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ARTICLE INFO ABSTRACT

Keywords: The removal of organic solvents during the preparation of biodegradable poly(D,L-lactide-co-glycolide) (PLGA)
Biodegradable drug delivery systems microparticles by an O/W- solvent extraction/evaporation process was investigated and controlled by diafil-
Microparticles

tration. Emulsification and steady replacement of the aqueous phase were performed in parallel in a single-vessel
setup. During the process, the solidification of the dispersed phase (drug:PLGA:solvent droplets) into micro-
particles was monitored with video-microscopy and focused beam reflectance measurement (FBRM) and the
residual solvent content was analyzed with headspace gas chromatography (organic solvent) and coulometric
Karl-Fischer titration (water). Microparticles containing dexamethasone or risperidone were characterized with
regard to particle size, morphology, encapsulation efficiency and in-vitro release. Diafiltration-accelerated sol-
vent extraction shortened the process time by accelerating solidification of dispersed phase but reduced the
residual dichloromethane content only in combination with increased temperature. Increasing the diafiltration
rate increased particle size, porosity, and the encapsulation efficiency of risperidone. The latter effect was
particularly evident with increasing lipophilicity of PLGA. A slower and more uniform solidification of end-
capped and increased lactide content PLGA grade was identified as the reason for an increased drug leaching.
Accelerated solvent extraction by diafiltration did not affect the in-vitro release of risperidone from different
PLGA grades. The initial burst release of dexamethasone was increased by diafiltration when encapsulated in
concentrations above the percolation threshold. Both porosity and burst release could be reduced by increasing
the process temperature during diafiltration. Residual water content was established as an indicator for porosity
and correlated with the burst release of dexamethasone.
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1. Introduction concentration gradient between the inner drug:PLGA:solvent phase (O)

and the external aqueous phase (W) [9,10]. The proportion of organic

Biodegradable PLGA microparticles are prepared by manufacturing
processes such as solvent extraction/evaporation, organic phase sepa-
ration or spray drying [1,2]. In these methods, organic solvents (e.g.,
dichloromethane (DCM), chloroform, or ethyl acetate) are used to
dissolve the PLGA polymer. These solvents must be removed during the
manufacturing process to a concentration in the final product that en-
sures that the permitted daily exposure for the patient recommended by
the ICH is not reached (e.g., 6 mg/d DCM) [3-5]. The solvent removal
rate can be decisive for the morphology of the solidified microparticles
and thus the release of encapsulated drug [6-8]. In the conventional
solvent extraction/evaporation process, after emulsification, a fast
diffusion-driven extraction is caused by the organic solvent
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solvent extracted depends on both its solubility in the aqueous phase and
the O/W phase ratio [6,11,12]. Thus, different organic PLGA solvents
will show different extraction rates, for example, the water solubility of
ethyl acetate is approximately four times higher than the solubility of
dichloromethane. This effect can be compensated by pre-saturating the
aqueous phase with organic solvent [13,14]. Once the aqueous phase is
saturated, solvent evaporation and not diffusion determines the
extraction rate [10,14]. This process depends primarily on the volatility
of the organic solvent, temperature, ambient pressure, volume to surface
ratio of the aqueous phase, and removal of the evaporated organic sol-
vent [9,11,15,16].

To avoid the control of extraction rate by evaporation, the aqueous
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phase can be diluted gradually or continuously [6,17,18]. Slow extrac-
tion of organic solvent facilitates the formation of small microparticles,
which tend to have pores and a low encapsulation efficiency due to
water influx [6-8,19]. A rapid extraction, by increasing the aqueous
phase volume initially or by fast dilution, facilitates fast solidification of
the polymer. This can increase encapsulation efficiency [20], but also
particle size, pore size, burst release and residual solvent content
[21,22]. Moderate continuous extraction may allow particle shrinkage,
thereby reducing porosity and burst release of drugs [7,8].

The use of membrane separation techniques, in particular tangential
flow filtration, enables controlled and sometimes selective removal of
organic solvents, stabilizers and unencapsulated drugs [23-25]. Diafil-
tration, i.e. the simultaneous removal of aqueous phase and addition of
the same amount of volume of fresh extractant, makes it possible to keep
the vessel volume small and reduce the total extraction volume used
[26,27]. Regardless of whether components or the complete aqueous
phase are removed, the dispersed phase must be retained by membranes,
filters, or sieves. To reduce the risk of blockage, diafiltration is usually
performed in a separate vessel after the emulsion has formed and parts
of dichloromethane have already been extracted.

In this study diafiltration-assisted microparticle preparation in a
single-vessel design was investigated. Solvent removal, particle solidi-
fication, the effect on encapsulation and in-vitro release of two different
drugs with different solubility in the organic phase (risperidone and
dexamethasone) were examined.

2. Materials and methods
2.1. Materials

Micronized dexamethasone (Caesar & Loretz GmbH, Hilden, Ger-
many); risperidone (RPG Life Sciences limited, Navi Mumbai, India);
poly(lactide-co-glycolide) (PLGA) (Resomer® RG 503H; Resomer® RG
7538, Evonik Industries AG, Darmstadt, Germany); acetonitrile (HPLC
grade) (VWR International GmbH, Darmstadt, Germany); dichloro-
methane (DCM) (HPLC grade), dimethyl sulfoxide (DMSO) (headspace
grade) (Carl Roth GmbH + Co. KG, Karlsruhe, Germany); polyvinyl
alcohol 4-88 (PVA) (Merck KGaA, Darmstadt, Germany).

2.2. Methods

2.2.1. Preparation microparticles

Microparticles were prepared by a modified solvent extraction/
evaporation method in two different batch sizes. The organic phase was
prepared by dispersing or dissolving 0-40 % (w/w) dexamethasone or
risperidone (based on polymer weight) in a 10 % (w/w) PLGA 503H
(dexamethasone and risperidone) or PLGA 753S (risperidone) in
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dichloromethane solution (VF2, IKA-Werke GmbH & Co. KG, Staufen im
Breisgau, Germany). 2.5 or 10.0 mL of the organic phase was emulsified
into 50 or 200 ml 0.25 % (w/v) PVA solution using a propeller stirrer (d
= 3.5 cm, 800 rpm or d = 5.0 cm, 500 rpm). The 50 mL batches were
prepared in a 50 mL stirred cell (Millipore Corporation, Bedford, USA)
equipped with a 10 pum stainless-steel sieve at the bottom to retain the
dispersed phase. The 200 mL batches were prepared in a filter funnel
with an integrated sintered glass filter with 10-16 um pore size (Vitra-
POR Filter-Funnel 250 ml Por. 4, ROBU Glasfilter-Gerate GmbH, Hattert,
Germany), equipped with two probes for in-process video microscopy
(PVM) and focused beam reflectance measurement (FBRM) (PVM V819
and Lasentec FBRM D600T, Mettler Toledo AutoChem Inc., Redmond,
USA) (Fig. 1). To control solvent extraction by diafiltration, the aqueous
phase was continuously exchanged for 60 min, by removing it through a
bottom outlet and replacing the same amount of volume with fresh PVA
solution from above using a double-head peristaltic pump (323S,
Watson-Marlow Limited, Falmouth, England). If a one-step dilution was
carried out instead of continuous diafiltration, the entire batch was
transferred into a ten times larger volume of aqueous phase 15 min after
the start of emulsification and stirred with a magnetic stirrer. The mi-
croparticles were separated 24 h after emulsification by vacuum filtra-
tion using a 10 um stainless-steel sieve, washed three times with 250 mL
deionized water and dried under vacuum at 35 °C for 72 h. Dried mi-
croparticles were stored in a desiccator at 7 °C.

2.2.2. Solvent content

The water content of microparticles was determined according to the
method for coulometric Karl-Fischer determination (Ph. Eur. 2.5.32).
10-20 mg microparticles were accurately weighed and dissolved in 1.0
mL acetonitrile. About 250 mg of this solution, accurately weighed,
were analyzed in triplicate for the water content with a coulometric Karl
Fisher titrator (831 KF Coulometer, Metrohm AG, Herisau, Switzerland)
using HYDRANDAL Coulomat AD (Honeywell Specialty Chemicals
Seelze GmbH, Seelze, Germany). The water content based on total
weight was calculated after correction for the water content of a blank.

Dichloromethane content of microparticles or aqueous phase was
quantified with headspace gas chromatography (GC-2014, Shimadzu
Corp., Kyoto, Japan) with a method adapted from USP monograph for
residual solvents using a capillary column equivalent to USP G43 phase
(Rtx-1301, Restek Corp., Bellefonte, USA). 5.0 mL aqueous phase or
10.0-50.0 Mg microparticles, dissolved in 5.0 mL dimethyl sulfoxide,
were sealed in a 20 mL headspace GC vial with an aluminum screw cap
with PTFE septum. Samples were equilibrated automatically under
shaking by an autosampler (AOC-6000, Shimadzu Corp., Kyoto, Japan)
for 60 min at 80 °C (water) or 45 min at 105 °C (DMSO). 1.0 mL of the
gas phase was sampled automatically, with a needle temperature 5 °C
above previous equilibration temperature and injected at 140 °C with a
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Fig. 1. Schematic setup of diafiltration-controlled extraction for microparticle preparation, equipped with probes for video microscopy (PVM) and focused beam

reflectance measurement (FBRM).
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subsequent split ratio of 5. The column oven temperature was main-
tained at 80 °C (water) or 40 °C (DMSO) and increased after 7 min to
160 °C (water) or 120 °C (DMSO) with a heating rate of 30 K/min. The
carrier gas was nitrogen. Samples were detected with a flame ionization
detector (FID) set to 250.0 °C. Evaluation of the spectra was performed
with LabSolutions 5.98 (Shimadzu Corp., Kyoto, Japan). The dichloro-
methane content in the samples was calculated from peak area using a
linear calibration curve obtained by dilution series. For freshly sepa-
rated microparticles, the water content was deducted from the sample
weight to calculate their dichloromethane content

The stirred emulsification vessel was positioned on a balance to
determine the distribution of dichloromethane in an evaporation-
controlled microparticle preparation process. The mass of evaporated
dichloromethane was determined by the mass loss of the total batch
minus the evaporation rate of water (obtained from the mass loss of a
stirred pure aqueous phase). Saturation of the aqueous phase with
dichloromethane was assumed to occur within seconds [10] and to be
constant until solidification of the droplets. This was monitored by
sampling and subsequent GC analysis of the aqueous phase. Based on
this, the dichloromethane removal rate from the dispersed phase was
equated with the calculated dichloromethane evaporation rate for the
duration of saturation of the aqueous phase.

2.2.3. In-process monitoring using focused beam reflectance measurement
and video microscopy

The probes for focused beam reflectance measurement (FBRM) and
video microscopy (PVM) (Lasentec FBRM D600T and PVM V819, Met-
tler Toledo AutoChem Inc., Redmond, USA) were positioned in the
emulsification vessel (Fig. 1) with the FBRM fixed beaker stand and
additional clamps for the PVM. The FBRM online measurements were
performed every 6 s, with a scan speed of 2 m/s and the coarse electronic
discrimination setting. The data were processed using the iC FBRM 4.0
and iC PVM 7.0 software (Mettler Toledo AutoChem Inc., Redmond,
USA). The resulting chord lengths from the FBRM were expressed as
square weighted median to obtain the best estimate of particle size [28]

2.2.4. Particle size analysis

The particle size and size distribution of microparticles were
measured using laser diffraction (HELOS BF and CUVETTE, Sympatec
GmbH, Clausthal-Zellerfeld, Germany) after redispersing the micropar-
ticles in deionized water. Particle size distributions were analyzed using
Sympatec WINDOX 5.4.1.0 software with the LD evaluation mode and
expressed as volumetric density distribution (q31g).

2.2.5. Drug loading and encapsulation efficiency

The actual drug loading was determined by dissolving 10.0-20.0 mg
microparticles in acetonitrile and diluting 1:1 (V/V) with deionized
water. The absorbance of the solution was then measured by UV-Vis
spectroscopy (UV-1900i, Shimadzu Corp., Kyoto, Japan) at 242 nm
(dexamethasone) or 276 nm (risperidone). Concentrations were calcu-
lated with previously established standard curves considering the effect
of dissolved PLGA. The encapsulation efficiency (EE) in percent was
calculated as the ratio of actual drug loading (AL) to the theoretical drug
loading (TL).

2.2.6. Morphology

Scanning electron microscopy (SEM) (SU8030, Hitachi High-
Technologies Europe GmbH, Krefeld, Germany) was used to image the
surface and internal morphology of the microparticles. To investigate
the inner structure, the microparticles were dispersed in a solvent-free
glue (UHU GmbH & Co. KG, Baden, Germany) and the hardened ma-
trix was cut with a razor blade. Samples were sputtered under an argon
atmosphere with gold (CCU-010 HV, Safematic GmbH, Zizers,
Switzerland) and then observed.
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2.2.7. In-vitro release

Approximately 10 mg of microparticles, accurately weighed, were
immersed in 100 mL of phosphate-buffered saline pH 7.4 (PBS) for ris-
peridone or in 100 mL of 0.9 % sodium chloride solution adjusted to pH
7.4 for dexamethasone and stored in an incubation shaker (37 °C and 80
rpm). At designated time points, 10.0 mL of release medium was
removed and replaced. Sink conditions were maintained throughout.
The concentration of the drug in each sample was determined using the
spectroscopic method described above. In-vitro release was performed
in triplicate and results were depicted only as the mean value when the
standard deviation was below 5 %.

3. Results and discussion
3.1. Solvent removal in a classical evaporation-controlled process

The amount of organic solvent extracted at the beginning of emul-
sification depended on its solubility in the aqueous phase and the phase
ratio. At a phase ratio of 1:20 and a temperature-dependent solubility of
dichloromethane of 10-20 mg/mL, about 15-30 % were rapidly
extracted into the aqueous phase until saturation. As long as saturation
persisted, the evaporation rate from the aqueous phase determined the
further extraction [9], which was about 70 mg/min in a 50 mL Batch. In
the first 45 min, more than 98 % of the dichloromethane was removed
from the dispersed phase by rapid initial extraction followed by slow
evaporation (Fig. 2). The viscosity of the droplets increased with time
and the diffusivity of the solvent slowly decreased due to an increase in
PLGA concentration. When the glass transition temperature of the PLGA:
solvent mixture in the dispersed phase exceeded ambient temperature,
the droplets solidified into microparticles, resulting in a sharp decline in
the extraction rate of residual dichloromethane.

3.2. Solvent removal in a diafiltration-controlled process

Through diafiltration with fresh aqueous phase at a relative rate of
20 %/min (20 % of the aqueous phase volume were exchanged within
one minute), dichloromethane was continuously removed from the
system independently of evaporation. A solvent saturation of the
aqueous phase is avoided and thus not limiting to solvent extraction, and
dichloromethane was removed faster from the dispersed phase. Faster
solidification of the microparticles enabled earlier subsequent
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Fig. 2. Distribution of dichloromethane during solvent evaporation controlled
preparation of blank PLGA 503H microparticles with an initial phase ratio of
1:20 (50 mL batch size). Filled symbols represent values determined by gas
chromatography, open symbols are calculated based on the mass loss of the
total batch.
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processing steps, e.g. collection of the microparticles without sticking or
aggregation. Once the glass transition temperature of the dispersed
PLGA phase exceeded ambient temperature, further diafiltration had
little effect on the residual solvent content because diffusion was limited
by the smaller solvent diffusion coefficient and not by the concentration
gradient. This behavior was independent of the type of drug encapsu-
lated (Fig. 3).

When diafiltration was combined with a slightly elevated tempera-
ture (35 °C), lower residual solvent contents were achieved quickly
(Fig. 4). At 35 °C, the process temperature remained longer above the
glass transition temperature, thus the dispersed phase remained longer
in a liquid or viscous state which favored solvent removal. The disper-
sion stability was not affected by the elevated temperature.

3.3. Effect of didfiltration on microparticle solidification and morphology

Focus Beam Reflectance Measurement (FBRM) can be used to
monitor online the preparation of microparticles by the solvent evapo-
ration process [29,30]. The data obtained, using FBRM, not only de-
pends on size and geometry, but also on the optical properties of the
dispersed phase [28]. A decrease in chord length may initially be
noticeable due to emulsification and droplet shrinkage. Another tran-
sitionally increase in the FBRM signal can be caused by occurrence of
subsurface scattering in addition to specular reflection, due the onset of
phase separation during PLGA solidification. When solidification pro-
gresses, a smooth surface forms and the opacity increases, which means
that specular reflection is almost exclusively present, which again results
in a decreased FBRM signal. The following stagnation of the FBRM signal
indicates that the particles are solidified, at least near the surface [28].

Encapsulation of drugs affected the FBRM signal in different ways. In
particular, the initial subsurface scattering was enhanced by the pres-
ence of dexamethasone crystals in the dispersed phase (Fig. 5). In
contrast, dissolved risperidone did not affect the initial chord length. It
caused a delayed transient increase of chord length as it was completely
dissolved and only precipitated in the dispersed phase after most of the
dichloromethane was extracted. The media chord length increased
slightly further between 60 and 65 min, if 30 % risperidone was
encapsulated without diafiltration. Splitting the FBRM signal into size
classes resulted in an increase in the number of particles counted, which
occurred primarily in the particle size fraction < 25 pm, consisting
mainly of risperidone crystals (data not shown). The formation of
needle-shaped crystals was also confirmed by in-situ video microscopy
(Fig. 6). Risperidone was extracted with dichloromethane from the
dispersed PLGA phase and precipitated in the continuous aqueous phase
when the extraction rate became slower than the evaporation rate. The
risperidone solubility then decreased with decreasing dichloromethane
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Fig. 4. Effect of diafiltration and temperature on the residual dichloromethane
in blank PLGA 503H microparticles (50 mL batch size).
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Fig. 5. Effect of relative diafiltration rate and drug loading on the square
weighted median chord length of PLGA 503H microparticles (200 mL
batch size).
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Fig. 6. Microscopic appearance (in-situ) during the encapsulation of risperidone in PLGA 503H without diafiltration (Circles mark first appearance of needle-shaped

risperidone crystals).

content in the aqueous phase and the drug precipitated.

If dichloromethane extraction was accelerated by diafiltration, an
earlier increase, decrease and stagnation of chord length was observed,
indicating a faster solidification of the microparticles. The lack of in-
crease in chord length after solidification also showed that unencapsu-
lated risperidone did not crystallized (Fig. 5). Risperidone in the
dissolved state was removed by diafiltration in the same way as
dichloromethane with the continuous aqueous phase, so that no crystals
precipitated in the production vessel even if the risperidone solubility
decreased.

With increasing diafiltration rate, the average particle size of mi-
croparticles loaded with 30 % drug increased (Fig. 7). Due to the faster
extraction, a skin of solidified PLGA may formed on the droplet surface.
This could have prevented uniform shrinkage during further extraction
of dichloromethane, resulting in larger, more porous particles [8]. The
increase in particle size was greater with dexamethasone. Dexametha-
sone was encapsulated in the form of dispersed drug crystals, this
increased the viscosity of the dispersed PLGA phase and further impeded
uniform shrinkage.

Moderate diafiltration rates (< 20 %/min) did not change the ho-
mogeneous dense morphology of blank PLGA microparticles. At high
relative diafiltration rate (100 %/min), numerous slightly deformed
microparticles, with a large hollow core were formed (Fig. 8).

The formation of a robust, solidified polymer skin probably almost
completely prevented the shrinkage in this case. As the extraction pro-
gresses, PLGA completely precipitated under the existing skin. Water,
which may have entered by rapid extraction, coalesced inside and filled
a large cavity. The formation of such large hollow cores was previously
observed due to rapid solvent extraction by gradually increasing tem-
perature [18,21] or entrapment of water by W;/0/W5 double emulsion
method with low O/W; phase ratio [7]. The encapsulation of 30 %
dexamethasone generally led to a more inhomogeneous and porous

[ A) Dexamethasone

—0— 0 %/min
—A— 20 %/min
—A—100 %/min

Density distribution q3Ig(x)
N

0 100
Particle size [pm]

200 300

morphology (Fig. 8). Dexamethasone crystals in the dispersed phase
hindered shrinkage during extraction. In comparison, microparticles
loaded with risperidone had a dimpled surface and the inner pores had a
smaller, more regular size. The hollow core structure, formed at a high
diafiltration rate (100 %/min), was less pronounced with risperidone,
partially, drug crystals had grown in the cavity.

3.4. Effect of didfiltration on drug encapsulation

At a high diafiltration rate, diffusion of drug from the dispersed to the
continuous phase was prevented earlier because of a faster droplet so-
lidification. This was particularly the case for risperidone again, because
of its greater solubility in the PLGA phase and the aqueous phase
compared to dexamethasone. Increasing the relative diafiltration rate
from 0 to 100 %/min increased the encapsulation efficiency from 62 to
78 % or 69 to 80 % at a theoretical drug loading of 10 % or 30 % (Fig. 9).
The encapsulation efficiency has been increased more at the lower 10 %
theoretical drug loading because the amount of drug extracted up to the
solubility limit in the continuous phase corresponded to a larger per-
centage of the theoretical drug loading.

The positive effect of accelerated solvent removal by diafiltration on
encapsulation efficiency was particularly evident with the more hy-
drophobic PLGA grade 753S. In general, it is assumed that the solubility
of hydrophobic drugs within a PLGA matrix increases with increasing
hydrophobicity of PLGA at the same molecular weight [31]. The
encapsulation efficiency of risperidone in 753S, which has a similar
molecular weight to 503H but an increased lactide content and end-
capping, was only 27 %. The FBRM signal of 753S microparticles stag-
nated later with and without risperidone compared to 503H (Fig. 10).
The signal without drug increased only slowly, without subsequently
decreasing, indicating a more uniform solidification without rapid phase
separation in the dispersed phase. The glass transition temperature of

4 -
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Density distribution g3lg(x)

0 100 200
Particle size [um]
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Fig. 7. Effect of relative diafiltration rate and drug type on the particle size distribution of PLGA 503H microparticles loaded with (A) 30 % dexamethasone and (B)

30 % risperidone.
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100 %/min

Fig. 8. Effect of relative diafiltration rate and theoretical drug loading on the morphology of PLGA 503H microparticle cross-sections.
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Fig. 9. Effect of relative diafiltration rate, drug loading and PLGA grade on the
encapsulation efficiency.

753S (44-50 °C) is similar to that of 503H (44-48 °C), Therefore, both
PLGA grades solidified at approximately the same residual dichloro-
methane content. However, due to the higher lipophilicity of 753S
compared to 503H, dichloromethane had an increased affinity to the
PLGA matrix and was removed more slowly. The slower extraction of
dichloromethane in the aqueous phase with the 753S was also reflected
in the later crystallization of unencapsulated risperidone in the aqueous
phase at 72 min (Fig. 11). This is 11 min later than with 503H (Fig. 6)
due to a delayed decrease of both the dichloromethane content and thus
the risperidone solubility in the aqueous phase with the 753S. The
slower and even solidification of 753S favored the extraction of risper-
idone. Diafiltration increased the encapsulation efficiency to about 75 %
(Fig. 9).

Dexamethasone, which is poorly soluble in dichloromethane and
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Fig. 10. Effect of PLGA grade and risperidone loading on the square weighted
median chord length during the solvent evaporation process (200 mL
batch size).

water, showed good encapsulation efficiency without diafiltration. At a
theoretical loading of 10 %, diafiltration decreased the encapsulation
efficiency (Fig. 9), by increasing dissolution capacity not only for
dichloromethane but also for dexamethasone. At a low drug loading and
low diafiltration rate, the faster drug extraction outweighed the more
rapid PLGA solidification due to the opposing effect of improved
dichloromethane and drug dissolution capacity on the encapsulation
efficiency.

3.5. Effect of didafiltration on drug release

The in-vitro release of dexamethasone from PLGA 503H was inves-
tigated at theoretical loadings of 10 % and 30 %, which corresponded to
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Fig. 11. Microscopic appearance (in-situ) during encapsulation of risperidone in PLGA 753S without diafiltration (Circles mark first appearance of needle-shaped

risperidone crystals).

an actual drug loading of 8 + 1 % and.

26 + 0.7 %, respectively. The release of risperidone from PLGA 503H
was also examined at a theoretical drug loading of 30 %, corresponding
to an actual drug loading of 22.5 + 1.5 %. For the release from PLGA
753S, the theoretical drug loading was varied between 30-40 % to
compensate the strong effect of diafiltration and an actual drug loading
of 27 + 3 % was achieved. Since no comparable encapsulation in PLGA
753S was achieved for a process without modification of the extraction,
a one-step dilution was carried out 15 min after emulsification as a
comparison. An initial phase ratio of 1:200 resulted in large porous
particles with a broad particle size distribution and low encapsulation
efficiency due to the sudden extraction (data not shown). Emulsion
equilibrium was reached, and a certain shrinkage could occur due to the
delay of 15 min. This resulted in a particle size comparable to the mi-
croparticles without modified extraction and a high encapsulation effi-
ciency of 85 %.

Increasing diafiltration rate did not affected the in-vitro release of
risperidone from PLGA 503H or 753S and 10 % dexamethasone from
503H (Fig. 12). The release was completely controlled by the PLGA
matrix, independent of morphological changes (Fig. 8). Compared to
dexamethasone, risperidone showed a significantly faster diffusional
release, due to its higher solubility in the matrix and the release medium.
This increased further after a few days, as the polymer began to degrade,
the micro-pH dropped, and risperidone became protonated and more
soluble [32]. Dexamethasone was almost completely undissolved in the
polymer. A drug loading of 30 % resulted in a burst release of more than
25 % within 48 h. This was followed by a plateau phase lasting about
two weeks with subsequent rapid release due to the beginning erosion of
the microparticles. The initial burst was caused by percolation, which
occurs at high loadings (above the percolation threshold) with dispersed
drug [33]. Increasing diafiltration rate increased the initial burst release
from 30 % dexamethasone to more than 50 % in 48 h as the percolation
network was expanded through pre-existing pores and cavities created
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by fast solvent extraction (Fig. 12). An increase in initial release was also
observed due to porosity created by other means, e.g. by the W/O/W
double emulsion process or the use of porogens [34,35].

3.6. Optimization of diafiltration-induced microparticle porosity and
burst release

When diafiltration-controlled extraction was performed at elevated
temperature, the inhomogeneous matrix structure of the microparticles
hardly changed at 35 °C, but it became significantly denser at 45 °C
(Fig. 13). Being close to the glass transition temperature of pure 503H of
44-48 °C, the microparticles remained deformable and shrinkable for a
longer time.

For 30 % dexamethasone the encapsulation efficiency decreased
from 90 % to 81 % (35 °C) or 77 % (45 °C). At 35 °C the initial burst
release was slightly increased further due to the increased porosity
caused by faster dichloromethane extraction (Fig. 14). At 45 °C the burst
decreased due to the denser morphology, although not to the level of
microparticles prepared without diafiltration. The subsequent plateau
phase was significantly shortened. Such an earlier erosion-controlled
final release was facilitated by an increased hydrolysis of PLGA during
manufacturing. This might be caused by a longer surpassing of the glass
transition temperature of the polymer-solvent system at higher process
temperatures [36].

The residual water content of undried dexamethasone-loaded mi-
croparticles increased from 2.2 to 10.6 % by increasing the relative
diafiltration rate from 0 to 20 %/min at 20 °C, supporting the assump-
tion, that pores and cavities caused by accelerated microparticle solid-
ification are filled with water during manufacturing. Increasing the
process temperature increased the water content first to 12.7 % (35 °C)
and then reduced it to 6.8 % (45 °C), which agreed with the visibly
reduced porosity at 45 °C. The initial burst release within the first 48 h
correlated directly with the residual water content before drying as an
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Fig. 12. Effect of relative diafiltration rate on the in-vitro drug release of (A) dexamethasone (PLGA 503H) as a function of theoretical drug loading and (B) ris-

peridone as a function of the PLGA grade.
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Fig. 13. Effect of temperature during diafiltration assisted preparation (20 %/min) of dexamethasone-loaded PLGA 503H microparticles (30 % theoretical drug

loading) on the morphology of microparticle cross-sections.
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Fig. 14. Effect of temperature during diafiltration assisted preparation (20
%/min) of dexamethasone-loaded PLGA 503H microparticles (30 % theoretical
drug loading) on the in-vitro drug release.
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Fig. 15. Effect of temperature during diafiltration assisted preparation (20
%/min) of dexamethasone-loaded PLGA 503H microparticles (30 % theoretical
drug loading) on the water content before drying and burst release within 48 h.

indicator of the porosity, confirming percolation theory for high dexa-
methasone loadings (Fig. 15).

4. Conclusion

The preparation of PLGA microparticles, i.e. the solvent extraction

and the associated solidification, was effectively controlled by diafil-
tration in a single-vessel approach. In this way, the efficiency of
microparticle manufacturing was increased by shortening the process
time and keeping the volume of manufacturing equipment small.
Further, the encapsulation efficiency of drug dissolved in the dispersed
phase was significantly increased with the use of diafiltration. This effect
was particularly evident when a more lipophilic slower solidifying PLGA
grade was used. An increase in particle size and porosity due to the rapid
extraction did not affect the in-vitro release of the drugs tested when
their percolation threshold was not exceeded. If dispersed drug was
processed in high concentrations, the increased porosity and associated
burst caused by rapid solvent extraction could be counteracted partially
by increasing temperature and thus delaying polymer solidification.
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