role: 
tissue binding is saturated at rclativcly low cotl- 
ccntrations compared with the total drug load at 

the injection site and is largely a dynamic equilih- 
rium. Thcsc facts arc in contradiction with the 
observed phcnomcna. Larger volumes lead to 
grcatcr and longer duration of vehicle flows and 



longer times to maintain the drug in the dissolved 
state. At a higher flow, the chromatographic anal- 
ogy predicts the smaller retention times found. In 
addition, the increased solvent drag induced by 
injection of larger volumes may alter the relative 
contributions of the different transport routes, 

i.e., the transcellular and the paracellular path- 
ways. 

Another explanation for the increased absorp- 
tion with increasing injection volume is the larger 
absorption surface when greater volumes are in- 
jected. This will be especially important when 
phase transit is the rate-determining step. This 
theory is in line with a third explanation, a varia- 
tion in depot shape, for variation in absorption 
rate. The explanations might be relevant alone, 
or in combination, depending on the nature of 

the vehicle. 
The precipitation theory of Kostenbauder et 

al. (197% is consistent with this complex picture 
and very plausible for more highly concentrated 
drug systems such as phenytoin: phenytoin is a 
drug which is dissolved for injection at a higher 
concentration than the model drugs in the studies 
with the series of P-blocking agents (Kadir et al., 
199Ob). It is dissolved at a very high pH often 
using cosolvents and/or complexing agents. Both 
diffusion of the solvents and other excipients 
away from the injection site and rapid pH neu- 
tralisation by tissue fluids or components un- 
doubtedly result in precipitation of phenytoin at 
the injection site. The above cannot be excluded 
and should be consistent with the theory that an 
oil-system with phenytoin-acid should result in 
more rapid release and absorption, or in other 
words better biopharmaceutical quality of this 
relatively important injection. 

In vitro release studies have only limited value 
for the in vivo behaviour of suspended pharma- 
ceuticals. In vitro solubility is in fact the parame- 
ter which has a positive correlation with the in 
vivo absorption rate of suspensions and not the 
dissolution rate (Ober et al., 1958; Hirano et al., 
1981; Hirano and Yamada, 1982, 1983a,b). At 
present, in vitro-in vivo studies fail to show any 
correlation for liposomally encapsulated pharma- 
ceuticals. The only fact that is known is that again 
the in vivo release rate has only limited value. 

The conclusion that the release of active mate- 
rial is confined to the surface of the liposome 
aggregate is justifiable. The available data suggest 
that liposomes also behave more or less as sus- 
pensions, obeying the rules forthcoming from the 
theories of Obcr et al. (1958) and Hirano et al. 

(1981) and Hirano and Yamada (1982, 1983a,b). 
Differences with the solid drug suspensions with 
respect to the quantitative relationships are likely 
because liposomes are more flexible structures, 
the flexibility being dependent on their composi- 
tion. Differences between types of liposomes 
might also be likely. Since liposomes are flexible 
systems, aggregation phenomena will probably 
cause less porous caking structures, as aggrega- 
tion forces are stronger and cause more intensive 

compaction. 
In fact, the release from liposomes seems to be 

dependent on a release-triggering factor gener- 
ated in vivo in the surroundings of the injection 
site. The nature of the interaction with its envi- 
ronment and the cause of the destabilisation have 
not yet been definitely clarified. The literature 

data obviously provide evidence for the theory 
that at least serum components and especially 
lipoproteins are able to dcstabilise liposomes. It 
is a likely supposition that the tissue fluids such 
as filtrates of serum have more or less retained 

this property. In addition, the turnover of cells 
surrounding the injection site, including inflam- 
mation cells. may provide release-inducing fac- 
tors. 

With respect to the possible mechanism of 
phagocytosis by macrophages two problems can 
be discussed. Firstly, macrophage-mediated re- 
lease cannot explain the observed drug release 
from the liposomes during the first few hours 
after injection (Titulaer et al., lY90a), since 
macrophagcs were only seen 7 days after injec- 
tion. Secondly, after phagocytosis the liposomes 
must undergo degradation in the macrophage by 
lysosomal enzymes and the drug must subse- 
quently be released from the macrophage. The 
concept of macrophage-mediated sustained re- 
lease has been discussed previously for intra- 
venously injected doxorubicin liposomes (Storm 
et al., 1989). These processes are recognised as 
being generally slow. If macrophages contribute 



to the release process this would appear to be 
possible only for the late release; other explana- 

tions are necessary for the burst effect and rc- 

lease over the first few days. Nevertheless. it 
cannot be excluded that other cells such as granu- 
locytes could be involved in this process. 

Release and termination of the liposomal ma- 
terial in the muscles are probably comparable 
with those in the general circulation. Here, tcrmi- 
nation of the liposomes is caused by the RES. 
liver and spleen after attack by serum opsonins 
and is dependent on charge, size and composition 

(Juliano and Stamp. 1975: Gregoriadis and Se- 
nior. lY80: Allen and Everest, 19X3: Moghimi and 
Patcl. 1089). Macrophagcs art: essential in the 
phagocytosis of the liposomal material. The rc- 
lease of pharmaceuticals from liposomcs is often 
more rapid and is dependent on release-inducing 
(apo)protcins and lipoproteins in the circulation. 
Furthermore. in the muscles termination is pro- 
vided for by macrophages and possibly other 

phagocytosing cells. The rcleasc of the cncapsu- 
lated compound, however, is triggered by induc- 
ing compounds originating from serum ultrafil- 
tratc and possibly material originating from the 
turnover of cells in the surroundings of the inicc- 
tion site. After dcplction of the initial amount, 
the burst effect. the process which is dependent 
on new supply, slows down. 

To summarise, it can be stated that at present 
the release-triggering factor of liposome-en- 
capsulated drugs after intramuscular injection has 
not been definitely identified but a model can bc 
described which conforms with the actual infor- 
mation. 

The intramuscular route of drug administra- 
tion is used either for single doses of drugs in- 
tended for rapid action or for sustained release 
systems intended for action over several weeks or 
months. Many drugs. used for rapid action, must 
bc considered as being incompletely absorbed 
within the therapeutically relevant time. The scc- 
ond phase of absorption following intramuscular 
injections of lipophilic or highly concentrated 
drugs is mostly clinically not useful and has con- 

tributed to the conflicting clinical impressions ()I 
this route of administration. An important initial 
conclusion of this review is that absorption from 

aqueous solutions for injection is often slower. 
more variable and cvcn more incomplctc than 
often is assumed. 

In the clinic, the main reason for keeping 
injection volumes small is to help to minimise or 
to reduce pain caused by hydrostatic pressure on 
the surrounding tissue. However. when the rapid 
and complete action of an injected lipophilic drug 
in an aqueous vehicle is essential. ;I deep intra- 
muscular injection of a drug formulated in a large 
in,iection volume is desirable. It is possible to USC 

up to 5 ml and sometimes cvcn IO ml injection 

volume in the glutcal region. Highly soluble drugs. 
however. can bc formulated in small volumes. 

Biopharmaceutical characteristics of inject- 
tions. formulated as suspensions in water. ai-c 
strongly dependent on the dose administered. ,\n 
increase in dose generally will not result in pro- 

portionally increasing concentrations in the blood. 
nevertheless, via more sustained release, a longer 
rcsidcnce time in the blood will be cffccted. L<vcn 
lower concentrations arc possible. This ix con- 

trary to what clinicians generally expect. When 
higher concentrations are csscntial simultaneous 
administration of multiple injections at different 
places is recommended. 

The next important conclusion is that absorp- 
tion from oily systems is often more rapid than 
gcncrally is assumed. The idea that oily systems 
arc always sustained rcleasc systems is crroncous. 
In particular, moderately lipophilic drugs with 
lower molecular weights are rapidly absorbed 
even when formulated in oily suspension. It is 
worthwhile to invcstigatc the possibility of formu- 
lating clinically important. moderately lipophilic 
drugs in oil which arc currently formulated in 
aqueous systems but arc known to exhibit insulK 
ciently reliable kinetic properties. Long-acting oil), 
injections. in contrast. must contain highI!, 
lipophilic pharmaceuticals. 

The clinically held belief that oil xystems arc 
always long-acting systems probably originate\ 
from the long residence times of the oily vehicle. 
Of the oils which are in use for injection, olive oil 
is absorhcd most rapidly. remaining a few weeks. 



whereas castor oil seems to remain almost indefi- 
niteIy at the injection site (Tse and Welling, 1980). 

Liposomal drug formuIation still has limited 
app~icatiorls for clinical use at the moment. Its 
drawbacks include the scaling-up of the produc- 
tion, shelf life and sterilisation; all these prob- 

lems may be solved. Indications exist that at least 
the sterilisation of Iiposomai preparations is man- 
ageabIe in the future. However, for experimental 

use liposomes are very useful. They are very safe 
and can he used in experimental therapies such 
as liposomal amphotericin B for fungal infections 

(Janknecht et al., 1992) and for studying aspects 
of parenteral sustained rcIease, intramusculariy 
and subc~Itaneously as well as intravenously. 
Moreover, they are useful for experimental drug 
targeting, especially in the cases of experimental 
treatment of neoplastic diseases. From the lipo- 
some studies discussed in this review, important 
clinical implications can be derived. 

From the reviewed studies with chioroquine in 

liposomes, for example, an important and an un- 
expected conclusion could be drawn (Kadir et al., 
1992b). From a kinetic point of view, there is no 
reason to formulate the slowly eliminated chloro- 
quine in a sustained release system. Nevertheless, 
the @~ril*ib of chloroquine appeared much 
higher and the toxicity much lower with the sus- 
tained release liposomal formulation than ex- 

pected. 
An exph~nation for the higher efficacy is that 

sustained absorption of chioroquine prolongs the 
period of availability for loading up the circulat- 
ing erythrocytes and the newly formed erythro- 
cytes, the so-called reticulocytes (Crommelin and 
Eling, personal communication). After the ab- 
sorption phase the circulating chioroquine re- 
mains bound to the e~thr~ytes and is not read- 
ily available for redistribution to the reticulocytes, 
the latter remaining unprotected from the para- 
site. Perhaps, this is one of the problems in the 
emergence of worldwide resistance against 
chloroquine. 

Unwanted (side) effects may also be related to 
the absorption phase. During the absorption of 
rapidly absorbed drugs, large amounts of drug 
and thus high concentrations pass through the 
portal system, liver and spleen after oral absorp- 

tion and subsequently also through the heart and 
lungs after both oral and parenteral administra- 
tion. Arterial concentrations are substantially ele- 
vated, even compared to venous concentrations 
during the absorption phase as follows from drug 
concentration studies in saliva (Zuidema and 

Ginneken, 1983a,b); the higher the concentration, 
the more rapid the absorption process occurs. In 

the cases of more lipophilic drugs, which show 
considerable saliva clearance, drug concentra- 
tions in saliva reflect the arterial concentrations, 
as far as no active transport over the saliva gland 
membranes is relevant. Measuring the concentra- 
tions of pharmaceuticals in saliva might be very 
useful for toxicity studies, especially for drugs 
which might be toxic in essential organs such as 

liver and heart. 
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