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This review article provides an assessment of advantages/limitations of the use

of current in vitro release models to predict in vivo performance of parenteral

sustained release products (injectable depots). As highlighted, key character-

istics influencing the in vivo drug fate may vary with the route of adminis-

tration and the type of sustained release formulation. To this end, an account

is given on three representative injection sites (intramuscular, subcutaneous

and intra-articular) as well as on in vitro release mechanism(s) of drugs from

five commonly investigated depot principles (suspensions, microspheres,

hydrogels, lipophilic solutions, and liposomes/other nano-size formulations).

Current in vitro release models are, to a different extent, able to mimic the

rate, transport and equilibrium processes that the drug substance may

experience in the environment of the administration site. Their utility for

the purpose of quality control including in vitro–in vivo correlations and

formulation design is discussed.
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1. Introduction

Injection constitutes often the only realistic route of administration for active agents
with low oral bioavailability resulting from poor biomembrane transport properties
or lack of stability in the environment of the gastrointestinal (GI) tract. In case
chronic use is required, maintenance of therapeutic drug concentrations over
extended periods of time can be achieved by frequently repeated injections or,
more ideally, by immobilisation of the active agent in the form of an injectable
sustained release formulation (depot) from which the drug is released in a controlled
manner. Injectable depots enabling drug release in the vicinity of the target area
(localised drug delivery) reduce drug exposure to inappropriate sites and hold
promise, for example, in the field of osteoarthritis [1].

For new therapeutic macromolecules the drug delivery methodology may impact
efficacy as much as the nature of the drug itself [2]. Also, the selection of proper
parenteral depot technologies for small-molecule drug candidates can affect the
therapeutic value significantly. Demands for an advanced drug delivery system
(DDS) may markedly influence overall project time as well as costs. In fact, the
development of a new parenteral depot formulation of an active pharmaceutical
ingredient (API) may constitute a significant challenge. From a regulatory point of
view the drug product specifications is a key document through which reproducible
product quality, or in other words batch-to-batch consistency of product performance,
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has to be documented, including drug release rate from the
formulation. Recent workshops on in vitro release methods have
emphasised the need for in vitro release methods [3-5]. In
contrast to oral as well as certain special dosage forms [6], no
regulatory approved standard methods exist at present for
testing drug release from sustained release parenteral products.

2. In vitro release models – basic principles

The development of suitable in vitro release models (for
quality control as well as formulation development purposes)
is a critical activity, which, preferably, should be initiated in
the early depot design phase. These efforts should ideally lead
to the establishment of an in vitro–in vivo correlation
(IVIVC). This usually requires that drug release from the
depot be the rate-limiting step in the absorption process and
that the drug release mechanism is the same in vitro and
in vivo. Most often such point-to-point relationships are
linear; however, nonlinear correlations are also acceptable [7].
The ideal approach to IVIVC modelling is to develop one
IVIVC model for the total plasma profile, but other
approaches might also be pursued [8]. Importantly, the devel-
opment of a true IVIVC requires that a mathematical model
describes the in vitro–in vivo relationship for two or more
formulations showing different release characteristics [9].
When a meaningful IVIVC has been established, it can be
used as a surrogate for bioequivalence and for minimising the
number of bioequivalence studies to be performed during
drug product development [7]. As regards the evaluation of the
effect of minor changes in the composition or manufacturing
process of an already marketed product on the in vivo per-
formance of the parent drug, in vitro release profiling might be
of value and eventually form the basis for granting a biowaiver.
Independent of formulation principle and injection site, a

common feature of depots comprising poorly water-soluble
drugs (such as aqueous suspensions and lipophilic solutions) is
that analytical sensitivity may become critical, necessitating:
i) recycling of the release medium [10]; ii) the involvement of
solubilisation principles such as addition of b-cyclodex-
trins [11]; or iii) the use of radiolabelled drug substances [12].
Prohibitive for release model development might also be
problems with drug stability and drug adhesion to surfaces.
In the field of sustained release parenterals, in vitro release

methods used might be divided into three broad categories:
i) sample and separate (S-S) methods; ii) continuous flow (CF)
methods; and iii) dialysis membrane-based (DMB) techni-
ques [13]. Within each category a variety of experimental set
ups have been used, as is apparent from recent reviews dealing
with the feasibility of various methods used for the study of
drug release from polymeric particulate systems [14] and lipo-
philic solutions [1]. A brief account is given below of the three
different types of in vitro release method, the basic principles of
which are sketched in Figure 1. The common characteristic of
the S-S methodologies is that the formulation (microsphere-
based or a gel) is introduced into a vessel/vial containing the

release medium (e.g., phosphate buffer pH 7.4). The closed
system is left at constant temperature, usually subjected to
agitation. At predetermined time intervals aliquots are taken
from the supernatant and analysed for released drug. To
maintain a constant volume of the release medium an iden-
tical volume of fresh buffer is added to the release system after
each sampling. In the CF technologies, which encompass the
USP (United States Pharmacopeia) apparatus 4, the micro-
particulate formulation is placed in a (cylindrical) release cell.
At constant flow rate, release buffer is pumped into the cell
where the concentration of drug released from the depot
might be monitored directly from the effluent (open system)
or the release buffer is recirculated (closed system). In the
latter case samples for analysis are taken from a well-stirred
reservoir. Among the DMB methods, which most often can
be referred to as two-compartment release models, the rotating
dialysis cell model has been characterised extensively [15]. This
model consists of a small donor compartment (5 – 8 ml)
separated from a large acceptor compartment (1000 ml) by a
dialysis membrane. Under different experimental set ups it has
been used to investigate drug release from lipophilic (oily)
solutions, aqueous suspensions, microspheres and liposomes [1].
Key model parameters of DMB techniques that can be varied
include type/mode of agitation, ratio between donor and
acceptor cell volumes, and molecular mass cutoff value of
the dialysis membrane.

Obviously, the ability of the above-mentioned methods to
simulate the conditions prevailing in the vicinity of the
injection site is expected to vary considerably. Furthermore,
for a given depot formulation significantly different drug
release profiles might be generated using in vitro release
methods differing with respect to sink conditions as well as
hydrodynamics (geometries/flow conditions).

According to the dissolution procedures described in the
USP, sink conditions exist when the volume of the medium
is at least three times that required to forma saturated solutionof
the drug substance (USP [16]). With reference to the
Noyes-Whitney equation, sink conditions are achieved as
long as bulk drug concentration, Cb (in the concentration
gradient term (Cs – Cb)) remains less than one-third of the
drug saturation solubility (Cs). Previously, it has been recom-
mended that in general the drug concentration in the sink phase
in dissolution experiments should be kept below 10% of satu-
ration [13].Maintenance of sink conditions has long been aimed
at in the in vitro release testing of oral formulations based on the
rationale that the diffusional pathway to the absorption site in
the GI tract is very short, and the drug molecules are almost
instantly absorbed into what is, for all practical purposes, a
perfect sink [17]. Although the degree of deviation from a perfect
sink seems to affect the shape of in vitro drug release profiles [18],
quantitative descriptions of the relationship between sink
condition and drug release rates obtained using S-S, DMB
and closed CF methodologies are apparently lacking.

Less well-defined hydrodynamics have been a contributing
factor to the unsatisfactory reproducibility of dissolution data
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S-S

CF

A.

DMB

Magnetic stirring

Dialysis bag with depot formulation

Release medium

Filter sieve

Depot formulation

Fraction collector

Glass beads

Release medium

Magnetic stirring

B.

Filter sieve

Depot formulation

Glass beads

Release medium

Magnetic stirring

Centrifugation

Withdrawal of the supernatant for drug analysis

Fresh
release medium

Figure 1. Basic principles of three different types of in vitro release sketched as examples of a sample and separation method
(S-S), a closed (A) and an open (B) continuous flow method (CF) and a dialysis membrane-based technique (DMB).
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sometimes observed by using early compendial dissolution
systems, including theUSP type 1 and type 2methods (rotating
basket and paddle) [10]. The inherent complexity of this process
might be reflected in the fact that only under rather idealised
conditions has a convective diffusion model been found to
enable a quantitative description of initial drug dissolution in
terms of solubility, diffusivity, rate of shear (agitation), and
geometry and orientation of the surface relative to flow [19,20].
The mathematical expression for mass transport by diffusion
and convection is given by the equation:

(1)

2c
D c V c

t

∂
= ⋅ ∇ − ⋅ ∇

∂

where c and D are the local solute concentration and diffu-
sivity, respectively. In the present context r is the three-
dimensional partial derivative operator. V is the local velocity
of the solvent. The latter parameter might be determined from
an independent solution of the Navier-Stokes equation. The
first term on the right-side is the diffusion contribution,
whereas the second arises from convection. In the field of
release testing of sustained release formulations a modified
version of Equation 1 might be useful:

(2)

2c
D c V c q

t

∂
= ⋅ ∇ − ⋅ ∇ +

∂

where the parameter q is a drug release term, the form of
which depends on the in vivo drug release mechanism from
the depot formulation in question [21]. Numerical solutions to
Equation 2 might be obtained by, for example, the finite
element method [21] (possibly in combination with the
Navier-Stokes equation).

3. Common routes of administration for
sustained release parenterals

The therapeutic agent, released fromthedepot,might exert local
drug action in the vicinity of the administration site (e.g., after
intra-articular [i.a.] injection) or the active agent has to be
transported to the site of action through the general circulation.
Incaseof intramuscular (i.m.)or subcutaneous (s.c.) instillation,
the drug is released into the tissue fluid and conveyed to the
capillaries by diffusion and/or convective processes. A brief
treatise of thebiological environmentsof these threemain routes
of depot administration is given below. As to the i.a. route of
administration, long-lasting corticosteroid suspensions have
beenused formore than three decades, providing symptomatic
relief of pain in rheumatoid arthritis (RA) and osteoarthritis
(OA) [22].Also,parenteral long-acting lipophilic (vegetableoil)
solutions, mainly for i.m. injection, have been used clinically
for many years in the field of schizophrenia and hormone
replacement therapy [23,24].Various insulinproducts aregiven
s.c. [25]. Subcutaneous administration presumably continues
to represent the primary route of delivery for protein-based
drugs [26].

The bones of a synovial joint are separated by an articular
cavity containing the synovial fluid (SF). The adjoining surfaces
of the bones are covered with a layer of articular cartilage and a
two-layer joint capsule encloses the cavity. The joint capsule
consists of an outer fibrous capsule and an inner synovial
membrane (synovium). The various cell types populating the
articular cartilage and the synoviumaswell as components of the
synovial fluid are major targets for RA and OA-related drug
therapies [1]. In the joint cavity, the solute drug molecule, once
released from the immobilised depot, may take part in several
reactions and distribution (equilibrium) processes before it is
eventually cleared from the synovial space (Figure 2). Owing to
its architecture, the synovium constitutes the main barrier for
drug transport out of the joint cavity. The healthy synovial
lining is thin and discontinuous without intercellular junctions.
Together with the extracellularmatrix (ECM), the synoviocytes
function as a permeable, inhomogeneous matrix [27]. The
concentration gradient required for effective clearance (diffu-
sion through ECM) of small molecules from the joint is
maintained by the synovial bloodflow [24,28]. By contrast, escape
of proteins from the joint occurs through the lymphatic system,
a process that is not size-selective for molecules with the size
of plasma proteins [29-31]. To this end, lymphatic clearance of
albumin has been suggested to contribute to the efflux of
albumin-bound drugs [32]. It appears, however, that synovial
disappearance rates may not depend just on drug affinity for
proteins, but on binding avidity as well [33].

Drug absorption from i.m. and s.c. sites of depot injection
may share some gross common features [34]. Absorptive
processes that may occur on injection into muscle or subcu-
taneous sites are presented in Figure 3. The active agent is
released into the tissue fluid and has to traverse the inter-
stitium to reach a blood capillary or a lymphatic vessel. The
basic structure of the interstitium is similar in all tissues
consisting of a collagen fibre framework that contains a gel
phase made up of glycosaminoglycans, a salt solution, and
proteins derived from plasma. Although the components are
principally the same in all tissues, their relative amounts vary
greatly [35]. The size exclusion-like properties of the inter-
stitium significantly reduce diffusion of plasma proteins and
other macromolecules in the ECM. Compared with the
interstitial fluid drainage by the lymph, the rate of filtration
and reabsorption of fluid across the vascular capillaries is
~ 10-fold higher. Thus, drug molecules (with molecular
masses below ~ 2 kDa), which are capable of entering blood
and lymph capillaries at comparable rates, will be cleared
predominantly by the blood vessels [26]. On the other hand,
macromolecules above ~ 16 kDa as well as particulates are
preferentially removed from the tissue by the lymphatics [36].
The contribution of lymphatic uptake of macromolecules to
the overall absorption process seems to be of most importance
in relation to the s.c. injection site because only a few lymph
vessels are located in muscle tissues [37]. After i.m. injection (rats)
of sesame oil containing fluphenazine decanoate, however, drug
was detected in lymph nodes located in the vicinity of the
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injection site. It was suggested that small (drug-containing) oil
drops were absorbed by the local lymphatic system [38,39].

Abundance and flow rate of blood and lymphatic supplies are
contributing factors to differences in drug absorption rates for
immediate release products administered at the various injec-
tion sites. In sustained release parenterals, however, the rate-
limiting step in the absorption is controlled by the delivery
system, thereby reducing potential inter-injection and inter-
patient variability resulting from differences in injection site
perfusion [34]. The impact of the interfacial area between depot
surface and the aqueous tissue fluid and tissue responses to
depot instillation is dealt with in Section 5.

4. Mechanism(s) of in vitro drug release from
commonly investigated depot principles

As outlined below, drug release patterns from various depot
types may vary depending on the in vitro release model used.
In most cases investigations were performed under aimed sink

conditions, providing a feasible ‘reference release condition’
that may not necessarily mimic the release processes taking
place at the injection site in vivo.

4.1 Lipophilic solutions
Parenteral long-acting lipophilic solutions comprise a lipo-
philic drug (or more often a lipophilic prodrug derivative)
dissolved in a vegetable oil and, occasionally, a few extra
excipients such as benzyl benzoate (solubilising agent) or
tocopherols (antioxidants). Frequently used oil vehicles
include sesame oil, miglyols (medium chain triglycerides)
and castor oil. The oils differ with respect to the fatty acid
chain length and the ratio between the content of saturated
and unsaturated fatty acids as well as the viscosity. Compared
with other parenteral depot principles, key attributes of such
relatively simple oil-based solutions encompass uncomplicated
manufacture (including terminal sterilisation) and feasible
long-term stability. Also, this formulation principle opens
up the possibility of the design of depots with tailored delivery

Drug (free) Target

Cartilage

Synovioum

Synovial fluid

Lymph Blood

Metabolism

Drug-protein bound

Figure 2. Schematic representation of drug transport and distribution processes of the joint.
Reproduced with permission from [1].

Injection site

Particulates
<10 µm

Drug delivery
system

1. Release

2. Diffusion

3. Partitioning

High

molecular m
ass Lowmolecular mass

Blood capillary

4a. Bulk
flow

To systemic
circulation

Macrophage

Lymphatic
capillary

4b. Bulk
flow

To regional
lymph node

To systemic
circulation

Figure 3. Possible pathways for absorption of drugs from controlled release parenteral dosage forms at intramuscular or
subcutaneous sites.
Reproduced with permission from [34].
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characteristics because manipulation of oil–water distribution
coefficients might be obtained through prodrug formation or
optimisation of oil vehicle composition [40-42].
It is generally accepted that the drug release rate from

lipophilic solutions is governed at least partly by drug parti-
tioning between the oil vehicle and the aqueous tissue
fluid [24,39,43]. Injection volume as well as interfacial tension
of the oil appear to be among the factors affecting spread-
ing [44]. The latter parameter, together with the fate of the oil
vehicle per se, might affect the overall pharmacokinetic fate of
the therapeutic agent. The rotating dialysis cell model has been
used to study drug release from oil vehicles under two different
donor cell conditions: i) the oil depot was added to an empty
donor compartment; and (ii) the oil depot was added to the
donor cell containing an aqueous buffer solution. In the
former set up a linear relationship was established between
the logarithmic forms of the partitioning pseudo-first-order
rate constant and the drug distribution coefficient (oil-
buffer) [40,41]. By contrast, with aqueous buffer present in
the donor cell the rate constant could be expressed quantita-
tively by several parameters, including the drug permeability
coefficient (transport across the dialysis membrane) and the
oil-buffer distribution coefficient (oil-aqueous buffer) [45].
Similar release experiments were performed using the com-
mercially available Float A Lyzer� system as an alternative
dialysis membrane-based model, revealing slower drug release
rates not obeying first-order kinetics [46]. These observations
most probably reflect that the Float A Lyzer model, in contrast
to the rotating dialysis cell, works with only gentle agitation of
the donor compartment, resulting in lower drug transport
rates. As demonstrated for a s.c. injected oil solution of
bupivacaine (analgesic effect lasted for ~ 1 day) [47], linear
in vitro–in vivo relationships might be established. First-order
in vivo drug absorption was observed, indicating that solute
diffusion in the oil phase was not the rate-limiting step in the
overall release process.

4.2 Liposomes and other nano-size lipidic drug
delivery systems
In addition to liposomes, nano-size lipidic DDS embody solid
lipid nanoparticles [48] and different nanostructured aqueous
dispersions [49]. Numerous reports, particularly in the field of
liposomes, indicate that such advancedDDSmight be of poten-
tial utility to overcome various barriers to drug delivery, includ-
ing biocompatibility, fast elimination and target access [48,50,51]
after intravenous, i.a. or s.c. injection. Sustained release activities
after i.a. injection of such DDS have been reported [50]. Their
sustained release properties are, however, less easy to assess
because poorlywater-soluble drugs, for example cortisol 21-pal-
mitate [52], most often were incorporated into these systems. In
this context it should be mentioned that the DepoFoam�

technology, which shows some resemblance to multivesicular
liposomes, seems feasible for sustained drug delivery [53].
For nanostructural lyotropic liquid crystalline phases most

release experiments have been done using a rotating basket

method where a micro-beaker containing the drug formula-
tion (ensuring a well-defined surface area) was placed inside
the basket [54]. In the in vitro release testing of liposomes,
DMB techniques have frequently been used. This also seems
to be the case for solid lipid nanoparticles [55,56]. Recently, CF
methods have also been recommended [57]. The application
of S-S methods for liposomes is not appropriate because the
separation process can result in sedimentation of the lipids. In
the DMB methods, the nanoparticulate system is separated
from the acceptor phase by a semipermeable membrane. This
might lead to violation of sink conditions in the donor
compartment during the release experiments. Alternatively,
a reverse dialysis bag technique developed for colloidal
carriers [58] might be applicable. In spite of the large number
of studies related to liposomal formulations, in vitro drug
release mechanisms are not fully elucidated. Drug release may
involve drug diffusion across the lipidic bilayer or degrada-
tion of the membrane [57,59]. In a few cases first-order drug
release kinetics has been reported [60]. It is worth noting that
drug release from such vesicles is strongly related to the
physical and chemical stability of the liposomes. Loss of
the entrapped drug is influenced by the liposome composition,
its size and the physical state of the bilayer [60,61]. In vitro
liposome stability data are of minor if any use in the prediction
of the stability of this formulation type in vivo [60,62].

4.3 Microspheres
Sustained release properties of biodegradable microsphere
preparations, with the drug substance dispersed in the polymer-
based matrix, are well recognised. Synthetic polymers,
including polyanhydrides [63], poly(ortho esters) [64] and
poly-e caprolactone [65], as well as polymers of natural origin,
such as albumin [66] and chitosan [67], have been used in the
design of microspheres. Owing to their excellent bio-
compatibility, the biodegradable polyesters poly(lactide-co-
glycolide) (PLGA) are the most frequently used materials for
microsphere design. Although several PLGA-based products
have been launched with durations of action ranging from 2
weeks to 3 months [68], their manufacture might be far from
straightforward [69,70]. Often, in vitro drug release from
microspheres have a characteristic triphasic profile: an initial
fast burst release, followed by a slower sustained release and
finally a faster release resulting from (bulk) degradation of
the microspheres [71], creating an acidic environment within
the microsphere [72]. It should be emphasised that the
underlying processes involved in the control of drug release
are not fully understood [73]. This can be ascribed to the fact
that release characteristics are affected by several parameters,
including composition/geometry [73,74], size distribution [71,75]

and release conditions [76]. Interestingly, microsphere degra-
dation by bulk erosion decreases with decreasing particle
size [75], whereas low polydispersity may lead to significantly
reduced burst release [2]. Typically, the in vitro release from
microspheres has been investigated using the S-S
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methodology [14]. This technique has been criticised because
of the risk of aggregation of the particles [77]. This problem
might be circumvented by using a modified USP apparatus 4
method [77]. On the other hand, the latter phenomenon
might also be expected to occur in vivo. In most of the
in vitro models used, convective mass transport plays a
significant role. Recently, release data were generated by
using a purely diffusion-based model as well as a traditional
S-S method [78]. Perhaps rather counter-intuitively, the
former model gave rise to the fastest release profile [78].
In vitro characterisation and comparison with in vivo data
(most often after s.c. injection) has been done in several
studies [77,79-81]. However, often the agreement between
in vitro and in vivo data for PLGA microspheres is rather
poor and apparently true IVIVCs are lacking at present.

4.4 Suspensions
Parenteral suspensions are dispersed, heterogeneous systems
with the solid particles (usually 1 – 10 µm) suspended in a
continuous phase comprising an aqueous or vegetable oil
phase [82]. Long-acting suspensions for injection may be
advantageous from the perspective that high drug load can
be achieved and only a minimum of pharmaceutical excipients
is needed. Suspension-based depot injectables are available for
i.a. (methylprednisolone acetate, Depo-Medrol�, Pfizer,
Denmark), i.m. (medroxyprogesterone acetate, Depo-Provera�,
Pfizer, Denmark) and s.c. (protamine insulin, Insulatard�,
NovoNordisk, Denmark) administration. Despite the apparent
simplicity of this formulation type, parenteral suspensions pose
certain challenges to the manufacturing process and physical
stability [83]. Hence, in situ suspension-forming DDSs might
constitute potential alternatives [84,85].

In vivo performance of several oil suspension-based inject-
ables has been investigated [86]. Little is known, however,
about the mechanism(s) of drug release from such particulate
systems [46]. Two mechanisms describing drug liberation from
oil suspensions have been proposed. This includes dissolution
of the active agent in the lipophilic vehicle before release into
the aqueous phase by partitioning [87]. Alternatively, the solid
drug particles in the oil phase may be transported by sedi-
mentation to the oil–water interface or directly into the
aqueous medium where the drug undergoes dissolution [88,89].
Recent in vitro findings indicate that the oil film surrounding
the particles is unstable. Thus, aqueous and oil suspensions are
expected to have quite similar drug release profiles [46]. Dis-
solution testing of suspension dosage forms has in general
been very limited, partly because of the lack of official
suspension-dissolution requirements [90]. Stout et al. [90]

have provided a brief overview of different methods used
for dissolution testing of pharmaceutical suspensions.
Recently, in vitro drug release profiles from suspensions
intended for i.a. administration have been established by
using the rotating dialysis cell model as well as the Float A
Lyzer model [46,91]. As regards the s.c. route, an agarose-based
(S-S type) model has been utilised [92].

4.5 In situ formed gels and implants
Considerable interest has been directed at utilising in situ gel/
implant-forming DDSs for attaining sustained release of, in
particular, peptides and proteins on injection. A depot
injectable is now commercially available for s.c. injection
(leuprolide acetate, Eligard�) [93]. Drug transport in gel
structures such as hydrogels is well characterised [94]. Although
new insights have been achieved, the complex processes
governing the in situ formation of gel depots and related
implants on injection are less well described. In situ gel
formation or polymer precipitation for sustained drug release
may be achieved through various means, as reviewed else-
where [84,95,96]; for example, through the use of thermosensi-
tive polymer systems or the exploitation of solvent-mediated
phase transitions.

In situ gelling may be achieved through changes in tem-
perature. For some block copolymers dehydration of polymer
chains takes place with increasing temperature and a transition
from aqueous liquid to gel occurs at the sol-gel transition
temperature [95,97,98]. Polymer solutions capable of forming
gels on injection may also be composed of water-insoluble
polymers, such as PLGA, and one or a few organic solvents in
addition to the drug substance. For the polymer solutions
containing fully or partially water-miscible biocompatible
solvents, the in situ gel is formed as a result of a phase
inversion mechanism [99,100]. On injection, the organic solvent
will escape into the tissue fluids simultaneously with the onset
of water influx, leaving the water-insoluble polymer behind,
which causes polymer precipitation or gelling. The solvent-
dependent kinetics of the phase inversion process has a
profound effect on the drug release characteristics of the
in situ formed depot and can lead to burst/shutdown as
well as zero-order release profiles [99].

For the in situ forming gel formulations the vast majority of
published in vitro release experiments have been performed
using variants of the S-S methodology. The pre-gelled for-
mulation may be brought in contact with the buffer solution
used as release medium (thus minimising possible initial burst
effects) [97,101,102], an aliquot of buffer is added to the pre-
formulation, which sometimes is held in a special retainer to
achieve a defined geometry or formulation-buffer interfacial
area [100,103,104], or the preformulation is injected into the
buffer release medium using a syringe [98,105-107]. Owing to the
architecture of the formulation, agitation is often accom-
plished using a shaking device. Sample volumes withdrawn
for analysis are replaced with fresh buffer. Apparently the
potential variability introduced by manually injecting the
preformulation into the buffer has received little attention.
Except for a few cases, a buffer containing surfactants and/or
preservatives has been used as the release medium. However,
it has been found that the presence of additives or serum
in the acceptor medium may affect the drug release
profiles [100,108]. Wang et al. used cerebrospinal fluid as
the release medium for the in vitro evaluation of an
injectable hyaluronan – methylcellulose hydrogel prepared
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for intrathecal drug delivery [105]. Similar approaches may be
of utility in the in vitro evaluation of other parenteral routes of
administration. In addition to the S-S in vitro release meth-
odology, release models utilising the DMB princi-
ple [103,109-111] have found use in the evaluation of in situ
forming gel-type depots. The effect of placing only the
formulation in the donor compartment of the dialysis system
on the in vitro release profiles is unclear (cf. lipophilic
solutions in Section 4).
In vitro as well as in vivo characterisation of in situ gel

systems has been performed in several studies, for exam-
ple [97-99,101,102,106,110-112]. Apparently, IVIVCs have not
been established. However, recently Kempe et al. found
quantitative agreement between the in vitro and in vivo
polymer precipitation kinetics and N-methyl pyrrolidone-
water exchange kinetics for a PLGA/N-methyl pyrrolidone
in situ forming implant administered subcutaneously to mice
by the use of electron paramagnetic resonance (EPR) [107].

5. Expert opinion

As long-acting depot injectables often contain substantial
amounts of a potent drug substance, dose dumping or too
fast release following injection may lead to severe toxicity. On
in vivo instillation, depot removal might be difficult if not
impossible. Hence, in vitro release testing has to be performed
before batch release. For this purpose a discriminatory release
model has to be constructed. Optimally, batch variations,
which would lead to unacceptable changes in, for example, the
pharmacokinetic profile of the drug, should be reflected in the
in vitro release behaviour. Ideally, the in vitro model may
simulate the in vivo conditions to such an extent that a level A
IVIVC can be established.
The utility of in vitro release data as a surrogate for in vivo

drug performance (Section 2) has given impetus to the search
for more ‘biorelevant’ in vitro release methodologies [78,113,114].
To the authors’ best knowledge such improvements are
expected to emerge from future efforts to gain a more in-
depth understanding of the processes taking place in the
immediate surroundings of the administration site. On the
other hand, there seem to be in vivo conditions that cannot
easily be simulated in vitro. Some of these events influence the
in vivo fate of the drug, imparting variability to the pharma-
cological response. In such cases release specifications may, at
best, ensure that the injected formulation does not add more
variability to the in vivo effect. This might be the case when a
so-called ‘second depot’ (into which the drug compound is
distributed) is controlling the appearance of the drug in the
blood. This behaviour is related mainly to highly lipophilic
drugs (or prodrugs). For testosterone esters, residence times
within the body (rats) far exceeded those associated the
disappearance of the derivatives (dissolved in a synthetic
oil) from the i.m. injection site. These observations
indicate that the lipophilic agents were distributed into fatty
tissues [115]. Also, differences in the interfacial area between the

surface of the depot and the aqueous tissue fluid, which cause
variability in the overall apparent release rate, may arise from
less predictable spreading (oils and gels) or aggregation
(microspheres) phenomena taking place at both s.c. and
i.m injection sites [116-118]. Owing to insertion of the needle
and the injection of a certain volume of the formulation,
minor pain and injury at the injection site may be anticipated
even in the case where the injected material is totally inert
(isotonic saline). Following depot instillation, the tissue reac-
tion (intensity as well as duration of the inflammatory and
wound healing processes) is dependent on the size, shape, and
chemical and physical properties of the biomaterial [119]. The
host responds to the tissue injury with a well-defined sequence
of events, including fibrosis [120]. The formation of a fibrous
tissue surrounding the depot system may take place over days
to weeks and for more long-acting depots, this event may
contribute to the overall variability of in vivo drug perfor-
mance. Also, the fact that microsphere particles < 10 µm may
be phagocytosed or engulfed by macrophages and foreign
body giant cells in the inflammatory and healing responses [120]
may affect variability.

After depot injection into subcutaneous and intramuscular
tissues the drug is released into the soft tissue fluid. Drug
solute transport within the space between blood capillaries
(several hundred micrometres in soft tissues) can be described
by Equation 2 [121]. Although much of the interstitial fluid is
in constant movement owing to the Starling’s forces, the flow
is slow. Consequently, the convective term in Equation 2
typically will be relatively small in the case of small-molecule
drugs [121]. Whereas physiological Péclet numbers (the ratio
between convective and diffusion transport contributions) are,
in general, in the range 0.1 – 10 [122], mass transfer in the
interstitium can be characterised by Péclet numbers below
unity. Diffusion is inversely related to molecular size, which
means that for larger molecules convection becomes more
important in governing their transport compared with diffu-
sion [121]. The above observations suggest that in vitro release
models intended to simulate s.c. and i.m. conditions should
feasibly operate under minor agitation/flow. On a case-by-case
basis the extent of agitation/flow has to be decided because this
parameter may influence significantly the shape of the in vitro
drug release profile [123,124]. From a practical point of view,
column-type CF-based in vitro models seem to be useful,
especially when convective transport is minimised by intro-
ducing a gel matrix, such as an agarose gel, into the column [78].
At low flow rates, drug release most probably proceeds under
non-sink conditions, a situation that also may prevail at the
subcutaneous site [125]. Differences in deviations from perfect
sink conditions may result in different drug release profiles
in vitro and in vivo, possibly due to: i) a shift in drug release
mechanism (a change in the q term in Equation 2); or ii) a
shift in the relative contribution of q compared with convec-
tion and diffusion (see Equation 2). Injection of the formu-
lation directly into the gel matrix through an injection port
attached to the column might provide important information
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about the effect of spreading or aggregation on drug release
rates. Such in vitro release models should also facilitate, at least
in the formulation design phase, the study of in situ DDS
formation as well as drug release from such in situ DDSs
formed [84,96] (activities within this field are continuing at
present in the authors’ laboratory).

Particularly for long-acting depots, accelerated in vitro drug
release testing is desirable [126]. In case the ultimate goal
remains establishment of IVIVCs, the successful outcome
of the above-mentioned in vitro activities presumably is
inversely related to the complexity of the release and transport
processes occurring at the administration site. Perhaps imple-
mentation of accelerated conditions might be easier for less
complex in vitro release methods feasible for batch control
when attempts to obtain an IVIVC have failed. In the latter
situation proper specifications have to be worked out to
minimise unnecessary in vivo variability. This could include
the use of a level B IVIVC involving statistical moment
analysis [127] in combination with narrow specifications for

the API as well as the pharmaceutical excipients. Science-based
specification settings may appropriately arise from a dialogue
between the company and the regulatory authorities.

Although some in vitro release methods are expected to be in
use for quality control of existing depot formulations, the need
for new release methods for use in the area of parenteral depots
has been stressed frequently in recent years. Stimulation of
research within academia might constitute a means to accom-
plish enhanced activities in this particular field. Under such
conditions, progress gained in the understanding of the trans-
port processes and solute drug interactions taking place in the
vicinity of the site of injection together with the use of different
simulation tools may give optimism concerning the emergence
of improved in vitro release methods in years to come.

Declaration of interest

The authors state no conflicts of interest in the preparation of
this manuscript.

Bibliography
Papers of special note have been highlighted

as either of interest (.) or of considerable

interest (..) to readers.

1. Larsen C, Østergaard J, Larsen SW, et al.

Intra-articular depot formulation

principles: Role in the management of

postoperative pain and arthritic disorders.

J Pharm Sci 2008;97:4622-54
. A comprehensive review of the subject.

2. Berkland C, Pollauf E, Raman C, et al.

Macromolecule release from monodisperse

PLG microspheres: Control of release rates

and investigation of release mechanism.

J Pharm Sci 2007;96:1176-91

3. Burgess DJ, Hussain AS, Ingallinera TS,

Chen ML. Assuring quality and

performance of sustained and controlled

release parenterals: Workshop report.

AAPS PharmSci 2002;4:E7

4. Burgess DJ, Crommelin DJ, Hussain AS,

Chen ML. Assuring quality and

performance of sustained and controlled

released parenterals. Eur J Pharm Sci

2004;21:679-90

5. Martinez M, Rathbone M, Burgess D,

Huynh M. In vitro and in vivo

considerations associated with parenteral

sustained release products: a review based

upon information presented and points

expressed at the 2007 Controlled Release

Society Annual Meeting. J Control Release

2008;129:79-87

6. Siewert M, Dressman J, Brown CK,

Shah VP. FIP/AAPS guidelines to

dissolution/in vitro release testing of novel/

special dosage forms. AAPS PharmSciTech

2003;4:E7

7. Uppoor VRS. Regulatory perspectives on

in vitro (dissolution)/in vivo

(bioavailability) correlations.

J Control Release 2001;72:127-32

8. Woo BH, Kostanski JW, Gebrekidan S,

et al. Preparation, characterization

and in vivo evaluation of 120-day poly

(D,L-lactide) leuprolide

microspheres. J Control Release

2001;75:307-15

9. Young D, Farrell C, Shepard, T.

In vitro/in vivo correlation for modified

release injectable drug delivery systems. In:

Burgess DJ, editor. Injectable dispersed

systems. Formulation, processing,

and performance. New York: Taylor &

Francis Group, 2005. p. 159-76

10. Stevens LE, Missel PJ, Weiner AL.

Controlled flow-through dissolution

methodology: A high-performance

system. Pharm Dev Technol

2008;13:135-53

11. Saarinen-Savolainen P, Jarvinen T,

Taipale H, Urtti A. Method for

evaluating drug release from liposomes

in sink conditions. Int J Pharm

1997;159:27-33

12. Diaz RV, Llabres M, Evora C. One-month

sustained release microspheres of

I-125-bovine calcitonin - In vitro in vivo

studies. J Control Release

1999;59:55-62

13. Washington C. Drug release from

microdisperse systems - a critical-review.

Int J Pharm 1990;58:1-12
. One of the first papers discussing

the influence of sink condition on drug

release characteristics.

14. D’Souza SS, Deluca PP. Methods to assess

in vitro drug release from injectable

polymeric particulate systems. Pharm Res

2006;23:460-74
. Contains an assessment of different

release models used in the characterisation

of microspheres.

15. Pedersen BT, Østergaard J, Larsen SW,

Larsen C. Characterization of the rotating

dialysis cell as an in vitro model potentially

useful for simulation of the

pharmacokinetic fate of intra-articularly

administered drugs. Eur J Pharm Sci

2005;25:73-9

16. The dissolution procedure: development

and validation. Pharmacopeial Forum

2005;31:1463

17. Tingstad JE, Riegelman S. Dissolution rate

studies I. Design and evaluation of a

continuous flow apparatus. J Pharm Sci

1970;59:692-6
. Provision of a rationale for using sink

conditions during dissolution testing of

oral dosage forms.

18. NicklassonM, Lindberg J, Borga B, et al. A

collaborative study of the in vitro

dissolution of phenacetin crystals

comparing the flow through method with

Larsen, Larsen, Jensen, Yaghmur & Østergaard

Expert Opin. Drug Deliv. (2009) 6(12) 1291

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



the USP Paddle method. Int J Pharm

1991;69:255-64

19. Shah AC, Nelson KG. Evaluation of a

convective diffusion drug dissolution rate

model. J Pharm Sci 1975;64:1518-20
. Pioneering work on the subject.

20. Nelson KG, Shah AC. Convective

diffusion-model for a transport-controlled

dissolution rate process. J Pharm Sci

1975;64:610-4
. Pioneering work on the subject.

21. Stay MS, Xu J, Randolph TW,

Barocas VH. Computer simulation of

convective and diffusive transport of

controlled-release drugs in the vitreous

humor. Pharm Res 2003;20:96-102
. Simulation of the drug fate after

depot administration.

22. Caldwell JR. Intra-articular corticosteroids

- Guide to selection and indications for

use. Drugs 1996;52:507-14

23. Davis JM, Matalon L, Watanabe MD,

Blake L. Depot antipsychotic drugs - Place

in therapy. Drugs 1994;47:741-73

24. Chien YM. Long-acting parenteral drug

formulations. J Parenter Sci Technol

1981;35:106-39
. Early comprehensive review on

the subject.

25. Scholtz HE, Pretorius SG, Wessels DH,

Becker RH. Pharmacokinetic and

glucodynamic variability: assessment of

insulin glargine, NPH insulin and insulin

ultralente in healthy volunteers using a

euglycaemic clamp technique 2.

Diabetologia 2005;48:1988-95

26. Porter CJH, Charman SA. Lymphatic

transport of proteins after subcutaneous

administration. J Pharm Sci

2000;89:297-310

27. Levick JR. Microvascular architecture and

exchange in synovial joints.

Microcirculation 1995;2:217-33

28. Poli A, Scott D, Bertin K, et al. Influence

of actin cytoskeleton on intra-articular and

interstitial fluid pressures in synovial joints.

Microvasc Res 2001;62:293-305

29. Simkin PA, Nilson KL. Trans-synovial

exchange of large and small molecules.

Clin Rheum Dis 1981;7:99-129

30. Simkin PA, Benedict RS. Iodide and

albumin kinetics in normal canine wrists

and knees. Arthritis Rheum 1990;33:73-9

31. Weinberger A, Simkin PA. Plasma proteins

in synovial fluids of normal human joints.

Semin Arthritis Rheum 1989;19:66-76

32. Owen SG, Francis HW, Roberts MS.

Disappearance kinetics of solutes from

synovial fluid after intra-articular injection.

Br J Clin Pharmacol 1994;38:349-55

33. Simkin PA, WuMP, Foster DM. Articular

pharmacokinetics of protein-bound

antirheumatic agents. Clin Pharmacokinet

1993;25:342-50

34. Medlicott NJ, Waldron NA, Foster TP.

Sustained release veterinary parenteral

products. Adv Drug Deliv Rev

2004;56:1345-65
. Comprehensive treatise of the subject.

35. Aukland K, Reed RK.

Interstitial-lymphatic mechanisms in the

control of extracellular fluid volume.

Physiol Rev 1993;73:1-78

36. Zuidema J, Kadir F, Titulaer HAC,

Oussoren C. Release and absorption rates

of intramuscularly and subcutaneously

injected pharmaceuticals (II). Int J Pharm

1994;105:189-207

37. Ballard BE. Biopharmaceutical

considerations in subcutaneous and

intramuscular drug administration.

J Pharm Sci 1968;57:357-78

38. Huang Y, Hubbard JW, Midha KK. The

role of the lymphatic system in the

presystemic absorption of fluphenazine

after intramuscular administration of

fluphenazine decanoate in rats.

Eur J Pharm Sci 1995;3:15-20

39. Luo JP, Hubbard JW, Midha KK. The

roles of depot injection sites and proximal

lymph nodes in the presystemic absorption

of fluphenazine decanoate and

fluphenazine: ex vivo experiments in rats.

Pharm Res 1998;15:1485-9

40. Fredholt K, Larsen DH, Larsen C.

Modification of in vitro drug release rate

from oily parenteral depots using a

formulation approach. Eur J Pharm Sci

2000;11:231-7

41. Larsen DB, Fredholt K, Larsen C.

Addition of hydrogen bond donating

excipients to oil solution: effect on in vitro

drug release rate and viscosity.

Eur J Pharm Sci 2001;13:403-10

42. Larsen SW, Thomsen AE, Rinvar E, et al.

Effect of drug lipophilicity on in vitro

release rate from oil vehicles using nicotinic

acid esters as model prodrug derivatives.

Int J Pharm 2001;216:83-93

43. Minto CF, Howe C, Wishart S, et al.

Pharmacokinetics and pharmacodynamics

of nandrolone esters in oil vehicle: effects

of ester, injection site and injection

volume. J Pharmacol Exp Ther

1997;281:93-102

44. Tanaka T, Kobayash H, Okumura K, et al.

Biopharmaceutical studies on parenteral

preparation - intramuscular absorption of

drugs from oily solutions in rat.

Chem Pharm Bull 1974;22:1275-84

45. Larsen SW, Østergaard J,

Friberg-Johansen H, et al. In vitro

assessment of drug release rates from oil

depot formulations intended for

intra-articular administration.

Eur J Pharm Sci 2006;29:348-54

46. Larsen SW, Frost AB, Østergaard J, et al.

On the mechanism of drug release from oil

suspensions in vitro using local anesthetics

as model drug compounds.

Eur J Pharm Sci 2008;34:37-44

47. Larsen DB, Joergensen S, Olsen NV, et al.

In vivo release of bupivacaine from

subcutaneously administered oily solution.

Comparison with in vitro release.

J Control Release 2002;81:145-54

48. Wissing SA, Kayser O, Muller RH. Solid

lipid nanoparticles for parenteral drug

delivery. Adv Drug Deliv Rev

2004;56:1257-72

49. Yaghmur A, Glatter O. Characterization

and potential applications of

nanostructured aqueous dispersions.

Adv Colloid Interface Sci

2009;147-48:333-42

50. Metselaar JM, Storm G. Liposomes in the

treatment of inflammatory disorders.

Expert Opin Drug Deliv 2005;2:465-76
. Comprehensive treatise of the potential

utilities of liposomes.

51. Torchilin VP. Recent advances with

liposomes as pharmaceutical carriers.

Nat Rev Drug Discov 2005;4:145-60

52. Dingle JT, Gordon JL, Hazleman BL, et al.

Novel treatment for joint inflammation.

Nature 1978;271:372-3

53. Mantripragada S. A lipid based depot

(DepoFoam� technology) for sustained

release drug delivery. Prog Lipid Res

2002;41:392-406

54. Fong WK, Hanley T, Boyd BJ. Stimuli

responsive liquid crystals provide

‘on-demand’ drug delivery in vitro and in

vivo. J Control Release 2009;135:218-26

55. Cavalli R, Caputo O, Gasco MR.

Preparation and characterization of solid

lipid nanospheres containing paclitaxel.

Eur J Pharm Sci 2000;10:305-9

Role of in vitro release models in formulation development and quality control of parenteral depots

1292 Expert Opin. Drug Deliv. (2009) 6(12)

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



56. Heiati H, Tawashi R, Shivers RR,

Phillips NC. Solid lipid nanoparticles as

drug carriers 1. Incorporation and

retention of the lipophilic prodrug

3¢-azido-3¢-deoxythymidine palmitate.

Int J Pharm 1997;146:123-31

57. Heng D, Cutler DJ, Chan HK, et al. What

is a suitable dissolution method for drug

nanoparticles? Pharm Res

2008;25:1696-701

58. Levy MY, Benita S. Drug release from

submicronized o/w emulsion - a new in

vitro kinetic evaluation model. Int J Pharm

1990;66:29-37

59. Bonacucina G, Cespi M, Misici-Falzi M,

Palmieri GF. Colloidal Soft Matter as

Drug Delivery System. J Pharm Sci

2009;98:1-42

60. Hitzman CJ, Wiedmann TS, Dai HQ,

Elmquist WF. Measurement of drug

release frommicrocarriers by microdialysis.

J Pharm Sci 2005;94:1456-66

61. Anderson M, Omri A. The effect of

different lipid components on the in vitro

stability and release kinetics of liposome

formulations. Drug Deliv 2004;11:33-9

62. Drummond DC, Noble CO, Hayes ME,

et al. Pharmacokinetics and in vivo drug

release rates in liposomal nanocarrier

development. J Pharm Sci

2008;97:4696-740
. Overview providing details about the

in vivo fate of liposomes.

63. Jain JP, Modi S, Domb AJ, Kumar N. Role

of polyanhydrides as localized drug

carriers. J Control Release

2005;103:541-63

64. Heller J, Barr J, Ng SY, et al. Poly(ortho

esters): synthesis, characterization,

properties and uses. Adv Drug Deliv Rev

2002;54:1015-39

65. Sinha VR, Bansal K, Kaushik R, et al.

Poly-epsilon-caprolactone microspheres

and nanospheres: an overview. Int J Pharm

2004;278:1-23

66. Patil GV. Biopolymer albumin for

diagnosis and in drug delivery.

Drug Dev Res 2003;58:219-47

67. Kumar MNVR, Muzzarelli RAA,

Muzzarelli C, et al. Chitosan chemistry

and pharmaceutical perspectives.

Chem Rev 2004;104:6017-84

68. Shi Y, Li LC. Current advances in

sustained-release systems for parenteral

drug delivery. Expert Opin Drug Deliv

2005;2:1039-58

69. Freitas S, Merkle HP, Gander B.

Microencapsulation by solvent extraction/

evaporation: reviewing the state of the art

of microsphere preparation process

technology. J Control Release

2005;102:313-32
. Comprehensive treatise of the subject.

70. Jiang WL, Gupta RK, Deshpande MC,

Schwendeman SP. Biodegradable poly

(lactic-co-glycolic acid) microparticles for

injectable delivery of vaccine antigens.

Adv Drug Deliv Rev 2005;57:391-410

71. Berchane NS, Carson KH, Rice-Ficht AC,

Andrews MJ. Effect of mean diameter and

polydispersity of PLG microspheres on

drug release: Experiment and theory.

Int J Pharm 2007;337:118-26

72. Vert M, Schwach G, Engel R, Coudane J.

Something new in the field of PLA/GA

bioresorbable polymers? J Control Release

1998;53:85-92

73. Klose D, Siepmann F, Elkhamz K,

Siepmann J. PLGA-based drug delivery

systems: Importance of the type of drug

and device geometry. Int J Pharm

2008;354:95-103

74. Faisant N, Siepmann J, Benoit JP.

PLGA-based microparticles: elucidation of

mechanisms and a new, simple

mathematical model quantifying drug

release. Eur J Pharm Sci 2002;15:355-66

75. Siepmann J, Faisant N, Akiki J, et al. Effect

of the size of biodegradable microparticles

on drug release: experiment and theory.

J Control Release 2004;96:123-34

76. Faisant N, Akiki J, Siepmann F, et al.

Effects of the type of release medium on

drug release from PLGA-based

microparticles: Experiment and theory.

Int J Pharm 2006;314:189-97

77. Zolnik BS, Burgess DJ. Evaluation of in

vivo-in vitro release of dexamethasone

from PLGA microspheres.

J Control Release 2008;127:137-45

78. Klose D, Azaroual N, Siepmann F, et al.

Towards more realistic in vitro release

measurement techniques for biodegradable

microparticles. Pharm Res 2009;26:691-9

79. Liu FI, Kuo JH, Sung KC, Hu OY.

Biodegradable polymeric microspheres for

nalbuphine prodrug controlled delivery: in

vitro characterization and in vivo

pharmacokinetic studies. Int J Pharm

2003;257:23-31

80. van Dijkhuizen-Radersma R, Wright SJ,

Taylor LM, et al. In vitro/in vivo

correlation for C-14-methylated lysozyme

release from poly(ether-ester)

microspheres. Pharm Res 2004;21:484-91

81. Zhang PC, Chen LL, Gu WW, et al.

In vitro and in vivo evaluation of

donepezil-sustained release microparticles

for the treatment of Alzheimer’s disease.

Biomaterials 2007;28:1882-8

82. Nash RA. Suspensions. In: Swarbrick J,

Boylan JC, editors. Encyclopedia of

Pharmaceutical Technology. Second ed.

Basel: Marcel Dekker, 2002. p. 2654-67

83. Akers MJ, Fites AL, Robinson RL.

Formulation design and development of

parenteral suspensions. J Parenter

Sci Technol 1987;41:88-96

84. Packhaeuser CB, Schnieders J, Oster CG,

Kissel T. In situ forming parenteral drug

delivery systems: an overview.

Eur J Pharm Biopharm 2004;58:445-55
. Comprehensive treatise of the subject.

85. Rothen-Weinhold A, Gurny R, Dahn M.

Formulation and technology aspects of

controlled drug delivery in animals.

Pharm Sci Technol Today 2000;3:222-31

86. Yu LX, Foster TP, Sarver RW,

Moseley WM. Preparation,

characterization, and in vivo evaluation of

an oil suspension of a bovine growth

hormone releasing factor analog.

J Pharm Sci 1996;85:396-401

87. Madan PL. Sustained-release drug delivery

systems: Part V, parenteral products.

Pharm Manuf 1985;2:51-7

88. Crommelin DJ. In vitro release studies on

drugs suspended in non-polar media II.

The release of paracetamol and

chloramphenicol from suspensions in

liquid paraffin. Int J Pharm 1980;6:29-42

89. Crommelin DJ. In vitro release studies on

drugs suspended in non-polar media I. The

release of sodium chloride from

suspensions in liquid paraffin. Int J Pharm

1980;5:305-16

90. Stout PJ, Howard SA, Mauger JW.

Dissolution of pharmaceutical suspensions.

In: Swarbrick J, Boylan JC, editors.

Encyclopedia of Pharmaceutical

Technology. New York: Marcel Dekker,

1991. p. 169-92

91. Larsen SW, Østergaard E, Poulsen SV,

et al. Diflunisal salts of bupivacaine,

lidocaine and morphine - Use of the

common ion effect for prolonging the

release of bupivacaine from mixed salt

Larsen, Larsen, Jensen, Yaghmur & Østergaard

Expert Opin. Drug Deliv. (2009) 6(12) 1293

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



suspensions in an in vitro dialysis model.

Eur J Pharm Sci 2007;31:172-9

92. Gietz U, Arvinte T, Mader E, et al.

Sustained release of injectable

zinc-recombinant hirudin suspensions:

development and validation of in vitro

release model. Eur J Pharm Biopharm

1998;45:259-64

93. Sartor O. Eligard: Leuprolide acetate in a

novel sustained-release delivery system.

Urology 2003;61:25-31

94. Gehrke SH. Synthesis and properties of

hydrogels used for drug delivery. In:

Amidon GL, Lee PI, Topp EM, editors.

Transport processes in

pharmaceutical systems. New York: Marcel

Dekker, Inc., 2000. p. 473-546

95. Van Tomme SR, Storm G, Hennink WE.

In situ gelling hydrogels for pharmaceutical

and biomedical applications. Int J Pharm

2008;355:1-18

96. Hatefi A, Amsden B. Biodegradable

injectable in situ forming drug

delivery systems. J Control Release

2002;80:9-28
.. One of first major reviews in the field.

97. Zentner GM, Rathi R, Shih c, et al.

Biodegradable block copolymers for

delivery of proteins and water-insoluble

drugs. J Control Release 2001;72:203-15

98. Chen S, Singh J. Controlled release of

growth hormone from thermosensitive

triblock copolymer systems: In vitro and in

vivo evaluation. Int J Pharm

2008;352:58-65

99. McHugh AJ. The role of polymer

membrane formation in sustained release

drug delivery systems. J Control Release

2005;109:211-21
. Detailed description of in situ

polymer precipitation.

100. Brodbeck KJ, DesNoyer JR, McHugh AJ.

Phase inversion dynamics of PLGA

solutions related to drug delivery. Part II.

The role of solution thermodynamics and

bath-side mass transfer. J Control Release

1999;62:333-44

101. Choi S, Baudys M, Kim SW. Control of

blood glucose by novel GLP-1 delivery

using biodegradable triblock copolymer of

PLGA-PEG-PLGA in type 2 diabetic rats.

Pharm Res 2004;21:827-31

102. Hyun H, Kim YH, Song IB, et al. In vitro

and in vivo release of albumin using a

biodegradable MPEG-PCL diblock

copolymer as an in situ gel-forming

carrier. Biomacromolecules

2007;8:1093-100

103. Katakam M, Ravis WR, Banga AK.

Controlled release of human growth

hormone in rats following parenteral

administration of poloxamer gels.

J Control Release 1997;49:21-6

104. Haglund BO, Joshi R, Himmelstein KJ.

An in situ gelling system for parenteral

delivery. J Control Release

1996;41:229-35

105. Wang Y, Lapitsky Y, Kang CE,

Shoichet MS. Accelerated release of a

sparingly soluble drug from an injectible

hyaluronan-methylcellulose hydrogel.

J Control Release 2009;

doi:10.1016/j.jconrel.2009.05.025

106. Singh S, Singh J. Phase-sensitive

polymer-based controlled delivery systems

of leuprolide acetate: In vitro release,

biocompatibility, and in vivo absorption

in rabbits. Int J Pharm 2007;328:

42-8

107. Kempe S, Metz H, Mäder K. Do in situ
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