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a  b  s  t  r  a  c  t

The  goal  of  this  study  was  to obtain  physically  stable  non-aqueous  in  situ  forming  microparticle
(ISM)  emulsions  capable  of  forming  biodegradable  microparticles  upon  injection.  ISM  emulsions  consist
of a  biocompatible  organic  PLGA  solution  dispersed  in  a continuous  oil phase  prepared  in  a  two-
syringe/connector  system  prior  to  administration.  A variety  of  parenteral  approved  excipients  were  tested
for a stability-enhancing  effect  and  possible  stabilization  mechanisms  evaluated.  Glycerol  monostearate
(GMS)  showed  superior  stabilizing  potential  prolonging  the  emulsion  stability  from  a few  minutes  to more
than  12 h. Flow  behavior  analysis,  differential  scanning  calorimetry,  polarized  light-  and  Cryo-electron
microscopy  revealed,  that  the  stabilization  was  caused  by an immediate,  more  than  5-fold  viscosity
njectability
n  situ forming
on-aqueous emulsion
oly(lactide-co-glycolide)

increase  in  the continuous  phase  after  emulsification  and  by  a stabilized  interface  through  a  liquid crys-
talline GMS  layer  around  the  polymer  solution  droplets.  Despite  the  viscosity  increase  the  injectability  of
the stabilized  ISM  emulsion  was  improved  by  about  30%  compared  to the  corresponding  highly  viscous
PLGA solution  (in  situ  implant)  due  to a pronounced  shear  thinning  of  the  GMS  containing  oil phase.  The
injectability  improvement  allows  a faster  administration  or enables  the  use  of  thinner  needles  and  hence

rt.
reduced  patient  discomfo

. 1 Introduction

Injectable in situ forming biodegradable drug delivery systems
ave received increasing attention as an alternative to implants
nd microspheres due to simpler preparation, less stressful man-
facturing conditions for sensitive drugs (e.g. proteins) and easy
dministration (Packhaeuser et al., 2004). Upon injection into the
ody these systems become more viscous or solidify and thereby
ncapsulate the drug, which is then released over extended periods
f time.

Biodegradable in situ forming microparticle (ISM) systems are
njectable emulsions where an internal phase, consisting of a drug-
ontaining polymer solution (e.g. PLGA in DMSO), is emulsified
nto a stabilizer-containing aqueous or oily continuous phase with

 two syringe/connector system prior to administration (Luan
nd Bodmeier, 2006a).  These ISM emulsions showed advantages
ver the corresponding drug-containing polymer solutions (in situ

mplants; ISI), such as decreased myotoxicity (Kranz et al., 2001),

ore reproducible and burst-free drug release patterns (Kranz
nd Bodmeier, 2007) and better injectability (Rungseevijitprapa
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and Bodmeier, 2009). This, however, requires that the ISM emul-
sions are stable until their administration. The preparation of
stable non-aqueous emulsions is not trivial and, in contrast
to aqueous emulsions, kinetically stable non-aqueous emulsions
have rarely been achieved (Suitthimeathegorn et al., 2007). The
selection of suitable stabilizers is challenging due to a lack of gen-
eral knowledge about the underlying stabilization mechanisms
in non-aqueous emulsion systems (Cameron and Sherrington,
1996; Suitthimeathegorn et al., 2005; Payghan et al., 2008). The
hydrophilic–lipophilic balance (HLB) introduced by Griffin in 1949,
for instance, does not apply (Petersen et al., 1964). Stabilization
has been achieved by either utilization of a suitable oil-immiscible
polar liquid that can substantially replace water, e.g. formamide or
by designing surfactants having two incompatible blocks, each of
which is selectively soluble in one of the immiscible liquids (Imhof
and Pine, 1997). These substances, however, are not approved for
parenteral applications.

The lower viscosity of ISM emulsions, due to the dispersion of
the highly viscous polymer solution phase in a less viscous con-
tinuous phase, resulted in decreased injection forces compared
to polymer solutions only (ISI) (Rungseevijitprapa and Bodmeier,
2009). This viscosity-driven evaluation of the “injectability”, how-

ever, neglected the injection volume to achieve similar drug doses.
According to Hagen-Poisseuille’s law, even highly viscous liquids
(e.g. ISI) could be injected at low forces using for example large nee-
dles or low injection speeds (Ravivarapu et al., 2000; Crawford et al.,

dx.doi.org/10.1016/j.ijpharm.2012.05.029
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:koerberm@zedat.fu-berlin.de
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006). However, this would probably decrease the patient accep-
ance, considering that needle diameter is connected to pain level
Mitchell and Whitney, 2001) and pain exposure time to patient
iscomfort.

Parameters of an “ideal” injection for both patients and health
are professionals are therefore (1) short duration (≤10 s) (Dacre
nd Kopelman, 2002), (2) small needle size (≥20 G) and (3) low
aximal injection force (≤20 N) (Debra et al., 2008; Schoenhammer

t al., 2009). The choice of the injection site will determine the limit
f the injection volume, e.g. 1 ml  for the deltoid site (Rodger and
ing, 2000), and also set the ideal injection speed (e.g. 1 ml  per
0 s). The evaluation of the “injectability” of an injectable depot
ormulation thus needs to include the aforementioned aspects.

The objectives of this study were therefore to obtain physically
table non-aqueous ISM emulsions, to elucidate the underlying
tabilization mechanisms and to characterize the effect of the
mulsion stabilization on the injectability of the resulting ISM for-
ulations.

. Materials and methods

.1. Materials

The parenterally approved compounds investigated as poten-
ial stabilizers comprised poloxamer 188 (Pluronic F68), poloxamer
07 (Lutrol F127), polyethylene glycol 660 12-hydroxystearate
Solutol HS 15), polyoxyl 35 castor oil (Cremophor EL), poly-
xyl 40 hydrogenated castor oil (Cremophor RH 40), polyoxyl 60
ydrogenated castor oil (Cremophor RH 60) all from BASF AG, Lud-
igshafen, Germany; alpha-tocopherol, chenodeoxycholic acid,

holic acid, cholesterol, polyoxyethylene 20 sorbitan monooleate
Tween 80), sodium dodecyl sulfate from Carl Roth GmbH & Co.
G, Karlsruhe, Germany; aluminum monostearate from Fluka,
hemie AG, Buchs, Switzerland; egg-phosphatide mixtures (Lipoid
80, EPC) and soy-phosphatide mixtures (Lipoid S 100, S45)
rom Lipoid GmbH, Ludwigshafen, Germany; sorbitan monooleate
Span 80) from Merck, Darmstadt, Germany; glycerol monostearate
Imwitor 900K) from Sasol Germany GmbH, Witten, Germany and
thanolamine from Sigma–Aldrich Company, St. Louis, USA.

Medium chain triglycerides (MCT) from Fagron GmbH & Co.
G, Barsbüttel, Germany and sesame oil from Sigma–Aldrich Com-
any, St. Louis, USA were used as continuous phases. Low molecular
eight 50:50 PLGA (capped poly(d,l-lactide-co-glycolide; Resomer
G 502S, intrinsic viscosity 0.2 dl/g) was obtained from Boehringer

ngelheim Pharma GmbH & Co. KG, Ingelheim, Germany. Dimethyl-
ulfoxide (DMSO) and tetrahydrofuran were obtained from Carl
oth GmbH & Co. KG, Karlsruhe, Germany. Coloring of the inter-
al phase was performed with methylene blue from Sigma–Aldrich
ompany, St. Louis.

.2. Methods

.2.1. ISM emulsion preparation
The internal phase was prepared by dissolving PLGA Resomer RG

02S (e.g. 300 mg)  in DMSO (e.g. 700 mg)  under intermittent vor-
exing to obtain a final polymer concentration of for example 30%
w/w). Separately, 50 mg  of potential stabilizers were dissolved or
ispersed in 950 mg  vegetable oil at 80 ◦C under vortexing to pre-
are continuous phases containing 5% stabilizer (w/w). Both phases
ere stored in a desiccator for 24 h at ambient temperature before

urther use.

ISM emulsions were prepared in a two-syringe/connector sys-

em, comprising the internal and continuous phases each in a 1 ml
ingle-use syringe (B. Braun Melsungen AG, Melsungen, Germany).
he syringes were coupled with a connector and the two phases
armaceutics 434 (2012) 251– 256

were emulsified by back-and-forth movement of the syringe
plungers.

Unless mentioned otherwise, 0.5 ml  of the ISM emulsion (inter-
nal phase:continuous phase ratio of 1:1, v/v) were prepared by
mixing 0.25 ml  internal phase (30% PLGA in DMSO, w/w)  with
0.25 ml  external phase (5% stabilizer-containing sesame oil, w/w)
under the following conditions: 1.4 mm connector diameter and 1
mixing cycle per s for 180 s.

2.2.2. Hot-stage polarized light microscopy
A Zeiss Axioscope (Carl Zeiss Jena GmbH, Jena, Germany)

equipped with a Mettler Toledo FP82HT hot stage (Mettler-Toledo
GmbH, Giessen, Germany) and EasyMeasure analysis software
(Inteq Informationstechnik GmbH, Berlin, Germany) were used to
study the melting behavior of glycerol monostearate (GMS) and the
ISM emulsion droplet size distributions 15 min  after preparation
(n = 3, each with 300 droplets).

Particle size distribution and oil separation (n = 3) as a function
of time were determined with formulations stored vertically in 1 ml
syringes in a desiccator under ambient conditions and were char-
acterized by the arithmetic mean diameter (dav) and the particle
size at 10% (d10) and 90% (d90) of the particle size distribution to
visualize possible particle size growth.

2.2.3. Electron microscopy
2.2.3.1. Cryo-scanning electron microscopy (Cryo-SEM). The emul-
sion droplet interface of freshly prepared non-aqueous ISM
emulsions was investigated with a Hitachi S-4800 scanning elec-
tron microscope at −145 ◦C. Thereby, emulsions were rapidly
frozen in liquid nitrogen slush, fractured at −190 ◦C and sputtered
with platinum.

2.2.3.2. Freeze etching-transmission electron microscopy (FE-TEM).
Additionally, the droplet interface was investigated with a Zeiss
EM-902 transmission electron microscope. The samples were pre-
treated with the aid of a Balzers BAF 400T etching unit, i.e.
emulsions were rapidly frozen in liquid propane, fractured at
−100 ◦C and sputtered with platinum and carbon. Subsequently,
the samples were dissolved in tetrahydrofuran. Transmission elec-
tron microscopy was  then performed on the corresponding mirror
images.

2.2.4. Viscosity
The flow behavior of continuous phases and the correspond-

ing ISM emulsions were investigated with a software-assisted
rheometer (Rheostress RS 100 with RheoWin Pro software, Haake
Messtechnik GmbH, Karlsruhe, Germany) equipped with a plate-
cone setup of 60 mm diameter (1◦ angle) at 23 ± 0.2 ◦C. Shear rate
controlled ramps (CR) with increasing and decreasing segments
(0–150–0 s−1, 4 min  per measurement) were used.

The yield point, indicating the gel-network strength of GMS
in the continuous phase (sesame oil), was determined using con-
trolled shear stress ramps (CS) with logarithmic distributed data
points from 1 to 1000 Pa in 180 s and consecutively double log-
arithmic data plotting (shear rate against shear stress). The yield
point was  defined as the shear stress value where the slope of the
resulting curve increased.

Prior to all measurements, the samples were treated with a shear
rate of 10 s−1 for 60 s and rested for 60 s to standardize the sample
history.
2.2.5. Differential scanning calorimetry
Differential scanning calorimetry (DSC) was used to investigate

the thermal characteristics of GMS  in the continuous phase and in
the corresponding ISM emulsions. 30–40 mg  sample material were
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Table 1
Stability of glycerol monostearate (GMS)-containing non-aqueous ISM emulsions
(internal phase: 30% PLGA 502S in DMSO, continuous phase: 5% GMS  in sesame
oil, internal phase:continuous phase ratio 1:1.5, volume 0.5 ml) during storage in
horizontally positioned 1 ml  syringes.

Storage time (days) Droplet size distribution (�m) Oil separation (%)

dav
a d10 d90

0 19.3 ± 3.4 15.8 22.6 0.00
0.5  19.1 ± 3.2 15.4 23.0 0.00
1  21.9 ± 4.1 17.4 25.5 4.9 ± 0.1
2  25.0 ± 5.2 19.9 29.8 9.7 ± 0.3
5  26.0 ± 5.9 20.4 32.6 14.3 ± 0.9
9 28.2 ± 6.5 20.7 35.7 19.2 ± 0.8

14 29.6 ± 6.8 22.4 38.4 19.2 ± 0.8
M. Voigt et al. / International Journa

ccurately weighed in closed 40 �l aluminum crucibles and ana-
yzed with a DSC 821 (Mettler Toledo AG, Giessen, Germany) under
itrogen atmosphere. The samples were cooled to 15 ◦C and then
eated to 80 ◦C at a constant rate of 10 ◦C/min. The thermograms
ere standardized to a sample weight of 40 mg.

.2.6. Injectability
The force–distance profile of an injected 35% PLGA 502S contain-

ng DMSO (w/w) solution was compared with the corresponding
n situ microparticle emulsions using a texture analyzer (50 N load
ell) equipped with Texture Expert Exceed software (TA.XTplus,
table Micro Systems, Vienna Court, UK). The maximal force was
et to 45 N. 0.275 ml  of the PLGA solution or 0.550 ml  of the corre-
ponding ISM emulsions (sesame oil with or without 5% GMS; phase
atio 1:1, connector diameter 0.75 mm and 2 cycles per s for 180 s)
ere injected from 1 ml  syringes (Injekt-F, B. Braun Melsungen AG,
elsungen, Germany) through hypodermic needles (24 G ×1.0 in)

n order to compare the formulation at a similar polymer solution
olume. The freshly prepared ISM emulsions were kept in hori-
ontal position for 5 min  (non-stabilized formulations) or 15 min
stabilized formulations) before injection. The injection speed was
et to 5 mm/s, which corresponded to an injection of 1 ml  per 10 s.
he syringe friction force of 0.49 ± 0.16 N was not subtracted to
resent real injection forces. The injection energy was calculated
rom the area under the curve (AUC).

. Results and discussion

.1. Stabilizer screening

The selection of stabilizing excipients for non-aqueous emul-
ions is not as straightforward as for aqueous emulsions. A number
f parenterally approved potential stabilizers (Costarelli et al.,
002; Rowe et al., 2005; Dassinger et al., 2009) were screened for a
tabilizing effect on non-aqueous ISM emulsions (see Section 2.1).
he excipients were added to the continuous phase (medium chain
riglycerides (MCT) or sesame oil) and were then emulsified with

 PLGA-DMSO solution (internal phase:continuous phase ratio 1:1,
/v) with a two-syringe connector system.

For most samples, two separate phases formed within 5 min.
nly ethanolamine in sesame oil, Lipoid S 100 in MCT  and GMS
sing either sesame oil or MCT  as continuous phases showed no
hase separation over an observation period of 15 min, which is an
ppropriate time frame to administer the ISM emulsion to a patient.
he alkaline ethanolamine formed the emulsifying substances,
ydroxyethylammonium carboxylates, in situ via saponification of
egetable oils (McMahon et al., 1963). In general, the use of saponi-
ying agents may  be a promising tool to stabilize non-aqueous
mulsions. However, ethanolamine can also potentially hydrolyze
LGA and was thus not further studied.

Emulsions containing Lipoid S100 in MCT  showed phase sepa-
ation after about 20 min. Interestingly, emulsions stabilized with
MS  showed no signs of phase separation over more than 1 h inde-
endent of whether MCT  or sesame oil was used as continuous
hase. The stabilization of non-aqueous ISM emulsions with GMS
as thus more effective compared to the previously used stabi-

izer Span 80, Pluronic F68 and aluminum monostearate (Jain et al.,
000; Luan and Bodmeier, 2006b; Kranz and Bodmeier, 2007).

.2. Stability of GMS-stabilized emulsions

Decreasing the internal phase:continuous phase ratio from 1:1

o 1:1.5 further improved the ISM emulsion stability against droplet
oalescence. No sign of instability was observed within 12 h of stor-
ge in a horizontally positioned 1 ml  syringe at room temperature
n a desiccator (Table 1). The average particle size (dav) increased
a dav is the arithmetic mean diameter, d10 and d90 are the droplet diameters at
10% and 90% of the particle size distribution.

from 19.1 �m after 12 h to 21.9 �m at day 1 and steadily further
increased to 29.6 �m at day 14. The particle size, where 90% of the
emulsion droplets have a smaller diameter (d90) increased slightly
faster during storage compared to the particle size where 10% of
the droplets have a smaller diameter (d10). This phenomenon was
attributed to Ostwald ripening (Imhof and Pine, 1997). Separation
of the continuous phase was observed after 1 d, when 5% of the
oil could be decanted. This amount increased to about 20% within
14 d. The formation of a separate PLGA solution phase was not
observed. The PLGA-containing internal phase thus remained finely
dispersed, which indicated that microparticle formation could still
be achievable.

3.3. Stabilization mechanisms

Glycerol monostearate formed rod-like crystals embedded in a
fine particle matrix upon preparation of the continuous oil phase
(Fig. 1A). This was accompanied by a change of the DSC  chro-
matograms from a single melting event for glycerol monostearate,
representing the high melting � modification only, to a triple melt
endotherm at lower temperatures, indicating the presence of a mix-
ture of modifications (�, �′ and �) in the continuous phase (Fig. 2),
which typically occurs upon heating and cooling of glycerol esters
(Ojijo et al., 2004; Himawan et al., 2006). Interestingly, the multi-
phasic melting behavior of the continuous phase disappeared upon
preparation of the ISM emulsion, and an endotherm at even lower
temperature appeared (Fig. 2).

Furthermore, a birefringent layer around the dispersed droplets
was seen in the emulsions with polarized light microscopy (Fig. 1B).
This indicated that a liquid crystalline phase of glycerol monos-
tearate was  formed at the interface between the oil phase and the
PLGA solution, as seen previously with an aqueous emulsion (Mele
et al., 2002). Cryo-SEM and freeze etching-TEM confirmed the pres-
ence of liquid GMS  crystals at the interface. Lamellar, platelet-like
structures of GMS  were observed on the droplet surface by Cryo-
SEM (Fig. 1C) and also by freeze etching-TEM in the corresponding
mirror images of the droplet interface (Fig. 1D). In agreement with
studies on aqueous systems (Macierzanka et al., 2009), interface
stabilization by GMS  was identified as one stabilization principle
for non-aqueous ISM emulsions based on the highly polar polymer
solvent DMSO (relative permittivity of 48 for DMSO vs. 80 for water
at 25 ◦C).

Monoglycerides such as GMS, however, are also able to gel veg-
etable oils (Chen and Terentjev, 2009), which is known to decrease
droplet coalescence in W/O  emulsions (Hodge and Rousseau, 2005).

The strength of the gel network and thus the stabilization potential
can be expressed by the yield point (T0), which is defined as the min-
imal shear force required to break down the network structure and
hence initiate plastic flow (Lee et al., 2009). The presence of a yield
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ig. 1. Microscopic images of (A) the continuous phase (5% GMS in sesame oil) st
reparation; (C) Cryo-SEM (surface) and (D) freeze etching-TEM (interface) images
tructures of GMS  liquid crystals at the interface.

oint at GMS  concentrations ≥2.5% indicated GMS  network forma-
ion in sesame oil (Fig. 3). The yield point and hence the gel strength
nd viscosity increased with the GMS  concentration, being 0.5, 2.0
nd 8.0 Pa at GMS  concentrations of 2.5, 4 and 5%, respectively. The
resence of a network structure at 2.5% GMS  concentration cor-
elated well with the minimal amount of GMS  necessary to form
table ISM emulsions (Table 2), indicating its importance for the
tabilization of the emulsion.

A yield point of 6 Pa in the non-aqueous ISM emulsion contain-
ng 5% GMS  indicated that the GMS  network remained intact upon

mulsification. The gel strength, however, decreased compared to
he 5% GMS-containing sesame oil (8 Pa). This was attributed to the
artitioning of a portion of GMS  from the continuous phase into a

iquid crystalline phase at the interface.

ig. 2. DSC thermograms of sesame oil, pure glycerol monostearate, continuous
hase (5% GMS  in sesame oil) stored 1 day at room temperature and the corre-
ponding non-aqueous ISM emulsion.
1 day at room temperature and (B) the corresponding ISM emulsion 15 min after
S stabilized ISM emulsion droplets. The arrows indicate the lamellar, platelet like

The gel network forming and viscosity enhancing effect of GMS
was probably the dominant emulsion stabilization mechanism in
this study, since liquid crystalline layers were already seen at 2%
GMS, whereas a stable emulsion required more than 2.5% GMS
content in the continuous phase.

Other potential stabilizing effects of GMS, e.g. a reduction of
the density difference of dispersed and continuous phase (Derkach,
2009) or a decrease of the surface tension (both 4.5 dynes/cm) could
be excluded.

3.4. Flow behavior and injectability
GMS-containing sesame oil showed a shear rate dependent
decrease of the viscosity, opposite to the Newtonian flow behav-
ior of pure sesame oil (Fig. 4). The shear thinning was reversible
with decreasing shear rate. The hysteresis loop indicated a slightly

Fig. 3. Effect of GMS  concentration in the continuous phase on the yield point (net-
work formation) and the viscosity at a shear rate of 10 s−1 (internal phase:continuous
phase ratio 1:1.5).
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Table  2
Effect of glycerol monostearate (GMS) concentration in the continuous phase on ISM
emulsion droplet size (internal phase: 30% PLGA 502S in DMSO, continuous phase:
0–7.5% GMS  in sesame oil, internal phase:continuous phase ratio 1:1.5).

GMS concentration (%) Mean emulsion droplet size (�m)

0 –
2 –
2.5  45.8 ± 11.0
3 32.3 ± 10.4
5 18.9 ± 2.9
7.5 17.9 ± 3.1
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Fig. 6. Required force to inject ISI solutions (0.275 ml  of 35% PLGA 502S dissolved
ig. 4. Flow behavior of sesame oil as a function of GMS  concentration under increas-
ng  (→) and decreasing (←) shear rates (internal phase:continuous phase ratio
:1.5).

hixotropic flow behavior, which is typically seen for fluids con-
aining gel networks (Lee et al., 2009).
ISM emulsions showed similar flow properties to the continuous
hase (Fig. 5). Applying a high shear rate (100 s−1) to the continuous
hase and the corresponding ISM emulsion to mimic  the emulsifi-
ation step resulted in viscosities as low as 0.46 Pa s and 0.34 Pa s,

ig. 5. Flow behavior of the continuous phase (5% GMS  in sesame oil) and the corre-
ponding ISM emulsion (internal phase:continuous phase ratio 1:1.5) treated with
ifferent shear rates on a rheometer to mimic  the emulsification via the two syringe
ystem. During the first 10 s, the samples were exposed to a shear rate of 5 s−1.
in  DMSO) and the corresponding ISM emulsions (0.550 ml)  stabilized with 5% GMS
(after 15 min  of vertical storage) or without stabilizer (after 5 min of vertical storage)
from 1 ml  syringes equipped with 24 G ×1.0 in. hypodermic needles.

respectively. The viscosity increased rapidly when the shear rate
was decreased from 100 to 5 s−1. Values of 2.47 Pa s for the con-
tinuous phase and 1.87 Pa s for the corresponding ISM emulsion
corresponded to a more than 5-fold viscosity increase in both cases.
The handling of the ISM emulsion could benefit from shear thin-
ning, if the stability-enhancing viscosity increase (low shear) does
not compromise the injection of the emulsions (high shear).

The injectability of ISM emulsions and the corresponding PLGA
solution was therefore evaluated using force–displacement pro-
files of the formulations ejected through thin hypodermic needles
(24 G ×1.0 in.). The ejection speed was set to 0.1 ml/s in order to
have an acceptable injection time of 10 s (Dacre and Kopelman,
2002) for the maximum dose (1 ml)  administrable to the deltoid
(Rodger and King, 2000). GMS-stabilized ISM emulsions could be
injected at a constant force of 10.2 ± 0.29 N (Fig. 6 and Table 3).
The force necessary to inject 5% GMS  containing sesame oil was
very similar to the emulsion (9.45 ± 0.64 N), which highlighted the
viscosity-determining role of the continuous phase in an emul-
sion containing droplets of the highly viscous PLGA solution, which
can pass the needle. As a result of rapid droplet coalescence in
unstabilized emulsions, peak forces approaching the injection force
of the PLGA solution (31.08 ± 1.40 N) were detected. Such high
forces exceeded the upper limit for an acceptable injection of 20 N
(Schoenhammer et al., 2009).

The high peak forces, however, were not apparent from the aver-

age force of the complete injection (12.84 ± 5.49 N) due to the low
force necessary to inject the separated oil portion of the emul-
sion. Besides this disadvantage, comparing the injectability on the
basis of average injection forces ignores, that the injection volume

Table 3
Required force and energy to inject in situ forming implant (ISI) solutions, the corre-
sponding ISM emulsions and the continuous phases of the emulsions through 24 G
hypodermic needles.

Injection force (N) Injection energy (mJ)

ISI 31.08 ± 1.40 2901 ± 39
ISM no stabilizer 12.84 ± 5.49 2753 ± 180
ISM with 5% GMS 10.20 ± 0.29 2051 ± 60
Sesame oil 5.15 ± 0.23 518 ± 20
5% GMS  in sesame oil 9.45 ± 0.64 901 ± 52
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equired to administer a similar drug dose is lower for the polymer
olution (in situ implant) compared to the ISM emulsion, which
eads to either a shorter injection time (Fig. 6) or allows for a lower
njection speed and hence a lower injection force. In contrast to the
verage force, an evaluation on the basis of the dose-normalized
rea under the force–displacement curve (injection energy) over-
omes these shortcomings. A 25–30% lower injection energy of the
MS-stabilized ISM emulsion compared to the corresponding PLGA
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. Conclusions
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han 12 h through the addition of glycerol monostearate (GMS) to
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