























New microencapsulation techniques based on biodegradable polymers and ionic liquids

steps it was impossible to prepare SEM images of the particles due to remaining ILs. Since

ILs cannot be vaporized, it is impossible to remove these substances in vacuum.

Figure 29: SEM images of microparticles prepared with an ionic liquid.

Successful encapsulation of BSA was demonstrated by dissolving the microparticles in
methylene chloride, removing the supernatant and dissolving the remaining precipitant in
water. The UV/Vis spectrum of the aqueous solution was similar to that of a BSA solution
and native PAGE gel electrophoresis of this solution also proved that BSA was encapsulated
for microparticles produced with [EMIM]|T{O as solvent for the polymer. No BSA could be

detected in the remaining precipitant of microparticles produced with [BMIM]T{O (Figure 5).
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BSA St. [EMIM]TfO St.

[BMIM]TfO

St.

Figure 30: Native page gel electrophoresis of encapsulated BSA.

Encapsulation efficiency was determined for four different polymer solutions. The amount of
BSA in the first precipitate was relatively high (Table 2), but after additional washing of the
microparticles with water only small amounts of BSA were detected (Table 3). Presumably

the major part of BSA was not encapsulated in the microparticles but rather precipitated

outside the polymer.

c(polymer) 20 mg/ml 30 mg/ml 40 mg/ml 50 mg/ml
EE 46.85 % 52.47 % 50.23 % 65.68 %
loading 18,98 % 14,88 % 11,16 % 11,61 %

Table 2: Encapsulation efficiency and loading determined in first precipitate.

c(polymer) 20 mg/ml 30 mg/ml 40 mg/ml 50 mg/ml
EE 6,00 % 4,23 % 8,25 % 8,61 %
loading 2,82 % 1,34 % 1,95 % 1,65 %

Table 3: Encapsulation efficiency and loading determined after additional washing steps.
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Since proteins and DNA are not soluble in the tested ILs these substances could only be
encapsulated with low encapsulation efficiency and loading. To prove that it was possible to
encapsulate substances by dissolving them and the polymer in one IL, a dye as drug model
should be encapsulated. The first step was to find a dye, which is soluble in the IL. The
solubility of several dyes in [EMIM]|T{O, [BMIM]T{O, [EMIM]TA and [BMIM]TA was
determined and Rose Bengal and Reichardt’s dye demonstrated sufficient solubility.
Reichardt’s dye and Poly(DL-lactide) R202 were dissolved in [EMIM]|T{O and the above
mentioned technique was used for the encapsulation of the dye. After dissolving of the
microparticles in methylene chloride the encapsulation efficiency and loading should be
determined by UV/Vis-spectroscopy, but the quantitative detection via UV/Vis was
impossible due to strong interactions between the chromophores of Reichardt’s dye and the
IL. It was possible to encapsulate Reichardts dye, but it was not possible to evaluate the
amount of encapsulated dye.

In a second approach, Rose Bengal and Poly(DL-lactide) R202 were dissolved in
[EMIM]T1O and the above mentioned technique was used for the encapsulation of the dye.
The amount of encapsulated Rose Bengal was too low to be detectable via UV/Vis-
spectroscopy. Encapsulation efficiency and loading could not be determined. The major
problem was that the dye dissolved in the added phase separator (water) before the polymer
precipitated. After that, several experiments were carried out to increase loading and
encapsulation efficiency by variation of the encapsulation method: The concentration of the
polymer was varied in the range of 20 - 50 mg/ml, different phase separators (e.g. methanol,
ethanol, isopropanol or other ionic liquids) were used and other polymers were dissolved in
the IL (e.g. RG503, RG505). None of these variations led to an increase in encapsulation
efficiency. But the addition of an aqueous solution of Rose Bengal (20 mg/ml) as phase

separator to an IL solution of poly(DL-lactide) emulsified in liquid paraffin led to intensely
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red colored particles. 3 different polymer solutions and 2 different Rose Bengal solutions

were used to produce microparticles by the above mentioned method (Table 4).

¢(RB) / mg/ml | ¢(R202) / mg/ml | loading / w% EE/ %
10 20.52 4.92 23.97
20 20.05 9.34 46.58
10 30.59 5.19 16.96
20 30.83 12.25 39.73
10 40.16 5.62 13.99
20 40.53 13.04 32.17

Table 4: Loading and encapsulation efficiency of microparticles produced with 3 different polymer solutions
and 2 different RB solutions.

The encapsulation efficiency decreased with an increasing concentration of the polymer and
increased with an increasing dye concentration. The size of the microparticles was
monomodally distributed with weighted averages of the volume distribution ranging between
30 and 55 um. These microparticles were bigger than the ones prepared with BSA solution,
which had diameters of ca. 30 um.

Figure 6 shows the release profile of Rose Bengal from the microparticles. After 3 hours
100% of the dye was released from the microparticles. The release profile lets suggest, that
only absorption of the dye to the surface of the microparticles occurred. Since Rose Bengal is
likely to absorb on polymer surfaces probably only a very small amount of Rose Bengal was

actually encapsulated inside the microparticles.
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Figure 31: Release profile of Rose Bengal from microparticles prepared using an ionic liquid.

Another dye should be chosen which shows sufficient solubility in the ILs, but is only slightly
soluble in water and insoluble in liquid paraffin. The most important point was the solubility
of the dye in water. The substance had to be at least slightly soluble in water to determine its
release profile in an aqueous buffer solution. But the dye should not dissolve in the water,
which was added as phase separator during the production of the microparticles. Neither
should it be too lipophilic since then it would dissolve in the liquid paraffin. Furthermore, the
ILs had made the search for an adequate dye more difficult, because they had a solubilizing
effect in water. This meant a dye that was only slightly soluble in water dissolved easily by
addition of small amounts of an IL. 17 different dyes were tested and among them thymol
blue seemed to match the above mentioned properties best. Encapsulation of thymol blue was
carried out by dissolving 50 mg R202 and 8 mg TB in 1 ml [EMIM]T{O, emulsification of

this solution in liquid paraffin with 1 % Brij 93 and the addition of water as phase separator.
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The loading of the microparticles was very low with values less than 1%. Again the dye was
dissolved in the phase separator supported by the solubilizing properties of the ILs during the
preparation of the microparticles.

Although the ILs have to be removed completely from the prepared microparticles, these
substances should feature a low cytotoxicity to be suitable for the preparation of parenteral
dosage forms. An MTT assay was carried out to determine the cytotoxicity of [EMIM]TTO.
The tested concentrations ranged between 0.3 pg/ml and 10 mg/ml. For concentrations below
5 mg/ml only slight influence on cell viability could be detected (Figure 7). It is most unlikely
that the amount of remaining IL in the microparticles will lead to such high concentrations of
ILs in vivo. This leads to the conclusion that ILs are suitable solvents for the production of

microparticles.
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Figure 32: Cytotoxicity of the ionic liquid [EMIM]THO.
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Conclusion:

We demonstrated that biodegradable Polymers were sufficiently soluble in ILs, but
hydrophilic macromolecules did not show sufficient solubility. Nevertheless the
microencapsulation of BSA was possible via a modified technique but showed very low
encapsulation efficiency. The size of the microparticles ranged between 25 - 30 um but the
morphology remained unclear, since several washing steps, which influenced the morphology
of the microparticles, were needed to prepare them for SEM imaging. Reichardts dye was
soluble in ILs and was encapsulated, but could not be quantified via UV/Vis-spectroscopy.
Rose Bengal was slightly soluble in ILs but dissolved in the added phase separator during
preparation of microparticles, which led to low encapsulation efficiencies. The release profile
lets suggest, that only absorption of the dye on the surface of the mircoparticles occurred.
Thymol blue was soluble in ILs and only slightly soluble in water, but as a result of the
solubilizing effect of the ILs the major part also dissolved in the added phase separator during
preparation of the microparticles. The low cytotoxicity of [EMIM]TfO proved that ILs are
suitable solvents for the preparation of microparticles. Although we were not able to find an
IL among the tested ones, which is capable of dissolving a biodegradable polymer and a
hydrophilic macromolecule, this goal might be easily achievable with another IL. J.D.
Holbrey und K.R. Seddon assumed that there are about 10'® possible cation / anion
combinations which yield an IL [1] and it is most likely that one amongst them has the

suitable solution properties for our purposes.
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Summary and Perspectives:

This thesis describes two novel technologies for the encapsulation of proteins in
biodegradable polymers. Protein loaded nanofiber nonwovens and microparticles were
manufactured and characterized regarding their suitability as drug delivery devices.

Chapter 1 gave a detailed overview on the current status of electrospinning as a technique for
the generation of nanofibrous scaffolds. Basic principles of electrospinning as well as several
modification of the standard method were discussed and the applications of electrospun
scaffolds in the biomedical field were elucidated.

Several biodegradable polymers (Poly(L-lactide) (PLLA) Resomer L210, poly(lactide-co-
glycolide) (PLGA) Resomer RG858 and Poly(ethylene carbonate) (PEC)) were investigated
in Chapter 2 for their application in electrospinning of emulsions. Suitable process
parameters were determined for all polymers to generate protein loaded nanofiber nonwovens
(NNs). The resulting NNs were examined regarding their morphology and regarding their
protein release profile. PEC formed the most uniform fibers with diameters of 1 to 5 pm.
PLLA and PLGA formed less uniform fibers but with smaller diameters of 0.3 to 1 um. PEC
and PLGA NNs showed only burst release of the incorporated protein and no further release
within 2 weeks. PLLA NNs released the protein very slowly and in a controlled manner. Due
to the swelling of PLGA and PEC almost all fibers had lost their individuality after incubation
in buffer solution. The morphology of PLLA NNs was more or less unchanged after the
release study. PLLA NNs exhibited the most promising characteristics and hence were chosen
for further studies.

In Chapter 3 protein loaded PLLA NNs were electrospun from differently concentrated
solutions. The NNs featured a superhydrophobic surface and it was demonstrated, that the
wettability of these scaffolds was the major factor influencing the protein release. Although

TEM images showed that the major part of the protein was most likely located between the
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fibers and not encapsulated inside the fibers, the protein was released very slowly from the
PLLA NNs. Only 20 — 30% of the protein was released within one month. The addition of
hydrophilic polymers like poly(ethylene imine) (PEI) or poly(L-lysine) (PLL) to the aqueous
phase of the electrospinning emulsion yielded NNs composed of polymer blends of PLLA
and the respective hydrophilic polymer. It was demonstrated that the amount of added
hydrophilic polymer had a significant effect on the release profile. A higher amount of
hydrophilic polymer led to a faster release of the protein and gave us the opportunity to tailor
the release profile of these NNs. Compositions of 5 or 10% PLL or PEI and 95 or 90% PLLA
respectively, showed the most promising release profiles. Further screening of compositions
ranging from 1 to 10% of hydrophilic polymers should be investigated to find the most
appropriate release pattern.

Whether NNs electrospun from emulsions are suitable scaffolds for their application in tissue
engineering was determined in Chapter 4. The prepared NNs met all requirements for a
tissue engineering scaffold: Mean fiber diameters of the scaffolds were very similar to fibrous
protein structures of the extracellular matrix (ECM), meaning these scaffolds could physically
resemble the ECM. Cell adhesion, cell proliferation and cell spreading on all NNs were at
least as good as on a glass surface. For a composition of 5% PLL and 95% PLLA these values
were even significantly higher. NNs took up water and swelled in the cell medium. The extent
of swelling depended on the amount of hydrophilic polymer with a higher fraction leading to
increased swelling. Cells still adhered to the fibers and were able to proliferate in all three
dimensions. There were no significant differences in cell viability for cells grown on NNs
compared to the cell viability on a glass surface. These results strongly suggest a huge

potential of these nanofiber nonwovens for their application in tissue engineering.
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Chapter 5 gave an overview on microencapsulation focusing on phase separation and
coacervation techniques. The development of these techniques and its application in the
pharmaceutical industry were elucidated.

The development of a new microencapsulation technique which utilizes an ionic liquid as one
common solvent for a biodegradable polymer and a hydrophilic macromolecule was
presented in Chapter 6. Some of the tested ionic liquids were good solvents for
biodegradable polymers, but none of them was able to dissolve hydrophilic macromolecules.
Even though there was no suitable ionic liquid among the tested compounds, the probability
of finding a suitable ionic liquid is very high, since there are almost countless possibilities for
the synthesis of different ionic liquids. Nevertheless the feasibility of encapsulating BSA via
an emulsion based phase separation technique was demonstrated.

Generally, it can be stated that the presented novel techniques for the encapsulation of
proteins in biodegradable polymers demonstrated their huge potential for the preparation of
drug delivery devices. Protein loaded nanofiber nonwovens exhibited very promising
properties for their use as tissue engineering scaffolds and will definitely find application in
this field. Screening the huge library of ionic liquids to find a compound with suitable solvent
properties will be a difficult task, but the discovery of an appropriate ionic liquid will be a

powerful tool for the encapsulation of proteins in microparticles
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Zusammenfassung und Ausblick

Zusammenfassung und Ausblick:

Diese Doktorarbeit beschreibt zwei neuartige Technologien fiir die Verkapselung von
Proteinen in bioabbaubaren Polymeren. Nanofasermatten und Mikropartikel, die mit
Proteinen beladen waren, wurden hergestellt und auf ihre Anwendbarkeit als Systeme fiir
kontrollierte Wirkstofffreigabe getestet.

Kapitel 1 gibt einen detaillierten Uberblick iiber den aktuellen Stand iiber die Anwendung des
Elektrospinnens zur Herstellung von Nanofasermatten. Sowohl grundlegende Prinzipien des
Elektrospinnens als auch einige Modifikationen der Standardmethode werden diskutiert und
die Anwendung von elektrogesponnen Nanofasermatten im Bereich der Biomedizin werden
erldutert.

Mehrere bioabbaubare Polymere (Polymilchsdure (PLLA) Resomer L210, Polylaktid-co-
glykolid (PLGA) Resomer RG858 und Polyethylencarbonat (PEC)) werden in Kapitel 2 auf
thre Anwendbarkeit fiir das Elektrospinnen von Emulsionen untersucht. Geeignete
Prozessparameter wurden fiir alle Polymere ermittelt, um mit Protein beladene
Nanofasermatten (NNs) herzustellen. Die erhaltenen NNs wurden beziiglich ihrer
Morphologie und ihres Protein Freisetzungsprofils charakterisiert. PEC bildete die
gleichméBigsten Fasern mit Durchmessern von 1 — 5 um. PLLA und PLGA Fasern waren
weniger gleichméBig, zeigten aber kleinere Durchmesser von 0,3 — 1 um. PEC und PLGA
NNs zeigten nur eine schnelle initiale Proteinfreisetzung und keine weitere Freisetzung
wiéhrend der folgenden 2 Wochen. PLLA NNs gaben das Protein sehr langsam und
gleichméBig ab. Aufgrund der Quellung von PLGA und PEC hatten fast alle Fasern ihre
Individualitdt verloren, nachdem sie in Pufferlosung inkubiert worden waren. Die
Morphologie der PLLA NNs war mehr oder weniger unverdandert nach der Freisetzungsstudie.
PLLA NNs zeigten die verheiBungsvollsten Eigenschaften und wurden daher fiir

weitergehende Versuche ausgewihlt.
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In Kapitel 3 wurden mit Protein beladene NNs aus unterschiedlich konzentrierten
Polymerlosungen electrogesponnen. Die NNs hatten eine superhydrophobe Oberfliche und es
konnte gezeigt werden, dass die geringe Benetzbarkeit dieser Fasermatten den groBten
Einfluss auf die Proteinfreisetzung hat. Obwohl TEM Bilder gezeigt hatten, dass ein groBer
Teil des Proteins wahrscheinlich zwischen den Fasern vorliegt und nicht in thnen verkapselt
ist, wurde das Protein nur sehr langsam aus den NNs freigesetzt. Nur 20 — 30% des Proteins
wurde innerhalb eines Monats freigesetzt. Die Zugabe von hydrophilen Polymeren wie
Polyethylenimin (PEI) oder Poly-L-lysin (PLL) zur wissrigen Phase der Electrospinning-
emulsion ergab NNs die aus einer Polymermischung von PLLA und dem jeweiligen
hydrophilen Polymer bestanden. Es konnte gezeigt werden, dass die Menge an zugegebenem
hydrophilem Polymer einen signifikanten Einfluss auf das Freisetzungsprofil hat. Ein
groflerer Anteil an hydrophilem Polymer fiihrte zu einer schnelleren Freisetzung des Proteins
und ermoglichte dadurch, das Freisetzungsprofil der NNs entsprechend einzustellen.
Zusammensetzungen aus 5 oder 10% PLL oder PEI und entsprechend 95 oder 90% PLLA
zeigte die aussichtsreichsten Freisetzungsprofile. Eine weitere Abklarung der
Freisetzungsprofile von Zusammensetzungen mit 1 bis 10% an hydrophilem Polymer sollten
noch genauer untersucht werden, um das am besten geeignete Freisetzungsprofil zu finden.

Ob aus Emulsionen gesponnene NNs geeignete Substrate fiir eine Anwendung als Tissue
engineering scaffold sind wird in Kapitel 4 untersucht. Die hergestellten NNs erfiillten alle
Voraussetzungen fiir ein Tissue engineering scaffold: der mittlere Faserdurchmesser der NNs
war den fibrosen Proteinstrukturen der extrazelluliren Matrix (ECM) sehr &dhnlich; dies
bedeutet, das diese NNs die ECM physikalisch imitieren konnen. Zelladhésion,
Zellproliferation und die Zellspreitung auf den NNs war mindestens genauso gut wie auf einer
Glasoberflache. Fiir eine Zusammensatzung von 5% PLL und 95% PLLA waren diese Werte

sogar signifikant erhoht. Die NNs nahmen Wassser auf und quollen im Zellmedium. Das
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Ausmal der Quellung war abhéngig von der Menge an hydrophilem Polymer und ein hoherer
Anteil fiihrte zu einer erhohten Quellung. Die Zellen adherierten weiterhin an den Fasern und
bekamen dadurch die Moglichkeit in alle drei Dimensionen zu proliferieren. Es gab keine
signifikanten Unterschiede in der Zellviabilitdt zwischen Zellen, die auf NNs gewachsen
waren verglichen mit Zellen, die auf einer Glasoberfliche gewachsen waren. Diese
Ergebnisse zeigen das grofle Potential dieser NNs fiir ihre Anwendung im Bereich des Tissue
engineerings.

Kapitel 5 gibt einen Uberblick iiber die Mikroverkapselung mit dem Fokus auf
Phasenseparations- und Koazervationsverfahren. Die Entwicklung dieser Techniken und ihre
Anwendungen in der pharmazeutischen Industrie werden erldutert.

Die Entwicklung eines neuen Mikroverkapselungsverfahrens, bei dem eine ionische
Fliissigkeit als gemeinsames Losungsmittel sowohl fiir ein bioabbaubares Polymer als auch
fiir ein hydrophiles Makromolekiil verwendet wird, wird in Kapitel 6 beschrieben. Einige der
getesteten ionischen Fliissigkeiten waren gute Losungsmittel fiir bioabbaubare Polymere, aber
keine von ihnen war in der Lage hydrophile Makromolekiile zu 16sen. Obwohl unter den
getesteten  ionischen  Fliissigkeiten keine geeignete Verbindung war, ist die
Wahrscheinlichkeit eine geeignete Substanz zu finden sehr hoch, da es beinahe unzéhlige
Moglichkeiten fiir die Synthese unterschiedlicher ionischer Fliissigkeiten gibt. Trotzdem
konnte gezeigt werden, dass es moglich ist BSA {iiber eine emulsionsbasierte
Phasenseparationstechnik zu verkapseln.

Im Allgemeinen kann gesagt werden, dass die hier présentierten neuartigen Methoden zur
Verkapselung von Proteinen in bioabbaubaren Polymeren ihr gro3es Potential zur Herstellung
von Systemen fiir kontrollierte Wirkstofffreigabe gezeigt haben. Mit Proteinen beladene
Nanofasermatten zeigten sehr vielversprechende Eigenschaften fiir ihre Anwendung als

Tissue engineering scaffolds und werden mit Sicherheit in diesem Feld eine Anwendung
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finden. Das Durchsuchen der riesigen Auswahl an ionischen Fliissigkeiten, um eine
Verbindung mit geeigneten Losemitteleigenschaften zu finden, mag eine schwierige Aufgabe
sein, allerdings hétte man mit der Entdeckung einer geeigneten Substanz ein méchtiges

Werkzeug fiir die Verkapselung von Proteinen zur Hand.
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