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Abstract. Despite the importance of drug release testing of parenteral depot formulations,
the current in vitro methods still require ameliorations in biorelevance. We have investigated
here the use of muscle tissue components to better mimic the intramuscular administration.
For convenient handling, muscle tissue was used in form of a freeze-dried powder, and a
reproducible process of incorporation of tested microspheres to an assembly of muscle tissue
of standardized dimensions was successfully developed. Microspheres were prepared from
various grades of poly(lactic-co-glycolic acid) (PLGA) or ethyl cellulose, entrapping
flurbiprofen, lidocaine, or risperidone. The deposition of microspheres in the muscle tissue
or addition of only isolated lipids into the medium accelerated the release rate of all model
drugs from microspheres prepared from ester-terminated PLGA grades and ethyl cellulose,
however, not from the acid-terminated PLGA grades. The addition of lipids into the release
medium increased the solubility of all model drugs; nonetheless, also interactions of the lipids
with the polymer matrix (ad- and absorption) might be responsible for the faster drug
release. As the in vivo drug release from implants is also often faster than in simple buffers
in vitro, these findings suggest that interactions with the tissue lipids may play an important

role in these still unexplained observations.
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INTRODUCTION

The drug release rate from implantable formulations is a
critical parameter of their therapeutic effectiveness. However,
the release rate and duration obtained by the current in vitro
release testing methods often strongly differ from the
subsequent results of animal and human trials as the
oversimplified in vitro conditions fail to mimic the complex
environment of the tissue. The factors responsible for these
differences are yet mostly unknown or only hypothetical. An
ideal “biorelevant” in vitro method would specifically con-
sider all factors affecting drug release in vivo. The urgent
need for biorelevant in vitro methods has been repeatedly
emphasized (1-4), as achieving a more accurate simulation
can reduce patients’ risk of receiving an inadequate daily
dose, accelerate formulation development, and decrease the
number of animal experiments.
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The biorelevant dissolution has been for a long time
vividly investigated topic in the field of oral formulations.
Enhancing simple buffers used as dissolution media by
additional physiological parameters (e.g., surfactants, en-
zymes, concomitant food intake, biphasic dissolution, etc.)
has been in many cases shown to provide better
in vitro-in vivo correlations (5-7). In contrast, methods for
the parenteral formulations are nowadays still at the stage of
simple buffered media. Furthermore, due to the lack of
standardization and no specific pharmacopeia apparatus, the
setups largely vary between the research groups: either
simple agitated/stirred vials, dialysis membranes (for a
physical separation of particulate systems), or flow-through
cells (mostly the USP 4 apparatus, originally designed for oral
formulations) are currently applied (3). Independently on the
settings, they all rely on the use of simple buffered release
media (mostly phosphate buffer) of physiological pH 7.4 and
temperature 37°C (3, 4). Only few studies have described
attempts on application of biorelevant media, either with
respect to the ionic composition (8) or with additional specific
components of extracellular matrix (ECM)—such as
hyaluronic acid either in a dialysis model mimicking the
subcutaneous tissue (9) or as a component of a simulated
synovial fluid (10-12). An alternative approach is the release
testing in hydrogels which are supposed to simulate the gel-
like physical nature of the ECM (13-19); however, the
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hydrogel-forming polymers used, such as agar or agarose, do
not resemble the specific chemical composition of the tissue.
Electrostatic binding interactions between the released drug
and the components of the ECM can occur since the collagen
is at the physiological pH positively charged and the
hyaluronic acid and chondroitin sulphate are negatively
charged (9, 20).

The drug release from implants is often faster in vivo than
during the in vitro testing in simple buffers (21-26). In the case of
biodegradable polyesters such as poly(lactic-co-glycolic acid)
(PLGA), this is being explained by faster hydrolytic degradation
of the polymer and erosion due to the enzymes present in the
living tissue, despite the fact that the effect of the enzymes is
inconclusive and many studies are supporting nonenzymatic
hydrolysis (22, 23, 27). Therefore, attempts should be made to
investigate the influence of further components present in the
tissue environment to better understand the complex in vivo
situation. Amongst the diverse components in the tissue which
can affect the structural integrity of the implanted materials are
the lipids (28, 29). The locations of intramuscular (i.m.) or
subcutaneous (s.c.) administration—the muscle and the adipose
tissue—are heavily involved in the turnover of lipids and fatty
acids: there is a constant “flux” of lipids and fatty acids through
the blood capillaries and the interstitium either as a source of
energy (muscle) or storage and release for other cells (adipose
tissue). Needless to say, also the membranes of cells and
extracellular vesicles are formed by a lipid bilayer. Therefore,
the lipids and the fatty acids may likely either directly interact (e.g.
ad-/absorption) with the im.s.c. implanted microspheres or
contribute to drug partitioning and so influence the drug release
rate.

Excised animal tissues are commonly used for the in vitro
testing of pharmaceuticals, as they provide morphology and
chemical composition equivalent to the intended site of admin-
istration: e.g., human/porcine skin for topical formulations and
transdermal patches (30, 31), or porcine eyes for ophthalmic
formulations (32-34). Analogically, we have investigated here for
the first time the possibility of application of excised porcine
muscle tissue as an in vitro model simulation of the intramuscular
environment for the testing of depot microspheres.

The muscle tissue was used in form of freeze-dried powder
for advantageous handling and reproducibility compared with the
bulk muscle tissue. The tested microspheres were prepared out of
ethyl cellulose or various grades of PLGA. Several studies have
reported faster risperidone release from depot PLGA micro-
spheres in vivo than in vitro (26, 35); therefore, we have chosen
the risperidone as a good candidate for encapsulation to study the
influence of the investigated release testing conditions and their
biorelevance. Flurbiprofen and lidocaine were also included as
additional drugs for encapsulation. We have further investigated
the effect of lipids isolated from the muscle tissue on drug
solubility and drug release from the microspheres; and in addition
also a binding interaction of the model drugs with the freeze-dried
muscle tissue.

MATERIALS AND METHODS

Materials

The PLGA was obtained from Evonik (Darmstadt, Ger-
many) under the commercial name Resomer® RG. PLGA
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grades of 50:50 lactic to glycolic acid ratio and of different
molecular weights (Mw) and either acid- or ester-terminated were
obtained: Resomer® RG 503H (acid-terminated, Mw 24 000-38
000); Resomer® RG 504 (ester-terminated, Mw 38 000-54 000);
and Resomer® RG 505 (ester-terminated, Mw 54 000-69 000).
Ethyl cellulose was obtained under the commercial name
Ethocel™ Standard 7 Premium from Dow (Midland, MI,
USA). Risperidone and flurbiprofen were obtained from Acros
Organics (Geel, Belgium). Lidocaine and agarose type I-B were
obtained from Sigma-Aldrich. All other chemicals were of
analytical grade or higher.

Microsphere preparation

The microspheres were prepared using simple oil-in-
water (o/w) emulsion solvent extraction/evaporation method
as described earlier (19). The drug (flurbiprofen, lidocaine, or
risperidone; 120-250 mg, depending on the drug loading) and
the polymer (PLGA or ethyl cellulose) in a total amount of
1 g were dissolved in 7-ml dichloromethane and emulsified in
20 ml of 1% polyvinyl alcohol (PVA) under 750 rpm for 1
minute. The emulsion was transferred into 1 L of 0.1% PVA
to allow evaporation of the dichloromethane under constant
stirring (300 rpm). The microspheres were washed, collected
on a filter, and vacuum-dried for 24 hours. After drying, the
particles were sieved through 150-um mesh size to remove
agglomerates and were used either directly after preparation
or stored at 4°C until used (stored not longer than 1 week).
The size of the microspheres was measured using a laser
diffraction particle size analyzer LA-960 (HORIBA, Kyoto,
Japan). The median particle size is given in the following
sections as a parameter D50.

To determine the drug loading, 20.0 mg of the micro-
spheres was dissolved in 2 ml of acetonitrile and afterwards
filled up to 25.0 ml using either 0.1-M HCI (in case of
risperidone and lidocaine) or 0.1-M NaOH (in case of
flurbiprofen). The drugs were analyzed using HPLC methods
described below.

The simulated muscle setup

As recognized during initial trials, direct injection of the
tested microspheres into a bulk excised muscle tissue would
result in several problems:

1) Unknown localization of all “administered” micro-
spheres and consequently problematic localization of
the released drug.

2) Destructive sampling (pieces of muscle tissue as
samples would be necessary) and formation of a
concentration gradient of the released drug of de-
creasing concentration with increasing distance from
the dosage form. In addition, the usual “media
replacement” with the equivalent volume of fresh
medium very easily applicable in case of liquid release
media would be very complicated in case of a muscle
tissue.

3) Risk of incomplete drug recovery from muscle tissue.

4) Microbial instability of the tissue over the long time
period at 37°C (several weeks can be expected in case
of implantable microspheres).
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To overcome the abovementioned problems, novel
approach was developed here. The muscle tissue was freeze-
dried and subsequently pulverized for better handling and
reproducibility. The tested microspheres were then incorpo-
rated together with the freeze-dried muscle tissue powder
into a small assembly held together by agarose hydrogel
(procedure described in detail below), enabling that the
microspheres are in direct contact with the muscle tissue,
and at the same time, the small size of the assembly allows its
placing into aqueous buffered release medium (simulating
blood compartment), from which the samples can be conve-
niently taken and analyzed using conventional techniques
such as HPLC. The aqueous release medium can be easily
replaced in contrast to bulk muscle tissue providing advan-
tage of nondestructive sampling. The agarose was selected for
its excellent long-term stability (36) and to mimic the gel-like
nature of ECM (37-39). Although the microspheres are
intended to be suspended in a vehicle before administration
to provide injectability, the release rate mechanism is
determined solely by the characteristics of the microspheres
and the vehicle is not intended to contribute to the sustained
release. Therefore, incorporation of microspheres directly in
muscle tissue without vehicle will not significantly alter the
results.

Preparation of muscle tissue powder

Porcine muscle tissue (from hind limb) was bought at a
local butcher, cut to smaller pieces, frozen at —30°C over-
night, and freeze-dried in Steris Lyovac GT2 freeze dryer
(Mentor, OH, USA). The tissue was weighed before and after
freeze drying to determine the water content. The freeze-
dried tissue was then pulverized in Retsch Centrifugal mill
ZM1 (Haan, Germany) in two cycles of decreasing mesh size
(mesh sieve size 2 mm followed by 0.5 mm).

Incorporation of microspheres into the simulated muscle
setup

Microspheres (25.0 mg) and muscle tissue powder (50
mg) were weighed on an analytical balance and mixed using a
spatula. Agarose hydrogel (2%) was used as a binding matrix
for the mixture of microspheres and the freeze-dried muscle
tissue powder so that the resulting assembly does not
disintegrate upon placing into release medium. Importantly,
not pure water, but the release medium was used for the
preparation agarose hydrogel, to provide buffered conditions
and pH 7.4. In order to solubilize the agarose, the suspension
must be heated to 90-95°C and the sol-gel transition occurs
spontaneously upon cooling below 35-37°C. Such high
temperatures over 90°C even for short contact time could
affect the tested microspheres (burst release or softening of
PLGA); hence, the solubilized agarose was cooled to around
40°C under vigorous stirring (necessary to prevent the sol-gel
transition to occur already before application). To provide a
reproducible shape and dimensions of the resulting agarose
gel/muscle tissue/microspheres setup, an assembly of flat
punches and a die (12 mm diameter) made of stainless steel
was used. Firstly, one punch was partially inserted into the die
from below, to form a cavity into which the dry blend of
muscle tissue powder with the microspheres was filled. The
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cooled 2% agarose solution (170 pl) was added using a
micropipette and the second punch was quickly introduced
from the top. The weight of the upper punch applied
sufficient pressure to allow the (liquid) cooled agarose
solution to homogenously penetrate into the blend of muscle
powder and microspheres, before the sol-gel transition of
agarose occurred. The added volume of the agarose solution
was selected to correspond to the amount of water lost during
the freeze-drying step, in order to keep the ratio of water and
solids the same as in the original muscle tissue. The procedure
was performed to obtain a normalized reproducible shape
and dimensions—the diameter is determined by the inner
diameter of the die and the height by the constant mass
(weighing on an analytical balance and using a micropipette
provides sufficient precision and reproducibility). The thick-
ness of the final disc-shaped assembly was approx. 2 mm (Fig.
1). The final assembly was left standing for 5 minutes to allow
complete gelation of agarose hydrogel and then transferred
into 20.0 ml of release medium.

Extraction of muscle lipids

The freeze-dried muscle powder was suspended in a
mixture of chloroform/methanol in a 2:1 volume ratio and
horizontally shaken for 12 hours. Afterwards, the insoluble
components (predominantly the muscle proteins) were sepa-
rated by filtration and the volatile solvent mixture was left to
evaporate at room temperature, followed by vacuum drying
for 24 hours to remove the solvent residues. The extracted
lipids were subsequently emulsified in the release medium
using an IKA Ultra Turrax® T 18 (Staufen, Germany). Some
components of the extracted lipids (most likely lecithin and
free fatty acids), as well as the 0.02% concentration of
polysorbate 20 in the release medium, acted as surfactants,
facilitating the emulsification and stabilizing the emulsion
formed. The concentration used for drug release testing was
30 mg lipids/ml of the release medium unless stated
differently.

The lipids emulsified in the release medium create a
biphasic system of lipid droplets and micelles. The focus was
confined on the effect on the drug release from the
microspheres; therefore, the released drug was determined
in both phases together. The fractions of the drug in the lipid
phase and in the aqueous phase were not separately
investigated, since the drug partitioning is already a step after
the release from the microspheres and not determined by the
dosage form formulation; it is only determined by the
physicochemical properties of the particular drug (such as
log D).

The muscle tissue powder without the extracted lipids
was also kept and used to prepare the same assembly with
microspheres as described in previous section, in order to test
the release behavior when the lipids were not present.

Drug release conditions

The release medium consisted of 0.1-M sodium phos-
phate buffer (pH = 7.4) with osmolarity adjusted to 285
mosm/ml with sodium chloride; 0.05% sodium azide was used
to prevent microbial growth and 0.02% polysorbate 20 to
provide sufficient wettability of the microspheres and to
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Fig. 1. The setup of muscle tissue with incorporated microspheres
held by agarose hydrogel. The preparation procedure enables
standardized and reproducible dimensions and shape. a side view
and b top view of muscle setup with drug-loaded microspheres. ¢
Ethyl cellulose microspheres loaded with water-insoluble red dye
(Sudan III) were used to visualize the distribution of microspheres

prevent their aggregation. Sink conditions were maintained
for all drugs. The temperature of 37°C was chosen for better
consistency with other studies, although the average temper-
ature of resting muscles is between 34 and 35°C (40). The
investigated release conditions were compared with the
simultaneous testing of the microspheres of the same batch
under current “standard conditions” by freely suspending in
the release medium alone. The pH of the release medium was
regularly checked during the period of release testing and
adjusted in case of pH drop caused either by hydrolysis of the
PLGA or the lipids. Due to the inevitable hydrolysis of the
lipids to free fatty acids, the pH of the medium with 30 mg/ml
of emulsified lipids slowly decreased in time (despite the
buffering capacity of 0.1-M phosphate buffer) by approx. 0.1
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on the pH scale in 7 days if no pH adjustment was performed.
One quarter of the volume of the release medium was
replaced in each sampling point to introduce medium with
“fresh” lipids. The vials with the release medium with
emulsified lipids were mildly manually agitated in each
sampling point to prevent phase separation of the emulsion
(the control vials with lipid-free medium were also agitated to
eliminate the possible influence on drug release).

Determination of drug binding on muscle tissue

Protein binding was determined in suspension of the
freeze-dried muscle tissue powder in the release medium (20
mg/ml). Into 9.0 ml of the suspension, 1000 pl of stock
solution of the drug (100pg/ml) was added and the suspension
was incubated at 37°C for 24 hours. The drug concentration
was chosen to approximately correspond to the concentra-
tions present during the drug release. To determine the
binding on the soluble proteins, the blank suspension was
incubated for 24h under 37°C, centrifuged, and the drug stock
solution was added to the supernatant and incubated for
additional 24 hours. As a control, the drug stock solution was
added to the pure release medium. All experiments were
performed in triplicate. The drug concentration after incuba-
tion was determined by the HPLC methods described below.
The drug recovery was calculated as percentage of the peak
area in relation to the control in pure medium.

Drug solubility

The saturation solubility (Cs) was determined in 3 ml of
either pure release medium or with different concentrations
of emulsified muscle lipids (3, 15, 30, and 60 mg/ml). The drug
suspension was incubated at 37°C for 2 days to obtain a
saturated solution in equilibrium. The undissolved particles of
drug excess were filtered through a 0.2-pm pore size syringe
filter, diluted, and analyzed using respective HPLC methods
described below.

Liquid chromatography analysis (HPLC)

Analyses were performed with a Waters Alliance (Wa-
ters, Milford, MA, USA) HPLC 2695, equipped with a
Waters 996 photodiode array detector. All three drugs were
analyzed on the C-18 column LiChrospher 100 RP 18-5pum
EC (CS-Chromatographie, Merck) based on previously
described methods (19). The mobile phase for flurbiprofen
consisted of a mixture of acetonitrile and water buffer (1%
chloroacetic acid adjusted with ammonium hydroxide on pH
3.0) in ratio 60/40; flurbiprofen was detected at 244-nm
wavelength. The mobile phase for risperidone was a mixture
of acetonitrile and water buffer (0.1% acid adjusted with
ammonium hydroxide to pH = 3.0) in a ratio of 65/35;
risperidone was detected at 273-nm wavelength. The mobile
phase for lidocaine consisted of acetonitrile and 0.01-M
phosphate buffer of pH = 6.5 in a ratio of 65/35. The UV
detection was at 215 nm. The linearity was determined in a
range between 0.5 and 50 pg/ml (for further details, see
Supplementary Material).
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An addition of an equivalent volume of acetonitrile to
the samples of the muscle setup or lipid-containing medium
resulted in a complete drug recovery for the HPLC analysis.

Contact angle (wettability)

The films for the contact angle measurements with 8%
drug loading were prepared by a solvent casting method by
dissolving the drug and respective polymer in dichlorometh-
ane, casting on nonadhesive Petri dish and evaporating. The
contact angle was measured using Drop Shape Analyzer
EasyDrop (Kriiss, Hamburg, Germany), as a sessile drop on
the film surface (n = 6).

Differential scanning calorimetry (DSC)

The instrument DSC 2 (Mettler Toledo, Giessen, Ger-
many) with nitrogen as a cooling gas was used. The heating-
cooling-heating cycle was: +25°C/-20°C/+60°C/-20°C/+60°C
at a rate of 10K/min. The samples were analyzed at hydrated
state as taken from the release medium in aluminum pans
with nonpierced lid and weighted after each run to assure no
water was lost during the heating.

RESULTS

Binding interactions with the muscle tissue

We found that flurbiprofen and lidocaine partially bind
on the structural components of the muscle tissue. When the
stock solution of flurbiprofen was added to the release
medium with 20 mg/ml suspended muscle tissue powder, only
79.2 = 0.9% recovery was determined in relation to the
simultaneously performed blank (without muscle tissue). The
same procedure with lidocaine showed only 91.3 = 1.1%
recovery; in the case of risperidone, complete recovery (99.8
+ 0.5%) was determined. However, complete drug recovery
of all 3 model drugs was obtained when the drug solution was
added to the supernatant (soluble components of the muscle
tissue). This suggests that the flurbiprofen and lidocaine
bound to the structural insoluble components of the tissue.

Effect of muscle lipids on drug solubility

With increasing concentration of emulsified muscle lipids
in the release medium, the saturation solubility of all three
model drugs gradually increased (Fig. 2). For instance, with
30 mg/ml of lipids, the saturation solubility (Cs) of
flurbiprofen increased from 7.92 + 0.05 mg/ml in the lipid-
free release medium to 11.55 + 0.09 mg/ml, the Cs of lidocaine
from 9.94 + 0.06 to 20.87 + 0.18 mg/ml, and the Cs of
risperidone from 0.32 + 0.01 to 0.61 = 0.01 mg/ml.

Drug release under investigated conditions

The muscle setup (Fig. 1) remained mechanically stable
over the whole period of the release testing without
disintegrating in the release medium. The sodium azide
efficiently prevented microbial instability over the period of
drug release as no organoleptic signs of microbial deteriora-
tion were apparent. Only the color of the muscle tissue
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Fig. 2. Relative increase in saturation solubility (the solubility in
lipid-free medium is set as a reference value of 1) of the model drugs
with increasing concentration of the lipids in the release medium

changed after the first day in the medium from the original
light pink to whitish.

The release of the three drugs from the microspheres
prepared from the acid-terminated Resomer® grades (502H,
503H, and 504H) was in all cases slower in the muscle setup
than when they were freely suspended in the release medium.
The release profiles from the 503H grade microspheres are
given as an example in Fig. 3. Differences were generally
more pronounced in the case of risperidone than flurbiprofen
and lidocaine. The addition of lipids into the medium (30
mg/ml) did not have any impact on the lidocaine release from
the acid-terminated grades and the release of flurbiprofen
and risperidone was only marginally faster (Fig. 3).

However, different release behaviors were observed in
the case of the ester-terminated 505 grade. When the
flurbiprofen-loaded Resomer® 505 grade particles were
tested, the release was faster in the muscle setup (Fig. 4a):
the difference was most prominent at the 5.8-day time point
with 74.1 vs. 51.5% released in the muscle setup vs. in pure
medium, respectively, and at the time point of 6.3 days, 88.2
vs. 70.0%. From the further results in Fig. 4a, it is apparent
that with the addition (emulsification) of only the isolated
muscle lipids, even stronger acceleration of flurbiprofen
release occurred. On the contrary, if the particles were
incorporated in the assembly made out of muscle tissue
powder after the removal of the lipids, the release was even
slower than in the release medium alone. This clearly shows
the determining effect of the lipids on the acceleration of the
flurbiprofen release. The T, of the particles after 5 days
(approx. the time point when the release profiles started to
differentiate) in the release medium either with or without
lipids was determined (in a hydrated state)—in both cases,
the T, was around 21°C, indicating no significant plasticizing
effect of the lipids.

This effect on drug release was similar for different
average particle sizes with similar flurbiprofen loading
(compare Fig. 4a and b). In the initial phase, the release
curves were overlapping, indicating no retarding impact of
the additional drug diffusion step through the muscle tissue.
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The same accelerating trend was observed also in the
case of the Resomer® 504 formulation (lower Mw than the
505) (Fig. 4d): on day 5, there was already 85.3% flurbiprofen
released in the medium with lipids, 76.2% released in the
muscle setup while only 66.7% in release medium alone; on
day 6, then 98.1 vs. 94.4 vs. 83.9%, respectively.

With a higher flurbiprofen drug loading in 505 micro-
spheres (Fig. 4c), the drug release was very rapid and
complete within 4 days, the effect of lipids was less
pronounced, but the release in case of the muscle setup
(despite lipids were not removed) was retarded.

The release of lidocaine from the 505 grade particles was
also accelerated. Interestingly, the release in the muscle setup
was accelerated between days 4 and 7 (Fig. 5a), while the
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emulsified lipids accelerated the release only in the final days
and the release curves in the preceding days were overlapping
(Fig. 5b and c).

When the risperidone loaded 505 microspheres were
tested in the muscle setup, there was also marginally faster
risperidone release observed between days 7 and 12 (Fig. 6a),
but not as prominent as in the case of flurbiprofen or
lidocaine. From day 13 onwards, the released amount was,
on the contrary, lower in the case of the muscle setup.

The effect of different lipid concentrations in the medium
(3, 15, and 30 mg/ml) was tested on two 505 formulations with
different risperidone loadings. The release rate increased with
increasing concentration of emulsified lipids in the release
medium (Fig. 6b and c). The trend was similar for both drug
loadings; however, the degree of the difference from the lipid-
free medium was more pronounced in the case of the
formulation with higher drug loading. The lipid concentration
of 3 mg/ml was the lowest where any significant effect on
release could be observed.

The contact angle on the surface of the Resomer® 505
films loaded with 8% of either of the model drugs was
measured to determine a possible effect of the lipids on the
wettability of the medium on the hydrophobic surface. There
was no difference between the lipid-free medium (37.3 + 3.8°)
and the medium with 30 mg/ml of lipids (36.8 + 3.5°). The
particles in the lipid-free medium were already well wetted
given by the presence of 0.02% polysorbate 20, sank, did not
float on the surface of the medium, did not agglomerate, and
remained individually suspended; hence, it is unlikely that a
change in wettability contributed to the faster release.

The lipids in the release medium as well as the
incorporation into the simulated muscle setup also signifi-
cantly impacted—accelerated—the drug release from the
ethyl cellulose formulations. The release of all three model
drugs from the ethyl cellulose microspheres followed the
same trend, slowest release in the pure medium, fastest in the
medium with emulsified lipids, and the release curve obtained
in the muscle setup was in between (Fig. 7), with an exception
in case of the first day time point on the release curves of
lidocaine and risperidone with the lowest released amount in
the muscle setup. The presence of lipids accelerated the
release already from the first day, whereas in the case of the
505 PLGA grade, the difference was prominent only in the
final stages. Due to the diffusion-controlled release from ethyl
cellulose matrix, the release rate gradually decreased; how-
ever, as apparent from the slope of the release curves, this
decrease in the release rate was less prominent in the muscle
setup and in the presence of lipids than in the pure
medium—resulting in the overall faster release. This effect
was at most pronounced on the least soluble risperidone after
the first week of release.

DISCUSSION

Muscle tissue in its freeze-dried pulverized form offered
a worthwhile approach in the development of a first model
simulation of intramuscular environment for drug release
testing. The investigated factors in most cases affected the
drug release and can therefore provide additional information
about the factors influencing the release in vivo than testing in
simple buffers.
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Fig. 4. Drug release profiles of flurbiprofen under different testing conditions from microspheres of ester-
terminated PLGA grades. 505 grade microspheres with lower drug loading and either different sizes: a
7.2% flurbiprofen, D50 = 86 pm or b 7.4% flurbiprofen, D50 = 112 pm; ¢ higher flurbiprofen loading of
15.1% (D50 = 84um); d 504 grade (6.8% flurbiprofen, D50 = 78 pm)

Flurbiprofen and lidocaine are known to bind strongly
on plasma proteins (41-43) and a binding tendency towards
the muscle tissue was also observed in our study. Such binding
interactions of the released drug on the structural proteins of
interstitium (e.g., collagen or elastin) might occur in vivo and
should be also considered in development of biorelevant
methods. However, the binding interaction was not responsi-
ble for the observed slower drug release from the acid-
terminated PLGA grades in the muscle setup than in pure
medium, because in the case of the ester-terminated grades
and the ethyl cellulose, the release in the muscle setup was,
on the contrary, faster than in pure medium. Furthermore, the
release profiles between the muscle setup and pure medium
differed at most for risperidone despite no binding of
risperidone was determined. The slower release in the muscle
setup can be more likely explained by swelling restriction of
the particles tightly incorporated in the muscle setup held
together by the rigid agarose gel, while the particles freely
suspended in the medium were able to swell freely. The
swelling of PLGA was reported in many studies to control the
drug release from PLGA dosage forms (19, 24, 44-46) and
the more hydrophilic acid-terminated grades swell faster than
the ester-terminated (47, 48). This effect was also observed
for the risperidone-loaded Resomer® 505 formulation in the
later stages of advanced polymer degradation and hydration.
The swelling might be similarly limited also in the tight
interstitial space upon in vivo administration.

There was a lower amount of lidocaine and risperidone
released from the ethyl cellulose particles on the first day in

the muscle setup than in the pure medium, which can be
attributed to the additional diffusion step of the released drug
through the muscle tissue. This retarding effect was also
observed in the case of 505 PLGA grade with the higher
flurbiprofen loading (=15%); however, not in the case of the
low drug loadings. This additional retarding step is, therefore,
apparently more prominent when a high initial drug amount
is released (burst release). A similar effect was observed in a
study by Andhariya et al. in vivo, when upon i.m. adminis-
tration of leuprolide acetate loaded PLGA microspheres,
considerably lower drug plasma concentrations were detected
in the initial stage compared with a high burst release in vitro
(49). The authors attributed this effect to the additional step
of diffusion and absorption of the peptide from the muscle
tissue; yet the overall release was, nonetheless, faster in vivo.
However, the diffusion of the macromolecules such as the
leuprolide acetate might be much more impacted (hindered)
than that of low-Mw drugs.

Lipids isolated from the muscle tissue were identified to
accelerate the release of all three investigated drugs. Drug
solubility is one of the crucial factors determining the release
rate from polymeric matrices (22). The tissue lipids increased
the solubility of our model drugs and this effect could not
only explain the accelerated release in our experiments but
also the generally reported faster release rates in vivo. The
presence of the fatty acids, lipid membranes, and other
components of the ECM in the tissue might make the
surroundings of the implanted formulation more lipophilic
compared with the standard phosphate buffer, hence favor
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Fig. 5. Comparison of lidocaine release from Resomer® 505
microspheres between pure release medium and a muscle setup
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isolated muscle lipids (30 mg/ml)

the release by increased drug solubility as observed in vitro in
this study. Higher lidocaine solubility and its faster release
from a gel formulation in human peritoneal fluid than in
phosphate buffer have been reported and were attributed to
the presence of physiological surfactants (50). However, the
presence of lipids in the release medium did not affect the
release from the acid-terminated PLGA grades in our
experiments, but the higher solubility should unspecifically
increase the release rate from all grades. Therefore, the
accelerated release does not appear to be solely explained
simply by a general solubility increase in the surrounding
medium.

The lipids/fatty acids will tend to adsorb and accumulate
on the hydrophobic surface of the microspheres. Adsorption
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of lipids on the hydrophobic surface of the implanted
materials has been already shown to occur in vivo (51-53).
The partitioning of a hydrophobic drug from the “very
hydrophobic” PLGA/ethyl cellulose matrix into the “very
hydrophilic” release medium (in other words, the release)
might be made more favorable by this hydrophobic “inter-
mediate compartment” of the lipid layer adsorbed on the
surface.

Alternatively, the lipids and fatty acids can penetrate
inside the polymer matrix (54) and enhance absorption of
the release medium into the core of the matrix by osmotic
effect and/or by counteracting the repulsive forces between
the hydrophobic polymer chains and water molecules.
Absorption of lipids into implanted silicone prosthetics
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with either a 8.5% flurbiprofen (D50 = 70 pm), b 8.8% lidocaine (D50
=71 pm), ¢ 9.1% risperidone (D50 = 77 um)

(29, 55-57) and poly(glycolic acid) sutures (28) with impact
on their structural and mechanical properties has been
already documented earlier; therefore, the drug-loaded
implants can be similarly affected with a direct consequence
on drug release rate. Lipids co-encapsulated with risperi-
done in PLGA microspheres have been intentionally used
to modify (accelerate) risperidone release (58).

The lipids in medium had an accelerating effect on the
drug release, despite that the sink conditions in the lipid-
free medium were already provided. Although the lipids
emulsified in the release medium create a biphasic system,
this is the important difference from the biphasic dissolution
testing of oral dosage forms, where non-sink conditions
exist in the aqueous phase and the drug partitioning into the
organic phase prevents the drug saturation in the aqueous
phase (5). However, in the microenvironment inside of the
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polymer matrix, the sink conditions may not be maintained,
as demonstrated in a study by Siepmann et al. (59). The
authors found that despite the sink conditions in the
surrounding release medium, non-sink conditions inside of
hypromellose matrix might exist even for freely soluble
drugs. The authors further concluded that if such effect was
observed even for relatively hydrophilic hypromellose
matrices in a highly hydrated and swollen state, the effect
might be even stronger for more hydrophobic matrices
containing much less water (60). In a further study by the
same research group, an equivalent situation was observed
also in the case of PLGA extrudates (45). Correspondingly,
the lipids and fatty acids in our experiments might have
acted on increasing of the solubility in the microenviron-
ment inside the microspheres upon their absorption into the
matrix, despite sufficient sink conditions in the surrounding
medium were provided already in the lipid-free medium.
The acid-terminated PLGA grades being more hydrophilic
allow faster water penetration inside the matrix and
swelling; hence, the local drug saturation inside their matrix
might not have been the rate-determining factor—possibly
explaining why the lipids accelerated the release only from
the ester-terminated PLGA and the ethyl cellulose
microspheres.

Possible acceleration of the hydrolytic degradation of the
PLGA is unlikely since in the experiments with the (non-
degradable) ethyl cellulose, we have also observed faster
release in the lipid-containing medium and in the muscle
setup. The diffusion-controlled release from the ethyl cellu-
lose matrices is characterized by decreasing rate with the
decreasing concentration gradient (first-order kinetics) and
the lipids seemed to partially prevent this rate
deceleration—leading to overall faster release. On the other
hand, in the case of the Resomer® 505, the effect of the lipids
seemed to be on shifting of the onset of the phase of rapid
release to sooner time points and to shortening of the lag
phase.

Despite the exact mechanisms are yet to be elucidated,
the interactions with lipids could, nevertheless, in some
cases provide an explanation to the often reported faster
drug release in vivo than in simple buffers in vitro.

The muscle tissue-based release methods shown here
represent the first attempts towards the mimicking of the
intramuscular conditions and are surely not without
limitations. Clearly, the characteristic morphological struc-
ture of the native muscle fibers is not retained in the
pulverized freeze-dried tissue. The limitation of swelling
had an impact on the drug release, but this was
determined by the strength of the agarose gel and may
not resemble the actual physical properties of muscle
tissue. Also, the lipids in tissue are not present freely as
when emulsified in release medium and are mainly
organized as lipid droplets inside of adipocytes, as bilayer
in cell membranes, or the fatty acids bound on albumin
(61, 62). However, displacement from this physiological
distribution could still occur when the partitioning towards
the implant surface is thermodynamically favorable or due
to mechanical impact on the tissue caused by implant
administration. The natural lipids are accompanied with a
risk of chemical instability during the long testing period
which may also lead to a change in the properties of the
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release medium in time. However, frequent replacement
with medium with fresh lipids can overcome this issue.

CONCLUSION

A muscle tissue homogenate-based drug release testing
method was suggested here to closer mimic the intramuscular
administration of depot microspheres. In addition to the
novel biorelevant design, additional essential parameters of
pharmaceutical quality control were considered in the devel-
opment, such as long-term stability, reproducibility, low costs,
convenience of sampling, and ease of preparation. From the
diverse biological components of muscle tissue, particularly,
the lipid components affected the drug release from the
microspheres and these findings represent a previously
unknown factor influencing the drug release from parenteral
depot microspheres. The accelerating effect of the lipids was
observed for all drugs tested and across chemically different
polymers (PLGA and ethyl cellulose) but differed within
different grades of the same polymer (acid- vs. ester-
terminated PLGA). Although these experiments cannot
conclusively tell whether the same interactions will happen
in vivo, the results of this study strongly suggest the biological
lipids as one of the important factors responsible for the
differences between in vitro and in vivo release. Further
studies will be necessary on investigation whether the whole
mixture of the lipid extract or a single component is
responsible for the effect and if the same effect can be
achieved by a single triglyceride/fatty acid as a pure
standardized substance. Our findings can provide basis for
further more complex biorelevant models.
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