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Summary

Thisdissertations aimed at the preparation and degradatiqrobf(L-lactide) PLLA) sponge

for tissue engineering. Three salms, which are built up upon each other, could be branched
from the main aim. The result of each siim led to a new research field and resulted in
sustainable processing. The first sedom is sponge preparationncluding thorough
hydrophilization. Surface modification methods were used for the hydrophilization of the
sponges in order to conquer the irdrg hydrophobicity of PLLA. Digcoating is a wetknown
method for surface modification. In this work, dipaing of a surfactant, Tween 20, was used

in asustainablevay for sponge hydrophilization. The successful and efficient hydrophilization
was demastrated by hydrophilic dye staining. The strong hydrophilization was persistent even
after storage in aqueousedium for a long time, favoring cell proliferation and penetration. A
cell test showed the good cell compatibility of the hydrophilic spongestr&ily, low cell
compatibility was observed in hydrophobic sponges. The hydrophilic PLLA sponges resolved
the problem of the deep infiltration of cells into the sponge bulk, which was a remarkable
challenge in the tissue engineering application of spsnglydrophilic PLLA sponges are
favorable for not only biomedical applications, such as tissue engineerirdyuandelivery,

but also other applications, such as agricultural materials.

Besides hydrophilization, the next challenge is to resolve thegmobf the low degradation

of PLLA to adapt to the requisites for tissue engineering application with diffessoes.
Hereby, the second swhm was proposed. In this saim, an enzyme proteinase K, which
was found to degrade PLLA effectively, wakenified asa highly promising additivefor

PLLA to accelerate its degradation rate. However, the thermal pnogesisenzymes with
PLLA might be a major issue due to their thermal sensitivity (such as with proteinase K).
Therefore, new methods were estadidid by cooperating with other groups to understand the
structural changes of proteinase K at different temperaf focusing mainly on the enzymatic
activity of proteinase K. The result showed that the latter could retain its enzymatic activity in
bulk state up to 130C. Nonetheless, proteinase K lost most of its activity once the temperature
reached 150C or hgher. The thermal processing temperature of PLLA is usually higher than
180°C, therefore, the result clearly indicates that the encapsulatpmteinase K into PLLA
during thermal processing will give rise to a limited success. This finding fromdbedssub

aim led to the third suhim: the development of the processing of proteinase K with baroplastic
polymers at ambient temperaturéHili zing baroplastic degradable polymers, it was shown

that proteinase K could be processed in bulk with “uetlwn poly(L-lactide}block



poly(ethylene glycolplock copolymersit was found thapoly(L-lactide}block-poly(ethylene
glycol)-block-poly(L-lactide triblock copolymers with a specific ratio range of an LA/EG
repeating unit (170/18R 214/182) showed excellent baroplastic processability together with
the formation of mechanically stable films. Following the baroplastic concept, polymer film
could beprocessed with proteinase K at @7 under 1MPa or higher prssure with a
negligible loss of enzymatic activityhe preservation of protein functionality could be verified
after processing with baroplastic the encapsulation of a yellow fluorescenot#in, yellow
fluorescent protein for energy trans{@iPef, which was provided by Prof. Moglihs g r ou p
When being processed at 135 with baroplastic, YPet lost its yellow fluorescence. By
contrast, the yellow fluorescence was maintained when prates$¥°C. The degradation

test of baroplastic film in protease K buffer solution showed a rather slow degradation rate,
which was in accordance with the sludge water degradation result. Additionally, baroplastic
displayed little toxicity against celland Daphnia, indicating the biocompatibility of the
baroplastt material in the environment. The overall result of the thesis transported a
comprehensive understanding of the processing and tailored degradation ofréthied
materials, which is promisinfpr applications where tailored degradation is required, asch

tissue engineering and agricultural materials.



Zusammenfassung

DasHauptziel dieser Dissertatiost die Herstellung undler Abbau von PLLASchwammen
fur Anwendungen in der GewerekonstruktionDie drei aufeinander aufbauenden Teilziele
der Dissertation leiten sich direkt varauptzel ab.Das Ergebnis jedeTeilziels fuhrte zu
einem neuen Forschungsgebiet unstchliellich jeweils zu einer nachhaltigen
VerarbeitungsmethodeDas erste Teilziel ist dieHerdellung von Schwammen und deren
komplette HydrophilisierungUm die inhérente Hydrophobie von PLLA zu lberwinden
wurdenfir derenHydrophilisierung Methoden zur Ob@ichenmodifizierung eingesetddie
Tauchbeschichtung ist eibekannte Methode zur Obkithenmodifizierung welche in dieser
Arbeit mit dem Tensid, Tween 20, zur Hydrophilisierung der Schwamme als schonende
Methode eingesetzt wurd®ie erfolgreiche und effiziente Hydropisierung wurde durch
Farbung miteinem hydophilen FarbstofhachgewieserDie starke Hydrophisierung blieb
auch nach langerer Lagerung in wassrigem Medium bestehen und begusstidie
Zellproliferation und -penetration. Untersuchungen mit Zellerbestétigten die gute
Zellvertraglichkeit der hgrophilen Schwamm Im Gegensatz dazu wurde bei den
hydrophoben Schwammen eine gerieg&ellkompatibilitat festgestellt. Die hydrophilen
PLLA-Schwamme l6sten das Problem der Infiltration von Zellelasminnere der Schwamme
was eine besondereHerausforérung bei der Anendung von Schwa&mmem der
Geweberekonstruktionlarstellte Hydrophile PLLASchwamme eignen sich nicht nur far
biomedizinische = Anwendungen wie fir die Geweberekonstruktion und die
Wirkstofffreisetzung von Medikamenten, sondern auch fundare Anwendungerals

landwirtschaftliche Materialien.

Neben der Hydrophgierung besteht die nachste Herausforderung darin, das Prdeem
geringenAbbausvon PLLA zu lésen, um die Anforderungen filie Geweberekonstruktion
vonverschiedenen Geweben exilllen. In diesem Zusammenhang wurde das zweite Teilziel
formuliert Im Rahmen der Arbeiten zum zweit€ailziel, wurde das Enzym Proteinase K, das
bekannterweis@LLA effektiv abbaut, als vielversprechendes Additiv fur PLLANGRZIert,

um dessen Abdugeschwindigkeit zu beschleunigen. Allerdings kdnnte die thermische
Verarbeitung von Enzymen mit PLLA aufgrund ihrer thermischen Empfiridictfwie bei
Proteinase K) problematisch seidaher wurden in Zusammenarbeit mit andeGgnppen
neue Methoden déwickelt, um die strukturellen Verédnderungen der Proteinase K bei
verschiedenen Temperaturenuntersuchenwobei der Schwerpunkt auf der enzymatischen

Aktivitat der Proteinase K lag. Das Ergebnis zeigte, dass die Proteinase éiymatische



Aktivitat im festen Zustandis zu 130 °C beibehalten konntgéb 150 °C jedoch verlor
Proteinase K den groRten Teskeiner Aktivitat. Die Temperatur bei der thermischen
Verarbeitung von PLLA liegt in der Regel Uiber 180 °C, sodass das Esgebdeutig darauf
hinwest, dassdie Mischung vonProteinase Kmit PLLA in der Schmelze nur wenig
erfolgversprechend isDie Ergebnisseleszweiten Teilzie$ fihrten zum dritten Teilziel: der
Verarbeitung von Proteinase K mit baroplastischen PolymeaidRdumtemperatuburchdie
Verwendung baroplastisehabbaubarer Polymere konnte gezeigt werden, dass Proteinase K
mit bekanntenPoly(L-Lactid)}-blockPolyethylenglykol Diblockcopolymen im Festkorper
verarbeitet werdenadnn Es wurde festgestellt, daB®sly(L-Lactid)-block Polyethylenglykot
blockPoly(L-Lactid) Triblockcopolymes mit einem bestimmten Verhaltnider LA/EG-
Wiederholungseinhesn (170/182 - 214/182) eine ausgezeichnete baroplastische
Verarbeitbarkeit zusammen i der Bildung mechanisch stabiler Filmexgaben Dem
baroplastischen Konzept folgend, konnte der Polymerfilm mit Proteinase K bei 37 °C unter 10
MPa oder héherem Druck mit einem vernachlassigbaren Verlust an enzymatischer Aktivitéat
der Proteinase Kerarbéet werden. Die Erhaltung der Proteinfunktionalkéhnte nach der
Verarbeitung mit Baroplastiauchdurch die Verkapselundesgelb fluoreszierenden Proteins
YPet, das von der Gruppe von Prof. Mdglich bereitgestellt wurde, nachgewiesen werden.
Wahrend YPet bei der Schmelzeerarbeitung middem Baroplastilpolymer bei 135°CYPet

seine gelbe Fluoreszenerlor, blieb die gelbe Fluoreszenz erhalten, wela Verarbeitung

unter Baroplastikbedingungdmei 37 °Cerfolgte Der Abbautest von Baroplastiknen in
Proteinase&K-Pufferldsung zeigte eimeeher langsammeAbbau, was mit dem Ergebnis des
Abbaus in Klarschlammwassé&orrelierte Darliber hinaus zeigte Baroplastik eine geringe

Toxizitat gegenubeZellen und Daphnien, was auf dessimweltvertraglitikeit hinweist.

Das Gesamtergebnis der Arbeit vermittelt eifassendes Verstandnis der Verarbeitung und
des maligeschneiderten Abbaus von PLuAd dessen Derivate. Daraus ergeben sich
vielversprechenel Ansatze fir Anwendungen, bei denen ein maRgeschmideAbbau

erforderlich ist, z. B. in deBeweberekostruktion und bei landwirtschaftlichen Materialien.



1. Introduction

The aims of the thesis are the preparation, characterization and degradatiomeeof
dimensional (3D) scaffolds made of degradable materials. Three aspects: porous nihgerials,
preparation of pgmeric sponges and degradation of polymer materials will be addressed in
this chapter. The first aspect is about different types of porousriaisiteNext, different
methods for the preparation of electrospun polymeric sponges will be discussed as
represatative exampleof porous scaffolds. Finally, the degradation of polymer materials will
focus ondifferent methods of degradation, includingdrglytic and enzymatic degradation

together withmportant aspects of accelerated degradation.

1.1.Porous materiaks

i &MOF -5)

Synthetic zeolites Metal- orgamc frameworks
1940s 1999

1756 1992 2005
Natural zeolites Mesoporous materials Covalent organlc frameworks

Figure 1-1. Milestones in the history of functional porous materials (reprinted with permission,
© 2020John Wiley and Sons).

Porous madrials have drawn great interest in versatile application fisldsh as sensing,
adsorption, separation, ingtibn, catalysis, energy storage and medical applicafichghe
wide application of porous materials is due to their large portion of espptye, resulting ia
relatively high specific surface area. Guest molecules can be efficiently absorbeskdddfu
transferred” The International Union of Pure and Applied Chemistry defined materials with
pores less than 2 nim sizeas microporousaterials. Materials witapore size between 2 and
50 nm are defined as mesoporous materials, whdsewith a pore size above 50 nm are

defined as racroporous material8! The family of porous materials has been grayrapidly



since mesoporous silicgas invented in 1992F{gure 1-1).1! Nowadays different types of
porous materials have been utilizeldy example, zeolitel! metatorganic framework
(MOFs),®l and polymeric porous scaffol®Fromachemistry point of viewporous materials
could be classified into three main categori8sheme 11): (1) inorgani¢ (2) inorganie

organic and (3) polymeric.d. organic?!

Inorganic e.g. zeolite, silica, metal

Porous Inorganic- 4 g. MOF
materials organic e
Organic e.g. polymer

Scheme 11. Different types of porous materials.

1.1.1. Inorganic porous materials
1.1.1.1 Zeolite

Inorganic porous materials have been usedlong time. Zeolites are representative materials
of inorganic porous material¥hey could befound in nature wita microporous structure®
andare aluminosilicates with alkaline or alkalkiearth cation§! Zeolite was first described
by Axel Cronstedt in 17562 Owing to its porous structure, zeolite hgseatpotential in
applications sch as catalysis and gas adsorptiéhAfter the discovery of zeolites A and X
by Brecket al in 1956['4 the methods ofsynthesizingzeolites have been investigated
intensively. Zeolites are mainly synthesized by hydrothermal treaftRleNew methodsof
synthesizingzeolites have been developam/er the past few decadeshich haveled to the

discovery ofzeolites with wvel structural features.

Catalysis is a major application of zeoliteshepetrochemical industry for the degradation of
long chainhydrocarbon$®! Zeolites are also used for gas separation, where microporous
architectures are necessahy the gas separation application, zeolites are used to separate
moleculesof different shapes and sizé¥. Synthetic and modified zeolites exhilgreat
potential inthe market due to adjustable properties. However, the high manufacturing and

operatim coss still remain a hindenceto the application of zeoligd!’!



1.1.1.2Porousmetallicmaterials

Porous metallic materials are commonly knowas metallic foamsand have been under
development for over 90 yedt8. 2! They have been widely appliedue to their good
mechanical propertid®] The metal framework shows shape stability, high temperature
resistance, thermal shock resistance andhmability, befitting a favorable material for the
applications. Representative applications are energyanronmental protection, biological,
medical and in thechemical industry. Typical metals used for the preparation of porous
materials are alumim, gold and magnesium. Aluminum is the most commonly researched
metal with the longest historfpueto its light weight and good mechanical stability, porous
aluminum material or its composiewidely used for energy adsorption, linkage, space frame
nodes and car componesitin different fields such as architecture arttie automotive
industry?Yl Gold has dong history in human development. It has also been intensively studied
overthe past twenty years due to its catalytic activity and electrical ctinity.*? The high
surface area of porous gold has attracketbt of attention for applicationssuch & in
electrocatalysis, fuel cells and biosend®¥dn addition toaluminum and gold, magnesium is
also a commonly used member of porous matdvlaggnesium has a density similandan
elastic modulus close to human bone, and good ductility. Theseseaan reduce the chance

of bonefractures?¥ Moreover magnesium an promote bone growth for bone healing after
degradatior?® Those propertiesiake magnesium a benign member for tissue healing where
mechanical stability is required, such as bone tissue hé&ling.

Even though porous metallic materials have been extensively studied in different fields, there
are still some drawdcrks and challergg remainingThe service conditionfor examplejn the

field of energy and environmental protection is not predictable, restricting the application of
porous metallic materials. Moreover, ev@iough the latteshow good prospesin medcal
applications such asan artificial skeleton, the corrosion resistance and biocompatibility still

need improvement?l

1.1.1.3 Silica porous materials

In comparison with other materials, porous silica materials have the advantage of being
nontoxic,andmechanicallychemically and thermally stable (not swellifig) They featurea

high surface area, large pore volume and large fraction of B8@se to those characteristics,
porous silica materials are attractive in fields such as catalyssingeseparatiorgdsorption

and drug deliver{®



Silica materials are usually prepared as layered sifiddmllow silica spheré®! and silica
nanoparticle§? Those structural modifications could provide stable innovative silica
structures ansersatile propeies for numerous applications. Taking silica nanopag&an
example, mesoporous silica nanoparticles have attracted special attention for various
applicationd®¥ Theyare produced bthe condensation of silica precursors usagufactant
asatempate, the network of cavities forms theremoval of template molecul€8! This kind

of silica material does not only display homogeneously distributed pores bahabadensity

of silanol groups on the surface of the particlespifsng the subseant modification and
functionalization processilica nanoparticles have numerous potential applicatioviag to

thar benign properties. When being usedhia catalysis field, the high surface arasilica
nanoparticle could supporthighly accessild active sites compaad with bulk silica
nanoparticle§® The inertness, multifunctionalities and solvessistan properties make
silica nanopatrticle a preferable choice as catalyst support material. Due to its porous
structure and stability, silicaanoparticle arealso used aa protein encapsulation medium.

Cai et al, for example, encapsulated green fluorescence protein in silica nanoparticles by
covalent interactioF®! The protein was encapsulated during theaianoparticle preparation

step ina reverse emulsion. The encapsulated green fluorescence protein sadwggobr
resistance against protease as well as denaturant and heat. Despite all promising properties,
silica nanopatrticles also have drawbackmeapplicationsWhen being gplied inthetissue
engineering fieldfor examplethe rich silanol groups on the surface might cause hemolysis
due to the interaction witthe surface othe phospholipid§7”! The brittleness of the silica

material also hnits its application in someeas where impact resistance is requiféd.

1.1.2. Inorganicorganic porous material

In the past few decades, reticular chemistry has opguiik space fothesynthesis of porous
frameworls with designed chemical composition and incorporated various fuatities on
the backbone. Among those materithie MOF and covalent organic framework are relatively
young members of the family of porous materi&g(re 1-1). The MOFs are zeoliteelated
crystallized hybrid inorganiorganic frameworks witla high suface area, which allows the
combination of properties of inorganic and organic porous mat&ffalfie maximum degree
of porosity and pore size of M@Bpparently exceed those of zéali® The porosity of MOFs
measured by BrunaudEmmett Teller analysis could reach up to 10000 #g, which is

significantly higher than the porosity of zeolit'd The MOFs are constructed by secondary

10



building units, metal ions/clusters and multidéat@rganic linkersia coordination bonds. The
building blocks and wherlying topology could be specifically selected to control the pore size
and shape of MORS. Due to the combination of metal ions and the relatively small organic
linkers, the majorityof MOFs are microporous?? The open channels also expedite mass
transfer, facilitate substance exchange and also provide enough surface area for abundant active
sites. The shapes and sizes of the paesigned make MOF a promising material for
applicatons where defined pores are required, such as catalysis. Whemubethgs catalysts,
MOFs could be combined with other nanomateyiaisch as graphene. They could be
calcinated to acquire metearbors and heteroatoswith catalytical efficiency*!! The metal

center and organic linkage, whiakelocated in the cavity ® the MOF, synergize with a guest
catalyst material. The MOFs could also be heterometallic and the metal ions in MOFs could be
substituted by Earthbundant transition metafS. 43 44 Thermal stability and solvent
resistance are two important factoss MOFs used as catalysts. In the early stage of MOF
research, MOFs such as MG and MOFR77/¢ which are representative, have
extraordinary surface areas. They have been appdi@dtalysts. However, theensitivity to
moisture and poor thermaiadility limits their applicationMore MOFs have been chosen in
thecatalysis fieldn recent yearssuch as Ul@66“7 and ZIF8.18 The newly developed MOFs
possess thermal robusss and prolonged water resistance, as verified-bgyXbefore and

after water treatmerit? 50

The tunable properties of MOFs, such as designed flexibility, porosity and pore structure, make
themideal candidatefor specific applications, for exampl& biomedicine They have been

used in magnetic resonance imagingadmast agentdueto their high metal contenesulting

in a high loading capacity of magnetcenterd®!! They are also widely used as drug carriers
because aher high capacityor thestorage of guest molecules provided byrthegh porosity.

MIL -100(Cr) and MIL-101(Cr) for examplewith large pores (284 A) and high surface
areas (31006900m?/g), were first utilized as drug carriers to load the analgesic model drug
ibuprofen.®2 Both MIL-100 and MIL-:101 showeda high drug load capacity and sustained
release of ibuprofen due toetihostguest interaction.

The MOFs have been also widely used in some other researchifielas past few decades

such as energy conversion, gésrage and chemical sensing. However, the remaining criterion
for theindustrial applicatiorof MOFsis therather high cost. Compared to some other porous
materials such as zeolite, which usually cost several euros per kilogram, this crucial aspect

should be taken into consideratiéfl. The design of MOFs with low production and

11



regeneration costs essentl for future industrial applicatics

1.1.3. Polymericporous naterial

Polymeric porous materiglsmong all the porous materialsavealso received high research
interest due to the manifold combination of porous structures and the properties of polymers.
The shape of polymeric porous material and defined poroaitybe designed flexibky*5°!

The facile processability is another asset of porous polyrRelgmers can be processed in
molded form with poreswvhich benefits numerous practical applicatidies,examplegnergy
storage, filtration and gas separatitfit® Furthermore, they can be processed by solbased
techniques while the pore structures are maintdfi€#l.These unique properties are hard to
achieveutilizing other porous materiglsuch as zeolites or porous silicas. In addition, diverse
routes of polymer synthesis make polymer porous material capflldjusing the surface
functionality in the pores or at the surfa¢®! Another advantage of polymer materials is the
light weight of elements in polymers, such as hydrogen, carbon aygeoxthat provide
polymer porous materialshich arecompetent in many applicatioi§%.%! Polymeric porous
materials can be divided into two main categories based on the pore geometry: ctyssd o
cellular structureKigure 1-2). In this chapter, ttee different types of polymer porous materials

will be discussed: polymer foam, aerogel and sponge.

1T ey ® b S AN S

Figure 1-2. Polymeric porous materials with (@rlosed and (b) open cellular structure.

1.1.3.1 Polymer foam
Polymer foam is an importanaterial class characterized by closed p§feRolymer foams

are lightweight, have thermal insulation capacagound insulation effect and the potential
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for impact resistancé®’? Theyare mainly prpared by extrusion or foam injection molding
using mechanical, physical and chemical foamffigrhe foam structure can be achieved with
a supercritical fluid, such as carbon dioxide f;@ndowing the polymer foam materialgh
alight weight and dimesional stability compadwith their counterparbulk materiald’>7!

Polymer foam materials can be processed by three main steps: cell formation, growth and
stabilization. In the cell formation step, a cell growth agent is added to a polymer meitetblio

by alarge amount of gas production to foenpolymergas mixtureAn increasing gas amount
saturateshe mixture and the gas leaches out to form cell n{félé"In the cell growth step,

the cells close to each other will merge to form largesc€lbnsequently, the cell expands and

the amounbf cell volume increasé& " The cell formation and growtmakesthe cell wall

thinner. Thus, the addition of surfactants or cooling is required to stabilize the polyméi’foam.
81]

The application opolymer foamshasincreased vigorously in recegears. Albeit polymer
foamshavebenign characters, one remaining critical issue is that it is hattdorto meet
high-performance requirements. &uing, fo example, introduces lightweight polymer
materals, but italsocauses aimultaneoudoss ofmechanical propads Thus, other high
performance engineering polymer foams are attracting more attention noWadRolgamide

6 (PA6) for example,was used by Yuaret al to study the correlation beter the
microstructure and mechanical property using nanoclag rainforcement fillef®® 84 The
mechanical property (toughness) of PAdhoclay composite foam is improved by promoted
crystallization behavior. Another common filler to incredbe mechaical poperties of
polymer foams is glass fib&P! Volpe et al prepared PA66 foam with sandwich structure
reinforced by glass fiber. The mechanical properties of Pf\&ss fiber composite foam are
remarkably enhanced because of the increased gemipeab thefine-formed core layeiThe
addition of reinforcemenin applicationscan significantly tune the functionality of polymer
foams by synergies of foaming and fillers or polymer blends. The functionality desired is
tailored by the dispersion, amgemenand networking of the reinforcement fillers durihg
foaming step®® &1 Due to the light weight of polymer foams, they are attradiingeasing
attention in the field of electric vehicles, targetthgreduction of vehicle mass to achieeed
environmenal pollutant anda lowerfuel consumptiorf® 8 The polymer foams are applied to
reduce weight and improve propertisach as impact properti€8. The lightweight parts are
of great significance not only ithe automotive field but atsin other fields such as thermal

and sound insulation in constructidn®? and aerospacdé’!
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Besides thie preferable properties, includinigelight weight, good sound absorption and low
thermal conductivity, there are still challenges remaimihgn usingpolymer foamsPacking

foams made from petroleubased polymerdor examplemight cause environmental debris
when being discarded afteral& %! In addition, most of the polymers used as foams have poor
flame retardation and breathability°*®! Regardingsolutions, recent researthfocusing on
thepreparation of biodegradable polymer foams to solve environmental {E8ué8lin order

to improve the flame retardation, flame retardants are added to the polymer foam, by either

physical bénding™%? or theaddition of reactive flame retardants to the foaming formulat®én.
104]

1.1.3.2 Polymer aerogel

Aerogels are a kind of porous material which have attractive feasu@s as low density (the
density of aerogel could reach as las 0003 g/cni),[*%! a high surface area, high porosity
and low thermal conductivity°611% The first aerogel was synthesized by Kistred 9314

where a supercritical dryinBCD) method was applied for the conversion from aquagel to

aerogel. Thedefi ni ti on figels in which the | iquid ph
unchanged volume of the solid networko was
aerogels are more commonly acceptedfagg el compri sed of a m®micropc

dispersed phase is a gas as d e tha Imternctionbl yUnion of Pure and Applied
Chemistry!*?l Researclinto aerogels expanded in 1960s, whergaltechnology was applied

in silica aerogel preparation, which simplified the preparation précésaerogelswere
prepared from various materials with different entitiesthysolgel method. Nevertheless,
silica aerogel is attracting lot of research attention and still remains the only aerogel which
can be commercially produced atarge scalé:*¥ However, silica aerogel faces the challenge
of poor mechanical propertiesvhich limits its function in application815'° The next
upsurge of aerogel occurredtire1990s, when organic aerogels were develdi3&dolymers
have also beenused toprepare aerogels recent yearswhich due to their exceptional
properties have the potential to be applied in fields of drug delivery, wound healing,
environmental mitigation, sensofiltration, catalysis, thermal insulation and aerosp&éé?!
Compaed with traditional inorganic aerogels, organic aerogels feature better mechanical
properties. Thus, polymers are commonly used in aerogels to adjuktahte tpleysical s
behavior Moreover polymers feature modifiable chemical structuvesich arepreferableo

functional blocks for aerogels. The controllable molecular weight of polymers also broadens
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the usage of polymer aerogéf&*% Nowadays, biopolymerssuch as polysaccharides,
including starch, alginate and chitosare widely sed in llomedical applications due to their
biocompatibility!*** The biodegradability anecompatibility of polymer aerogels also make
them preferable candidates for wars biomedical applicationssuch as wound healing and
drug delivery. The low dengitand ekévated surface area enable aerogels to be applied as drug
carriers®®? Utilized in drug carrying systempolymer aerogelsave excellentharacteristics
such as effectiveness and enhanced protection. In addition, the surface modificatigmef pol
cariers can lead to drug selectivity®l Nowadays, aerogels made of synthetic polymers, such
as polydimethylsiloxane and aliphatic polyestere also used as drug carsié?* **/Based

on ther biocompatibility anddegradability, they are sb prospctive materialsvhich can be
applied inthefield of tissue engineeringlolylactic glycolic acid aerogeldor examplehave
beenused forthe seedingof bone marrow mesenchymal stem cERSY. The potential of

hepatocytic differentiation of the cellsaw investigated after the cell proliferation.

Aerogelsfeaturing high porositya large surface area and low density are also widely applied
in nontbiomedical fields, such as sorbents. have keen applied as environmental mitigation

for thecleanup of oil leakageand theremediation of toxic metals and organic compouhts.
Polymer aerogels, such as cellukggaphene aerogel, could effectively absorb heavy metals
such as copper, zinc, caim and chromiumdue to the relatively high porosi&§®! These
kinds of benign properesmakes the cellulose aerogel a potential green absorption material for

water purification.

Based orthose satisfactory characteristics, polymer aerogels have ppéadain versatile
fields. On the other hand, there ardl séistrictions which prevent the polymer aerogel from
being widely used in daily lifeAn examples theconnection between laboratory research and
industrial productionwhichremains a hinderaeto the applicatiof polymer aerogal This

gap still neds to be overcome for the future commercial utilization of polymer aefbijels.

1.1.3.3 Polymer sponge

Among 3D porous scaffoldspanmadepolymerssponges made @olymerfibrous materials
have also attracted significant research interest in recarsyRolymer sponges mimic natural
sponges, which can be fourfdr examplejn wood, bamboo, cork and cof? Both man
made polymer sponges and natural sponges are open cellular porouslsndarrmade
sponges, which are formed by either-tigwwn o bottomrup methods, feature compressibility,
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high porosity, low density and breathability due to the interconnected [f8t&s comparison

to two-dimensional 2D) materials, mass transfer and diffusion make sponge an important
candidate for various appations. Porous sponges have been used in versatile Belds as

for organic compound removi&f? *43lin filtration and separatioti?* as catalyst carrigf4®!

for thermal insulatio®;*®! and for biomedical applicationsuch as tissue engimee**” and

drug carries.**]

Polymer foams, which have closed cellular structure, have to be distinguished in structure and
preparation from polymer spong&onmmercial methods for the preparation of polymer foams,

for example polyurethang*’! and nelamineformaldehyde foam8®% cannot be applied for

the preparation of sponge. However, other technicues$, ashe template growth method, the
solgel method ath the seHassembly of electrospun fibers in dispersion, could be applied for
the preparabn of sponges.

1.1.3.3.1 Preparation of polymer sponges

1.1.3.3.1.ITemplate growth

Sponges prepared llyetemplate growth method are formed by using a sa@&ifioaterial as

a template. After the successful construction of the sponge, the tempddeeiahwill be
removed by some other techniquesich as freezdrying, dissolutionor pyrolysis. Ice,
colloidal or emulsion particles, and polymer are the most lpogamplate agents>? 152
Starch aerogel for instance,was used as template for tke preparation ofpoly(3,4-
ethylenedioxythiophene) (PEDOT) aerogéth theaid of supercritical C@*> The PEDOT
was then synthesized using the starch aerogeltamplate medium. After the successful
acqusition of PEDOT aerogelthe starch templateas removed by washing. The starch was
used asa template during preparation to avoid organic gelationichvlivas published i
previous work!®3 As a resultthe PEDOT aerogel could be controligdll. Template growth
was described by Schaedktral as an elegant methdt?*! In this work, the authors used a
selfpropagating photopolymer astemplate. Wder exposuréo ultraviolet (UV) light, the
monomer formed a patterned interconnected 3D polymer structuosedimensions could
be adjusted by diffrent parameters, such amask pattern anthe angle of inciderdl light.
After deposition of conformalickelphosphorous on polymer lattices, the polymer was etched
out. With the help of polymer lattices, the nanoscale film deposited was translated3bt
macroscopic structuyevhere the base materials were hollow tubes. Similarly, &arag

prepareda titanium nitride 3D porous sponge lige template growth methg®® In this
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publication freestanding 3D polymer skeletons were prepared by tieser writing using
two-photon lithography. The next step wid® creation of ditanium nitrice deposition by
atomic layer deposition, follogd by the formation ohollow ceramic nanolattices after etching

out the polymer core. The nanolattices could ksgome or octahedral unit celiCompaed

with the previous methdd* thetwo-photon lithograhy fabrication method described in this
article enabled more than two orders of magnitude smaller feature resolution. Both template
growth methods describetie preparation of 3D inorganic sponges, which could also be
applied for the preparation of polymgponges.

Ice is frequently used agemplate for the preparation of spongeseptwhenpolymersare

used as template&. novel type of funnelike chitosan spongefor examplewas prepared by

Ko et al using embosalice particulates aatemplatd!®® The ice template was removed by
freezedrying after the solidification of the chitosan sponge. The spbiadea hierarchical
porous structure, which wasrmdficial for tissue engineering applications with human dermal
fibroblast cells. Other templateghich areregularly used for template growth sponges are
easily removable particulate agerasch as salts and gases. Natal prepared PLA sponges
with interconnected pores using ammonium bicarbonate particlespasogen generation
medium{*>’1 The sponge was prepared by casting of a binary mixture oflplaigide)(PLLA)
solvent gel and ammonium bicarbonate partitiespaste state. The molded PLLAgb@ with
ammonium bicarbonate particles was incubated in hot aqueous medium. &sangasnia

and CQ were released from ammonium bicarbonate upon contact with acidic aqueous solution
atanelevated temperature. The salttwdes were removed by water ritug the solidification

of the polymer. Using this methpsiponge could be shapadcording to thehoice of mold.

The resulting sponge showadinterconnected porous structure. The shape and dimension of
the sponge could aptedo match tissue defextThe cell viability test showeHbatthe cells

grew efficiently on the sponge after seeding.

Utilizing thetemplate growth method, the porosity and cellular structure can be conbylled

the amount of template materialaBVe to that ofthe polymer anl the size of the template
material. However, the porogen applied for sponge preparation should be adapted to the
application of the sponge, which dependshatoxicity and the residual content of the porogen

material.
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1.1.3.3.1.2Solgel method

The sd-gel method is widely applied in the preparation of sporig@sThree main steps are
required forthe solgel method: (a) sedel process, (b) aging and (c) drying. In the-csll
process, a sol (colloidal suspension)fasmed by hydrolysis or partiatondensation of
alkoxides. Afterwardsa gel forms by polycondensation through a catalyst or temperature
change. The solid particles dispersed merge to form a 3D network during the gel formation
step!!®® Depending on theype of dispersion mediumgitherwater or organic solvent, the gels
formed arecalled hydrogét®™ or organogel®® respectively. In the aging step, complete
polycondensation or reprecipitation is allowed with sufficient time #mainterconnected
netvork can form. The drying stephich allows the solvent to be substituted by air, is critical
for the formation othe porous structurélhree main methods anermally usedin thedrying

step SCD, freezalrying and ambient pressure dryi®f! The SCDis a general method for

the prepeation of aerogels. The solvent is removed by $@th the help of supercritical liquid.
During SCD,supercritical CQis a commonly used liquid to replace the solvent from the gels

and form the pores in the 3D scaffdief]

Ambient pressure drying takadonger time compad tothe other two (usually several days
to weeks)making ithard to retain the porous structure of the 3D scaffolds. However, ambient

pressure drying is considered to be a safer and less expemasier large production$®?

Cryogels have been widely used to prepare polymer spdigjeEheyform by introduing a
continuous liquid phase to crystallization by freezifige polymeric phase undergoes gelation

in the frozen domains by either pliga or chemical crosknking. A stable sponge isrodued

by theremoval ofthesolvent, such asy sublimation. Preparation of sifiloroin sponges from
cryogel and hydrogel was reported by Oketyal, while compamng the two formation
methodd!% The cryogel and hydrogel were made-48°C and 50°C, respectively. The
cryogel showe@dhigh compressive stabiligndcould be compressed up to 1%0without any

cracls. It recovered to its original height after unloading. The subsequent sponge obtained from
cryogel had 906 porosity andisowedaregular, interconnected porous structi@y contrast,

fibroin hydrogel showed weak and brittle properties. This study showddrgeepotential of

cryogelsin theprepaation ofsponges.

Polymers are also applied in the preparation of spongesdrganogelausing other dispersion
medial®® Different from cryogels, the dispersion medium, i.e. organic liquid phase, remains
liquid in the process. The sponge forms the removal of the dispersion medium. The

preparation process of sponges fromamiagels is similato those from cryogels he plymer

18



undergoesa gelation step in organic dispersion medjuvhich isinduced bya parameter
changesuch agH, light or temperaturd2olymers are known to be used as organogelators
the preparation press of organogel&®®! When polymers are used arganogelators, one of
the important features is that the polymer can form physical-tndssg by relatively strong
supramolecular interactions Hés beenfound that helical conformation of polymersdas the
formation of crosdinking points dued their strong interactiofolystyrene (PS)for example,
has different stereoisomers. However, atactic PS does not stiwvproperties of
organogelators. Stereoregular PS, such as isotactic or syndi®t&ctipossessesgelation
feature in some organgpblvents. Kobayastet al. found out that syndiotactic PS showeal
organogelation property in a solvent mixture of chloroform, carbon tetrachloride and
benzené'®’l Poly(methyl methacrylate) also shows #mn properies to syndiotactic
conformation, which was proven to shaworganogelation property in various solvestsch

as bromobenzene, chlorobenzene and toli&h&he biodegradable poly{8ydroxybutyrate
co-3-hydroxyvalerate) was also reporteddom thermoreversible organogel by dissolution in
tolueneat 90°C.1%° The helical structure formed duritige cooling process after dissolution.
Organogelation was induced byB network structure formed by theateraction between the

helical segments

1.1.3.3.1.3Melt process

The 3D printing method has also attractetbt ofattentionrecently regardinghe preparation

of spongesThreedimensionaprinting was first investigated by Kodaratal using aphoto-

hardening thermoset as an additive nfaowring methodin 198117 |n 1986,
istereolithographyo was pr opos ely-lagespridging3 D pr i
and UV curing!Y The 3D printing techniques can be appliedbiomedical fieldsdepending

on the materialselected.

The 3D printed spongef®aturing specificity, controlled internal geometry and appropriate pore
interconnectivity are favorable in some application greash as tissue engineerititf: 17!

This method can be used with resins as sacrificial molds to mrdpalogical sponges, which
enableshe direct printing of 3D frameworks from solvefiee, aqueoubased systems for
transplantation with or without celf§*! Combined with modern techniquescell biology and
material science, 3D printing has becoar attractre methodfor prepamg implantable

sponges fothereconstructiorof injured organg:’* 175 1761
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The completely biomedical method is called 3D bioprinting. There are three maiigtezh
for this: laserassisted, inkjet and extrusi8i® Nowadays, 3D bioprinting has been developed
to fit medical applications such as skin, blood vessels, cardiac tissue, hearamalvese!’’”!
Materials which can be applied for bioprinting maé both natual and synthetic materials.
Among the natwal materials, collagen, an abundant and ubiquitous prd&gimedfrom animal
and human tissues, is commonly used for 3D bioprinting. Akkigteadi, for example, reported
that if a soft core biopolymer hydrogel, such as collagen hydragelombined withalginate
asa shell material, the sponge is mechanically stable and r8btSorkio et al prepareca
recombinant humasourced collagen | and ham laminin 3D cornealsinglaserassisted 3D
bioprinting!*”® Yang et al used collagen | oan agarosésodium alginate mixture for 3D
bioprinting!*® The in vitro 3D cartilage tissue was then constructed by incorpayakia
sponges with chondrocytes.

Synthetic materials are also widely used in 3D bioprinting. Ketsdl, for instancereported
that a high-resolution scaffold which was printed by mixing thermoresponsive oly(
isopropylacrylamideprafted hyaluronan with methacrylated hyaluronan Igaed cell
viability.[*®Y The authors demonstrated that pblygopropylacrylamideprafted hyaluronan

is supportiveof a range of polymers which undergo tandem gelation during extrusion. Cell

laden prinedand stratified cartilage constructs were thereby facilitated.

However, considering features such as ctiogsability, cell viability, mechanical stabiir and
processability, bioprinted single material sponges often hardly meet the requirements for
biological application field§8Y Therefore, the development of different materials for 3D
bioprinting is essential for versatile applications. Moreoweelack of precision in droplet
placement and size remains a challenge in 3D bioprinftaye advancedethniques are
requiredto optimize the preparation process of polymeric sporigethe past few yearfor
example electrospun polymeric sponges havewtraf lot of research attentiot%84 The
sponge is prepared biye selfassembly of electrospughort fibers, which will be discussed in

thenext chapter.

1.2.Electrospun fibers

Electrospinning is a stata-art technique which allows the preparation rine and
microfibers.An electrical charge effect on liquid drodtad alreadybeenobservedn the

1700s In 1745, Bose demonstrated that water aerosol could be obtained by applying
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electrostatic chargé¥®! Electrospinning was then systematicallpydied by Rayleigh in
18851881 |n 1887, Charles V. Boys fourttiat fibers were yieldedby an apparéus with an
insulated diskncorporatingan external electrical field®” This study indicated that a viscous
liquid could be stretched into fine fiberSlectrospinning was patented by Formhals Anton
between 1931 and 1944 in different countrigh asAmerica, France and Germah§? 18
Cellulose acetate electrospun fibers were processed during this time. Bas#t on
electrospinning technique, Bendavonnegut and Raymond Neubauersome also produced
liquid jets using electrostatic force in 195%! In this study, uniformly sized droplets formed
and the size of the droplets could be estimated. In 1964, Sir Geoffrey Ingram Taylor made
significant pogress on electrospinning by modeling the shape dfoplet cone under
electrostatic forcasingmahemati@l methods!®Y This conebecamenell-knownlaterasthe
Taylor cone. However, the production rate of electrospinning is relatively low cedypin
conventional method$>? Therefore, despite the early studies on electrospinning, it was not

widely applied as an industrial fiber production techniétfé.

The dectrospinning technique has been developed intensivéhe past few decadeStartng

in the 1990s, several reseh groupsbeganresearch on electrospinning by introducing
electronic microscopes to characterize the nanoscale property of thé'fib@fsDuring this
time, versatile polymers were reported to be possible for eleatrosgi Continuous fibersn

a nanometer scale could be obtained by electrospintlegirospinning attracted lot of
conspicuousresearch attentiorat the beginning of the 21st centurdased onthe
electrospinning technique, electrospun fiber compagsiteduding organic and inorg&
materials, openedp a new research field for versatile applicati8fi8.Since then, with the
modern and advanced technique of electrospinning, variouss ffrrfibers, such as yarn,
aligned fibers and coaxial fibershave been investigated?®*2% The application of
electrospinning has been dramatically enhanced in different fields, such as biomedicine, energy,
environment and electronicatilizing the tailored size, morphology, composition, structure

and porosity othe electrospun fibers.

1.2.1. Electospinning principle and process

The dectrospinning setup usually consisf a spinneret (normally a hypodermic needle with
ablunt tip), a highvoltage power supply, a syringe pump to feed the solution, and a collector
conrected to eitheanegative eletrode otheground, as illustrateith Figure 1-3a. Duringthe

electrospinning process, a pendant droplet is extruded from the spinneretawientric
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field is appliedo the dropletit is elongated and forms a TaylonegFigure 1-3b). Afterwards,

the surface tension dhe solution droplet is overcome by the electrostatic repulsion force
among the surface charges. This step results in the whipping (bending) instabittycould
finally, result in Raleigh instabtly and droplet formatiorA fine jetthenejects from the cone

andis gatheredy acollector while the solvent evaporaté&s: 2°61

Thereare several parameters which can influetheelectrospinning process arntereby, the
fiber formation. There afireemaincategories of parameters which affédeelectrospinning
process: environmental conditions, processing setup and solution formifiition.
Environmental factors are mainly temperature and relative humidity. Temperature affects the
viscoelastiity of thesolution andheevaporation of solvents, agdn alsachangehe thickness
of the fiberd?®®! As anexample, when the temperature increagbe viscosity reduces.
Consequetly, fibers areformedwith a smaler diameteF?%! If the solventsevaporate faster,
the elongation othefibers reduce&° Humidity can also affect the morphologytbéfibers.
When relative humidity is high, wateapor fromthe air might penetrate the solution jet,
introducing a pore structure do the surface othe fibers?%! Contrarily, if the relative
humidity is low, solvent evaporation is faster, thaislot might form easily at the tip of needle.

Electiospinning can be done in solution, emulsion, suspension or melt. The characteristics of
these formulatins and other processing paramgtgvern to a large extenthe formation of

fibers. Processing parameters are the manipulation parameters, sefias rate, voltage,

and distance betweehe needle andhe collector.Voltage is an important parareet which
influences the formation of fibgr An electrical field can form betweedhe needle andhe
collector andthereforeinitiate the formation tfibers due to voltagB! The electrostatically
charged solution has to overcome the viscosity amn@ce tension of the solution or meit

the initial state of fiber formatiorThe \ltage also plays a rola the morphology of fibers.
Regardingsome polymers, when the electrical static force is increased on the ejected jet, the
latteris stretched mm, thus thinner fibers form?? However, the effect athe voltage also
depends on different polymerghe voltage for example, has no effect dme polyethylene

oxide (PEO) fiber diameté¥®®! Similarly, for some polymersa higher flow rate generes

fibers with a larger diameter, such as for BS! However, it is favorable fothe electrospun
system to drm beaefree fibers witha rather low flow raté?*4l Additionally, the distance
betweertheneedle tip andhecollector influences the evapaian time of solvents. Thus, it is
important to optimize the distanbetween thaeeedle tip andhe collectorto obtainthe fiber

diameterequired?*®!
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One of the most important solution parameters is viscosity. Other parameters, sheh as
molecular veight of the polymer, together withe concentration of the electrospun solution,
determine the extent of clmaentanglement, correlating to the viscosity of the solutiotinelf
molecular weight othe polymer or concentration is too lowsolution withalow extent of
chain entanglement cannot form a proper polymer network, which resaltsscoelasticity
which istoo low. Consequetty, fibers with micre or nanobeads are form&&! However,a
solution viscositywhich istoo high leads to cloggingn the needle tip during electrospinning,
andthe solution flow is hindere&!” Theviscosity also affects the fiber morphologyhigh
viscosity solution results in ribbdike fibers. Another important solution parametetths
electrical conductivityof the electrospun solution, because it is essential for Taylor cone
formation, leading to the initiation of fiber ejectiBif 219f the electrostatic forces caused by
the voltage cannot overcontiee viscosity ofthe surfacetension, no fiber jet foration is

observed.

1.2.2. Electrospinning methods

Electrospinning is a sophisticated method, which enables the production of versatile
nonwovensThe @nventional electrospinning setup is equipped with a single nozzle (depicted
in Figure 1-3a). The traditional kectrospinning technique hasrelatively low production
efficiency. The nozzle can be improvedncrease productivityexemplarily, multiple needles
arranged side by side, as shownFigure 1-3c, are used to increase the étespinning
efficiency??d The production capacity of polyimide (P1) nonwoven, which is used in lithium
battery and highemperature filtration applications, is enhanced significaiily using
multichannel needles to around 2009par day??!l However, some undesirable probleans
caused by this kind of multichannel needlehomogeneoug distributed nonwovenfor
examplejs collected due to the instability resnfj from the jet interaction, anain unsought
merging of jets occurs during tleectrospinning. Thughe multichannel needle still needs
investigation to solve these unexpected probléfisA secondary electrical fielgenerated by
auxiliary electrodes can be introduced betwibemeedle and connected electrode to neutralize
therepulsion between the needles, tmasluéng the instability of the jet&23 2241|n addition

to multichannel need& other forms of needles, such as flat plate, solid pin, hollowed tube and
metal stringhave been used for the improvement of elepirmsng productivity??>221 Those
processing methods are summarized as needleless electrospinning. However, ctimérol of

flow rate and uniform jets remain a big challenge in needleless electrospinnivgs It
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discoveredhatthe utilization of a moviig spinneret can improve the homogénef the jets.

In 2005, Elmarco s.r.o. (Liberec, Czech Republic) first patented and commercialized the
needleless electrospinning setup, which is Aebwn asthe i N a n o s.[{#% Adretating
cylinder is used as aismeretin Nanospider. A thin layesf solution forms on the surface of

the cylinder by immersing the rotating cylinder in solution. Waeaglectrical field is applied

to the cylinder, spikes form on the cylinder surface, tmiating the electrospiring. Since

then, papers about neeléies electrospinning have been published worldwide, including recent
techniques such aletoothed wheef?® linear flumé?*® and sheanided spinnerét3!!

—
voltage +

Figure 1-3. (a) Conventional electrospinning setup, (b) Talyor cone, (c)-bidside
electospinning, (d) multichannel electrospinning, (e) coaxial needle andqgffphologyof

electrospun fibeprepared bya), taken by scanning electron microscope.
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In addition tothe requirement of productive capacity, composite materials using different
solvent systems are also required for electrospinning. Electrospinning multiple solutions
simultaneouslyannot be satisfied bysingle spinneret. In this casemultiaxial spinneresi

a feasible concep® coaxial needle is often usew electrospinningor the preparation of
bicomponent fiber&® Compaed with a single needlethe coaxial needle is configured by
inserting an inner needle into an outer neeldigure 1-3d). This needle allows the feeding of
two different solutions by two syringe pumpgldterent flow rates. When the two fluids meet
at the tip ofthe coaxial needle, the inner fluid is wrapped by the outer fluid to form a coaxial
Taylor cone. Irthepresere ofanelectrical field,acoaxial jet ejects from the cone, and coaxial
fibers ae obtained with a corgheath structure. Coaxial electrospinning is usually applied for
thefiber production of materials which are not suitable for electrospinfihg’! or different
types of materials, such as oil, oligomer, liquid crystals, proteoteria and viruseshich
have to be encapsulated aa core material in a corsheath forn¥3+238l
Ethylene/propylene/diene terpolymer rubdb&and epoxy resiff*”! for example have been
prepared by coaxial electrospinning as core material.asispun coreshell fiber was cross
linked thermally, and the shell material was removed afterwards. Triaxial seadi®e also
obtained by increasing the number of cotdemeedles**! This kind of needle is used for
the preparation of thrdayer structured fibersby feeding three different solutions

simultaneously?*?

A sideby-side needleRigure 1-3¢) is also used for electrospinning different solution systems
in addition to coreshell structured fiberd*®! Fibers consistingof a split of different
components can be obtained by diyeside electrospinning. This kind of electrospinning
allows both components bz exposéd equally totheenvironment. Janus electrospun fibers are
prepared by sidby-side electrospinning*!  Antibiotic  (ciprofoxacin)loaded
polyvinylpyrrolidone and silver nanopartieleaded cellulose polymer matrices are used as
two components for sidiey-side electrospning[?*®! and the properties of both components
can be expressed mwound dressing application. The irediate release of ciprofloxacin
allowed a strong initial antibacterial effect, while leilgm sustained anbiacterial action was

provided bythesilver nanoparticlefrom the other side dheJanus fiber.

The distance betwedhe needle andhe collecor can be also investigated for new forms of
electrospinning. The needle to collector distance in conventional electrospinning is usually 5
15cm, and the voltage applied is between 10 and 20 kV. This conductive moal&edsfar

field electrospinnind?®® The lattehas difficulty intheprecise control of fiber deposition. This
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difficulty can be conquered by nefield electrospinningwhich is conducted bya reduced
needle to collector distance (0.% cm)[2#6] At this distance, straight electrospjet deposits
directly on the collector before starting the instable whipping. Due to the reduced distance, the
electrical field in that casgis highly concentrated betweehe needle andhe collector?#7]
Thus,areduced voltage is required (0.6 kV). With a moving collector, the fibers can be
deposited precisely as patterns. However, coatptr far-field electrospinning, nedreld
electropinning has a relatively low production capacity. In addition, the complexitieof

setup remains a challge for mass production, which limits its applications where taogée

product is require@?®: 249

The development and expanded techniques eftebspinning has drawn increasing research
interest of many researchers and become a prosperous reseltcdmpaed with other
materials, electrospun nonwovdres different advantages, such ashigh aspect ratio,
malleability and porosit{}®®! Due to those advantages, electrospun nonwoven has been applied
to different fields such as energy, tissue erggming and catalysi&®?%? However,
electrospinning nonwoven the assemby of loosely overlaid 2D fibersHigure 1-3f). The
increagd collected nonwoven thickness during electrospinnicgusesthe electrical
conductivityto reduce A greaterthicknes of nonwoven is hard to reach due to the reduction

in conductivity.

Nowadays, the requisite of 3D scaffolds, namely sponges, is increasiag,. methods for

electrospun sponge preparation are widely studt@C ompaedto 2D electrospun nonwoven,
sponges can broaden the application of electrospinning dugreag¢r thickness, which allows

applications where the third dimension is recuifé” Diffusion and mass transfer are
importantfor these kinds of applicatio®$®! Thus, it is crucial to deslop advanced methods
for the preparation of sponges.

1.3. Electrospun sponges

Efforts have been made the past few decadds obtaina spongestructure duringthe
electrospinning process. With adjusted parameters, a 3D fibrous structure can be aghieved b
direct electrospinning instead of a 2D nonwowsing conventional electrospinnirig®
Sponge preparation by direct electrospinning i$ atithallenge. The shape and porosity of
such sponges can laly minimally controlled. Furthermore, the mechaalistability of the

direct electrospun sponges is rather wé&xkA more advanced technique was introduced by
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Duanet al and Siet al. in 2015to prepare sponges lbiye short fiber assembling and freeze
drying method!®? 84 |n contrast to foams, wtih havea closed cellular structure, these
sponges possess interconnected pores antbpen cellular structure with well-controlled
dersity. This open cellular structure provides the possitohinfiltration into matter and mass
transfer, allowing tair application in some fields where these features are important, such as
tissue engineering. This kind of scaffold, which is atsdled sponge, has been studied
intensively in thelast few years.Two different methodsre mainlybeing used to prepare
electrospun spongeshethermally induced seligglomeration (TISA) method and short fiber

assembling/freezdrying method.

1.3.1. Thermally indiced seHagglomeration method

A new approach to prepare 3D electrospun scaffolds was first demonstratedebyalXin
2015181 |n this publication, the TISA approactonsistedof the following steps: (1)
electrospun polycaprolactone (PCL) nonwoven saeked in ethanol, then cut by mechanical
grinding, in thepresence of liquid nitrogemto short fibers(2) the slort fibers were dispersed

in a water/gelatin/ethanol mixtur€3) the short fiber dispersion was immersed in a water bath
at a temperaturaround 55 C, which is the melting point of PCL, and satiglomeration was
induced thermallyafter several minutes3D polymer hydrogel formetinally, (4) the aerogel

was freezalried after being riredin deionized water.

The PCL sponge obtained Hye TISA method had an interconnected porous structureawith
porosity of around 9%, which favors the later tissiengineering application. In order to
optimize the mechanical propertythi TISA sponge, PLA can also be blended with PCL for
sponge preparation, which has been published by the samel4jfbiter blending 20%
weight percent PLA, the bioactivity arstiffness improved, which is beneficial to the tissue
engineering application. Becaube 3D polymer network already forms loeé freezedrying

in the TISA method, there is no shrinkage of the sponge after f@xymeg and the shape can

be maintained which is a big advantage of the TISA method. However, the desigheof
sponge shape by TISA is a challenge, because the sterg ieHagglomerate during thermal
treatment, which is hard to adjust. Meanwhile, the short fibers assemble spontaneousty, maki
the porosity uncontrollable. thesponge shape needs adjusting for some specific applications,

theshort fiber assemblingnd freezedrying method could be a good choice.

27



1.3.2. Short fiber assembling and freedgying method

Since the short fiber assemlgiand freezelrying method was first proposed in 2014, it has
become a conventional technique for electrospun sponge prepdtity*25°! This method
includes the following steps: (1) electrospun nonwoven is fragmented into short(@)éne

shot fibersare disperseth a nonsolvent (3) the dispersiorfis transferrednto a mold (4)
freezing and, finally,(5) removal(drying) of the solvent by sublimation. Compdmwith the

TISA method, the porosity of sponges preparethbghort fiber assebiling and freezalrying
method can be tailored durinige short fiber dispersion step. The shape of the sponge can be
designedy using different molds @hefreezingdrying step. Howeveag crosslinking step is

required after the formation tiie spongeto assure the mechanical stability.

The sort fiber assembling and freezizying method can be used to prepare both inorganic
and organic sponges. In one of the earliest publiceiboutthe short fiber assembling and
freezedrying method, poly(methylaglate}co-methyl methacrylateo-4-methacryloyloxy
benzophenone sponge was prepdfétiThe density and shape of the resulting sponges were
tunable. Largescale production was also possible. The sponges displayed low density and
repeated compressibifit openingup a newtype of electrospun sponge for application in
versatile fields, such asound adsorption, thermal insulation and responsive electrical

conduction.

Jianget al prepared PI spongasingthe methodbove. The Pl sponge showed high reiées
compressibility, thermal stability and low thermal conductivity. Thus, this kind sp&hge
was usedin the thermal insulation field. In 2018, the same group prepared
poly(bis(benzimidazo)benzophenanthrotuiene) sponges bthe short fiber assemislg and
freezedrying method?>® Theselow-density spongehada high compressibility, v thermal
conductivity and high pyrolytic stability. Tirecompressibility and flame retardancy made it

possible to separate waste solvent and reuse the spongeafteby ignition.

Electrospun sponges preparedthg short fiber assembling and freedg/ing method using
biodegradable polymehavealsobeenstudied intensively in recent years. Cle¢al prepared
biocompatible PLA/gelatin sponges thys method?®% The short fibers were chemically cross
linked by glutaraldehyde to achieve mechanitalbiity of the sponges. These sponges were
hydrophilic.Cell culture tests showed that the sponge enabled relatively high cell viability. The
same group reportedn a PLA/hyaluronic acid spondé?® The latter sponge showed
superabsorbent featwand benign cytocompatibilitdn in vivostudy of the sponge exhibited

thatit had good cartilage repair affinity, which makepromising inthetissue engineering
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field. Maderet al prepared PLA/PCL electrospuspongét*’ whereinthe PCL was used as

a crosslinking agent. The density and porosity of the sponge were tunabtbebfjber
dispersion concentration ithe sponge preparation step. Rapid cell proliferatoro the
sponge was confirmed using JurkalleSimilarly, a pure PLA sponge was prepared by the
same groufr®t! However the asprepared PLA sponge was hydrophobic, which hindered the
cell infiltration. In this work, a block copolymer containing pagsharide was used as
surface modificationgent for hydrophilizationThe d/namic human hepatic cell culture result
revealed that the surface modification significantly enhanced the cell adhesion and distribution
throughout the sponge.

There are many &ures affecting the application of electrasgponges. Since 3D electrospun
sponge is usually lightweight witthighnumberof pores, porosity is one @& key properties.
Berhanet al proposed a method to calc@#he porosity of sponge based on teegth and

diameter of the short fibel&? The calculation is described by the following equations:

\
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Wherel . is thevolume fraction of short fiber¥ is the bulk volume of short fibers aigxis

theexcluded volumeV andVexare calculated by equations (2) and (3):
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However, this methods basel on the assumption that all short fibers are ideal réts.
following method is used more often for porosiglculationin real sponge applicatief*!

P(%) 239171 (4
4b ul k
Where} sgrepresents the density of the electrospun spongenarid thebulk density of the

material used for sponge preparation.

Another important property is eshanical stability, which is highly relevafdr the cross

linking step during preparation. Duahal. crosslinked the polymethacrylate by UV lighe*!

or a coated shell of poly{pylylene)?%% Jianget al  a p p $eitgeldu ian gid0 met hod
the PI precursorpoly(amic acid, in theshort fiber dispersion step. A fibrous skeleton network

formed afterthe imidization of the poly(amic acidl.l**®! After crosslinking, the sponge
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assembled by electrospun short fibers gains interconnected junetidns, therefoe,
mechanically stable, which is crucial for some applications, such as being usedtalyst

carrierl4®]

Thehydrophilicity of sponge is essential to allow cell infiltration some medical applications,
such as tissue engineering.digphilization can be introduced durittte sponge preparation
steps. For the PLA/gelatin and Plb&&luronic acidsponges mentiomleabove for example,
gelatin and HAhad already been blenced in the electrospinning step to providtie
hydrophilicity of the sponge$58 269Sponge can also be hydrophilized posttreatment. Mader
et al, for example, hydrophilized PLA sponges by plagreatment afterthe sponge
formation™*”l Another PLA sponge was hydrophilized bye dip-coating of amphiphilic
material?®!l The efficient hydrophilization of sponge allows cell adhesion and further
penetration into the sponges.

Other important propées of sponggin tissue engineering applicat®are biocompatibility
and-degradability. Biocompatibility means low celkioity to provideasuitable environment
for cell attachment and growth in the scaffold. Degradable polymer is favorabtissioe
engineering applicatianbecause it allows the physiological degradatiothescaffold inthe
human body aftethe repairand regeneration dhe injured tissué?®¥! In addition totissue
engineering applicatian sponge is also of interestgading daily life applications, such as
packaging and microplastic filtratiorDegradabity is considered to be an important
charateristic of polymes in daily life applications. The polymer should serve for a certain
time to fulfill its function, then sbuld degrade and eventually be -Hmgpired in
mineralization?%® Polymers with degradabilityare encouragd to prevent environnal
pollution268! Thus, degradable polymers have attracddt of research interest in various
applications. The topicfaegradability, which is complex, will be discussed in the next chapter

to establish the context.

1.4.Degradablepolymers

Among allthe features of polymers, degradability is a special property cadpdath other
materials such agnetals, ceramics and g&es?%® Based on the fact that polymers are built
up by organic compounds, degradation of polymers can be achieved by diffetbiods:
polymer samples can be fragmented by light, mechanical stress, hydrolysis, ®mryme
microbes. After fragmentatiorpolymer chains could be further degraded to oligomers or
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monomers, which could behereby bioavailable. The process dfie metabdization of
bioavailable oligomers or monomers by orgars (mostly by the action of a set of enzymes)
is called biodegradatiorCarbon dioxideand water are the final products of biodegradation
occuring under aerobic condition®y contrast, methane andater could be the possible
degradation products underaamobic conditions. Polymers following this process are called
biodegradable polymerdhe lattershould be strictly distinguished from hydrolytically or

enzymatically degradable polymers as thelfpmaducts are differert®® 2671

There are twamain types of degradable polymers: natural and synthetic polymers. Natural
polymers can also bealled biopolymers,such aggelatin, collagen, chitosan, cellulose, silk
fibroin and polyb-hydroxyalcanoate$®®! Natural polymers are widely applied as tissue
engireering material%%® However, the& rather weak mechanical propesstill restrict the
utilization of natural polymers in versatile applications. Synthetic biodegradable polymers
usually contaira heteroatom irthe polymer backbone, such as ester bomdsich hirder the
stability of GC bonds, thusoffering cleavage points in the polymer chdff¥. Typical
synthetic biodegradable polymers are pdlggdroxy acids), such as pddgtide (PLA),
poly(glycolic acid) and poly(lactico-glycolic acid), a cpolymer of them.Other famous
synthetic biodegradable polynserare PCL and EcofleRX (poly(butylene adipateo-
terephthalatelf’Y ThePCL has high pragssability due to its solubility in common solvelité.
However, its slow degradation rate and poor mechanical propertye Hamited its
application?”® Thus, it is normally used with additives or as a fractioamélymer blend**"!

Compaedwith PCL, PLA is a more frequently used biodegradable polyester due tdhts ra
good mechanical propées and better degradabilitf’* It is polymerized from renewable
agriculture resources, such as corn and other polysacchiffélés.has been the most
promising polymer among all the technical biodegradable polymers. Bhemer of PLA,
lactic acid, has two optical formk; andD-lactic acid. When polymerizing PLA from lactic
acid or lactide, three forms are possible: PLLA, ppHdctide)(PDLA) or poly(D,L-lactide)
(PDLLA).2"® The PLA is polymerized by either polycondensation from lactic acid or-ring
opening polymerizatio(ROP) from lactide. Nowadays, commercially available PLA is
usually made by ringpening polymerization from lactide derived framorn. Due to ibeing

a sustaindle resource, it has the potential to reduce petroleased materials. Furthermore,
degradation of PLA generates environmdwtlilendly products, including lactic acid, or GO
and water as end productdiePLA has been wdely used in different fieldsuch as agriculture,

biomedidne and packaginé.’®!

31



1.4.1. Degradation of PLAype polymers

1.4.1.1 Hydrolytic degradation

Because of the bio-friendly characterists; PLA and related polymers ¥been seen as a
promising soltion for plastic pollutionThey have been widely used as biodegradable fiber,
plastics, agriculture filmdpr tissue engineering, and biomedical or pharmaceutical devices. If
PLA is unintendedly disposedf in nature, it could possibly biodegrade anchsfarm to
biomass. Thus, it wodl be sustainablé’’: 2’81 However, PLA is classified as slow
biodegradation rate plastitt has a weight loss of % after 90 days, which can cause
microplastic debris problem, where microplastic is defined as plaaticlesthathave a size
smaler than 5mm®" The occurrence ofhe degradation of PLA dependgreatly on

environmental factors and is extremely slow in natural seal2ter.

Depending on its application, PLA is in contact with different médiaenbeing used aa
pesticide release mediurior example, in agricultural field®LA serves imarelatively high
humidity environment, where it is in direct contact with w&&t Water generatethe slow
hydrolytic degradation of PLA. The hydrolysis réan contains twanainsteps?%? In the first
step, water diffuses intheamorphous part ahePLA, and aandom cleavage of ester linkage
in the PLA chain is generated by hydysis, resulting inthe formation of shorter chains by
chain scission. Ftiwing the latter the carboxylic end group works ascatalyst foran
autocatalysis reaction to accelerate the hydrolytic degrad&tibm the second step, water
soluble oligomes or monomers formThe weight loss of PLA begins in the second step.
Afterwards, withthe existence of biomass, the oligomers or monomers are degraded further
into end products, such as €@ water. The first step is so slow that it is a rate deciseg s
in PLA degradatiof?®¥ It should be mentioned here that the hydiolynd enzymatic
degradation of amorphous polymersgenerallyby orders of magnitude faster than the
degradation of corresponding crystallites.the worst case, only the amorphopart of a
polymer sample is degradduut the crystallites remain as dhmaicroplastics particles with

unknown environmental consequences.

There are genetlgltwo types of degradation: surface and bulk degrad&fidiThemechanism

of both kinds of dgradation is illustrated ifigure 1-4. The surface degradation takes plac

mainly on the outer layer of polymers. Surface degradation is a heterogeneous process, because
the erosion affects only the polymer surface,theinner partBy contrast, bulk degradation

is rather slow, and the @eage occurs throughout the wholeide. Thus, bulk degradation is

a homogenous process, which is not restricted to only the surface of a polymer sample.
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The hydrolytic chain cleavage of PLA occurs preferablythe amorphous region. Thus,
amorphous*DLLA is found to degrade faster intefipthan outsidé?®8! The reason behind is
the large contribution of interior autocatalysis. Tager isattributed to two main parts: the
first is the carboxylic end group engenderedthy hydrolysis reactionthe second is the
oligomers, which escageom the polymer matrix but are still close to the polymer, yielding a

low pH value, which accelerates the degradatioRifLA.

- .
o =

Figure 1-4. (a) Bulk degradation, and (b) surface erosion of polymers.

In the case of sei-crystalline PLLA, the degradatiois more complex. The hydrolytic
degradation is generated ayghain scission by diffused watertime amorphous region. After

the chain scission, the crystallinity tends to incré®$eThe hydrolytic attack then ociin

the center ofhecrystallinedomain. In most of the publications, the degradation rate is reported
to be affected by crystallinit§2® Higher crystallinity restricts the hydrolytic degradation of
PLLA.

Various studies have been reportedicerninghe hydrolytic degradation of PLLAxample
include using titanium oxide nanoparticles as additivel?®® the effect of nanocomposites
affected bya waterethanol systerft? different temperatur&* and organic modifies{?%2

which have been studied to tailor the degradation ratPLdfA. A study showedhat the
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polymer chain is more flexible and water adsorption increases at a rather high temperature,
which is aboveheglass transition temperatu{€) of PLLA, resulting inthe aceleration of

the hydrolytic degradatiof®®! In arother studythe PLLA degradation rate was found to be
higher in a 1:1 mixture of water and ethali®fl The reason behintthis is the higher diffusion

rate of ethanol in polymer chains. However, duéhtintrinsic hydrophobicity of PLLAthe
hydrolytic degradation rate itheenvironment is hard to control. Previous rese&iatshown

thatthe degradation of PLLA remains in watertloe human body foalong time!?®> Without
enzymatic degradation, tleeystalline of PLLA remains ithehuman body fomore tharfive

yearg2°°l

1.4.1.2 Enzymatic degradation

Enzymatic degradation has been widely applied for the degradation of PLLA. Enzuties
as lipase, alcalase and esterdsee been used to hydype PLLA®Y Factors such athe
stereochemistrpf the PLLA chain, pH, temperature and crystallinity hareeffect on the
enzymatic degradation of PLLAY®! Therefore, environmental conditions and proper
microorganisms are important fdne biodegradation of PLLA inthe environment.The
enzymatic degadation of PLLA can be either surface erosion or bulk degradakmending

on the location and reaction rattenzyme$?°® However, due to the intrinsic hydrophobicity
of PLLA, diffusion of water is usually slower than the ester bond cleavage. Simiace

erosion is the dominant degradation mechanism.

The first paper abouhe enzymatic degradation of PLLA was published in 1981 by Williams
et all®%I |n this paperproteinase K fronTritirachium albumwas assessed to degrade PLLA
enzymatically. Sice then, research $ilaeen done abotihe enzymatic degradation of PLLA,
including the work of Odaet al, who tested 56 commercially available proteases for PLA
degradatior®®* Enzyme catalyzed degradation of polymer is spedfiperimentsshowed,

for example, that alkaline proteasesefficient enzymes for PLA degradati&f?! Among the
commercial enzymes, proteinase K is an intensively used enzyme for different St&dids.

It belongs tahe serine proteasé®® Serineresidue plays an iportant role in the active site
in proteinase K. The catalytic triad of proteinase K consists of three resséues: histidine
and aspartaté® Beforethe enzymatic hydrolysis reactiothe PLA chain is recognized by
the catalytic triad?®®! Due tothe stereochemistry mismatdPDLA cannot react in the active
site of proteinase %" 3%®l|nstead, PLLA can orient and be recognized welli@proteinase

K active site for further enzymatic hydrolysis.
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1.4.1.3. Tailoring degradation of PLLA

As a bodegradable polymer, PLLA is a&r@dy applied in fields of daily life, such as packaging
materials, to solve the plastic pollution problem of polymers dlfteir service periodt®®
When applying biodegradable materials, the first concern is the envintalndegradability.
However, duéo the rather low degradation rate of PLLA@environment® modification

of PLLA is still required. The additives for PLLA which can tailor the degradation of PLLA
have been publishedCitrate additive for example, might prohibit the environmental
degradation when being used aplasticizer of PLLAB!! By contrast, additive such as
oligolactic acid can hypothetically accelerate the hydrolysis rate of PiPlsadditionally,
blending starch with PLLA can alsocrease thé a t tegradatonate, which was showed
to be 100 150% higherthan theprevious study?*? Rather tharmnaddition of additives, it is
more direct to introduce another blockathebackbone of PLLA to tailor the degradation rate.
Tanget al introduced carbohydrate lactone i@ PLLA backboné®'® The hydrophilicity

of the modified polymer was found to be higher and the degradation rate is four times higher.

Moreover, due to the high specificity and higher efficiency of enzymd3LfioA degradation,

it is more straightforward to usae specific enzyme asn additive for the accelerated
degradation of PLLAThe specific enzyme proteinase K was blended into PLLA by melt
extrusionto improve the degradation ratetbé latterenzymaticly. 324 n this research, cross
linked polyacrylamid¢PAM) was introduced into the extrusion procesathgrmal insulation
material to protect the proteinase K from healuced deactivation. The degradation test shows
that the polyacrylamiderotectel enzyme partially survived the heat processing, and the
enzymeimmobilized PLLA showed accelerated degradation. This research indicated that

enzyme processing is theoretically possible &ignotective medium.

However, due to the heat sensitivitytb& enzyme, it is crucial to use proteinase K for PLLA
thermal processing, which is normally dostea temperaturkigher than 180C. Moreover,

the mechanical stress during processing has to be consittéréterehasalreadybeensome
researclioneto sudy the enzymatic activit}?'® 3/1Bajorathet al, for examplegdemonstrated

that the C& ions could formasecondary structure hydrogen bond with proteinaS&kyhich

is between the Cal binding site and the substeategnition site, and coultherdore, enhance

the enzymatic activity of proteinase K. When the calcium ions were removed by
ethylenediaminetetraacetic acid, the enzymatic activity dropped significantly within several
hours. The reason behititis was a conformation change thie recognition site produced by

the removal of CA. By contrast, when calcium ions were again added into proteinase K, the
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enzymatic activity was raised slightly. Similarly, another study about proteinase K enzymatic
stability was done by Yazawet al In this research, the thermal stability of proteinase K was
checkedfor the existence of heavy metal ioR$’! It was found that the denaturation
temperaturén thepresence of praseodymium (Pr) was T&igher than that without Pr ions.

The enzymatic actiity of Pr-derivatized proteinase K at 7G was found to be 4fbld higher

than thenitroanilide substrate.

Nonethelessjp tonow, most of the studies about the thermal stability of proteinasenkern
aqueous media. Velittle researcthas beemlone abutthe thermal stability of proteinase K

in bulk state. However, if proteinase K is useciaadditive to tailor the degradation rate of
PLLA, bulk stateis more relevant tahe real processing conditiofiRegardingthe thermal
processing of PLLA, otheratrs which affect proteinase K activity, such as shear force,
pressure and temperatuteave to be considered. To cheeaketherproteinase K is still
enzymatically active after processing, it is essential to develop new methods to investigate the

enzymaic activity of proteinase K in bulk state.

In addition to the thermal processing using proteinase &aslditive, another possibility is

to process PLLA together with proteinase K under mild conditions. However, the processing
temperature for normal PLL&eyond 18CC) is devastating for proteinase K. The processing

of enzymes or protein gendsalvith polymer melts is still a mega problem. The solution for
this challenge will enable the processing of polymer with enzymes or proteins. Therefore, |
have eplored in the thesis a relatively unknown methodtifi@processing of polymer in the
liquid state far below its softening or melting point. This kind of material is refeoréd

|l iteratureoawhiibhar wpl Asbecintroduced in the

1.5.Baroplastic

The term fibaropl astico was etfaliinr80LE®3 Plirowhions e d a n
Aibar oo or ithgeiGreakbaros (préssuce)nBaroplastic is a kind of copolymer or
polymer blend, which can be processed under presssteadhof temperaturéhe concept of
baroplastic is a block copolymer of two segments: a soft component a, of TyhisHower

than room temperaturand a hard component b, of whitfs is higher than room temperature,

so that the flow of component 2nggligible at room temperature. The two covalently bonded
polymer segments can undergo orttedisorder transition upon heating (upper ortter

disarder transition), displaying liquicbr solid-ike behaviord®?®! Phase separation by induced
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upper ordeito-disorder transitiomormally occurs together with a change in volume, which
results in a substantial effect of pressure on this transifloAs an example ai copolymer,

the ordetto-disorder transitiorof a weaklyinteracting block copolymem?Sblock-poly(n-

butyl methacrylate)was found to be 15%C/kbar (he orderto-disorder transition is 150C

lower with 1 kbar increasof pressure). In research done by Rywal, the transition oPS
blockpoly(n-pentyl methacrylate) was found to be PZ3kbar!®?? indicating a significant

effect of hydrostatic pressure on the phase transition of the polymer. There are alreadly severa
models describing the baroplastic behavior. Dudowtic., for examplejntroduced a lattice
cluster theory to predidhe interaction between two segments of the block copol{faier.
GonzéalezLeon proposed an ordér-disorder transition shift indudeby pressur&24 The shift

is schematically illustratenh Figure 1-5.

T T Mixed
(disordered)
pressure liquid-like
increases
—_—
——
room pressure
temperature decreases
demixed (ordered)
solid-like
volume fraction volume fraction

Figure 1-5. lllustration of pressurenduced asorderto-order transition.

Based on this model, it is also demonstrated that low temperature processing can be achieved
if the orderto-disorder transition takes place under Wheof the hard block in the block
copolymerd3?4In this model, the freenergy changjis correlated tehe mixing volume, which

can be expressed by equation (5) befGw:

(")Iﬁmi X
P _cp/mi X ( 5

When thepV mhag a positive value, this segment occupies more volume when ni¥ing.
contrast, when applying pressure, fagments has less volume, indicating that this segment
tends to demix under this condition. In the other situation, vap®hmhas a negative value,
the segment prefers to mix when applying pressure. The gaMen depends on several

factors, such athedifference in thermal expansion, thermal compressibilitythegtructure
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of the component. This equation can also be applied to describe polymer blend systems.

The shiftinduced by pressure was observed experimentally as a phase boundary correlating to
temperature anthe phase diagram of composition. The pressure coeffictHidip/dP, can
determine the shift boundary effected by pressure. Those parameters are désdiieed

ClausiusClapeyron equation:

d EDT:Tqymi X
dP q:Hmi X

Whereq Hhix is the mixing enthalpy, which is usually positive. This equation indicates that the

(6

effect of pressure on miscibility is derived frapiViix.

With the development of baroplastics in the past few decades, Ruzette aesl iMayduced
a new model to predithe miscibility of compressible block copolymers. The model is called

thecompressible regular solution, which is depicted as the equation below:

U o} U p} o . . 2 2 .
ABmi 5k T2 3+W3:| D+ 0.0p) 4, Ua -, oFbdy 48, Glb (7
ava

Whered i is thevolume fractiorof polymer block, } s thebulk density of the polymer block,

Ni is the number of repeating units of eadhain, 3; is the bulk molar volumeandtio and i

are solubility parameters at 0 K and specific temperature T, respectively. Knowing the
parameters of the polymer segments, this equation can be used to predict the phase behavior of
the polymer component8aroplastics are expected to be phase separaiger lambient
conditions, and with the increasing of pressure, the mixed state boundary shifts below room

temperature, thus, the baroplastic is processible at room temperature.

However this equatioronly offers a qualitative prediction dhe phase behavioof block
copolymers, and is still not yet a complete model to be applied under all conditions.
Nonetheless, a guideline tioe phase behavior of polymer components can be provided by the
parameters, espatly the densities of polymers. Polymer composenith similar densities

are observed tdave pressurdanduced miscibility®?%! By checking the pressuirduced
miscibility of a n-alkyl methacrylatd?S system with a range of density, Ruzeée al
detemined thay » andj », which represent thdensities of component a and b at’@5 should

match the following relationship:
0.94]a<}b<1.06}a

Along with the guideline model, miscibility under pressure of a series of block copolymers can
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be estimated. However, har practical crited of the wlymers, such athe availability of
monomers, cost of monomers, feasibility of the polymerization and ease of production must be
considered. The promising finding of baroplastic mateti@reby allows the reduction of
enggy consumption during procergl. The lowtemperature processing also prevents the
decomposition of polymers during processamyl therefore makes recycling possibi&’! In
addition,theprocessing of baroplastics also provides the possibility ofjubgrmaisensitive

material asanadditive, such as proteins.

1.5.1. Processing of baroplastic

At the beginningoftheZtic ent ur y, wi th t he pr pacxalerafl tbHe
copolymers have been observed to have pressdoeed miscibility,such asPSblock-poly

(n-butyl methacrylatel??!! PSblock-poly(hexyl methacrylat€f® andPSblock-poly(n-pentyl
methacrylate}*??l and the phase behavior of these polymers has been studied empirically.
However, the ordeto-disorder transition tempatures of those polymers are still far above the

Ty of both polymer components. In 2003, Gonzdlebn et al published an article about
baroplastic processing atrather low temperatuf@ In this article, PSblock-poly(n-buty!

acrylate) (PS-PBA, Scheme 12a) and PSblock-poly(2-ethylhexyl acrylate) were used to

investigate the lowemperature processing capability.

a b b o
/O\/\O b O\]\
0 0 m n

Schemel-2. Chemical structure of (a) PSPBA and (b) poly(2sopropoxy2-oxo-1,3,2
dioxaphospholand)lock-PLLA.

Despitethe PS sgments, of which th&j is relatively high, it is still possible to process-B:S
PBA by compression molding in@rigid transparet item using normal hydraulic pressure.
The asprepared polymer and compressioolded products are displayed kigure 1-6.
Remarkably, the processing temperatir@5 °C usedwas far below the normal processing

temperature of P83 A significant advantage of this kind of block copolymer is that once the
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pressure is released after processingT§lt# the polymer blocks reains the same, providing

the mechanical propertyféduture applications.

Figure 1-6. Polystyreneblock-poly(n-butyl acrylateYPShb-PBA), with 45 wt.% PBA(a) as
prepared(b) and(c) after processing by compression molding atQusing a pressure 84.5

MPa (eprinted with permission, © 23 Springer Naturg!3?9

As acomparisonPSblockpolyisoprene was used in this article to study the pressdueed
behavior during processing. Contrarily, compression molding$blockpolyisopreneat

room temperature was not successful. Similarly, Ruzettal demonstrated that with PS
blockn-alkyl methacrylate block copolymers, pressimguced miscibility was found only

with the polymers withan n number ranging from 2 to &Y indicating tha the low-
temperature processability is relevant to the polymer components, which correlétes to
molecular structure. With the discovery of room temperguoeessable baroplastic, this
article transported the theory of baroplastics to real proceapplgcatons, and openedp a

new gatdo the investigation of a series of block copolymers which can be processed at a rather

low temperature.

Since the publication of low temperatypecessable RBlockalkyl methacrylate block
copolymers, there has & a fewmore such polymers used for reduaatergy consumption
processing with enhanced properties.et\al, for examplesynthesized P8-PBA coreshell
polymer!332 which can be processed at room temperature, but usually with poor mechanical
propertes In this work, hydrogen bonding was introduced by a mixturpobf(acrylic acid

(PAA) and PEO. After blending the cesiell baroplastic witAh PAA-PEO mixture and drying,

the polymer blend could be processed at room temperatuf€)j2mder 10 MPangssureand
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compaed with the baroplastic withouthe PAA-PEO mixture, namely without the
introduction of hydrogen bonding, the reinforced baroplastic exhibited higher mechanical
strength and modulus. Similarly, Qiaet al prepared reinforced PSPBA/!*?"l The
reinforcement was also achieved thye introduction of hydrogen bonds. InsteadaoPAA-

PEO polymer blend, agar was usedaasadditive in this work to enhance the mechanical
property of PS-PBA. The PSh-PBA/agar composite film showed sifjoant optimized
tensil e str engt hMoeavdrthé compogité satened wuld be repeatedly
processed at 10 several times withoutny notable loss of mechanical property, which

favors the recycling of the composite material in regliaptions.

In addition to the wetknown PSblock-alkyl methacrylate baroplastics, degradable polymer
can be used as baroplastic. Taniguehi al synthesized poly{lactide}blockpoly(©
caprolactone-5 ethylene ketallcaprolactonejnd poly(-lactide}block-poly(15-dioxepan

2-one) copolymef® The highTy segment PLLA and lowy segmentpoly(Jcaprolactone

r-5 ethylene ketaflcaprolactone}Ty ranges from60 to-40°C) or poly(1,5dioxepar2-one

(Tg = -38°C) allow the polymeprocessing at 28C with 34.5 MPa hydraulic pressure. By
monitoring the molecular weight of the polymers before and after processing, the degradation
of polymers caused by processing was negligible, implying the potential of recyclability of

these baroplaigs.

1.5.2. Processing of baroplastwith additives

Due to the low energy consumption and high recycling ability of baroplastics, they have been
used for processing with other additives to meet the requisites in applicatioesal,vfor
example synthesizd PSb-PBA 34 Having a lowTy segment PBATg = -40°C) and a high

Tg segment PSTg = 109°C), the block copolymer could be processed at room temperature
(25°C). Withtheincorporation of carbon nanotubes, the highly conductiveP8A/carbon
nanotube composite could be appliedaasfficient electromagnetic interference shielding
material. Repeated processing $e$iowed that the composite could retain its electromagnetic
interferenceshielding effectiveness aftaen cycles of pocessing, indicating the good

durability and recglability of the composite material.

Furthermore, due to the low temperature processability of baroplastics, it is a promising
material for the processing of thermsansitive materials. An important apg@lion is the
encapsulation of enzymehich can dgrade the baroplastic itself, to tailor the degradation rate
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of the matrix. A typical example is using proteinase Kaasdditive to degradéhe PLLA
matrix. In the work of lwasaket al, PLLA was synthesized using polyphosphoestearas
initiator 3% The assynthesized poly(2sopropoxy2-oxo-1,3,2dioxaphospholane)lock
PLLA (PIPRb-PLLA, Scheme 12b) could be pressed at ambient temperatimes favoring

the processing of heaersitive biomolecules, such as proteinasele latterwas then used
asanadditive during the processing, and the activity was retained after pressing. The proteinase
K-encapsulated PIPBPLLA film pressed ata lower temperature (3%) has a self
acceleated degradation property, comparwith that pressed at 13C. A significant
disintegration of the film pressed at 35 was observed after 30 days. Nonetheless, the
synthesis of PIPB-PLLA is complicated and has not achieved technical releyamueh
hampers its applicatioas adegradable baroplastic. Thus, a baraptas/hich is eag to
syntheszeis essential for the encapsulation of proteinase K to tune the degradationtinate of

PLLA matrix. This baroplastic is described in this thesis.
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2. Synopsis

2.1.Aim of the thesis

The overall aim of the thesis is togpare porous sponges made from degradable polyesters
with tunable degradability. The achievement of the overall aim is based on thiaiensull)

the hydrophilization ogponges, (2) understanding of the thermal stability of enzymes, which
can degradelR A, and (3) the processing of PLL-ype polymers at an ambient temperature.

In the first subaim, sponges were prepared by assembling PLLA/PCL electrospun short fibers.
The asprepared sponges are hydrophobic due to the intrinsic hydrophobicity of PLLA/PC
thus, it is important to modify PLLA sponges to benefit the applications where hydrophilicity
is essential. Relevant applications for hydrophilic sponges could be aimpéx, drug release,
tissue engineering (e.g. for cell adhesion and cell penetyaitd agriculture materials (e.g.

for mulch films). However, the low degradation rate of PLLA could be detrimental for these
applications (e.g. the PLLA biodegradation fisisue generation could be asynchronous and
persistent PLLA microplastic particlesuld be formed from PLLA mulch films). Thus, it is
important to adapt the degradation rate of the PLLA/B@inges to the demands of the target
applications. One possiblelstion is to encapsulate PLL-degrading enzymes in the PLLA
materialin order to acelerate the degradation. Proteinase K is a-@gtHblished enzyme for

the degradation of PLLA. Thus, the encapsulation of proteinase K during the bulk processing
of PLLA could be a promising concept. Th latter leads to the secorairsubi§ the thesighe
investigation of the thermal stability of proteinase K as a processing additive. The enzymatic
activity of proteinase K has been well investigated in aqueous solutien various conditions,

but investigations of its thermal stability in a bulk state, to the best of my knowledge,
unknown. Therefore, it is important to establish new methods for the analysis of the thermal
stability of proteinase K and to gain an urglending of the enzymatic activity as a function

of thermal treatment during bupicocessing. The impact of mechanical stress on proteinase K
during bulk processing is known and, therefore, not in the focus of my thesis. It became clear
from the resultsfoisub-aim 2 that the thermal bulk stability of proteinase K is liméad surely

not given during the thermal processing of PLLA in the melt state (bulk). Therefore, it is
necessary to protect proteinase K during processing, or-teloperature procesgjrmethod
should be used in bulk. Hence, PLitype polymers are required for enzyprecessing under
ambient conditions. To achieve this, the third -auh is introduced: the utilization of a
degradable baroplastic polymer, typically block copolymers, whlldw the processing of

proteinase K at ambient conditions. The achievement dhtiee sukaims directly target the
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overall aim of this thesis. The fulfillment of the overall aim of this thesis would enable the
preparation of a degradable scaffold witihable degradability by thermal processing, which

could lead to new solutions fadvanced applications.

2.2.0verview of dissertation

The fulfillment of the overall aim of thidissertatioris based on three chapteFsgure 2-1).
Firstly, the preparation o hydrophilic electrospun sponge from the PLLA/PCL blend.
Secondly, the investigan of the thermal behavior of proteinase K, and thirdly, the protection

of proteinase K by low temperature processable degradable polymers.

Chapter2 .4
Thermal stability of

proteinase K
H i

40 80 120 160 200
Annealing temperature (°C)

/
/‘ proteinase K

Chapter2.3

Hydrophilic PLLA sponge Chapter2.5

Proteinase K processing with
baroplastic polymer

cell seeding

Processing
of porous
scaffold with
tailored
degradation

ambient
temperature

solution melt
processing processing

Figure 2-1. Table ofcontentdmage of thedissertation

The results of the chapters led to two publicationsar@manuscripio be submittedwhich
are described briefly below.

The first publication, referring to chapter 2.3, is about hydrophilic PLLA/PCL sponge

preparatio. The hydrophilicity and biocompatibility of sponge to human cells is the essential
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requirenent for many applications, such as tissue engineering. However, the efficient and
sustainable hydrophilization of PLLA/PCL sponge remains a big challenge. Hiesngfe is

the topic of chapter 2.3. In this chapter, the surface hydrophilization of spawageconducted

by a straightforward modification method. The characterization of the sponge focused on the
investigation of the hydrophilization and cell compditipiof sponges. The hydrophilized
PLLA/PCL sponge has the potential to be applied asuetissgineering scaffold, drug loading

medium and agriculture material.

Tailoring the degradation rate is the next important step for a successful polyseer
degdation system. Consequently, in chapter 2.4, the potential for a tailored degradation of
PLLA sponges was investigated. The enzymatic degradation of PLLA is a promising concept
for the control of the degradation rate. Proteinase K has been found prevmukdgrade
amorphous and crystalline PLLA rapidly. However, the handling of proteinasel&r uhe
processing conditions of PLLA far above 150 °C could lead to the complete loss of its structure
and enzymatic activity. Therefore, in chapter 2.4, the matig activity of proteinase K at
different temperatures was investigated thoroughly to lsit@wlifferent processing scenarios.
Other advanced methods for the structural characterization of annealed proteinase K were
established. It was clearly proven thihe handling of proteinase K at temperatures above
130 °C leads to the significant denattion and reduction of its enzymatic activity. However,

the processing of PLLA occurs under standard 4meltessing conditions at about 180 °C,
which does not malcthe thermal limitations of proteinase K.

The limited thermal stability result, shown ihapter 2.4, clearly calls for a new solution. A

potential solution could be the solveérée polymer encapsulation of proteinase K at ambient
temperatures, whichshown i n chapter 2.5, where the fiba
chapter, it was dund that polylactideblockpoly(ethylene glycol) (PLA-PEG) block

copolymers could be processed at ambient temperatures following the baroplastic concept. This
property of PLAb-PEG was utilized to encapsulate proteinase K at ambient temperatures. In

order to explore their potential for processing with proteinase K and gain a fundamental
understanding of this promising approach, a series of-BPAG block copolynws were
synthesized and characterizedranslate it to practical applications in the sesfdbe overall

purpose of thiglissertation
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2.3.Thoroughly Hydrophilized Electrospun Poly(L-Lactide)/ Poly(3Caprolactone)
Sponges for Tissue Engineeringpplication

Chengzhang Xu, Jun Young Cheong, Xiumei Mo, Valérie Jérbme, Ruth Freitag, Seema

Agarwal, Reza Gharibi, Andreas Greiner

https://doi.org/10.1002/mabi.202300143

Macromol. Biosci2023 2300143

Polymer fiberbased sponges (PFSs) for tissue ergging could be prepared by different
methods, for example, by 3D printing from melt or sel§embly of electrospun short fibers in
dispersion. | have chosen the smikembly approach for the first step. Thierk aims
particularly at the preparation ofydirophilic degradable PFSs for tissue engineering
applications. The degradable polymer used for PFS was PLLA, with a small amount of PCL
(as a melt glue for the mechanical stabilization of PFS). The PLLA/FRIs Rere inherently

very hydrophobic, which ignappropriate for their application as a scaffold in tissue
engineering. Our group recently reported surfactants for the modulation of the hydrophilicity
of electrospun PFS¥9 However, the concept has no¢en applied for PLLA PFSs. The
surfactants (sodium dodecyl benzenesulfonate: SDBS) used in our recent work are certainly
inappropriate for tissue engineering. Therefore, the surfactant concept was probed for the
hydrophilizaton of PLLA/PCL PFSs using th@iocompatible nonionic surfactant Tween 20.

The preparation procedures are shown illustratirefyigure 2-2. The PLLA/PCL blend was
processed by solution electrospinning (Step Arigure 2-2). Afterwards, the electrospun
nonwoven was cut into short s mechanically (Step B iRigure 2-2). The PFSs were
formed by assembling the short fibers, followed by the-asdembly of short fibers in an
agueous dispersion. Due to the hydrophobicity of PLLA and PCL, the short tiéoelesd to
agglomerate in aguas medium. The problem of agglomeration was solved by the addition of

a small amount of Tween 20 (0.04.%). After the latter, a homogeneous short PLLA/PCL
fiber dispersion was obtained, which could be fregized to removehe dispersion medium.
SmoothPFSs were formeds a result of this process. Annealing at 60 °C was esserdiaer

to obtain mechanically stable PFSs. The thermally annealed PFSs had overlapped joints, which

were formed by the physical crelasking of PCL due to its melting duriniipe annealing step.
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Figure 2-2. Schematic illustration of the PFS preparation process (step A: electrospinning of
the PLLA/PCL blend; step B: cutting nonwoven short fibers and their dispersion; step C:
freezedrying and thanal crosdinking of PFS; stef: hydrophilization of PFS).

The asprepared PFS is hydrophobic due to the intrinsic hydrophobicity of PLLA and PCL,
even though a small amount of Tween 20 was applied to the dispersion medium. The deposition
of a droplet ofa hydrophilic dye (Wusitta Blu) on the surface of the PFS showed its
hydrophobicity (Step C ifrigure 2-2). The hydrophilization of PFSs was accomplished by
dip-coating in an aqueous solution of Tween 20. After-adipting, the PFS showed
significantly mproved hydrophilicity, whickvas also confirmed by treatment with an aqueous
solution of Wusitta Blau. The drop of Wusitta Blau solution was rapidly soaked up by the
hydrophilic PFS (Step i Figure 2-2). The hydrophilic PFSs obtained by coating Witieen

20 were compared to thosdéieh had been hydrophilized by plasma treatmeiREB 3, PFS

3 is prepared by short fiber dispersion with 0M@P%6 Tween 20; the density of the PFS is 54
mg/cn?). The analysis of crossectional cuts of PFS after dippiilgan aqueous solution of
WousittaBlau clearly showed that the hydrophilization of the PFS by plasma treatment occurred
only on the surface of the PEBigure 2-3, its crosssection is not dyed by Wusitta Blau). By
contrast, the surface and the crgsston of the PFS coated with Twe&A is dyed by Wusitta

Blau, which clearly indicates its thorough hydrophilization.
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D-PFS-3

Figure 2-3. Crosssection of PFS3 (left), RPPFS3 (center) and BPFS3 (right) after
immersing in hydrophilic dye (Wusitta blau) for 30rmi

The thorough hydrophilicityfd®FS could facilitate the cell adhesion and penetration in a tissue
engineering application. Notwithstanding, the cytotoxicity of Tween 20 needs verification.
Thus, MG63 and human dermal fibroblast (HDF) cells (HUO2) wsexd to determine the
toxicity of the leaking substance from a PFS in cell culture medium. Leachates frooatigol

PFS (BDPFS3) and original hydrophobic PFS (PBP were used for MG63 and HDF cell
culture in the cytotoxicity test. After 24 h, both csipes still had a high viabilityn the
leachates from both hydrophilic and hydrophobic PFSs, and no significant reduction was
observedigure 2-4aandb). This result implied the nontoxicity of leachates from the PFSs.
Furthermore, the cell viability ofiIDF cells was monitored for a finer 10 days. The cell
viability of both hydrophilic and hydrophobic samples after 10 days showed only a slight
decrease, indicating that the incorporation of Tween 20 on the PFS did not exceed the toxicity
level of MG63 ad HDF cells.

In addition to the ytotoxicity test, cell adhesion results showed that only a few cells adhered
to the surface of the hydrophobic PFS. Meanwhile, a significantly larger population of cells
was observed on the hydrophilic PFS. Moreover, thed cells on the hydrophilic BF
surface maintained their spinelike shape for up to 48. The cell adhesion result revealed the
preference of cell proliferation on hydrophilic PFS surfaces. Furthermore, the cell penetration
in both hydrophilic and hygdphobic PFSs was detected udihG63 and HDF cells. After 4B

of the cell seeding test, the histological analysis by H&E staining showed that hardly any
penetration was detected in the hydrophobic PFSs for either cell line. Contrarily, the proper
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penetréion of both MG63 and HDF cellsag detected in hydrophilic PF8sigure 2-5). In

addition, cells also spread on the surface of hydrophilic PFSs but not on hydrophobic ones.
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Figure 2-4. (a) The cytotoxicity analysis of MG63 cells on leacleteacted from the IPFS

3 and PFS3 after 2 h. (b) The cytotoxicity analysis of HDF cells on leachate extracted from
the DPFS3 and PFS3 after 24 h (control: cell culture plate = 1@0cell viability). (c) HDF

cell viability monitoring on leachate eatted from the EPFS3 and PFS3 over 10 das.
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Figure 2-5. The representative images of H&Eined histological sections of seeded (a)
MG63 cells and (b) HDF cells on the surface and esession of PFSs after 48cultivation.
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In conclusion, PLLA PFSwere successfully prepared unsiestainale conditions by the self
assembly of short electrospun fibers. Aqueous medium could be used as a dispersion medium
in the short fiber dispersion step to get a homogeneous dispersion with the application of
surfactant Tween 20, which is sustainablesysten. After freezedrying, the mechanical
stability of PFS could be achieved by the physical elioking of PCL in the polymer blend.

The surface modification of PFS was done by a coating of Tween 20, whichcsigif
improved the hydrophilicity of theAFS. A cell toxicity test confirmed the nontoxicity of the
PFSs to MG63 and HDF cells. The cell proliferation and penetration were found to be more
suitable with hydrophilic PFSs, which made the hydrophilic PLIESR promising candidate

for tissue enginearg applications.
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2.4.Investigation of the Thermal Stability of Proteinase K for the Melt Processing of
Poly(L-lactide)
Chengzhang Xu, Alexander Battig, Bernhard Schartel, Renée Siegel, Jurgen Senker, Inge von

der Forst, Carlo Unverzagt, Seesgarwal, Andreas Moglich, Andreas Greiner
https://doi.org/10.1021/acs.biomac.2c01008

Biomacromolecule2022 23 (11), 48414850

As mentioned previously, polyesters such as PLLA degrade slowly under environmental and
physiological conditions. However, e applications might need faster degradation. Enzymes
incorporated in the bulk of the polyesters could acctdettzeir degradation following the
scheme of enzymatic degradation of polyesters. However, the incorporation of enzymes into
the bulk of polyesrs could occur with technical relevance only by polyester melt (bulk)
processing. Since the polyester melt psing occurs at high temperatures, it is of outmost
importance to understand the thermal stability of enzymes and, with this, the correfation o
enzymatic activity in the bulk state with temperature. This understanding is the scope of chapter
2.4 and pubshed in the second paper of this thesis. One of the key requisites of using
proteinase K as a processing additive is that the enzymaticyastiatild be maintained after
thermal processing to warrant PLLA enzymatic degradation in relevant applicatems, it

is essential to establish an enzyme activity assay of proteinase K in a dry state to evaluate its
behavior under different conditiomsd for the understanding of the methods for the analysis

of structural changes of proteinase K induced by eatdactors.

Proteinase K powder was annealed in a dry $tateder to simulate the thermal processing
conditions. The annealing was done ipraheated vial immersed in a water or oil bath at
different temperatures to mimic the thermal processing dondit The structure of the
annealed, partially watensoluble proteinase K was conducted by multinuclear rragige
spinning sSNMR spectroscpy. The NMR spectrum showed, in contrast to the native sample,
a weaker hydrogebond network, which could be duo the denaturation and change of
secondary and tertiary structure of proteinase K. The thermal response of proteinase K to high
temperaturesvas also studied by TGRATIR spectroscopy. The isothermal analysis atZD0
showed a mass loss of around%dCHter 6 min(Figure 2-6a andb). The FTIR spectrum of
effluents from proteinase K at 20C demonstrated its decomposition products, consisfing o
water, acetic acid, ammonia and carbon dioxide. In accordance with the NMR result, TGA
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FTIR revealed the denatation of proteinase K at high temperatures (ZD0D
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Figure 2-6. (a) Mass of the proteinase K sample (green solid line) and temperaterddbhed

line) over time from isothermal gravimetric measurements under air flow. (b) The FTIR spectra
of the effluents at different time points in isothermal gravimetric measurements on proteinase
K under air (green lines). Reference spectra of smallcutde (vater, acetic acid, ammonia

and CQ) are shown as black lines for comparison.

The enzymatic activity of proteinase K is highly dependent on the native 3D folded structure.
FarUV circular dichroism (CD) spectra of native and annealed proteinaser& recoded to

analyze the folded structure of proteinase K. Solutions of proteinase K in tris buffer were used

for the CD analysis. As reported previously, the annealed proteinase K dissolved only partially

in the buffer solution.Therefore, only the soble fraction could be analyzed by CD
spectroscopy. The CD spectrum of native pro
contrast, the peak at 208 and 222 nm reduced dramatically after annealing, indicating the
damage of the secondary structure aft@inaseK (Figure 2-7), therefore, the denaturation,

probably resulting in the loss of enzymatic activity.

An enzyme activity assay has been established for the quantitative determination of the
enzymatic activity of proteinase K-SucAla-Ala-Pro-Leu-pNA was icentified as a substrate

for the proteinase K assay. Thereby, a reliable protocol of the proteinase K assay is now
available. Based on the assay, the specific activity of native proteinase K is (6.5 = 0.2) U/mg,
where U refers to one enzyme actiwityitard i s defined as the hydrol

per minute.
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Figure 2-7. FarUV circular dichroism spectra of native (black) and annealed proteinase K (red,
200°C for 5min).

Using this assay, the enzymatic activities of proteinase K annealecea¢uliffemperatures in

bulk state were calculateHigure 2-8). Surprisingly, there was no significant loss of enzymatic
activity till the annealing temperature of 13D for 5 min. While being annealed at 180, the
specific activity was (0.85 + 0.02) Ufmimplying a big loss of activity. When the annealing
temperature was higher than 1% namely, 180 and 20, the proteinase K had only
negligible activity left. It is very clear from these results that proteinase K cannot be used for
the thermal bullprocessing of PLLA. However, a sound ensemble of methods has now been
established for the verification of differentra®pts for the processing of proteinase K and

related enzymes with PLLA and other polymers.

The activity assay mentioned above was pertat with bare enzyme without any protection.
The limitations of the thermal bulk processing of proteinase K with Plidvalated polymers

could be overcome by its protection via encapsulation. Hence, polyacrylamide particles were
used to immobilize protease K331 We have reproduced this encapsulation method and
analyzed the enzymatic activity of the encapsulated anéaded proteinase K. The proteinase

K immobilized with PAM (IM-PK) particles were then annealed at 2CG0 The specific
activity of proeinase K of these particles was recorded by the activity assay. Compared with
the specific activity of native IMPK, which was 2.4 U/mg, the specific activity of annealed
IM-PK was only 0.05 U/mg. Even though a small fraction of activity was maintairned, th

values still revealed a significant reduction after annealing.
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However, whether the hydrolysis of the substrate vétinealed IMPK was induced
enzymatically or just hydrolytically due to the degradation products of proteinase K was still
in doubt. ThustheN-SucAla-Ala-Pro-Leu-pNA synthesized witlb-isomers was used for the
activity assay. Notably, the catalytic triaflproteinase K can bind only to the substrate with
L-conformation. Therefore, a substrate widkconformation can be used to distinduithe
degradation type, i.e. enzymatic or hydrolytic. The annealedPkvwith D-conformation
displayed no specific aeity, implying that the cleavage of the substrate could occur only
enzymatically. This conclusion was also further verified by the degoadtest of PLLA and
PDLA.
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Figure 2-8. Specific activity of proteinase K after 5 min of annealindiffi¢rent temperatures.
Assays wer e dN-8ueAlanilatPio-Lel-NA substiate in Tris buffer (pH 8.6)

at 25°C. Activities were determined by evaluating the initial linear absorbance increase at 410
nm in triplicate. The orange circle on thexsashows that the awity after annealing at 180

and 200°C is 0 U/mg.

In conclusion, a proteinase K activity assay was established in this work, which allows the
determination of the specific activity of proteinase K after being processed in bulKT$tate
proteinase K coudl tolerate a relatively high temperature in bulk state {30 but when it
reached higher temperatures (over 18} the bare proteinase K denatured and lost its enzyme
function. It is also clear from these results that the patpar of PFS by 3D primg is
impossible for PLLA/proteinase K composites. When being immobilized in a protective
medium, proteinase K could retain little activity at high temperatures, which implies the
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importance of the protection medium of proteinaseluting processing. Hosver, better
protective media for proteinase K for bulk thermal processing are required or other solutions,

which are suggested in chapter 2.5.
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2.5.Cold Processing ofTriblock Copolymers underModerate Pressure
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Laforsch, Holger Schmalz, Sabine Rosenfeldt, Seema Agarwal, Andreas Mdglich, Andreas

Greiner

Manuscriptsubmittedto Nature Sustainability

It is clear from chapr 2.4 that proteinase K could hétand relatively high temperatures
(130°C) in bulk state, but not as high as the processing temperature of PLLA (ov&£)180
Thus, when using proteinase K as an additive for PLLA processing, it is essential toiprotect

in other media or create an attative solution. An alternative solution with disruptive
consequences for processing could be bulk polymer processing at an ambient temperature.
However, it is not possible to process PLLA at a low temperature duéntghtmelting point.

Thus, a newdrm of degradable polymer is required. In this chapter, a degradable polymer
containing a PLLA block which can be processed at an ambient temperature will be discussed
in chapter 2.5 and is summarized in a manustoijsiesubmitted This polymer consistsf a

soft segment with a lowg, and a hard segment with high. Under pressure, the ordier
disorder transition of the polymer can be achieved at a lower temperature, which is known as
baroplastic behavior. | discoverédat certain block copolymer comgitions of PLLA as a

hard segment and poly(ethylene glycol) (PEG) as a soft segment show excellent baroplastic

properties.

| synthesized a series of different block copolymers by-oimgning polymerizatioonatalyzed

by stannous octoate (Sn(Qgt)The R is schematically illustrateth Scheme2-1. The
reaction was initiated by either PEG or meth®&G (mPEG). Therefore, the products were
either a polylactideblock-poly(ethylene glycobblockpolylactide PLA-b-PEGDb-PLA)
triblock copolymer ormethoxy mly(ethylene glycobblockpolylactide MPEGb-PLA)
diblock copolymer. Different diblock and triblock copolymers with various chain lengths of
PLA segment were synthesized. Diblock and triblock copolymerslwisomerD,L-isomer
were also polymerized faromparison. The structure of the copolymers wasyaed by'H

NMR spectroscopy.
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Scheme 21. Reaction scheme of (a) synthesis of the mPE®&A copolymer and (b)
synthesis of PLA>-PEGD-PLA (stereochemistry is not considered in the reaction scheme, as
it is a general scheme for both lactide isomBrs{andL-lactide)).

The series of PLA-PEGb-PLA and mPE&-PLA copolymers were then used for processing

at an ambient temperature. The pobrs were processed by compression under high pressure
(10 MPa)at 37°C. The latter temperature was chosen for processing based on the melting point
of the PEG segment used in this work. In addition;@7s the physiological temperature
which is also akn used as the enzymatic degradation temperature. Almoseé gdblymers

were able to form a film with these parameters. However, all the films formed by block
copolymers with PDLLA segments were rather brittle with poor mechanical stability.
Additionally, films with either too short or too long PLA segments alsldi®d poor
mechanical properties. The best baroplastic films were found to be the triblock copolymers
with a similar molar mass of lactide and ethylene glycol repeating units. It is notgwmuath
baroplastic films were also obtained by pressing &5

Two of the best baroplastid3l LAgs-b-PEGsz>-b-PLLAgs and PLLA0+b-PEGis>-b-PLLA 107,

were chosen for further processing. The films were processed at two different temperatures, 37
and 135°C, both under a pressure of 10 MPa. The mechanical tests widHgéms showed

that the film processed at the lower temperaturé€@had a higheelongation at break than

that at the higher temperature (1’9, implying the possibility of higher crystallinity when

being processed at the higher temperature. 8$8smption was also confirmed by the sharp

peaks in thavide-angle Xray scattering p&grnof the film processed at 13&.

Yellow fluorescent protein was used as model protein to encapsulate into the baroplastic film
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in order to probe YPet fluorescendteathe application of temperature and pressure. As shown
in the fluorescence microsgic images Figure 2-9), the YPetencapsulated film processed at
135°C showed only poor fluorescence, while the fluorescence of-#fretpsulated film

processed at 37T was retained.

Figure 2-9. (a) Fluorescence microscopic imageYdfet immobilized PLLAo7+b-PEGigx-b-
PLLA107pressed at 37C. (b)Fluorescence microscopic imageYd?et immobilized PLLAo+
PEGs>PLLA107 pressed at 13%C. The input figures show thema images with higher

contrast with better visibility.

In the next step, a proteinase K degradation test of electrospun baroplastic nonwoven was
performed to show the degradability of the baroplastic. Furtbee, when being encapsulated

in the baroplastidilm and after the mild processing, the leachate from the proteinase K
encapsulated baroplastic film displayed enzymatic activity against the nitroanilide substrate
used in chapter 2.4, even after a longrage time. This result confirms that the block
copolymer presented in this work has the potential to be applied as an encapsulation medium

for proteinase K.

In conclusion, PLAb-PEG copolymers were successfully synthesized by ROP. All polymers
could be pocessed at mild temperature, but only the polgmath a similar lactide/ethylene
glycol molar mass owned benign mechanical stability. The YPet encapsulation test showed
that the protein activity could be retained under the processing conditions withda mi
temperature, which was further confirmed bg #ctivity test of proteinase K leached out from

the film. Since the PLA-PEG is easy to produce, it is possible to amplify the product to an
industrial scale, therefore, the tunable degradability is pessilcommercialize. In addition,

the PLADb-PEG B a promising material used as a protection medium fordesaitive

additives in PLLA processing, such as enzymes. The encapsulated proteinase K has a large
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future potential for tuning the degradability BLLA and related polyesters.am also
convincedhat the new baroplastic block copolymer could be very useful for other applications

where mild processing conditions are required, for example, in pharmacology.
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Thoroughly Hydrophilized Electrospun Poly(L-Lactide)/
Poly(e-Caprolactone) Sponges for Tissue Engineering

Application

Chengzhang Xu, Jun Young Cheong, Xiumei Mo, Valérie Jérdme, Ruth Freitag,
Seema Agarwal, Reza Gharibi,* and Andreas Greiner*

Biodegradable electrospun sponges are of interest for various applications
including tissue engineering, drug release, dental therapy, plant protection,

and plant fertilization. Biodegradable electrospun

poly(l-lactide) /poly(e-caprolactone) (PLLA/PCL) blend fiber-based sponge with
hierarchical pore structure is inherently hydrophobic, which is
disadvantageous for application in tissue engineering, fertilization, and drug
delivery. Contact angles and model studies for staining with a hydrophilic dye
for untreated, plasma-treated, and surfactant-treated PLLA/PCL sponges are
reported. Thorough hydrophilization of PLLA/PCL sponges is found only with
surfactant-treated sponges. The MTT assay on the leachates from the
sponges does not indicate any cell incompatibility. Furthermore, the cell
proliferation and penetration of the hydrophilized sponges are verified by in
vitro cell culture studies using MG63 and human fibroblast cells.

1. Introduction

Water insoluble biodegradable polymers are of utmost impor-
tance in several application fields, such as tissue engineering,?]
gene delivery,®* drug delivery,>® and agriculture.”®! Further-
more, biodegradable polymers have gained relevance for mi-
croplastic debris.>'!) Prominent examples of water-insoluble

biodegradable polymers are aliphatic
polyesters, such as poly (L-lactide)
(PLLA), polycaprolactone (PCL), polyg-
lycolide, polyhydroxyalkanoates and their
copolymers.'?3]  Among biodegradable
polyesters, PLLA and its copolymers are
frequently used in different biomedical
applications like implants, scaffolds for
tissue engineering, and as drug-release
carriers. The inherent surface hydropho-
bicity of these polyesters is a drawback in,
e.g., tissue engineering since hydrophobic
surfaces do not bind proteins.'* In con-
trast, a hydrophilic surface promotes cell
adhesion and mass transfer of nutrition
and metabolism products, which results in
cell proliferation.'’]

Numerous efforts have been reported in
the literature to tune the surface wetting
properties of PLLA by alkaline treatment,1°]
coating with hydrophilic materials, such as type-I collagen!'” and
chitosan,!'® oxygen, and ammonia plasma treatment.!*?) The
need for surface modification of PLLA is already described well
by reviews.[?122] In previous study, hydrophilicity of biodegrad-
able polyester was increased by plasma treatment on poly(lactic-
co-glycolic acid) (PLGA) film.') After plasma treatment, high
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Scheme 1. Hydrophilic and hydrophobic fiber surface modified by surfactant a) hydrophilic surface modified by surfactant and b) hydrophobic surface

modified by surfactant.

quantities of hydroxyl and peroxyl groups were detected from
PLGA film. Another kind of agent, surfactants, which in gen-
eral can change the wetting properties of the polymer films
and particles,!?}] are also used for surface modification in re-
cent research. In one of the studies, poly(D, L-lactic acid)-block-
poly(ethylene glycol) particles were coated with surfactant Tween
80 to increase the surface hydrophilicity and the stability, strength
and the capacity to penetrate blood-brain barrier of drug-loaded
particles.[?4]

In some applications, porous structure of polymeric three-
dimensional (3D) scaffold is profitable. For example, in the field
of tissue engineering, porous structure of material is expected to
facilitate cell seeding and proliferation. Additionally, blood ves-
sels invade, thus, to supply enough nutrition and have an efficient
mass transfer.[?*] Therefore, the porosity of artificial scaffolds for
tissue engineering is of importance. Different techniques such
as porogene leaching,20?7] gas foaming,?®] phase separation,’]
and 3D printing!*°! have been performed to fabricate scaffolds
with porous structure. Recently, a new method combining elec-
trospinning and self-assembly was shown to fabricate low-density
3D open cellular scaffold with hierarchical pore size to mimic
natural sponge structure. These scaffolds are named as electro-
spun sponges. The pores of these sponges with a range of size
from 10400 um are formed by sublimation of the solvent dur-
ing freeze-drying step and mechanical stability is realized by self-
assembly of electrospun short fibers.*'34l Following this con-
cept electrospun sponges made of biodegradable polymers, in-
cluding poly(L-lactide) (PLLA), were reported in recent literature
as they are of interest for tissue engineering.*>*!) For example,
Chen et al. produced PLLA/gelatin fiber-based sponge with cy-
tocompatibility, which is suitable for cartilage tissue engineer-
ing. The hydrophilicity of these sponges was tuned by the addi-
tion of gelatin.[33¢] Xu et al. developed a new method (thermally
induced self-agglomeration) to fabricate PCL and PCL/PLLA
sponges.3738] The hydrophilicity of these sponges was achieved

Macromol. Biosci. 2023, 2300143 2300143 (2 of 11)

by the application of gelatin in short fiber dispersion medium.
Miszuk et al. used hydroxyapatite coated PCL sponge for bone
tissue regeneration, and in vitro study showed that osteogenic
differentiation of cells was improved on the sponge.*?] Recently,
we showed the use of PLLA/PCL short fibers to fabricate sponges,
in which the self-assembly is achieved by physical cross-linking
of PCL with low melting point.[*?l The compatibility of these
sponges to Jurkat cells and their proliferation worked well but
the penetration of the cells into the sponge was limited. The
hydrophilization of the sponges was improved by coating with
an ampbhiphilic carbohydrate block copolymer, which resulted in
more homogenous cell seeding and proliferation in a perfusion
reactor.!*!]

Recently, intrinsically hydrophobic polyimide (PI) sponges
were hydrophilized by use of the surfactant sodium dodecyl
benzenesulfonate (SDBS). PI short electrospun fibers were dis-
persed in an aqueous solution of SDBS. After freeze drying the
PI sponges showed hydrophilic properties on the surface and
fast water absorption.[*?] The concept of surface wettability of
hydrophilic as well as hydrophobic fibers is schematically de-
picted in Scheme 1. While hydrophilic fibers should become hy-
drophobic by treatment with surfactants, hydrophobic fibers be-
come hydrophilic, which has been applied for two-dimensional
(2D electrospun nonwoven for hydrophilization.**# The use of
surfactants for the hydrophilization of fibrous scaffolds provides
a straightforward and highly efficient approach to achieve a high
degree of hydrophilization. Particular advantage of surfactant is
the high mass transfer with fibrous scaffold. This advantage of
surfactants for the hydrophilization of fibrous scaffolds could
be translated to 3D biodegradable PLLA sponges, and thereby
could be of advanced interest for PLLA sponges for cartilage,
bone tissue, and liver tissue engineering. However, it is crucial to
prove the thorough hydrophilization of the PLLA sponges and the
cell compatibility for practical use in tissue engineering applica-
tions. Therefore, we explored the hydrophilization of PLLA/PCL

© 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Table 1. Details of PFSs used in this work.

PFS PFS-1 PFS-2 PFS-3
density [mg cm™] 153 80 54
porosity?) [%] 87 93 96

?) calculated based on Equations S1and S2

sponges by use of the surfactant Tween 20, which has a relatively
low LDy, value (LD, of SDBS: 2.3 mg L™! (given for fish, data for
human cells are not published to the best of our knowledge),[*’]
LD, of Tween 20: 40 554 mg kg™').1*¢] We verified the cell com-
patibility of the hydrophilized sponges by cell tests with human fi-
broblast and MG63 cells. The cell tests applied to the sponges are
based on our previous evaluation of cell response.[*=>% In con-
trast to hydrophobic sponges, excellent cell adhesion and cell pro-
liferation were proven for the hydrophilized sponges. However,
these sponges could also be of interest for other applications,
e.g., dental implant, fertilization, and plant protection. The poten-
tial application in agriculture field attributes to its hydrophilicity,
thus, it has the possibility to serve as a water reservoir. Besides the
importance of hydrophilization of sponges for tissue engineer-
ing, it is also of major interest to investigate the cell response to
hydrophilized fibrous objects like sponges as it mimics to some

www.mbs-journal.de

extent textile scaffold waste in the environment and address this
topic of microplastic debris as well.[’!] The result of cell test on
sponges will help in understanding the impact of short fibers
from textile to organisms, which is important to microplastic.

2. Result and Discussion

2.1. Sponge Preparation and Hydrophilization

PLLA/PCL (9:1 w/w) blend electrospun nonwoven fibers were
used to prepare 3D porous polymer fiber-based sponges (PFSs).
PFSs were prepared with different densities and porosities,
which are shown in Table 1 and Table S1 (Supporting Informa-
tion) (PFSs 4-7). The process of PFSs preparation is illustrated
in Figure 1a. The PFSs preparation was done in three steps: elec-
trospinning of the nonwoven (step A), cutting of the nonwoven
for the preparation of short fibers (step B), and dispersion of
the short fibers followed by freeze-drying (step C). In detail, the
as-spun PLLA/PCL nonwoven (morphology shown in Figure 1b,
fiber diameter at the range of 0.8 — 1 um) were first cut to short
fibers (fiber length 50-150 pm) in water/ice. Homogenization of
the resulting short fiber dispersion was achieved by addition of
different amount of Tween 20 (0.01 wt.% or 1 wt.%, Table 2),
which was essential for the preparation of homogeneous PFSs
(Figure 1c). In the case of the sponge with lower density, 0.01%

j fﬁfko)ﬂ . J(\/\/\)L}

Polylactide

T

-
M. —,
Y
=

— |
Electrospinning Cutting
Step A Step B

Annealing

Poly(e-caprolactone)

O - O

Freeze-
drying

Hydrophobic Hydrophilic
sponge sponge
Step C Step D

Figure 1. a) Schematic illustration of PFS preparation process of PFS (step A: electrospinning of PLLA/PCL blend; step B: cutting nonwoven and dis-
persing of short fiber; step C: freeze-drying and thermal cross-linking of sponge; step D: dip-coating of sponges in Tween 20 or plasma treatment).
b) Morphology of PLLA-PCL as-spun nonwoven. c) Macroscopic appearances of PFS-3 and d) morphology of PFS-3 (scanning electron microscope

micrograph).
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Table 2. Details of Tween 20 treated PFSs.

PFS Tween 20 concentration Tween 20 concentration Plasma
at step B [%] at step D) [%] treatment
PFS-1 1 0 No
D-PFS-2 0.01 1 No
D-PFS-3 0.01 1 No
P-PFS-3 0.01 0 Yes

? concentration of Tween 20 used to disperse short fibers (step B in Figure 1a);
concentration of Tween 20 used in dip-coating step (step D in Figure 1a).

Tween 20 aqueous solution was added into the short fiber suspen-
sion to reach a lower concentration of the short fibers. Contrar-
ily, for higher density sponges, more of the dispersion medium,
0.01% Tween 20 aqueous solution was removed by filtration to
get a higher concentration of the short fibers. In contrast, PFSs
prepared in aqueous suspension without Tween 20 were inhomo-
geneous (Figure S1, Supporting Information). Subsequently, the
water was removed by freeze-drying at —70 °C. The resulting PFS
were bonded by annealing at 60 °C, which is the melting tem-
perature of PCL (Figure S2, Supporting Information) but does
not melt PLLA (Figure S3, Supporting Information). At this tem-
perature, PCL melted and formed physical cross-links between
the fibers. PCL was chosen due to its rather low melting point,
thus, it worked as glue to bind the short fibers together at the
annealing temperature. Without the existence of PCL, the pure
PLLA fiber had to be annealed at a rather high temperature for
a much longer time to maintain the mechanical stability of the
sponge. Contrarily, if the PCL content was too high, due to the low
melting point, the sponge shrank a lot during the annealing.[“’]
For hydrophilization of the PFSs, step D was applied: either dip-
coating of sponge in 1 wt.% Tween 20 solution or plasma treat-
ment. The sponges treated according to step D are defined as
D-PFS-X, whereas is X the specific number of the PFS sample.
PFSs were successfully prepared with a density ranging from 54
to 153 mg cm~>. SEM measurements demonstrated the porous
structure of PFSs. (Figure 1c,d). We have selected PFS-3 for most
of the further experiments, because it could be handled well while
the porosity is relatively high. PFS-3 in Figure 1d has the poros-
ity of 96% (detail of calculation as Equations S1 and S2, Support-
ing Information) The pore size of PFS-3 ranged from 20 -160 ym
(Figure S4, Supporting Information).

As discussed in detail below, all the as-prepared PFSs which
were dispersed in 0.01 wt.% Tween 20 at step B are hydrophobic
and require hydrophilization for cell applications. The PFSs were
hydrophilized either by dispersion of short fiber in high concen-
tration (1 wt.%) Tween 20 (in step B of Figure 1a), dip-coating of
PFSs in Tween 20 (step D), or plasma treatment.

The hydrophobicity/hydrophilicity of the PFSs was analyzed
by contact angle measurement on the PFSs’ surface and in the
middle of the cross-section. PFS-1 prepared from the highest
Tween 20 concentration (1%) showed immediate water uptake
and thereby high hydrophilicity (Figure S5a, Supporting Infor-
mation). That resultimplied, that if the sponge was prepared with
a high concentration of Tween 20 (1 wt.%) in step B, the sponge
was hydrophilic originally. However, this sponge with high con-
centration of Tween from step B resulted in obvious shrinkage

Macromol. Biosci. 2023, 2300143 2300143 (4 of 11)
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and the shape of the sponge is irregular (Figure S5b, Supporting
Information). Thus, sponge with lower amount of Tween from
step B is essential. We analyzed the contact angles of PFS-2 and
found the contact angle to be ~138 ° on the surface and cross-
section (Figure 2a,b). Although shrinkage was observed to some
extent (=15%) for all PFSs, it was extreme for PFS-1. Therefore,
hydrophilization was applied by dip-coating of PFS-3 (here the
fiber suspension for sponge preparation (Figure 1a step B) con-
tained only 0.01 wt.% Tween 20) into 1% Tween solution (D-PFS-
3). D-PFS-3 takes up water in less than 0.2 seconds according to
the video of the contact angle camera, Figure 2c. Due to its im-
mediate water uptake, D-PFS-3 is obviously highly hydrophilic.
As a benchmark, we have also analyzed plasma-treated PFS-3
(P-PFS-3) according to a previously published method.[**] The
thorough hydrophilization by dip-coating with Tween 20 was
demonstrated for D-PFS-3 by dying with an aqueous solution of
the hydrophilic dye Wussita blau.>? After cutting from the mid-
dle vertically, the Wusitta blau was found thoroughly distributed
all over the cross-section of the D-PFS-3 (Figure 3a). In contrast,
the untreated PFS (PFS-3, without either dip-coating or plasma
treatment in step D) and the plasma-treated sponge P-PFS-3 only
absorbed Wusitta blau on its surface (Figure 3a). The hydrophilic-
ity of D-PFS was further verified by dipping the hydrophobic PFS-
3 and hydrophilic D-PFS-3 together in water. D-PFS-3 sinks in
water within several seconds, whereas the PFS-3 was floating on
the surface of water (Figure 3b). D-PFS-3 sinks into water because
the water could penetrate the sponges, implying the hydrophilic-
ity of D-PFS-3.

2.2. Cytotoxicity Evaluation

Because of the potential application of the prepared sponges for
tissue engineering and biomedical application purposes, the ab-
sence of leaking substances with toxic effects is essential. To
this aim, the possibility of leaking toxic substances from the
designed scaffolds was examined by performing the MTT as-
say after 24 h on MG63 and HDF fibroblast cells cultivated in
the growth medium containing the extracted leachates obtained
from soaked PFS samples in the culture medium. The model
study by hydrophilic dye already verified, that the Wusitta blau
could not penetrate the plasma-treated sponge (P-PFS-3). The re-
sultindicates that the cell culture medium, which is also aqueous,
will not penetrate the sponge either to allow cell infiltration. The
high viability of cultured MG63 and HDF cells in the presence of
the specific amount of extracted leachates of samples (over 95%)
and no significant reduction after 24 h compared to the nega-
tive control confirmed the nontoxicity of the extracted leachates
(Figure 4a,b). For further confirmation, the cell viability was fol-
lowed at a more extended time on extracted leachates with HDF
cells until 10 days. The result showed the viability of cells re-
mained above 90% for one-week extraction, and even after ten
days of extraction, only a slight decrease in cell viability was de-
tected (Figure 4c). Therefore, we could conclude that there is no
release of toxic material or the released material are lower than
the toxicity level, which is another indication of the suitable inte-
gration of Tween 20 within the polymeric fiber of PFS’s structure.
It is worth mentioning that at 24 h, the HDF cell viability on D-
PFS-3 leachate is higher. However, at the latter recording points
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Figure 2. a) Image of liquid uptake by PFS-2 (dyed by Wusitta blau). Photographic image of contact angle measurements b) PFS-2 and c) D-PFS-2.

Figure 3. a) Cross section of PFS-3 (left) and P-PFS-3 (center) and D-PFS-3 (right) after immersing in hydrophilic dye (Wusitta blau) for 30 min. b)
D-PFS-3 (submerged) and PFS-3 (floating) in deionized water.
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Figure 4. a) The cytotoxicity analysis of MG63 cells on leachate extracted from the D-PFS-3 and PFS-3 after 24 h. b) The cytotoxicity analysis of HDF
cells on leachate extracted from the D-PFS-3 and PFS-3 after 24 h (Control: cell culture plate = 100% cell viability). c) HDF cell viability monitoring on

leachate extracted from the D-PFS-3 and PFS-3 over 10 days.

(96, 168, and 240 h), the HDF cell viability on PFS-3 is higher. The
assumption is the HDF cell viability changed slightly between the
two recording points (24 and 96 h), which was not further stud-
ied. It should be noted at this point, that the PFS did not show
any macroscopic morphological changes during the test period
for cytotoxicity study (10 days).

2.3. Cell Adhesion Study

The absorption and adhesion of cells on the surface of scaffolds
have a vital role in the growth and proliferation of cells and, fi-
nally, the formation of tissue within the scaffold structure. The ef-
fect of surface chemistry, especially hydrophilicity, and hydropho-
bicity of PFS surface on the biomolecules, protein, and cell ad-
hesion and proliferation, has also been established in previous
research.[*~*¥] The adhesion of MG63 and HDF cells lines (these
two cell lines were used to evaluate the potential application of
scaffolds for both bone and skin regeneration application) on
both D-PFS-3 (hydrophilic) and PFS-3 (hydrophobic) scaffolds
was assessed in the present study. The quantitative adhesion re-
sult was calculated using cell culture well plate as negative con-
trol. The quantified number is shown in Figure 5, the morphol-
ogy, and population of the adhered MG63 and HDF cells on the
scaffolds are shown in Figure 6, and Figure 7. As can be seen in
Figure 5, the population of both MG63 and HDF cells on the D-
PFS-3 sample is significantly higher than that on the hydropho-
bic PFS-3 scaffold, and only a few adhered cells were noticed on

Macromol. Biosci. 2023, 2300143 2300143 (6 of 11)
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Figure 5. The relative adhesion of MG63 and HDF cells on PFS-3 and D-
PFS-3 samples (****: p value<0.0001, unpaired t test, two tailed p value).

PFS-3 scaffold. The relative cell adhesion of ~80% and 92% for
MG63 and HDF cells was recorded for the D-PFS-3 sample. In
contrast, the relative cell adhesion on the PFS-3 decreased and
reached lower than 20% for both cell lines. It is worth noticing
that even within the significant drop in relative adhesion of cells
on the PFS-3 scaffold, the relatively adhered cells remained viable
with spindle-shaped morphology up to 48 h, which confirmed
its non--toxicity behavior. The previous reports have shown that
the hydrophobic nature of pure PLLA and PCL limits the ad-
hesion and proliferation of cell. The same trend was recorded
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Figure 6. Morphology of stained proliferated MG63 cells on scaffolds. Cell nuclei were stained with DAPI, F-actin stained with Alexa Fluor® 488-

phalloidin.

for the hydrophobic scaffold in the present study (Figure 6 and
Figure 7). The remarkable relative adhesion, growth, and prolifer-
ation of both MG63 and HDF on D-PFS-3 scaffolds are attributed
to its suitable hydrophilicity that leads to high protein binding to
biomolecules, and higher relative cell adhesion. This result ver-
ifies that incorporating the Tween 20 within PLLA/PCL scaffold
is a promising approach to overcome the limitations mentioned
earlier, leading to superior cellular interaction and adhesion. The
excellent relative cell adhesion and proliferation of both MG63
and HDF on hydrophilic scaffolds imply their potential applica-
tion for both skin and bone tissue regeneration.

2.4. Penetration and Growth of Cells Within PFSs

Limitations of cell and biomolecule penetration into the scaffolds
led to formation of mature tissue on the outer layer and necrotic
tissue in the center of scaffolds. The infiltration of cells inside
the sponge also relies on the pore structure and pore size of the
sponge. To address these issues, designing of porous scaffolds
with superior ability to transfer nutrient and cell into their in-
ner layer has prime importance. The penetration of both HDF
and MG63 cells into the prepared PFSs was also examined in
the present work. To this aim, the cells were seeded onto the
PFSs’ surfaces, and then the viability, extent and depth of cell
growth and penetration were followed by staining of penetrated

Macromol. Biosci. 2023, 2300143 2300143 (7 of 11)

and grown cells. The images of transverse sections of the cell-
seeded PFSs after H&E staining after two days are shown in
Figure 8a,b. Depth of penetration into the scaffolds was quan-
tified after 48 h. No significant cell penetration was detected for
the hydrophobic PFS-3 for both cell lines after 48 h. In contrast,
proper number cell/tissue penetration into the middle of the D-
PFS-3 was observed. The cell penetration depth of 211 + 22 and
384 + 53 um was recorded for MG63 and HDF cell lines after
48 h, respectively. The observed difference between the depth and
extent of cell growth for two different cell lines could be related to
the dimensions of cells and hydrophilicity of the seeded cell types.
The cells were also properly spread on the edge and surface of
D-PFS-3 scaffold. The recorded result proved that the developed
scaffolds with tuned hydrophilicity could support tissue forma-
tion throughout either surface, edge, or middle of constructed
scaffold. Based on recorded results we could conclude that the
prepared scaffolds from both physical and biological point of view
are properly designed and are enabled to support cell activity and
let the cell proliferate. The successful infiltration of the cells in
the sponge also indicated that the pore size was suitable for cell
penetration.

3. Conclusion

Polymer fiber-based PFS was fabricated successfully from the
blend polymer system PLLA/PCL. During the cutting process,
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