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SUMMARY

rug delivery systems (DDSs) allow to achieve optimal therapeutic outcomes by enabling
D the precise transport of the active substance to the desired location in the body during
the specified time, while minimizing side effects. They are particularly useful when
administration of drugs by conventional methods is ineffective or inconvenient, for example
when treatment requires multiple applications, continuous delivery or direct action inside th
body. The design of effective DDSs demands a multidisciplinary approach combining materials
science and biomedical engineering to ensure the key requirements, such as biocompatibility,
precision and stability, are met. Over the years, these systems have undergone significant
evolution, moving from the concept stage in the 1950s to the current micro- and nanoscale
forms, such as microcapsules, electrospun nanofiber mats, and 3D bioprinted constructs. The
most commonly used materials include biodegradable and non-biodegradable synthetic
polymers and hydrogels. However, the DDSs developed in this way have two significant
disadvantages. The first is the burst effect, which refers to the phenomenon of a rapid release
of a large amount (up to 55%) of the immobilized bioactive substance in the initial period of
the system operation (during the first hour). The second problem is the small drug capacity of
modern DDSs resulting from the limitations posed by their micro- and nanometric building
elements.

The aim of my work was to develop a foundation for new controlled drug delivery systems

manufactured using electrostatic and 3D bioprinting techniques, which would be characterized

by an increased drug capacity and an elimination of the drug burst release effect (occurring

in the first stage of action of systems) based on electrospun polymer fibrous mats

or 3D bioprinted hydrogel constructs.

My work consists of five thematically related scientific papers that were published between
2019 and 2023 in reputable journals listed in the JCR database and they garnered a total five-
year impact factor of 18.130.

I have formulated three main research theses which have been confirmed in my research:

(1) The use of pulsed voltage (PV) with additional controllable electrical parameters, such
as the electrical pulse duration and frequency, stabilizes the process of electrospinning
and electrostatic droplet formation, enabling the production of synthetic polymer fibers
or microspheres of the desired diameter.

(2) Appropriate selection of the cross-linking method and agents used to treat
the electrospun or 3D bioprinted constructs leads to obtaining stable, water-insoluble
structures of polyvinylpyrrolidone, gelatin and sodium alginate, and in the case of
hydrogels, eliminates the burst effect in a 3D bioprinted drug delivery system.
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(3) Non-aggregated, drug-loaded synthetic polymer microspheres can be produced and
used as an additive to electrospinning suspension or bioink for 3D bioprinting, resulting
in an increased drug capacity of the electrospun or 3D bioprinted drug delivery system,
and in the case of electrospun fibers, an elimination of the burst effect.

The first part of my work concerned electrostatic techniques. I adopted an innovative approach
to the electrospinning process by applying electrical voltage in a pulsed manner. I prepared
and analyzed fibrous mats from polyvinylpyrrolidone (PVP) and polylactide (PLA). The research
showed that the use of pulsed voltage not only stabilizes the process but also introduces
additional parameters (frequency of electric pulses f and their duration 7) which increases
the possibilities of modifying the structure of the mats. Subsequently, I developed a new
method of obtaining drug-loaded polymer microspheres from biodegradable polycaprolactone
(PCL) or non-biodegradable polyethersulfone (PES), combining polymer solution pulsed
voltage electrospraying with solidification of the solution droplets by wet phase inversion
technique. Single microspheres obtained in this way do not form aggregates, they are
characterized by a narrow range of diameters (controlled by manipulating the parameters f and
7) and can be stored in the form of a dried powder. In the next stage of work, I combined the
results of the above studies, proposing a new method of obtaining polymer fibrous mats
modified with microspheres. Drug-loaded microspheres (of PCL or PES) in the form of powder
were dispersed evenly in the polymer solution (PVP) and as a result of electrospinning of such a
suspension, I obtained mats with increased drug capacity and eliminated burst effect. In order
to make the mats insoluble in water, I subjected them to a cross-linking process using a
photoinitiator and ultraviolet light, which, as the tests showed, also affected their transport
properties.

In the second part of my research, my focus shifted to the field of 3D bioprinting. I successfully
developed two novel bioinks as the basis for hydrogel 3D bioprinting. The first one consisted of
gelatin and sodium alginate. I subjected the constructs made of it to the cross-linking process
using various agents — calcium ions and glutaraldehyde vapors. As I observed, the dissolution
of the investigated substances (rhodamine 640, chlorhexidine acetate) in the bioink allowed to
obtain a potential controlled drug delivery system that does not show the burst effect.
For the second bioink, I used a suspension of polymer microspheres (PCL or PES)
with immobilized active substance (ampicillin) or marker (rhodamine 640) in water solution of
gelatin methacrylate and gelatin. I used it to 3D bioprint constructs which were then cross-
linked with ultraviolet light (in the presence of a photoinitiator). They were characterized by
the expected increased drug capacity and no burst effect.

I tested the developed constructs using numerous techniques, such as: scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
determination of the specific surface using the BET method, differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), spectrophotometric tests of substance marker
release, degradation and swelling analysis, mechanical properties tests, antibacterial activity
and cytotoxicity tests.



In summary, my work yielded three fundamental (microspheres, polymer fibrous mats,
3D bioprinted constructs) and two hybrid structures that have potential to be a foundation for
the controlled drug delivery systems:

— cross-linked, electrospun polyvinylpyrrolidone fibrous mats modified with
microspheres (polycaprolactone or polyethersulfone) containing the drug - ampicillin,

— cross-linked, bioprinted hydrogel constructs based on gelatin methacrylate modified
with microspheres (PCL or PES) filled with the drug - ampicillin.

The new hybrid systems created in my research possess a high drug capacity and do not exhibit
the immobilized substance burst effect during initial period of action. Their transport
properties are influenced by factors such as cross-linking time and the type and quantity of
microspheres, which enables accurate control over the drug delivery properties of the final
product. However, these systems differ in terms of properties and potential applications, and
their manufacturing methods require a distinct approach. In the final chapter of my thesis, I
provided a comprehensive evaluation of the strengths and weaknesses of electrospinning
and 3D bioprinting techniques for producing hybrid drug delivery systems, as well as the
benefits and drawbacks of systems based on electrospun fiber mats or 3D bioprinted hydrogel
matrices modified with microspheres.
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STRESZCZENIE

ystemy kontrolowanego dostarczania lekow (DDSs — ang. drug delivery systems) pozwalaja
S osiggng¢ optymalne efekty terapeutyczne, minimalizujgc potencjalne skutki uboczne,
poprzez uwalnianie okreslonych ilo$ci substancji aktywnej w konkretnym miejscu w ciele przez
odpowiedni czas. Wykazujg one szczeg6lng przydatnos¢, kiedy podawanie lekéw klasycznymi
metodami jest nieefektywne lub niewygodne, na przyklad gdy leczenie wymaga wielokrotnych
aplikacji, ciggltego dostarczania lub dzialania miejscowego. Projektowanie skutecznych DDSs
wymaga multidyscyplinarnego podejscia tgczgcego inzynierie materiatlowg i biomedyczng, aby
zapewniC spelnienie stawianych im kluczowych wymagan, wsrdéd ktérych mozna wymienié¢
biokompatybilno$¢, precyzje czy stabilno$¢. Systemy takie znacznie wyewoluowaly od
momentu powstania konceptu w latach 50. XX wieku. Badane obecnie DDSs projektowane sg w
mikro- lub nanoskali i mogg przyjgé rézne formy — mikrokapsutek, elektroprzedzonych mat
nanowldknistych czy konstruktéw wykonanych technikg biodruku 3D. Ws$réd najczesciej
stosowanych materialéw nalezy wskaza¢ biodegradowalne i niebiodegradowalne polimery
syntetyczne i hydrozele. Opracowane tak DDSs majg jednak dwie istotne wady. Pierwszg z nich
jest tak zwany efekt wyrzutu (ang. burst effect) odnoszacy sie do zjawiska gwaltownego
uwolnienia duzej ilo$ci immobilizowanej substancji leczniczej (wynoszgcej nawet 55%) w
poczatkowym okresie dzialania systemu (podczas pierwszej godziny). Drugi problem stanowi
niewielka pojemno$¢ nowoczesnych DDSs na lek wynikajgca z mikro- i nanometryczne
rozmiaréw elementow strukturalnych tych systemow.

Celem mojej pracy bylo zaprojektowanie bazy nowych systemdéw kontrolowanego dostarczania

lekéw przy uzvciu technik elektrostatycznych i biodruku 3D, ktére charakteryzowalyby sie

zwiekszong pojemnoscig na lek i brakiem efektu wyrzutu. Systemy te oparte miatyby by¢ na

elektroprzedzonych wtdkninach polimerowych oraz biodrukowanych modelach hydrozelowych.

Na mojg prace sklada sie pie¢ powigzanych tematycznie prac naukowych opublikowanych w
latach 2019 - 2023 w czasopismach z listy JCR o calkowitym piecioletnim wspdtczynniku
wplywu IF = 18,130 oraz liczbie punktéw MNiSW N = 430.

Sformutowalem trzy gléwne tezy badawcze, ktore znalazty potwierdzenie w moich badaniach:

(1) Zastosowanie napiecia pulsacyjnego wraz z dodatkowymi sterowalnymi parametrami
elektrycznymi, takimi jak czas trwania i czestotliwo$¢ impulséw, stabilizuje proces
elektroprzedzenia i elektrostatycznego tworzenia kropli, umozliwiajgc wytwarzanie
syntetycznych witdkien polimerowych lub mikrosfer o pozgdanej §rednicy.
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(2) Odpowiedni dobdor metody oraz Srodkéw uzytych do sieciowania systeméw
elektroprzedzonych lub biodrukowanych prowadzi do wuzyskania stabilnych,
nierozpuszczalnych w wodzie struktur z poliwinylopirolidonu, Zelatyny i alginianu
sodu, a w przypadku hydrozeli eliminuje efekt wyrzutu w systemach kontrolowanego
dostarczania lekéw.

(3) Niezagregowane syntetyczne mikrosfery polimerowe z immobilizowanym lekiem sg
mozliwe do wytworzenia i zastosowania jako dodatek do elektroprzedzonej zawiesiny
lub biotuszu do biodruku 3D, co skutkuje zwiekszong pojemnoscig leku
w elektroprzedzonym lub biodrukowanym systemie dostarczania lekéw, a w przypadku
wldknin elektroprzedzonych, eliminacjg efektu wyrzutu.

Pierwsza cze$¢ moich prac dotyczyla technik elektrostatycznych. W swoich badaniach
zastosowalem nowatorskie podejscie do procesu elektroprzedzenia, prowadzgc go przy uzyciu
napiecia elektrycznego podawanego w sposéb impulsowy. Wykonalem widkniny
z poliwinylopirolidonu (PVP) oraz polilaktydu (PLA). Z przeprowadzonych badan wynika, ze
uzycie napiecia pulsacyjnego stabilizuje proces oraz wprowadza dodatkowe parametry
(czestotliwos$¢ impulséw elektrycznych f i czas ich trwania 7), co zwieksza mozliwosci
modyfikacji struktury otrzymywanych widéknin. Nastepnie, opracowalem nowg metode
otrzymywania mikrosfer polimerowych z biodegradowalnego polikaprolaktonu (PCL) lub
niebiodegradowalnego polieterosulfonu (PES), w ktérych mozna immobilizowaé lek, aczgca
elektrorozpylanie roztworu polimeru przy uzyciu napiecia pulsacyjnego z utwardzaniem kropel
roztworu metodg mokrej inwersji faz. Otrzymywane w ten sposob pojedyncze mikrosfery nie
tworzg agregatow, charakteryzujg sie wagskim zakresem S$rednic (kontrolowanych poprzez
odpowiednie zmiany fi 7) oraz mogg by¢ przechowywane w formie wysuszonego proszku. W
kolejnym etapie prac, potgczylem wyniki powyzszych badan, proponujgc nowg metode
otrzymywania  wiéknin  polimerowych modyfikowanych mikrosferami. Zawierajgce
immobilizowany lek mikrosfery (PCL lub PES) w formie proszku rozproszytem réwnomiernie w
roztworze polimeru (PVP) i w wyniku elektroprzedzenia takiej zawiesiny otrzymatem widkniny
o zwiekszonej pojemnosci na lek i wyeliminowanym efekcie wyrzutu. W celu zabezpieczenia
wioknin przed rozpuszczeniem w wodzie, poddawatem je procesowi sieciowania przy uzyciu
fotoinicjatora i Swiatta ultrafioletowego, co, jak wykazaty badania, réwniez miato wptyw na ich
wlasciwosci transportowe.

Druga cze$¢ moich badan skupiona byta wokoét biodruku 3D. Opracowatem dwa rézne biotusze
bedgce podstawg hydrozelowych wydrukéw. Pierwszy sktadal sie z zelatyny i alginianu sodu,
a zbudowane z niego modele poddawatem procesowi sieciowania réznymi metodami - przy
uzyciu jonéw wapniowych oraz oparéw glutaraldehydu. Rozpuszczenie substancji aktywnej
w biotuszu pozwolitlo otrzyma¢ potencjalny system kontrolowanego dostarczania lekow
niewykazujgcy efektu wyrzutu. Drugi biotuszu miat forme zawiesiny mikrosfer polimerowych
(PCL lub PES) zimmobilizowang substancjg aktywng w roztworze wodnym zawierajgcym
syntezowany przeze mnie metakrylan zelatyny oraz zelatyne. Wydrukowane przy jego pomocy
modele sieciowane swiatlem ultrafioletowym (w obecnos$ci fotoinicjatora) charakteryzowaty sie
oczekiwang zwiekszong pojemnoscig na lek i brakiem efektu wyrzutu.
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Opracowane systemy badatem za pomocg licznych technik takich jak: skaningowa mikroskopia
elektronowa (SEM), spektroskopia w podczerwieni z transformacjg Fouriera (FTIR), dyfrakcja
rentgenowska (XRD), wyznaczanie powierzchni wlasciwej metodg BET, skaningowa
kalorymetria réznicowa (DSC), analiza termograwimetryczna (TGA), spektrofotometryczne
testy uwalniania markera substancji, analizy degradacji i pecznienia, badanie witasciwos$ci
mechanicznych, badanie aktywnos$ci antybakteryjnej i testy cytotoksycznosci.

Podsumowujgc, w swojej pracy otrzymatem trzy podstawowe (mikrosfery, widkniny
polimerowe, biowydruki 3D) i dwie hybrydowe struktury moggce stanowié¢ baze do opracowania
systemow kontrolowanego dostarczania lekow:

— sieciowane, elektroprzedzone wildkniny z poliwinylopirolidonu modyfikowane
mikrosferami (z polikaprolaktonu lub polieterosulfonu) zawierajgcymi lek — ampicyline,

— sieciowane, biodrukowane konstrukty z hydrozelu opartego na metakrylanie zelatyny
modyfikowane mikrosferami (PCL lub PES) wypelnionymi lekiem — ampicyling.

Nowo powstate hybrydowe systemy charakteryzujg sie zwiekszong pojemnoscig na lek
i brakiem efekt wyrzutu immobilizowanej substancji w poczgtkowej fazie dzialania. Na ich
wilasciwosci transportowe majg wptyw czas sieciowania oraz rodzaj i ilo§¢ mikrosfer, co pozwala
na precyzyjng kontrole cech wytworzonego produktu. Opracowane systemy nie sg jednak do
konica zbiezne pod wzgledem wtasciwosci ipotencjalnych zastosowan, a techniki ich
wytwarzania wymagajg odrebnego podejscia. W ostatnim rozdziale pracy przedstawilem
przeglad mocnych i stabych stron proceséw elektroprzedzenia ibiodruku 3D w produkcji
hybrydowych systemdéw dostarczania lekéw, a takze zalety i wady systeméw opartych o
elektroprzedzone widékniny lub tréjwymiarowe biodrukowane modele hydrozelowe
modyfikowane za pomocg mikrosfer.
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RESUME

es systemes d'administration controlée de médicaments (DDSs, abréviation de « drug

delivery systems » en anglais) permettent d'obtenir des résultats thérapeutiques optimaux
en transportant la quantité précise de substance active vers 1'emplacement spécifique dans le
corps pendant la durée spécifiée, tout en minimisant les effets secondaires potentiels. Ces
systéemes sont particulierement avantageux lorsqu'une administration de médicaments par des
méthodes conventionnelles est inefficace ou peu pratique, notamment lorsqu'un traitement
nécessite des applications multiples, une administration continue ou une action directe a
l'intérieur du corps. Pour concevoir un DDS efficace, une approche multidisciplinaire est
nécessaire, qui combine la science des matériaux et le génie biomédical afin de s'assurer que les
exigences clés, telles que la biocompatibilité, la précision et la stabilité, sont satisfaites. Ces
systémes ont connu une évolution considérable passant du stade de concept dans les années
1950 aux formes actuelles a 1'échelle micro et nanométrique, telles que les microcapsules, les
nanofibres électrofilés et les constructions bioimprimées en 3D. Les matériaux fréquemment
employés incluent des polymeres synthétiques, qu'ils soient biodégradables ou non, ainsi que
des hydrogels. Toutefois, les DDSs ainsi congus ont deux inconvénients majeurs. Le premier est
l'effet de relargage (« burst effect » en anglais), qui correspond a la libération rapide d'une
grande quantité (pouvant atteindre jusqu'a 55%) de la substance bioactive immobilisée au cours
de la premiere heure de fonctionnement du systeme. Le deuxieme probléme concerne la faible
capacité de ces DDSs modernes pour les médicaments, due aux limitations imposées par leurs
éléments de construction micro- et nanométriques.

L'objectif de ma recherche était de développer de nouveaux systémes d'administration

contrbolée de médicaments en utilisant des techniques d'électrofilage et de bioimpression 3D,

qui se caractériseraient par leur capacité accrue pour les médicaments et une élimination de
l'effet de relargage initiale des systémes basés sur des fibres polymeres électrofilées ou des

constructions d'hydrogels bioimprimées en 3D.

Ma these est composée de cinqg articles scientifiques qui sont liés par leur thématique et qui ont
été publiés entre 2019 et 2023 dans des revues réputées répertoriées dans la liste JCR.
L'ensemble de ces publications a un facteur d'impact total sur cinq ans de 18,130.

J'ai formulé trois hypotheses principales, qui ont été confirmées dans mes recherches :

(1) L'utilisation de la tension pulsée avec des parametres électriques controlables
supplémentaires, tels que la durée et la fréquence des impulsions électriques, stabilise
les processus d'électrofilage et de formation électrostatique de gouttelettes, permettant
ainsi la production de fibres polymeéres synthétiques ou de microsphéres avec un
diameétre controlé.



(2) Une sélection appropriée de la méthode et des agents utilisés pour la réticulation des
systéemes électrofilés ou bioimprimés conduit a des structures stables et insolubles dans
l'eau de polyvinylpyrrolidone, de gélatine et d'alginate de sodium et, dans le cas des
hydrogels, élimine 1'effet de relargage dans les systémes d'administration controlée de
médicaments.

(3) Des microsphéres de polymére synthétique non agrégées avec un médicament
immobilisé peuvent étre produites et utilisées comme additif a une suspension
électrofilaire ou a une bioencre pour la bioimpression 3D, ce qui augmente la capacité
des systémes d'administration de médicament électrofilé ou bioimprimé, et dans le cas
de fibres électrofilées, permet également le controle de relargage.

La premiére partie de mes recherches s'est focalisée sur les techniques électrostatiques. J'ai
adopté une approche novatrice de 1'électrofilage en utilisant une tension électrique pulsée. J'ai
préparé et analysé des fibres a base de polyvinylpyrrolidone (PVP) et de polylactide (PLA). Les
résultats des recherches ont démontré que l'application de la tension électrique pulsée avait
deux effets bénéfiques, a savoir la stabilisation du processus d'électrofilage et 1'introduction de
parametres supplémentaires tels que la fréquence fet la durée des impulsions électriques z. Ces
parametres accroissent les possibilités de modification de la structure des fibres. Par la suite,
j'ai mis au point une nouvelle méthode permettant de produire des microsphéres de polymere
chargées en médicament a partir de polycaprolactone biodégradable (PCL) ou de
polyéthersulfone non biodégradable (PES). Cette méthode combine 1'électronébulisation a
tension pulsée de solutions de polymeére avec la solidification des gouttelettes de solution par
la technique d'inversion de phase. Les microsphéres individuelles obtenues grace a cette
méthode ne forment pas d'agrégats, présentent une gamme étroite de diametres (controlées en
manipulant les parametres fet 7) et peuvent étre stockées sous forme de poudre séchée. Dans la
prochaine étape de mon travail, j'ai combiné les résultats de mes études antérieures pour
proposer une nouvelle méthode d'obtention de fibres polymeres modifiées avec des
microspheres. J'ai uniformément dispersé des microspheres chargées de médicament sous
forme de poudre (de PCL ou de PES) dans une solution de polymere (PVP), puis j'ai réalisé
I'électrofilage de cette suspension pour obtenir des fibres présentant une capacité de
médicament accrue et un effet de relargage controlé. Afin de rendre ces fibres insolubles dans
l'eau, j'ai effectué un processus de réticulation en utilisant un photoinitiateur et de la lumiere
ultraviolette, ce qui, comme l'ont montré les tests, a également affecté leurs propriétés de
transport.

Dans la seconde partie de mes recherches, j'ai orienté mon intérét vers le domaine de la bio-
impression 3D. J'ai réussi a élaborer deux nouvelles bio-encres pour servir de base a
I'impression 3D d'hydrogels. Le premier était composé de gélatine et d'alginate de sodium. J'ai
soumis les constructions qui en sont faites au processus de réticulation a 1'aide de divers agents
- des ions calcium et des vapeurs de glutaraldéhyde. La dissolution de la substance active dans
la bioencre a permis d'obtenir un systéme potentiel d'administration controlée de médicaments
qui ne présente pas l'effet de relargage. Pour la seconde bio-encre, j'ai préparé une suspension
et des microsphéres de polymere (PCL ou PES) avec une substance active immobilisée dans une
solution aqueuse du méthacrylate de gélatine et de la gélatine. Cette bioencre a été utilisée
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pour la bioimpression 3D de structures, qui ont ensuite été réticulées a l'aide de lumiere
ultraviolette (en présence d'un photoinitiateur). Ces structures ont présenté une augmentation
attendue de la capacité et aucun effet de relargage rapide n'a été observé.

J'ai testé les DDSs développés en utilisant de nombreuses techniques, telles que : la
microscopie électronique a balayage (SEM), la spectroscopie infrarouge a transformée de
Fourier (FTIR), la diffraction des rayons X (XRD), la détermination de la surface spécifique par
la méthode BET, la calorimétrie différentielle a balayage (DSC), analyse thermogravimétrique
(TGA), des tests spectrophotométriques pour la libération de marqueurs de substance, les
analyses de dégradation et de gonflement, les tests de propriétés mécaniques, les tests
d'activité antibactérienne et de cytotoxicité.

Pour résumer, mon travail a produit trois structures fondamentales (microspheres, fibres
polymeéres, constructions bioimprimées en 3D) et deux structures hybrides qui ont le potentiel
d'étre une base pour les systémes d'administration controlée de médicaments :

— des fibres électrofilées réticulées de polyvinylpyrrolidone modifiées avec des
microspheres (polycaprolactone ou polyéthersulfone) contenant le médicament
ampicilline,

— des constructions d'hydrogel bioimprimé réticulé a base de méthacrylate de gélatine
modifié avec des microsphéres (PCL ou PES) remplies du médicament ampicilline.

Les nouveaux systémes hybrides créés dans ma recherche possédent une capacité accrue et ne
présentent pas l'effet de relargage de la substance immobilisée lors de I'action initiale. Leurs
propriétés de transport sont influencées par des facteurs tels que le temps de réticulation ainsi
que le type et la quantité de microspheres. Cela permet de controler avec précision les
propriétés du produit final. Néanmoins, ces systemes présentent des différences en matiére de
propriétés et d'applications possibles, et leur fabrication requiert une approche spécifique. Le
dernier chapitre de ma thése présente une évaluation compléte des forces et faiblesses des
techniques d'électrofilage et de bioimpression 3D pour la création de systémes hybrides
d'administration de médicaments, ainsi que des avantages et inconvénients des systémes basés
sur des fibres électrofilées ou des hydrogels bioimprimés en 3D modifiés avec des microspheéres.
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INTRODUCTION

drug delivery system administers a bioactive substance to the human body in a controlled

manner. Its primary goal is to achieve optimal therapeutic outcomes while
minimizing any potential side effects by transporting the precise amount of drug to
the specific location during the specified time. Drug delivery systems (DDSs) are developed
using biomedical engineering and materials science approaches and they differ remarkably
from pharmaceutical products — they are designed to effectively manage the release of the drug
for days or even months, whereas pharmaceutics are simply the active substance itself. However,
it is important to note that the successful implementation of a DDS in healthcare requires
the collaboration of pharmacists and both materials and biomedical engineers. The field of
controlled drug delivery is constantly advancing, and researchers are making efforts to overcome
the challenges and develop systems that are safe, effective and sustainable.

The use of DDSs is indicated in a number of cases when administering drugs or their mixtures
through traditional methods is not sufficient or may be inconvenient:

— daily or multiple daily administrations,

— continuous administration for a long time, e.g. hormones,

— direct administration inside the body, e.g. in the treatment of tumors or postoperative
scars of internal organs,

— hard-to-heal wounds, e.g. burns, bedsores, diabetic wounds,

— sensitive and large particles of active substances, e.g. protein biopharmaceuticals
(hormones, growth factors, enzymes and antibodies) or nucleic-acid biopharmaceuticals
(DNA fragments and RNA),

— drugs considered too toxic for conventional delivery applications.



On the need to use controlled drug delivery systems

Controlled DDSs are designed to address the issues associated with conventional pharmaceutical
products such as tablets, capsules, syrups, ointments, injections, etc. [1]. In the case of potent
bioactive substances, their handling and proper dosing are very difficult when milligram or
microgram doses are required. In addition, some drugs are sensitive to body conditions
(humidity, temperature, pH) and require chemical transformation or specific formulation before
being used, which may reduce their effectiveness. The use of pure active drug substances is also
often associated with a reduction in patient comfort, as they are characterized by unpleasant
organoleptic properties (bad smell or taste) [2].

To address the identified shortcomings, excipients can be utilized in the drug formulation
process including agents such as dyes, solvents, lubricants, sweeteners, antioxidants [3],
and others, e.g. fillers to augment the size of the tablets when the necessary dosage of the drug
is too small to administer otherwise [4]. However, the use of excipients does not completely
resolve the significant issues of conventional pharmaceutical formulations, namely the abrupt
increase in the concentration of the active substance in the body right after drug administration,
followed by its rapid metabolism and an exponential decrease in its concentration.
Consequently, the duration of the period when the drug concentration falls within
the therapeutic window may be insufficient, and attempting to extend it by increasing the dose
of the active substance may result in toxicity due to an excessive drug concentration
in the blood. To overcome these issues, controlled drug delivery systems were designed.
Their efficacy in addressing the problems associated with traditional drug administration
methods is demonstrated in Fig. 1.
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FIGURE 1. Schematic representation of the drug concentration profile in the body
administered as multiple doses of a conventional formulation (grey line) and using a controlled
DDS (red line). Prepared based on the work by Geraili et al. [5].



The plot shows the changes in drug concentration in the blood after delivery using both
approaches. The conventional formulation leads to lower treatment effectiveness and a higher
risk of an abrupt increase in blood concentration to toxic levels. Additionally, the drug is rapidly
metabolized and cleared from the blood, requiring multiple doses to maintain average
therapeutic drug concentrations. However, the drug administration method in question may
lead to fluctuations in its concentration in the blood, which may result in its levels falling below
the minimum therapeutic range or exceeding the toxic values [6]. Additionally, the need to take
multiple doses of the drug per day may impair the patient's comfort and increase the likelihood
of dosing errors. A controlled DDS can help prevent these issues by carefully selecting
the device, material, manufacturing technique, and initial drug concentration to maintain
therapeutic levels of the active substance in the blood with reduced risk of toxicity.

Overall, controlled DDS improve the effectiveness and safety of drug treatments. Traditional
pharmaceuticals can sometimes have unpredictable or variable effects, depending on how
they are absorbed and metabolized by the body. This can lead to side effects, reduced efficacy,
and other problems. Controlled DDS are designed to overcome these limitations by releasing
the drug at a specific rate and in a specific location, allowing for more precise control over
the drug effects [5, 7]. The use of DDSs protects drugs from degradation and reduction of their
potency or formation of toxic by-products [2] [8]. They reduce drug intake frequency
and concentration fluctuations in blood, improve patient compliance and comfort, and stabilize
their medical condition. Despite this, they must satisfy several requirements to be used
effectively and safely.

What conditions should a satisfying drug delivery system meet?

While controlled DDSs unquestionably offer many potential benefits, they also have some
challenges to overcome [7]. Some of the key considerations for a safe and efficient DDS
are presented in Fig. 2 and described below.
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FIGURE 2. Factors to consider when designing a controlled drug delivery system.



Biocompatibility

The biocompatibility of DDSs is a crucial factor in ensuring their safety for use. This means
that both the technique and materials used for the manufacture of DDSs must have the ability to
be in contact with living systems without causing adverse effects [9]. In practical terms,
this requires the non-toxicity, a lack of impact on the immune system, and no induction of
hemolysis upon contact with blood. Otherwise, the DDSs may cause irritation or damage to
the tissues it comes into contact with, potentially resulting in discomfort, allergic reactions
or additional complications. The immune system, recognizing the DDS as a foreign object,
attempts to eliminate it from the body, leading to the breakdown or removal of the system
before it has had the opportunity to release the drug.

The biocompatibility of a DDS is closely tied to the method and place of administration
and strongly dependent on anatomy - it is important to consider the specific tissue where
the material will be implanted [2]. There is a variety of biocompatible materials that can be used
for DDSs, including polymers (both natural, e.g. polysaccharides, proteins and synthetic,
e.g. polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), and polylactic acid (PLA)), ceramics
(e.g. hydroxyapatite, alumina) or metals (e.g. gold, silver) [10]. Overall, the choice of material for
a DDS will depend on the specific therapeutic requirements of the system and the drug being
delivered. The biocompatibility of the DDS can vary depending on its form - microspheres
that can stay in the peritoneal cavity for weeks may elicit a different response than nanoparticles
that can leave it within days and accumulate in the tissues. Some systems due to their small
sizes on the nanometer scale (nanoparticles, nanosuspensions) may interact with living systems
upon administration [11, 12]. The size of nanoparticles that determines their biocompatibility
varies based on the material, e.g. for silver nanoparticles it is 2 nm, lipid nanoparticles — 50 nm,
chitosan/alginate nanoparticles — 20 nm, and silica nanoparticles — 10 nm [13]. The length of
time that tissues are exposed to the materials used in a DDS affects their biocompatibility due to
DDS corrosion and aging [14]. It should also be remembered that biocompatibility
is an ontogenetic concept, and the inflammatory response may vary depending on the organism.
In some cases, a risk-benefit analysis must be conducted, weighing the potential risks of slight
local irritation against the benefits of controlled drug release [15].

Not only must the material of the DDS itself be biocompatible, but the manufacturing
and sterilization methods as well. They should not produce any toxic or harmful by-products
that could potentially affect the safety of the system, nor should it introduce any impurities
or contaminants that could compromise the biocompatibility of the final product (e.g. residual
polymer solvents, cross-linking agents, post-process rinse solutions). It is crucial to ensure
that the materials used to manufacture the controlled DDSs as well as all the excipients of
the formulation and sterilization methods are non-toxic to the body and do not cause any
patient allergic reactions [16].



Precision

The safety of DDS usage can also be impacted by the precision in achieving the desired
concentration of the medication during the drug release process. Therefore, it is crucial to have
well-engineered systems that can deliver the drug to the target site in the body with accurate
dose, rate and duration, ranging from days to months, depending on the needs.

One of the undesirable phenomena that can potentially lead to inefficiency of the DDSs is
a burst effect, which refers to the rapid and inefficient release of a large portion of the drug
immediately following administration [17]. We observe this effect when the current
concentration of the active substance during the initial stage of release from the DDSs (within
less than an hour) exceeds the concentration that is eventually reached at equilibrium state,
as depicted in Fig. 3. Rapid release of a high amount of the drug in a short time may result
in toxicity, especially if the drug is not well tolerated at high doses. The burst effect may also
limit the DDS ability to target specific areas of the body because the drug is released too quickly
or unevenly. The therapeutic effect of drug may be less than expected.
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FIGURE 3. Schematic representation of the drug concentration profile from drug
delivery systems with burst effect (blue line) and without it (red line).

Another key consideration in the design of a controlled DDS is its capacity for a drug.
For instance, drug loading capacity into liposomes and polymeric nanoparticles is typically less
than 5%, which limits their effectiveness [18]. Usually, it is advisable to maximize it to enable
the delivery of a larger quantity of the drug over an extended duration. Increasing the capacity of
the controlled DDS can enhance system efficacy by sustaining consistent drug concentrations
in the body. If the delivery system does not release the correct amount of drug at the right time,
it may be ineffective in treating the disease or condition. On the other hand, if the DDS releases
too much drug at once, it can lead to an overdose, which can be dangerous. In addition,



the precision of controlled DDS may be affected by fluctuations in drug levels, drug interactions
if the system releases multiple drugs simultaneously, and simply system failures — these can
include mechanical malfunctions, problems with the drug formulation or release mechanism.

By precisely regulating the drug content and tailoring the construction of DDSs, taking into
consideration both burst effect [19] and drug capacity [20], it is possible to develop systems that
can last for a few hours to several weeks, depending on the needs. To minimize the risk of
system failure, it is important to carefully design and test the DDSs.

Stability

The stability and durability of controlled DDSs can significantly affect the release profile of
the active ingredient, as well as the overall usability of the system, especially if long-term use
(e.g. months) is anticipated. It should be at least as durable and stable as traditional methods of
drug administration without the need to be replaced more frequently, with minimal loss of
effectiveness over time. An issue that must be considered in the context of DDS stability
and durability is its biodegradation as it can be biodegradable or non-biodegradable to suit
the intended use.

Biodegradable DDSs are made of materials that can be broken down and eliminated naturally by
the body. They are commonly used for short-term drug delivery (less than 24 h) because they can
be designed to disintegrate and release the drug over a set period before being fully metabolized
and removed from the body. For instance, osmotic pumps consisting of a drug core containing
an osmotic agent, surrounded by a semipermeable membrane, e. g. cellulose acetate [21].
The biodegradable DDSs eliminate the need for a retrieval surgery and reduces the potential
negative effects associated with the prolonged biomaterial presence in the body. Biodegradation
can be controlled and occurs as a result of four effects - hydrolysis, oxidation, photolysis,
and proteolysis [2]. Among the mechanisms mentioned, photolysis can be used to design light-
sensitive drug delivery systems to photocontrol the release of active substance with high target
specificity [22]. Biodegradable materials can be natural (polysaccharide-based such as chitosan,
hyaluronic acid, alginate, or protein-based such as gelatin, collagen) and synthetic
(mainly polyesters such as polylactic acid, polycaprolactone or polyglycolic acid, but also
polyanhydrides and polyamides) [23]. They are frequently used for local drug delivery, such as
cancer or inflammation treatment [24], and scaffolds for tissue engineering [25].

Non-biodegradable DDSs are made of materials that are not broken down by the body, including:
polymers (acrylics, e.g. polymethacrylate, cellulose derivatives, e.g. cellulose acetate, silicones,
and others, e.g. polystyrene), metals (gold, silver, stainless steel, titanium), ceramics and glass
[23, 26]. These systems are typically used for long-term drug delivery, as they are designed to
release the drug over a prolonged period, e.g. for the treatment of chronic diseases. One of
the most well-known non-biodegradable DDS is the drug-eluting stent coated with agents such
as antiproliferatives used to prevent re-narrowing of the artery after angioplasty [27]. Another
example is a drug-coated balloon inflated inside an artery to deliver a substance at the arterial
wall for treating coronary bifurcation lesions [28].



When designing a DDS, it is important to carefully consider material issues to avoid potential
problems. In addition to choosing suitable materials for the construction of DDSs, various
modifications can also be made to improve their stability. They include surface modification
such as coatings to add layers of protection [29, 30]; reinforcements, such as fibers or mesh
in the structure of a system [31, 32]; crosslinking of system-building polymer chains [33, 34];
or blending different materials to create a delivery system with improved strength and other
desired properties [35, 36]. Aside from upgrading the stability of DDSs, proficient application of
these modification techniques also allows for control over their degradation and subsequent
release profile or enhance their biocompatibility.

Sustainability

Lastly, the most suitable controlled DDSs should satisfy the sustainability criterion in addition
to meeting all the previously listed requirements. The optimal DDS should be financially
efficient for both patients and the healthcare system, as well as environmentally sustainable
with minimal impact on natural resources [7]. Efforts to improve sustainability in the drug
delivery field have usually centered on areas such as device manufacturing, product packaging,
and distribution. However, there is a growing focus on incorporating sustainable design
principles into the product development process [37]. It should not have any negative effect
on the environment through the materials used in its manufacture or the utilization of limited
resources, which can lead to resource depletion. Some of DDSs may be costly to produce,
potentially rendering them unsustainable in the long term. Logistical issues may also affect
the sustainability of these systems. One approach to enhance sustainability is to focus on
material substitution and reduction, which can lead to cost savings. When designing DDS,
sustainable options include reducing waste through efficient design, utilizing modular
packaging, and implementing smart supply chain techniques [38]. Other methods can be similar
to those in other industries, such as identifying the environmental impact "hotspots"
in the design of the drug delivery systems) and using this information to make changes
for sustainability, reducing the number of different devices through consolidation, and exploring
new and innovative technologies [37]. Although the sustainability of controlled DDSs may not be
the most pressing concern during the scientific research and development phase, it must be
taken into account when introducing the system to the market.



Evolution of drug delivery systems

Given the numerous requirements that must be considered, various DDS have been developed,
which continues to be an area of ongoing research and interest within the fields of materials
and biomedical engineering. The forms that these systems may take are dependent upon their
intended use (targeted disease, therapeutic agent, conditions to be met), the materials utilized,
and the method of manufacture [2].

The origins of drug delivery systems date back to the early 1950s, with the introduction of
pharmaceutical formulations aimed at prolonging drug activity and reducing dosing frequency
[39]. These initial efforts focused on macroscale systems, such as macrospheres coated
with a mixture of glyceryl monostearate and beeswax of varying thickness to regulate capsule
dissolution in the gastrointestinal tract and drug release [40] or drug-loaded capsules made
of silicone rubber implanted in the ventricular myocardium [41]. Despite their limitations,
these macrosystems laid the foundation for further advancements in drug delivery, leading to
the development of more sophisticated methods on a smaller scale.

Nanoparticles and microspheres

The beginnings of the second generation of DDSs can be traced back to the 1980s, marking
the first reported use of microparticles, microspheres, and microcapsules of sizes ranging
from 1 to 1000 pm [39]. The initial focus was on the development of biodegradable structures
made of polyesters, such as poly(lactic acid) and poly(lactic-co-glycolic acid). These particles
exhibited first-order release kinetics and represented a great departure from the macroscale
systems of the previous era. They were easier to administer in the body and served
as a protective shield against degradation of the encapsulated active compound. Additionally,
"smart" systems were developed allowing for the release of drugs in response to external stimuli
such as pH or temperature [42]. Since their invention, the use of microparticles as DDSs has been
a subject of ongoing research and development. A range of techniques, such as microdripping,
jet-cutting, vibrating, electrospraying, microfluidics, spray-drying, interfacial polymerization,
and coacervation phase separation, have been employed to create microparticles, which can be
comprised of a variety of materials, including proteins, waxes, polysaccharides, cellulose
derivatives, and synthetic polymers [43, 44]. Recent studies in the field of DDSs have reported
e.g. the use of chitosan-BSA multilayered hollow microcapsules loaded with doxorubicin
for pulmonary delivery, with a diameter of 5 pym, manufactured based on a CaCOs template [45].
Another notable example is the use of microcapsules with outer and inner phases composed of
polyethylene glycol and dextran, respectively, that are capable of releasing 0.4 ug of a drug over
days upon the application of ultrasound [46].

The evolution of DDS research saw a progression towards smaller sizes, eventually reaching
the nanoscale in the 1990s. This development opened up opportunities for targeted therapies,
particularly in the area of cancer treatment with chemotherapy which does not distinguish
between healthy and cancerous cells and can have non-specific mechanisms of action. It is
worth noting that only a small percentage (less than 10%) of an anticancer drug reaches



its target tumor tissue [47]. The polymer nanoparticles have been shown to successfully lower
the concentration of the therapeutic substance inside the body, potentially decreasing
the occurrence of side effects related to the therapy. The selection of an appropriate carrier
system is dependent on the specific characteristics of the tissue in question, as well as the drug
to be delivered. To date, a lot of clinically useful products based on polymer nanoparticles have
been successfully developed and marketed, and the effects of such systems on various forms of
cancer, including breast, brain, and liver cancer, have been extensively studied [24]. Scientists
aim to improve the functionality of the nanocarriers by incorporating features such as nutrient
transporters [48], ligands that target specific receptors in the brain [49], and pH-responsive [50]
or enzyme-responsive [51] properties. These modifications are directed towards overcoming
limitations related to the blood-brain barrier, infiltration, high heterogeneity of tumor cells,
drug resistance, and immune evasion resulting from the tumor microenvironment.
The nanomaterial-based DDSs have been shown to not only effectively deliver chemotherapy
agents, but they can be used in immunotherapy to enhance the body's anti-tumor immune
response to eliminate the malignant cells [52]. Nanoparticles are also useful for pulmonary drug
delivery as they are able to bypass the various mechanical, chemical and immunological defense
mechanisms the respiratory tract has evolved to prevent inhaled particles from reaching
the lungs and inactivate them once deposited [53]. In this case, drug-loaded nanoparticles are
administered via inhalers [54]. The size of the nanocarrier determines where the deposition will
occur in the respiratory tract, allowing for targeted therapies. Such nanoparticles can be made of
a whole spectrum of materials - organic like lipids, polymers, dendrimers, carbon
and cyclodextrines, or inorganic like metals (silver, gold), oxides or phosphates [55, 56, 57].

Subsequently, the focus shifted towards devising a carrier that could effectively transport
the drug across the blood-brain barrier to treat neurological disorders, and exosomes emerged as
a promising solution in 2010s [58]. They are small (30 — 100 nm) extracellular membrane
particles found in a variety of tissues, playing an important role in biosignalling by releasing
different substances depending on the condition of the cells from which they originated.
Because of their extraordinary ability to access difficult-to-reach organs and cross the blood-
brain barrier, they are promising candidates for use as substance delivery nanosystems [59].
For example, studies on the immobilization of microRNA in exosomes are currently being
conducted [60]. The DDS created in this manner crosses the blood-brain barrier, promoting
oligodendrocyte differentiation and controlling the inflammatory response. Furthermore,
microRNA increases blood-brain barrier permeability, allowing therapeutic drug concentrations
to reach the brain. Among others, exosomes have been proposed for use in Alzheimer's disease
[61, 62], autism spectrum disorder [63], and Parkinson's disease [59].

Despite the multitude of the above-mentioned potential applications of micro-
and nanoparticles as DSSs, it must be noted that they are not universally applicable. For certain
medical conditions, the use of such drug carriers may pose a risk of their displacement in
the body, leading to ineffective treatment or adverse effects at unintended locations, particularly
in the case of topical wound dressings or transdermal DDSs. In such cases, electrospun fiber-
based systems can provide an effective solution.



Electrospun fibrous mats

Although the basics of the electrospinning process were developed at the beginning of
the twentieth century, with subsequent materials research and development taking place over
the following decades [64], it was not until the 1980s that the first published ideas emerged
regarding the use of electrospun fibers in biomedical engineering, with the concept of using
electrospun DDSs being introduced only in the early 2000s [65]. Electrospinning is a method of
fabricating nano- or microfibers from a polymer solution or melt pressed through a metal nozzle
connected to a high voltage. It causes the polymer solution or melt to form the jet which is then
solidified into fibers by the evaporation of the solvent or cooling and deposited on a grounded
collector. In the context of materials engineering, it is essential to carefully select substances
that meet the specific physicochemical and mechanical requirements for electrospinning,
thus further enhancing the properties of the resulting DDSs. Electrospun mats can be made of
both natural materials and synthetic polymers [66]. The use of natural polymers, such as
chitosan, gelatin and silk fibroin, as potential materials for DDSs has gained increased attention,
given their remarkable biocompatibility and high cellular affinity [67]. However, these natural
polymers often exhibit limited stability under physiological conditions and inferior mechanical
properties. The synthetic polymers, such as PEG, PLA, PCL, and poly(lactic-co-glycolic acid)
(PLGA), possess improved stability in physiological environments, and can be chemically
modified to meet specific physicochemical and mechanical requirements for various targeted
applications [68]. Both natural and synthetic electrospun mats have unique physical
characteristics, including high surface area per unit mass, exceptional porosity, favorable
mechanical properties, remarkable axial strength combined with flexibility, low weight,
and cost-effectiveness [64]. These fibers typically exhibit diameters ranging from several
nanometers to over 1 pm. By manipulating the key process parameters such as the electric
voltage, viscosity of the polymer solution, ambient conditions, and the construction of
the system, the resulting fibers can be tuned with respect to their diameter, alignment, porosity,
and composition, making electrospinning a highly versatile DDS fabrication technique. The fiber
structure plays a crucial role in determining the release profile of the substance incorporated
within the fibrous mat. Consequently, any modifications in process conditions enhancing
the ability to control this structure are of great importance. For example, electrospinning is
typically performed using a continuous application of direct-current voltage (DCV).
However, studies have suggested that using pulsed voltage (PV) instead of DCV
and incorporating additional electrical process parameters (pulse frequency and duration) may
further augment the control over the fiber structure [69]. The main challenge in using
electrospun fibers as DDSs is the occurrence of an abovementioned burst release effect
and limited drug loading capacity. The amount of burst-released substance might reach up to 55%
of the total release [19], which reduces the effective lifetime of the system. Furthermore,
the high porosity of the fibers (up to 99.2%) [70] results in limited drug loading, with only small
amounts of drugs (typically several mg) being immobilized in the system. To overcome these
limitations, various modifications to the electrospinning process have been developed, including
the use of coaxial nozzles, the creation of hollow fibers, emulsion electrospinning,
and increasing the fiber diameter [64].
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The versatility of electrospun fibrous mats, due to their unique characteristics and easy
tunability, make them a useful tool for drug delivery in the treatment of a variety of pathologies.
Electrospun DDSs have a vital application in the wound healing field, particularly in the case of
difficult-to-heal and chronic wounds. In such cases, the avoidance of infection is of utmost
importance, making the utilization of fibers loaded with antimicrobial medication an attractive
option [71]. Such constructs not only release drugs, but also mimic the extracellular matrix
structure, enabling cells to rebuild the damaged skin area [72]. Aside from that, the healing
process is complex with the wound surrounding environment rich in enzymes and elevated pH.
Thorough understanding of wound physiology is essential in designing a system that addresses
the various needs throughout the wound healing stages (hemostasis, inflammation,
proliferation, and remodeling) to improve skin regeneration [73]. Multilayer electrospun fibers,
have been proposed as a solution for effective wound healing. The outer layer, being responsible
for isolation from bacteria and reduction of fluid loss, must be hydrophilic and dense. The inner
layer has a crucial role in promoting wound healing process, and must exhibit a high level
of porosity, thickness, and fluid absorption capacity. Such fibrous mat mimics the architecture
of human skin, enabling more efficient healing than single-layer options [71]. The versatility of
electrospun fibers used as DDSs extends far beyond wound dressings. They can be utilized
as coatings for orthopedic implants to promote bone regeneration and deter the occurrence of
infections [74] or for stents in cardiovascular diseases [75]. They are also useful for cancer
therapies through topical chemotherapy [76] and for the treatment of ocular disorders [77].

In addition to the conventional drug delivery applications, there has been a growing interest
in using electrospinning to create more sophisticated DDSs that would incorporate living cells
capable of producing bioactive substances in situ within the body. The encapsulation of living
bacteria within nanofibers has been attempted as early as the 2000s [78]. The immobilization of
probiotic bacteria producing antimicrobial agents effective against pathogens in electrospun
fibers is possible and leads to improved viability, reaching up to 90 days, and reduction of
the detrimental effects on probiotics when ingested orally [79]. Furthermore, the thermal
stability of the bacteria is augmented [80]. The successful immobilization of more complex
eukaryotic cells, such as model yeast, has been achieved in recent years [81]. The developments
in this field hold great promise for the advancement of modern therapies. For instance,
the creation of an electrospun DDS incorporating pancreatic islets capable of releasing insulin in
response to fluctuations in glucose levels has the potential to offer a sustained and regulated
treatment option for diabetes. Also, a DDS incorporating T-cells or natural killer cells capable
of delivering anti-tumor agents at the site of disease holds potential in the fight against cancer.
However, the encapsulation of living eukaryotic cells within electrospun fibers presents a great
challenge due to the unfavourable conditions of the electrospinning process. Providing
sufficient oxygen and nutrients to the cells within the fiber matrix is challenging, making it
difficult to maintain their viability. The encapsulation process may also result in changes in pH
and temperature that can create adverse microenvironments. Furthermore, the mechanical
stress imposed on the cells during the electrospinning process can lead to decreased survival
rates. The use of toxic solvents is also common, and the possibilities of shaping the resulting
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fiber mats are quite limited and this would allow for customization to meet the unique
requirements of each patient.

3D bioprinted constructs

The beginning of 21st century presented a promising solution to address the aforementioned
challenges - 3D bioprinting. This technology provides the capability to precisely implement pre-
designed 3D models utilizing biocompatible materials in mild environments. It has its origins
in the 3D printing technique, the first mention of which in the scientific literature appears as
early as 1983 and the number of publications on this subject is growing each year, currently
reaching several thousand annually [82]. Conventional 3D printing offers an unprecedented
flexibility in product design, particularly for medicine. Implants and prostheses of any possible
shape can be made by the support of magnetic resonance imaging, computed tomography scan
or X-ray and translated into 3D digital models [83]. Moreover, unique dosing forms, personalized
drug dosing, complex drug release profile are some of the innovations enabled by using
3D printing [84]. During the 2010s, a significant portion of biomedical and materials engineering
focus shifted towards the advancement of abovementioned 3D bioprinting technology as it has
the potential to fabricate any type of structure incorporating living cells, making it a versatile
tool in the field of DDSs. The ability to create complex structures with precise control over cell
placement and organization holds great promise for the development of new therapies.
3D bioprinting is a powerful tool for fabricating biomedical components with a range of
applications including advanced tissue engineering, drug delivery and screening, and cancer
research [85]. The most common technique employed in 3D bioprinting is extrusion, where
controlled volumes of so-called bioink, which may contain bioactive substances (drug particles,
nucleic acids, proteins like: enzymes, hormones, growth factors, etc.) and/or living cells,
are precisely delivered to predetermined locations, leading to the creation of 3D models.

One of the most challenging stages of 3D bioprinting from the perspective of materials science,
is undoubtedly bioink development due to the fact that it must fulfill certain conditions.
In addition to having the appropriate biological characteristics (biocompatibility, good cell
adhesion, expected biodegradation rate), it must have suitable rheological properties -
be sufficiently viscous to be dispensed as a filament. It must provide fast gelation time so the
post-printing structural integrity is maintained. The material strength and stiffness is also
required later for tissues under mechanical loads [82]. All this imposes many restrictions on the
materials and technologies that can be used - all the process parameters must be adapted to
reduce bioactive substance degradation and cell mortality [82]. It is advised to 3D bioprint at
the temperature between 5°C and 50°C, pH of 6.5 — 7.8 and be aware that high extrusion
pressure can cause cell death. In addition, only polymer aqueous solutions are suitable for
the bioink preparation due to the toxicity of other solvents. Meeting all requirements, hydrogels
seem to be the best bioinks, especially natural ones derived from either mammalian sources such
as collagen, gelatin, fibrin, and elastin, or non-mammalian sources such as agarose, alginate,
and chitosan [86].
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Hydrogels are promising material for wound healing. Thanks to their specific structure,
they provide gas exchange as well as fluid balance in the wound - they limit water evaporation,
absorb exudates and moisturize the area [87]. Such systems have the potential to support cell
growth and immobilize bioactive agents like drugs or growth factors for effective tissue
regeneration. The mechanical properties of these materials can be optimized through
cross-linking methods, such as using ultraviolet light [88]. The 3D bioprinted structures can be
tailored to fit the dimensions of wounds, and loaded with patient-derived cells, reducing the
likelihood of immune rejection [89]. The properties of such dressings can be improved through
incorporation of living cells - for instance, enclosing living microalga inside the hydrogel to
achieve continuous dissolved oxygen generation while exposed to visible light [90].
Moreover, 3D bioprinted models have demonstrated the capability of being utilized in many
different applications within the field of tissue engineering and drug delivery. 3D bioprinted
hydrogel matrices with immunomodulatory and pro-angiogenic agents can be used as
a therapeutic patch for myocardial infarction therapies [91], and hydrogel microspikes
containing cardiac stem cells to promote cardiomyocyte proliferation and neovascularization
after a heart attack [92]. The bone morphogenetic protein-2 (BMP-2) [93] and mupirocin [94]
have been successfully incorporated into the 3D bioprinted constructs for growth factor delivery
and antibiotic treatment, respectively. Additionally, the use of 3D bioprinted scaffolds loaded
with simvastatin has shown promising results as a controlled release system, exhibiting a drug
release duration of 20 days and mechanical properties comparable to healthy human clavicle
bones [95]. Furthermore, 3D bioprinted polycaprolactone matrices loaded with levofloxacin have
been demonstrated to effectively provide sustained drug release for a period of 4 weeks,
displaying potential for the treatment of diabetic foot ulcers [96].

Hybrid systems

In pursuit of the perfect DDS, the integration of different techniques has become a growing area
of interest in the field of materials science. By combining the strengths of microspheres,
nanoparticles, electrospun fibers and 3D bioprinted constructs, mixed systems with superior
properties are being proposed each year. These hybrid systems have the potential to provide
amore comprehensive solution to the limitations faced by individual methods of
DDS manufacturing.

One way to enhance the properties of 3D bioprinted constructs is by incorporating nanoparticles
into the bioink. An example of this hybrid approach can be seen in the study by Deng et al. [97],
where a 3D bioprinted scaffold was made from a mixture of PLGA and nano-sized hydroxyapatite
and chitosan nanoparticles loaded with recombinant human bone morphogenetic protein 2
(rhBMP-2). It demonstrated successful control of the early burst effect of rhBMP-2, exhibited
biocompatibility and effectively repaired an experimental bone defect in rabbit mandibles.
The utilization of hybrid 3D bioprinted scaffolds for bone regeneration has also been
demonstrated by Lin et al. [98]. They devised a method of 3D bioprinting magnetic chitosan
scaffolds with embedded ferric oxide nanoparticles and culturing bone cells on them in
the presence of an electromagnetic force. This resulted in enhanced osteoblast proliferation,
differentiation and mineralization.
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Not only can bioink be loaded with nanoparticles but also with drug-loaded microspheres.
Such a hybrid 3D bioprinted system was designed by Johnson et al. who worked on a pectin-
Pluronic bioink containing gelatin-pectin-chitosan electrosprayed microcapsules (100 pm
diameter) loaded with B-estradiol [99]. The results indicated that microspheres did not adversely
affect the bioprinting process. However, biological properties of the system have not been
tested. Wen et al. advanced the field with their preparation of a 3D-bioprinted gelatin-alginate
scaffold modified with PLGA microspheres loaded with granulate colony-stimulating factor
(G-CSF) [100]. This system allowed for spatial control of drug distribution increasing the local
concentration of G-CSF. Results showed improved endometrial and vascular regeneration
and restored pregnancy function in a rat model with damaged uterine cavity. Such hybrid
systems are also being explored for the purpose of promoting bone regrowth. Wei et al.
conducted a study focused on 3D bioprinting the PLGA porous scaffold with high levels of
hydroxyapatite (similar to that found in natural bone) in the form of microspheres [101]. It had
high compressive strength, improved cell adhesion, proliferation, and differentiation, as well as
exhibited the osteogenic performance in vivo. Zhuang et al. explored a different method
for bone regeneration by first printing a scaffold from PCL and then incorporating core/shell
microspheres into its porous structure [102]. The microspheres comprised a heparin-coated
PLA core surrounded by an alginate layer, and were loaded with BMP-2. The resulting hybrid
system displayed remarkable efficacy in promoting bone regeneration both in vitro and in vivo,
as the release of BMP-2 was well-controlled, leading to an improvement in osteogenic
performance. Wang et al. aimed to create a stronger bioink for 3D bioprinting by combining
gelatin methacrylate (GelMA) with poly(glutamic acid)/hydroxypropyl chitosan microspheres
[103]. The composite granular hydrogel showed superior strength and was successfully used as
a bioink for bioprinting, with the adipose derived stem cells proliferating well in the material.

Combining the two cutting-edge techniques of 3D printing and electrospinning also provides
a powerful platform for fabricating novel hybrid DDS offering a range of advantages over
conventional methods, including improved shape control and greater biomimetic properties
[104]. Li et al has developed a method for coating 3D bioprinted PCL scaffolds with electrospun
PLGA-gelatin-collagen nanofibers, resulting in a fibrous surface structure that promotes
adhesion and proliferation of pre-osteoblasts and bone marrow mesenchymal stem cells
(BMSCs) [105]. Immobilization of BMP-2 mimicking peptides to the nanofiber-modified
scaffolds enhances BMSCs osteogenic differentiation, as indicated by increased microRNA
expressions of osteogenic markers. Yoon et al. aimed to address the problem of the fragility of
hydrogel-based bioprinted constructs which may limit their practical applications in tissue
engineering [106]. They developed a hybrid system that combines 3D bioprinting of sodium
alginate bioink with alternating layers of flexible PCL nanofiber mats. This approach resulted in
improved shape resolution, reduced shrinkage distortion, enhanced mechanical properties,
and the ability to fabricate complex structures with internal channels for improved perfusion
and cell growth.
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Electrospun fibers can be also modified using nanoparticles, leading to the development of
numerous hybrid DDSs [107]. Amini et al. conducted a study to evaluate the potential of
electrospun PCL fibers with lignin nanoparticles for nerve regeneration [108]. Such a system had
improved water uptake, in vitro degradation, and Young's modulus compared to PCL fibers
alone. The study also found that the cell viability and neural differentiation were promoted with
increasing lignin content. Jiang et al. integrated curcumin, a potent natural anti-cancer agent,
into a hybrid of electrospun PCL-gelatin nanofibers using zeolite Y nanoparticles [109]. In vitro
testing showed that this DDS exhibited improved drug release and greater cytotoxicity against
glioblastoma cells compared to curcumin-loaded nanoparticles. Ahmady et al. developed a novel
alginate nanoparticle-loaded electrospun PCL-chitosan nanofibrous DDS for the controlled
release of capsaicin [110]. The results showed that the nanocomposite system effectively
prolonged the release of a substance for over 500 hours and inhibited the growth of human
breast cancer cells while being non-toxic to human skin cells.

The integration of microspheres into electrospun fibers presents an interesting concept,
as the average dimensions of microspheres tend to be larger than those of fibers. This can result
in an increased drug capacity of the resultant hybrid DDS. However, research in this area
remains limited so far. Gao et al. developed a method to create composite systems by
electrospraying PEG microspheres and electrospinning silk fibroin/gelatin nanofibers at
the same time [111]. Balzamo et al. presented a novel method for creating composite systems
using a combination of electrospinning and vapor-induced phase separation [112].
This approach results in the in-situ creation of polyvinylidene fluoride microparticles within
electrospun PCL fibers, having increased Young's modulus and tensile strength while
maintaining porosity. Another example of a hybrid DDS is the electrospun polystyrene (PS)
nanofibers immobilized with sodium alginate electrosprayed particles loaded with probiotic
microorganisms (Lactobacillus plantarum) proposed by Grzywaczyk et al. [113]. This system with
a “sandwich” layered structure (PS/alginate/PS) has been shown to provide the highest cell
activity in comparison with free cells and cells in alginate only.

Despite the vast diversity of DDSs, they all share common characteristics of biocompatibility,
precision, stability, and sustainability. The fields of biomedical engineering and materials
science have made significant progress in understanding the physiological challenges that can
hinder effective drug delivery, as well as in developing new methods of drug delivery that are
now used in clinical settings. Researchers are continuously striving to enhance existing drug
delivery methods and design novel ones in order to optimize the utility of existing medications.
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MAIN GOAL AND RESEARCH THESES

he goal of my work was to develop a foundation for new controlled drug delivery systems

manufactured using electrostatic and 3D bioprinting techniques, which would be
characterized by an increased drug capacity and an elimination of the drug burst release effect in
the first stage of action of systems based on electrospun polymer fibrous mats or 3D bioprinted
hydrogel constructs.

I have formulated three Theses to accomplish the research objective:

(1) The use of pulsed voltage (PV) with additional controllable electrical parameters,
such as the electrical pulse duration and frequency, stabilizes the process of
electrospinning and electrostatic droplet formation, enabling the production of synthetic
polymer fibers or microspheres of the desired diameter.

(2) Appropriate selection of the cross-linking method and agents used to treat
the electrospun or 3D bioprinted constructs leads to obtaining stable, water-insoluble
structures of polyvinylpyrrolidone, gelatin and sodium alginate, and in the case of
hydrogels, eliminates the burst effect in a 3D bioprinted drug delivery system.

(3) Non-aggregated, drug-loaded synthetic polymer microspheres can be produced and used
as an additive to electrospinning suspension or bioink for 3D bioprinting, resulting in
an increased drug capacity of the electrospun or 3D bioprinted drug delivery system,
and in the case of electrospun fibers, an elimination of the burst effect.
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EXPERIMENTAL PART

n order to verify the Theses that I had put forth, I implemented a set of three different
I techniques. Electrospinning and 3D bioprinting served as the foundation for
the development of potential drug delivery systems, while the electrostatic manufacturing of
polymer microspheres was an innovative method used to modify them. My research was focused
on utilizing both natural and synthetic polymeric materials, and I successfully immobilized
bioactive substances (antibiotics: chlorhexidine acetate, ampicillin) and their marker
(rhodamine 640) within the developed drug carriers. Through a comprehensive set of analyses,
I was able to investigate the properties and some potential capabilities of the proposed systems.
The details of my experimental work are outlined in this chapter.

Electrospinning

A large part of my research was dedicated to investigating the electrospinning process
and electrospun fibrous mats. I examined how various process conditions influence the structure
and properties of the resulting mats, and studied methods for modifying the obtained mats to
enhance their properties that are crucial in the context of their potential use as DDSs
(drug capacity and burst release absence). A comprehensive description of the electrospinning
process and my works in this field can be found in the Publications (1) and (3).

Electrospinning with pulsed voltage

In the first stage of my work, I examined the differences in the structure of mats obtained with
direct-current (DCV) and pulsed voltage (PV) electrospinning, and I evaluated the impact of
modifications of electrical parameters values on the resulting fiber mats.

I used two different polymers — polyvinylpyrrolidone (PVP) with a molecular weight of 1300 kDa
and polylactide (PLA) with a molecular weight of 200 kDa. Both of these polymers are commonly
employed in the field of biomedical engineering for their potential in the fabrication of DDSs,
owing to their biocompatibility and versatility in the formation of various nano-
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and microstructures. PVP exhibits water solubility but is not biodegradable, whereas PLA is not
water-soluble but demonstrates biodegradability. I prepared solutions of PVP at concentrations
of 3.5% and 8.0% using ethanol as solvent, with viscosities of 32 mPa-s and 200 mPa-s (measured
at 25°C), respectively. Solutions of PLA at concentrations of 8.0% and 10.0% were prepared with
a mixture of chloroform and dimethylformamide as solvents, in a ratio of 9:1, with viscosities of
605 mPa-s and 1310 mPa-s (measured at 20°C), respectively. I performed the electrospinning
process using a custom-built setup consisting of a high voltage pulse generator, an infusion
pump connected to a steel nozzle (inner diameter of 0.6 mm), and a grounded aluminum
collector plate (diameter of 40 mm, thickness of 0.12 mm) placed 150 mm below the nozzle tip.
The polymer solution was supplied at a flow rate of 0.9 ml/h. The high voltage values was set as
8 and 15 kV (for both DCV and PV), and in the case of PV, additional parameters were:
pulse supply frequency of 20, 50 and 100 Hz and pulse duration of 5 ms. The experiments were
performed under ambient conditions of temperature 25°C (20°C) and humidity levels not
exceeding 40%.

In the course of the electrospinning process, I examined the geometric shape of the polymer
solution as it flowed out of the nozzle under the influence of the applied electric voltage,
and subsequently I drew conclusions about the stability of the process based on this observation.
Utilizing a monochrome CCD camera, I recorded images of the nozzle outlet. Ianalyzed
the structure of the mats deposited on the collector using scanning electron microscopy (SEM).
Next, I quantitatively determined the average diameter of the fibers, as well as the number
and size of bead-on-string structures present in the fiber mats. Finally, I performed a statistical
analysis of the obtained results to further understand the trends and patterns in the data.

The process setup and research methodology of this part of my thesis are outlined in detail in
the Publication (1).

Electrospun fibers modified with microspheres - suspension electrospinning

In the next phase of my research related to electrospinning process, I elaborated a technique of
suspension electrospinning that enables the production of fibrous mats modified with drug-
loaded microspheres — a potential DDS with enhanced drug capacity and the elimination of the
burst release effect. Moreover, I subjected the fibrous mats to cross-linking using photoinitiator
and ultraviolet light, thereby introducing additional parameter such as cross-linking time.

In this instance, I chose polyvinylpyrrolidone (PVP) as the fiber-forming polymer due to its
biocompatibility and solubility in ethanol - an easily available and relatively safe organic
solvent compared to other solvents commonly used in the electrospinning process.
Moreover, PVP can be conveniently cross-linked using ultraviolet light in the presence of
benzophenone (BP), resulting in a water-insoluble material while also improving control of
its properties. 1 dissolved PVP and BP in ethanol with a concentrations of 18.5% and 3.75%,
respectively. Next, I prepared suspensions of polycaprolactone (PCL) or polyethersulphone (PES)
microspheres in ethanol with a microsphere content range of 10-65 mg/mL. I fabricated
the polymer microspheres before using a novel method developed by me, as detailed in
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a subsequent section of this thesis. The average diameters of the microspheres were
14.38 £ 6.28 ym for PCL and 6.20 * 2.43 ym for PES. Finally, I combined two mixtures using
a syringe coupler technique, resulting in a suspension of PCL (or PES) microspheres with final
concentrations of 5-30 mg/mL in a 10% PVP ethanolic solution with 2% benzophenone.
The suspension was then electrospun. I utilized a custom-built setup with a high voltage pulse
generator that provided PV to a steel nozzle of an inner diameter of 0.6 mm. As a collector,
I used a rotating grounded aluminum drum with a diameter of 47.5 mm and width of 150 mm
placed 150 mm from the nozzle tip. Process parameters were set as: suspension flow rate
0.6 ml/h. voltage 8 kV, pulse frequency 100 Hz, pulse duration 8 ms, drum rotation speed
120 min?, electrospinning time 6 h. Upon completion of the process, the polymer mats
underwent cross-linking having their both sides subjected to UV radiation (365 nm) for 5, 15
and 60 minutes. For the purpose of degradation testing and comparison, I prepared UV-cross-
linked fibrous mats without the incorporation of microspheres with a 10% PVP, 2% BP solution
in ethanol.

I conducted a thorough examination of the mats, comprising of a range of analyses.
Through the use of SEM and digital microscopy, I examined the morphology of the mats.
I also analyzed their degradation in a Hanks’ Balanced Salt Solution (HBSS), and compared
the diameters of the fibers before and after degradation. I also determined the differences in
diameter of the fibers prior to and after incorporating them with microspheres. In addition,
the mechanical properties of the mats, such as tensile strength and elongation at break,
were evaluated in relation to the cross-linking time and the content and type of microspheres.
Utilizing spectrophotometric method, I determined the extent to which modification with
marker-loaded (rhodamine) microspheres increased the mat capacity for the active substance,
and further characterized the release profiles of the substance from the fibers. The tests were
performed within a closed system, the marker substance was released into an aqueous medium,
with a sample mass-to-volume ratio of 5.5 mg to 3 mL. I monitored the absorbance of light in
the medium at designated intervals, with the wavelength of 574 nm which is absorbed by
rhodamine. The measurements were conducted every 2 minutes for the first 2 hours, every
10 minutes for the following hour, every 30 minutes for the subsequent 2 hours, and after
6,7and 24 hours. The conversion of absorbance values to rhodamine concentration was
achieved by employing the standard curve, established according to the Lambert-Beer law.
I mathematically characterized the rhodamine release profiles by fitting a model curve of
the transfer between two phases to the experimental data, and subsequently calculated
the transport coefficient h [cm/min], which described the release speed of the substance during
the first stage. Finally, the antibacterial properties of the ampicillin-loaded mats against
Staphylococcus aureus (Gram+) and Escherichia coli (Gram-) bacteria were assessed.

The research methodology used in this part of my thesis is comprehensively described in
the Publication (3).
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3D bioprinting

In parallel to my investigations into the electrospinning for manufacturing the new, potential
electrospun DDS, I also examined the capabilities of 3D bioprinting for the same purpose.
I viewed this technique as a complementary or competitive alternative to electrospinning,
offering the ability to design DDSs with distinct properties, tailored for a range of therapeutic
applications. The 3D bioprinting process can be conducted under milder conditions and with
the use of less toxic materials than electrospinning. This method allows for precise control over
the placement of materials, thereby enabling the fabrication of complex three-dimensional
structures. Additionally, it allows for the incorporation of living cells into the printed structure,
which presents great potential for fields such as tissue engineering. The Publications (4) and (5)
provide a description of my research on 3D bioprinting as a potential method for
the manufacturing of DDSs using two different bioinks (gelatin-alginate and gelatin
methacrylate-gelatin) and further insight into the details of this technique.

3D bioprinted gelatin-alginate hydrogel matrices

In this part of the study, my objective was to combine 3D bioprinting with various cross-linking
methods to create a new stable and biodegradable hydrogel matrix composed of natural
polymers — gelatin and alginate, with a view towards potential application in drug delivery.

I prepared a bioink by dissolving 0.04 g/mL of sodium alginate and 0.2 g/mL of gelatin in
reverse-osmosis water. Some bioink were formulated with the addition of marker
(thodamine 640) at a concentration of 0.1 mg/mL or antibiotic (chlorhexidine acetate, CA)
at concentrations of 0.1 mg/mL and 1.0 mg/mL. Using this bioink, [ implemented 3D bioprinting
to fabricate cubic mesh matrices with dimensions of 20 mm x 20 mm x 12 mm, which were
constructed of 6 layers with a grid size of 1.0 mm and a line width of 0.2 mm, all of which I had
designed digitally. I experimentally determined the 3D bioprinting parameters through a series
of extensive tests. Eventually, I employed the following parameters: a nozzle with an inner
diameter of 0.164 mm, a printing speed of 10 mm/s, a temperature of the bioink in the syringe of
37°C, a temperature of the collector Petri dish of 15°C, and a printing pressure of 380 kPa
(55 psi). After the 3D bioprinting process, I cured the hydrogel matrices using an ionotropic
gelation of sodium alginate with a solution of calcium ions of concentrations of 2% and 5%
(for 10 min) and chemical cross-linking of gelatine with glutaraldehyde (GTA) vapors (for 24 h)
from water solutions with concentrations of 0.5%, 5% and 25%. By combining the gelation
and cross-linking methods in different ways, I generated a total of 12 different samples
(including an un-cross-linked one for comparison). Subsequently, I gently rinsed each sample
with reverse-osmosis water, I placed the samples for 48 hours in a phosphate-buffered saline
solution (PBS) and subsequently for an additional 24 hours in a 20% glycine solution to
eliminate and neutralize any remaining GTA residues. I lyophilized the samples for tests
requiring anhydrous material.
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I evaluated the feasibility of the 3D bioprinting with proposed gelatin-alginate bioink,
and I determined the compatibility of the printed model with the digital design. Through the use
of SEM, optical and fluorescent microscopy, I examined the structure of the cross-linked
hydrogel matrices. Thermal properties of matrices were tested using differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) to assess the influence of chemical
cross-linking and lyophilization on the structure of the matrices. Utilizing a gravimetric method,
I established the equilibrium swelling ratio (ESR) of the 3D bioprinted matrices in PBS at 37°C.
Furthermore, [ investigated the transport properties of the bioprintouts using
spectrophotometric method by measuring the concentration of rhodamine in water in which the
samples were placed at designated intervals (every 2 minutes for the first 6 hours,
every 30 minutes for the next 2 hours, and after 9 hours). This allowed me to determine
the release profiles of the substance. I conducted long-term studies to determine the release up
to 12th week as well. I mathematically described the experimental data through the fitting of
linear and exponential functions. Cytotoxicity of the prints against HaCaT cells was examined as
well as the antibacterial properties of the matrices loaded with the CA antibiotic against
Staphylococcus aureus (Gram+) and Pseudomonas aeruginosa (Gram-).

The Publication (4) provides an in-depth description of the research methodology of this part
of my thesis.

3D bioprinted microsphere-loaded gelatin methacrylate hydrogel matrices

Due to the difficulties associated with cytotoxicity resulting from the use of glutaraldehyde for
cross-linking bioprinted matrices of gelatin-alginate hydrogel and their neutralization, I chose
to utilize gelatin methacrylate (GelMA) in my further research. This material can be cross-linked
in a non-toxic manner using photoinitiator and ultraviolet light. I also sought to improve
the properties, including transport ones and drug capacity, of the hydrogel matrices
manufactured in this part of my work by incorporating them with drug-loaded microspheres.

I began with synthesizing GelMA by carrying out the reaction of gelatin with methacrylic
anhydride (MA) as described in the established protocols in the literature. The reaction was
conducted at 50°C for 3 hours before being stopped by the addition of a large volume of PBS
(20°C). Then, I dialyzed the resulting mixture against deionized water for 7 days.
Next, I lyophilized the solution and obtained a white solid material — GeIMA. I then proceeded to
prepare drug-loaded PCL and PES microspheres using a novel method that I had developed for
my research, which is further detailed in this chapter. The average microsphere diameters were
14.38 £ 6.28 ym (PCL) and 6.20 * 2.43 um (PES). Finally, to prepare the final bioink, I made three
initial mixtures: (A) 35% gelatin solution in PBS, (B) 14% GelMA solution in PBS with
the addition of 0.7% lithium phenyl-2,4,6-trimethylbenzoylphosphinate photoinitiator (LAP),
and (C) suspension of PES or PCL microspheres in PBS in the amount of 15 mg/mL or 30 mg/mL.
I used both microspheres without additives and substance-loaded ones with rhodamine for
transport studies or ampicillin for antibacterial studies. I blended together the solutions (A), (B)
and (C) in the 1.9:2.1:2 ratio using the syringe coupler method, thus obtaining a bioink
composed of microspheres at final concentrations of 5 mg/mL or 10 mg/mL suspended in
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11% gelatin and 5% GelMA solutions in PBS, with a 0.25% addition of LAP. Then I executed
a 3D bioprinting process of the same model as in the case of gelatin-alginate bioink
(a cubic mesh). This time, through experimentation, I chose the following process parameters to
print the suspension of microspheres: a nozzle with an inner diameter of 0.164 mm, a printing
speed of 10 mm/s, a temperature of the bioink in the heated syringe of 28°C, a temperature of
the collector Petri dish of 15°C, and a printing pressure of 345 kPa. After printing the matrices,
I cross-linked them using ultraviolet light (wavelength 365 nm) for the periods of 5 minutes
and 10 minutes. Overall, I created 10 different samples of matrices that varied in terms of
the type and content of immobilized microspheres and cross-linking time. These matrices did
not require any further processing such as rinsing or neutralization, and only those intended for
tests requiring anhydrous materials were subjected to lyophilization.

I analyzed and characterized the resulting matrices using a variety of techniques to assess their
properties and potential as DDSs. First, I assessed the printability of the GeIMA-gelatin bioink
containing different amounts and types of microspheres and I analyzed the samples that were
successfully 3D bioprinted using digital microscopy and SEM. I then used Fourier transform
infrared spectroscopy (FTIR) to determine the effect of cross-linking and the addition of
microspheres on the chemical structure of the matrices. I also analyzed the effect of bioink
modification with microspheres on its thermal properties using DSC and TGA. I examined
the swelling of the matrices and determined their ESR in PBS at 37°C using a gravimetric
method. I evaluated the transport properties of matrices by spectrophotometric determination
of rhodamine concentration in water during its release profile examination. The absorbance
measurements were taken at specific intervals — every 2 minutes for the initial 2 hours,
every 10 minutes for the subsequent hour, every 30 minutes for the following 2 hours, and then
after 6, 7 and 24 hours. I mathematically described these properties with a linear function fitted
to the plotted experimental points of the initial one hour of the substance release, which allowed
me to determine the transport rate. Cytotoxicity of the bioprinted matrices against HaCaT cells
was tested. Lastly, I examined the antibacterial properties of matrices with ampicillin-loaded
microspheres against Staphylococcus aureus (Gram+) and Escherichia coli (Gram-) bacteria.

The full methodology of my study is documented in the Publication (5) for further reference.

Electrostatic microsphere formation

Given the historical origins of controlled drug delivery systems and the fundamental role of
microparticles as drug carriers in the development of this field, I drew inspiration from
established ideas and I decided to incorporate polymer microspheres into my research. My aim
was to utilize them to modify electrospinning and 3D bioprinting processes in such a way that
the microspheres are dispersed within the structure of fibers or bioprintouts, serving as drug-
loaded microcontainers. To prepare a suspension for electrospinning or bioink for
3D bioprinting, it was essential for the microspheres to have a diameter smaller than the nozzles
used in these techniques, be non-aggregated, easily obtainable in powder form, and made of
biocompatible polymers, preferably via electrostatic techniques. My thorough literature review

22



did not uncover any reports of an approach for producing such microspheres. Thus, I elaborated
the method myself, drawing on the experience of the Laboratory of Electrostatic Methods of
Bioencapsulation and my own. A comprehensive description of the developed method can be
found in the Publication (2), with further details on the application of microspheres to modify
polymer fibrous mats and 3D bioprintouts provided in the Publications (3) and (5), respectively.

New method for manufacturing the disaggregated polymer microspheres

I prepared a series of polymer solutions, specifically 4-20% PCL in dimethylformamide (DMF),
15% PCL in N-methylpyrrolidone (NMP), 15% polyethersulphone (PES) in DMF, and 15% PES in
NMP. Both PCL and PES are biocompatible polymers, however PCL is biodegradable whereas PES
is not. I primarily utilized PCL solutions in DMF to elaborate the method and to investigate
the impact of process parameters on the structure and size of the microspheres. The other
polymer/solvent combinations were used to evaluate the versatility of the method and to
determine the effect of the type of polymer/solvent on the final product. The method for
producing microspheres is based on electrostatic spraying and subsequent collection of
microdroplets in a well-stirred precipitation bath. The spraying part of the experimental setup
was similar to that used in electrospinning. The polymer solution was pumped by an infusion
pump (at a rate of 0.34 mL/h) through a metal nozzle (inner diameter 0.445 mm) connected to
high voltage (DCV or PV) generated by a custom-built generator. The electrical parameters
investigated in the study were electrical voltage of 8 kV for DCV and electrical voltage of 8 kV
and 11 kV, pulse frequency of 20 - 80 Hz, and pulse duration of 2 - 8ms for PV.
The microspheres were collected in a Petri dish filled with 96% ethanol and then centrifuged and
dried to be obtained in the form of powder that was ready for further analysis or application.

During the process, I examined the shape of the meniscus of the polymer solution formed under
the influence of electric voltage at the nozzle outlet using a monochrome CCD camera.
Through the use of SEM, I analyzed the surface morphology of the microspheres produced.
I measured the diameters of the microspheres, calculated their mean values and performed
statistical analysis to determine any statistical differences in size between the microspheres
produced in different experimental sets. To gain a deeper understanding of the chemical
composition of the microspheres, I employed FTIR. Additionally, X-ray diffraction analysis
(XRD) was used to determine the crystal structure of the microspheres and their specific surface
area was examined through the use of BET nitrogen adsorption-desorption isotherms method.
Furthermore, Iinvestigated the potential for active substance immobilization in
the microspheres using rhodamine as a marker. Through spectrophotometric analysis,
I evaluated the transport properties of the microspheres placed in ethanol by measuring
the concentration of rhodamine in solution during the release.

I have documented the specifics of my research methodology concerning microsphere
manufacturing in the Publication (2). Using the drug-loaded PCL and PES microspheres
manufactured via newly developed method, I modified electrospun fibers and 3D bioprinted
matrices, as outlined in previous sections of this chapter as well as in more detail in
the Publications (3) and (5).
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OVERVIEW OF THE RESULTS

he following section provides a thorough overview of the results obtained from the study,
T organized by the research Theses. The key findings of the study are clearly and concisely
described, with a focus on the most important results in relation to the main aim of my doctoral
dissertation. The section indicates how the Theses were confirmed and in which Publication
the related studies were described. Trends observed in the data are showed, and a summary of
the crucial results is provided.

THESIS (1)

The use of pulsed voltage (PV) with additional controllable electrical parameters, such as the electrical pulse
duration and frequency, stabilizes the process of electrospinning and electrostatic droplet formation, enabling
the production of synthetic polymer fibers or microspheres of the desired diameter.

The Thesis (1) is addressed in the Publications (1) and (2).

During my research, I incorporated the use of pulsed voltage (PV) in two techniques, namely
electrospinning and electrostatic droplet formation used in the method for producing
microspheres. The PV, in comparison to a direct-current voltage (DCV), was assumed to
introduce additional parameters into the process such as pulse duration and frequency,
thus potentially elevating the control over the process.

In the electrospinning studies, I demonstrated that the use of PV in this process is possible
and can result in better outcomes when compared to the conventional approach of using DCV
in certain cases. In Fig. 4, I have presented a highlight of the crucial findings from
the Publication (1) that are relevant to the Thesis (1).
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FIGURE 4. Polymer (1) PVP and (2) PLA solution geometrical shape at the tip of the nozzle
during electrospinning under different electrical conditions: (A) DCV at 15 kV, and (B) PV at
15kV, 50 Hz, 5 ms. The diameters of fibers obtained with DCV (15 kV) and PV (15 kV, 5 ms) from
(C) 8% PVP solution and (D) 8% PLA solution. The statistical differences between the mean
diameters of microspheres obtained in different sets of experiments were determined.
The significance level (a) was set at 0.05 and the probability of data was considered statistically
significant for p-values < 0.05. The results were marked on charts in the form of asterisks:
(*) for p < 0.05, (**) for p < 0.01 and (***) for p < 0.001.
Selected research results from the Publication (1)
Mirek et al., Polymer fibers electrospun using pulsed voltage, Mater. Des. 183, 108106 (2019)

25



I examined the impact of the type of electrical voltage applied to the nozzle on the formation of
polymer solution meniscus at the nozzle tip (droplets, cones, and jets) during electrospinning.
My findings showed that when an 8% PVP solution was electrospun using DCV (15 kV),
the cone formation was disrupted, resulting in the formation of multiple jets (Fig. 4Al),
indicating an unstable and uncontrolled process. When the same PVP solution was electrospun
using pulsed voltage (15 kV, 50 Hz, and 5 ms pulse length), a stable Taylor cone was formed at
the nozzle outlet (Fig. 4B1). Electrospinning of the 8% PLA solution with DCV (15 kV) led to
the formation of an elongated liquid shape with multiple side jets (Fig. 4A2), which increased as
the process progressed. However, these side jets were inactive (not undergoing electrospinning)
and only disturbed the process. Eventually, this resulted in the formation of a polymer plug and
clogging of the nozzle. The PLA solution shape was different under the influence of PV
(15kV, 50 Hz, 5 ms), it took a form of a slim bulb, from which a single electrospinning jet was
generated (Fig. 4B2). This process was stable and did not cause nozzle clogging. Regardless of
the type of polymer solution or applied electrical voltage, smooth fibers were consistently
produced (SEM images in Fig. 4). The fibers only varied in terms of mean diameter.
For PVP fibers electrospun using DCV the diameter was approximately 500 nm, as indicated on
the graph in Fig. 4C. The application of PV electrospinning with a frequency of 20 Hz resulted in
a doubling of fiber diameter (1000 nm), while further increasing the frequency to 50 Hz
decreased the diameter to 600 nm and to 500 nm at 100 Hz. With regards to electrospun
PLA fibers, the average diameter was 1300 nm using DCV (Fig. 4D). The use of PV
electrospinning caused a decrease in diameter to 1000 nm at a frequency of 20 Hz, an increase to
1750 nm at 50 Hz, and to 1500 nm at 100 Hz. These differences were statistically significant
(p<0.01 and p < 0.001) they were attributed only to modifications in the pulse frequency,
while retaining a constant pulse duration (5 ms) and electrical voltage (15 kV) values.

The results of this part of my study demonstrate that the incorporation of the electrical pulse
frequency as an additional parameter provides enhanced control over the electrospinning
process and the fiber diameter, owing to a more precise electrical charge supply. In the
Publication (1), I comprehensively analyzed the polymer solution shape at the nozzle outlet
across different conditions, including varying concentrations of PVP (3.5% and 8%) and PLA
(8% and 10%), and electrical voltage of 8 kV and 15 kV, with pulse frequency of 20 Hz, 50 Hz
and 100 Hz. I established correlations between the liquid shape at the nozzle tip and
the resultant structure of the electrospun fibrous mats, indicating various possible cases.

I decided to use the pulsed voltage also in the method of producing polymer microspheres in
the process of electrohydrodynamic droplet formation using a metal nozzle under high voltage.
This was done with the aim of achieving greater process control thanks to more precise delivery
of the amount of electric charge to the nozzle, similarly to the advantages observed in
the electrospinning process. As a result, I obtained a fraction of microspheres with a small
diameter range. The selected results from the Publication (2), which are related to the Thesis (1),
have been summarized in a graphical representation in Fig. 5.
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FIGURE 5. (A - C) Scanning electron microscopy pictures of PCL microspheres obtained with 15%
PCL/DMF solution under different electrical conditions: (A) DCV of 8 kV, (B) PV of 8 KV, 70 Hz, 8 ms,
(C) PV of 8 kV, 50 Hz, 9 ms. Histograms showing the distribution of the measured microsphere diameters
for a given sample are located beneath the corresponding photographs. (D, E) Frames from process
recordings visualizing the geometric shape of outflowing 20% PCL/DMF solution under different
electrical conditions: (D) DCV of 8 kV, (E) PV of 8 kV, 60 Hz, 6 ms. (F) The mean diameter of
microspheres electrosprayed from the 20% PCL/DMF solution using PV of 11 kV, depending on the value
of pulse duration and its application frequency.
Selected research results from the Publication (2)
Mirek et al., Formation of disaggregated polymer microspheres by a novel method combining pulsed voltage
electrospray and wet phase inversion techniques, Colloids Surf. A Physicochem. Eng. Asp. 648, 129246 (2022)
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The SEM images displayed in Fig. 5A-C illustrate PCL microspheres at a magnification of 100x to
enable the demonstration of the extra fraction portion of microspheres produced in the process
conducted with DCV. As depicted in Fig. 5A, a presence of the supplementary fraction,
represented by two large microspheres, can be observed against an abundance of smaller
microspheres from the basic fraction. The histogram associated with Fig. 5A illustrates
the presence of microspheres ranging in size from 1 to 17 um, as well as defects in the form of
bimodal diameter distribution, ranging from 150 to 850 um. On the other hand,
no supplementary fraction can be observed in the microspheres depicted in Fig. 5B and C,
as indicated by the histograms present below the images. The microspheres displayed in Figs. 5B
and C were fabricated through the process with PV, with varying parameters, resulting in
diameters ranging from 0 to 20 um. The use of PV in the electrohydrodynamic process has
allowed for the elimination of excessively large droplets, commonly produced through
the conventional process with DCV (the "satellite fraction"), thus homogenizing the resulting
polymer microspheres. The utilization of DCV or PV impacts the geometric shape of the solution
at the tip of the nozzle. In the case of the use of DCV, liquid takes a form of a Taylor cone
(Fig. 5D). However, the base diameter of this cone exceeds the outer diameter of the nozzle,
leading to the upward leakage of the polymer solution along the exterior of the nozzle (as seen
in the picture) — this can be considered as a process instability and defect. The application of PV
effectively resolves this issue. The cone that is formed at the nozzle outlet (Fig. 5E) is smaller in
size, eliminating the need for wiping the nozzle during the process to remove excess polymer
solution and reducing the likelihood of nozzle clogging. The bar plot in Fig. 5F demonstrates
how the average diameters of microspheres produced from a 20% PCL/DMF solution and
the application of a PV of 11 kV depend on both the pulse duration and frequency of the voltage.
As evidenced by the graph, the diameters vary from approximately 6 um for the parameter set of
60 Hz and 8 ms, to approximately 12 ym for 20 Hz, 6 ms or 60 Hz, 2 ms. The statistical
significance of these differences is indicated on the graph. The use of DCV leads to a wide
microsphere diameter distribution and only one size of microspheres can be achieved for a given
voltage value. Implementing PV enhances the ability to control the process by introducing
additional parameters. This results in a narrower diameter ranges, and for a given voltage value,
various, selectively produced sizes of microspheres can be obtained, depending on the pulse
frequency and duration.

The aforementioned study applies only to microspheres composed of 18% or 20% PCL in DMF.
The Publication (2) describes more comprehensively an analysis of microspheres fabricated from
a broader range of polymer solutions including PCL in DMF (4-15%), PCL in NMP (15%),
PES in DMF (15%) and PES in NMP (15%). It provides an in-depth examination of the effect of
various process parameters on the size of the microspheres, as well as the influence of PV on
the formation of microdroplets at the nozzle outlet.

The postulation put forth as the Thesis (1) has been proved through my findings.
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THESIS (2)

Appropriate selection of the cross-linking method and agents used to treat the electrospun or 3D printed
constructs leads to obtaining stable, water-insoluble structures of polyvinylpyrrolidone, gelatin and sodium
alginate, and in the case of hydrogels, eliminates the burst effect in a 3D bioprinted drug delivery system.

The Thesis (2) is addressed in the Publications (3), (4) and (5).

I cured three different systems via diverse cross-linking techniques. The first system,
microsphere-loaded electrospun PVP fibers, was cross-linked wusing ultraviolet light
and benzophenone as the photoinitiator [Publication (3)]. The second system, 3D bioprinted
gelatin-alginate hydrogel matrices — by a combination of ionotropic gelation with calcium ions
and chemical covalent cross-linking with the glutaraldehyde vapors [Publication (4)]. The third
and final system, 3D bioprinted gelatin methacrylate-gelatin hydrogel, was cross-linked through
the utilization of ultraviolet light and a LAP photoinitiator [Publication (5)]. I included
the detailed descriptions of the mechanisms behind each of the above cross-linking processes in
the respective Publications. The methodology of cross-linking for each system was determined
experimentally or by referencing literature reports to match the material being used, taking into
consideration the cross-linking method, the concentration of cross-linking agents, and the time
required for cross-linking. It is important to properly select all cross-linking parameters in order
to obtain a desired material.

In the case of electrospun PVP fibers, it was crucial to make the fiber mats water-insoluble,
thereby allowing them to function as potential DDSs. Fig. 6 presents results extracted from
the Publication (3) that are relevant to the Thesis (2). The SEM images show the successive
stages of degradation of PVP fibrous mats in HBBS, while the accompanying graph depicts the
change in fiber diameter throughout the degradation process.

The analysis of the results presented in the form of SEM images of the fibrous mats (Fig. 6)
highlights that the primary objective of the study was achieved, as they did not dissolve in
the aqueous environment of HBSS. Their behaviour in the medium was affected by the cross-
linking time. For instance, mats cross-linked for 2x5 min (each side) exhibited the formation of
an outer layer, referred to as a "skin", after 6 hours of degradation (Fig. 6B) that persisted after
24 hours (Fig. 6C). A side view of such a structure is presented in Fig. 6G. On the other hand,
the degradation of the mats cross-linked for 2x60 minutes resulted in irregular structures
slightly fused together (Fig. 6E-F). The mean diameter of the UV-cross-linked PVP fibers was
observed to change slightly over time in the medium (Fig. 6H), and this change was dependent
on the cross-linking time, with mats cross-linked for 2x5 minutes and 2x15 minutes showing
an increase from 0.5 pm to 0.7 um, whereas mats cross-linked for 2x60 min did not exhibit this
phenomenon. This could be attributed to the swelling of PVP, as it is a material widely used for
the production of hydrogels. A further analysis of the degradation process of UV-cross-linked
PVP fibers can be found in the Publication (3), along with studies on the impact of cross-linking
on the mechanical strength and transport properties of the fibrous mats.
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FIGURE 6. (A-G) SEM pictures of UV-cross-linked PVP fibers in different stages of degradation
in HBSS depending on cross-linking time. (A-C) 2x5 minutes: (A) before degradation, (B) after 6
hours of degradation, (C) after 24 hours; (D-F) 2x60 minutes: (D) before degradation, (E) after 6
hours of degradation, (F) after 24 hours; (G) 2x5 minutes of cross-linking, after 24 hours of
degradation, side section. (H) The UV-cross-linked PVP fiber mean diameters at different
degradation stages. The percentage values of variation coefficients are indicated on each
corresponding bar.

Selected research results from the Publication (3)
Mirek et al., Electrospun UV-cross-linked polyvinylpyrrolidone fibers modified with polycaprolactone/
polyethersulphone microspheres for drug delivery, Biomater. Adv. 147, 213330 (2023)
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The stability of 3D bioprinted hydrogel matrices in an aqueous environment is a crucial factor
for their usage as DDSs, similarly to electrospun polymer fibers. I studied the swelling behaviour
of hydrogels proposed by me, and the impact of cross-linking on this property for both gelatin-
alginate and gelatin methacrylate-gelatin hydrogel matrices. I also investigated the effect of
cross-linking on the transport properties of these hydrogels by determining the concentration
profiles of the marker (rhodamine) released. Relevant findings from the Publications (4) and (5)
in relation to the Thesis (2) are depicted in Fig. 7 and 8, respectively.
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FIGURE 7. (A) Equilibrium swelling ratio of 3D bioprinted gelatin-alginate matrices
depending on the cross-linking method and the concentration of cross-linking agent (Ca?*
ions and/or GTA vapours). (B) Change of the concentration of the rhodamine 640 released
from gelatin-alginate matrices cross-linked with different methods.

Selected research results from the Publication (4)
Mirek et al., Development of a new 3D bioprinted antibiotic delivery system based on
a cross-linked gelatin-alginate hydrogel, J. Mater. Chem. B. 10, 8862-8874 (2022)

The results presented in Fig. 7A demonstrate the stability of the majority of the cross-linked
gelatin-alginate hydrogel matrices in an aqueous environment for at least 7 hours, as evidenced
by the swelling tests. Without cross-linking the structures composed mainly of gelatin would
dissolve under the conditions tested at 37°C. However, it was found that ionotropic gelation
alone was insufficient to provide stability as demonstrated by the matrices cross-linked only
with calcium ions (light blue and green curves). The matrices cross-linked with 2% Ca?* and 5%
Ca?* showed a 980% and 1420% increase in mass and degraded after 3 hours and 4 hours,
respectively. The weight of samples cross-linked solely through GTA vapors decreased slightly
after 3 hours, which may be also a result of matrix degradation (red curves). Conversely,
the remaining matrices achieved an equilibrium swelling ratio after 40-60 minutes, with their
degree of hydration ranging from 180% to 400% dependent upon the cross-linking methodology
employed. As anticipated, matrices cross-linked with the highest concentrations of both agents
(5% Ca*, 25% GTA) demonstrated the lowest degree of hydration, whereas those cross-linked
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with the agents of lowest concentrations (2% Ca*", 0.5% GTA) absorbed the greatest amount of
water. The study on the transport properties of gelatin-alginate hydrogel matrices demonstrates
a clear correlation between the method of cross-linking, the concentrations of cross-linking
agents and the release profile of the substance. The results show that the release of rhodamine
occurs in two distinct stages, and a burst effect was not observed. The release follows zero-order
kinetics, with a constant rate determined by time alone. The relationship between the processes
of swelling and substance release is indicated by the comparison of their respective curves
during the early stage of the sample exposure to aqueous conditions. Further analysis of
the swelling process and the release of rhodamine from the matrices, including mathematical
modelling, is described in detail in the Publication (4).
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FIGURE 8. Studies on 3D bioprinted GelMA-gelatin hydrogel matrices depending on the

cross-linking time and the microsphere content: (A) equilibrium swelling ratio and (B)
rhodamine 640 release profiles.

Selected research results from the Publication (5)

Mirek et al., Gelatin methacrylate hydrogel with drug-loaded polymer microspheres

as a new bioink for 3D bioprinting, Biomater. Adv. 150, 213436 (2023)

As in the case of 3D bioprinted gelatin-alginate matrices, those built of non-cross-linked gelatin
methacrylate-gelatin hydrogel are also soluble in the aqueous environment at the temperature
of 37°C, at which I conducted the swelling test. Their rapid degradation would result in
the unwanted release of immobilized microspheres. The stability of the cross-linked GelMA-
gelatin matrices for at least 8 hours was confirmed by the results of the equilibrium swelling
ratio depending on the cross-linking time and the type of microspheres used shown in Fig. 8A.
The effect of UV-cross-linking time on swelling is minimal for all materials tested, in contrast to
the modification of the system with microspheres. Matrices with PES microspheres (green
points) exhibit a much faster swelling than those without microspheres (red points) or with PCL
ones (blue points), reaching maximum hydration values of 550 — 600% after 1.5 — 2 hours
and experiencing a slight weight loss, while all others reached 120 — 160%.
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The rhodamine release curves from cross-liked GelMA-gelatin matrices (Fig. 8B) was found to be
similar to those of the previously analyzed gelatin-alginate matrices, with no burst effect being
observed in either case. The lack of it can be attributed to the cross-linking of the hydrogel
matrix. The curves depicting the rhodamine release from the GelMA-gelatin matrices (Fig. 8B)
align with the equilibrium swelling ratio curves (Fig. 8A), as was also seen in the gelatin-alginate
matrix study. The release of rhodamine in the initial period of approximately one hour is
dependent on swelling, resulting in a release rate that follows zero-order kinetics and can be
described mathematically through a linear equation with very good fit with a coefficient of
determination (R?) ranging from 0.9361 to 0.9960, what confirmed the absence of burst release.
The slope coefficient a was determined and the results showed that the tested samples formed
three distinct groups with varying release rates and that the longer the cross-linking time,
the slower the release process in each case. Appropriate calculations and a detailed description
of the rhodamine release processes from GelMA-gelatin matrices can be found in
the Publication (5).

The results of the part of my research described above confirmed the validity of
the statement outlined as the Thesis (2).

THESIS (3)

Non-aggregated, drug-loaded synthetic polymer microspheres can be produced and used as an additive to
electrospinning suspension or bioink for 3D bioprinting, resulting in an increased drug capacity of
the electrospun or 3D bioprinted drug delivery system, and in the case of electrospun fibers, an elimination of
the burst effect.

The Thesis (3) is addressed in the Publications (2), (3) and (5).

I employed a combination of pulsed voltage electrospray and wet phase inversion techniques to
synthesize non-aggregated PCL and PES microspheres, which were utilized as microcarriers for
an active substance. These microspheres were then incorporated into the electrospinning PVP
solution forming the suspension to produce modified fibers with increased drug capacity as
detailed in the Publication (3) or incorporated into GeIMA-gelatin hydrogel to prepare a bioink
suspension, which was used to 3D bioprint matrices with increased drug capacity as described in
the Publication (5). A comprehensive description of the microsphere production method can be
found in the Publication (2).

I performed a successful elaboration of a universal method for formation of disaggregated
microspheres with a narrow diameter distribution of 2 - 15 pm which can be loaded with
an active substance and serve as drug microcarriers to modify DDSs. The selected results from
the Publication (2), evidencing the claims detailed in the Thesis (3), are presented in Fig. 9.

33



.

. i
¥
A

d=1438L6.28um "
-l X b

TM-1000_9582 2021-09-13 x1,0k 100 um
1 /III [ III/
0.0024 < ‘ ‘ 0.0024 F L
] PCL/DMF |
| [ ]

= a ; !E
£ 0.0018 £ 00018
S & | :
g E Ll
R “
£ 0.0012 2 000121
E 'E 5
g % 5 :
b5 Q
=1 =]
3 1 1| 8 1 ;
O i o= [ ] * &) ‘k

0.0006 e 1 . 0.0006

! | PES/NMP
0.0000 . . T T r /f—— 0.0000 +————+—1+—"1 11117
0 60 120 180 240 4320 0 60 120 180 240 300 360 4320

Time [min] Time [min]

FIGURE 9. (A) Powder of dried PCL/DMF microspheres without additions. (B) Powder of dried
rhodamine-loaded PES/NMP microspheres. (C, D) SEM images of microspheres obtained from 15%
polymer solution with the microsphere mean diameters d: (C) PCL/DMF [11 kV, 40 Hz, 4 ms],
(D) PES/NMP [8 kV, 60 Hz, 6 ms]. (E, F) Rhodamine 640 release profiles form the microspheres obtained
from 15% polymer solution: (E) PCL/DMF [11 kV, 40 Hz, 4 ms], (F) PES/NMP [8 kV, 60 Hz, 6 ms].

Selected research results from the Publication (2)
Mirek et al., Formation of disaggregated polymer microspheres by a novel method combining pulsed voltage
electrospray and wet phase inversion techniques, Colloids Surf. A Physicochem. Eng. Asp. 648, 129246 (2022)
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The microsphere production method I proposed is versatile enough to be used to fabricate
polymer microspheres from various polymers (PCL and PES), which can be dissolved in different
solvents (DMF and NMP). The photograph in Fig. 9A shows PCL/DMF microspheres after drying
achieved through evaporation of ethanol at room temperature for several days. The resulting
powder is easy to work with and further analysis. Fig. 9B depicts PES/NMP microspheres,
which have a pink colour due to an addition of rhodamine to the solution used to electrospray
them. After drying, they also take the form of a powder and can be utilized as carriers of active
substances. As demonstrated in the SEM images presented in Fig. 9C-D, the method leads to
the formation of uniform microspheres. They do not fuse together. I have found that by
dispersing the dry microsphere powder in ethanol, a homogeneous suspension can be obtained
without the formation of any aggregates. The examination of the SEM images reveals that
the choice of polymer and solvent affects the morphological characteristics of the resulting
microspheres. The possibility of immobilizing the active substance in the microspheres
produced by the developed method is confirmed by the results presented in Fig. 9E-F.
They depict the release profiles of the rhodamine from the PCL/DMF and PES/NMP microspheres
over 4 h and 6 h, respectively. The final point on the graph displays the rhodamine
concentration after 72 h (4320 min). The data highlights that the transport properties of
the microspheres are influenced by the type of polymer and solvent used. The PCL/DMF
microspheres exhibit a rapid release of the active substance, with an initial burst effect
and an equilibrium state reached within 30 min. The total amount of rhodamine released after
72 h was 0.043 * 0.014 mg of rhodamine per gram of PCL. The PES/NMP microspheres displayed
a slower release profile, with no observable burst effect, and did not reach an equilibrium even
after 72 h, with a total release of 0.171 = 0.014 mg of rhodamine per gram of PES.

The transport properties of microspheres are further explored in the Publication (2),
where I analyzed four different types of microspheres: PCL/DMF, PES/NMP, PCL/NMP,
and PES/DMF. The analysis includes their surface area (BET), chemical structure (FTIR),
and crystal structure (XRD). The Publication (2) discusses the challenges associated with
polymer microsphere manufacturing and highlights the advantages of the proposed method.
These benefits include the formation of non-aggregated microspheres through the use of
electrohydrodynamic microdripping and wet phase inversion technique, a narrow distribution of
microsphere diameters and greater control over the product diameter and size homogeneity
through the use of pulsed voltage, the universality of the method and the use of common
reagents such as ethanol, as well as its high level of reproducibility.

In a next phase of my research, I used the manufactured PCL and PES microspheres to modify
electrospun PVP fibers. The feasibility of this approach, as well as the influence of
the microspheres on the fibrous mat transport properties, which is a part of the Thesis (3),
are confirmed by selected results from the Publication (3) as depicted in Fig. 10.

35



0.003+
E]

Equilibrium rhodamine
concentration [mg/mi]

0.35 s

| [F]
0.30 4

| =y = PVP_Rod_2x5
0zsl W = PVP_Rod_2x15

im \.
0.20 s U u w

® PVP_PCL/Rod_2x5
e PVP_PCL/Rod_2x15
¢ PVP_PES/Rod_2x5
* PVP_PES/Rod_2x15‘

Rhodamine contentration [mg/mL]
Rhodamine contentration [mg/mL]

]
T T T T T T T T L L O T T
0 1 2 3 4 5 6 7 24 0 1 2 3 4 5 6 7 24
Time [h] Time [h]

~
>

FIGURE 10. (A-C) SEM images of PCL microsphere-loaded PVP fibers depending on the content of
microspheres in the suspension Q [mg/mL]: (A) 10 mg/mL, mag. 500%, (B) 20 mg/mL, mag. 500x,
(C) 10 mg/mL, mag. 2500x with the estimated content of microspheres in the mats N [mm] and fiber
mean diameter d [um]. (D) Optical microscope picture of PCL microsphere-loaded PVP fibers, mag. 2500x.
(E) The equilibrium concentration of rhodamine after a 4-hour release from UV-cross-linked PVP fibers,
with the addition of microspheres loaded with the substance, depending on the type and quantity of
microspheres used and the cross-linking time. (F, G) Rhodamine release profiles from UV-cross-linked
PVP fibrous mats: (F) fibers without microspheres (PVP_Rod) with rhodamine incorporated directly in
the fibers, (G) fibers with the addition of rhodamine-loaded PCL (PVP_PCL/Rod) or PES (PVP_PES/Rod)
microspheres.
Selected research results from the Publication (3)
Mirek et al., Electrospun UV-cross-linked polyvinylpyrrolidone fibers modified with polycaprolactone/
polyethersulphone microspheres for drug delivery, Biomater. Adv. 147, 213330 (2023)
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After incorporating the microspheres into the polymer solution and electrospinning it with PV,
I successfully obtained modified fibrous mats, as demonstrated by SEM images in Fig. 10A-C.
The process of suspension electrospinning is indeed feasible, but there is a limit to the content
of microspheres that can be used. The nozzle used for the suspension electrospinning has
an inner diameter of 0.6 mm, while the maximum diameter of the microspheres is around
15 — 20 pm, which presents a risk of clogging when the concentration of microspheres is too
high. In my research, I determined that the threshold content of PCL/DMF microspheres was
20 mg/mL. Electrospinning was stable for its levels of 10 mg/mL and 20 mg/mL, as shown in
the SEM images in Fig. 10A and B, respectively. The microspheres are entangled in the polymer
fiber network, or become incorporated into the fiber structure and covered with a fiber-forming
polymer outer layer (Fig. 10C), as confirmed by optical microscope images (Fig. 10D).
The addition of the microspheres does not affect the fiber diameter (1.20 - 1.36 um), which is
even 10 times smaller than the diameter of the microspheres (6.20 — 14.38 ym). Including such
large objects in the fiber structure increases the drug capacity of the entire system. It was
confirmed in the study of the rhodamine release after 24 hours from various cross-linked fiber
mats, the results of which are shown in Fig. 10E. The addition of PCL and PES microspheres led
to an increase in the amount of rhodamine immobilized, as indicated by the increase in its
equilibrium concentration from approximately 0.0012 mg/mL (for fibers without microspheres)
to 0.0024 mg/mL (for fibers electrospun with 20 mg/mL of PCL microspheres). The modification
of the fiber mats with the microspheres also eliminated the undesirable burst effect that occurs
in fiber systems without them (Fig. 10F). For example, for a 2x5 min cross-linked mat,
the concentration of rhodamine reached 0.33 mg/mL after 30 min, but dropped to an equilibrium
state of 0.20 mg/mL after 2 h. The burst effect was not observed for mats with microspheres
(Fig. 10G), probably due to the presence of an abovementioned polymer outer layer around
the microspheres that slows down the marker diffusion. The concentration profiles in this case
were smoother, and equilibrium was reached after 2 — 3 h. Due to the absence of burst effect,
the rhodamine release curves could be described using an exponential function model, and
the speed of the release process was assessed using transport coefficients h. The results of the
study demonstrate a relationship between the type of immobilized microspheres and the speed
of substance release, with the slowest release observed for mats cross-linked for 2x5 minutes
modified with PCL microspheres (h = 2.32x10° cm/min * 17%) and the fastest for the ones cross-
linked for 2x5 min with PES microspheres (h=26.58x10° cm/min * 11%). All of the calculations
and an extensive analysis of the results and discussion concerning electrospun UV-cross-linked
PVP fibers modified with PCL/PES microspheres have been summarized in the Publication (3).

Another issue of my study was to explore the potential of incorporating PCL/PES microspheres
into 3D bioprinted constructs, made from a suspension bioink with the base of GelMA-gelatin
hydrogel, in a manner similar to the modification of electrospun mats. Through my
investigation, I confirmed the feasibility of this approach and determined its impact on the drug
capacity of the systems. The results extracted from the Publication (5) presented in Fig. 11
provide evidence in support of the Thesis (3).
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FIGURE 11. (A, B, D, E) Digital microscope pictures of 3D bioprinted GelMA/gelatin hydrogel matrices
before lyophilization. (A, B) Matrix without additives, no cross-linking, magnification (A) 20x and
(B) 100x. (D-E) Matrix with 5 mg/mL PCL microspheres, UV-cross-linked for 10 minutes, magnification
(D) 20%, (E) 100x. (C, F) SEM images of lyophilized GelMA/gelatin matrices: (C) no microspheres,
no UV-cross-linking, (F) 5 mg/mL PCL microspheres, no UV-cross-linking. (G) The concentration of
rhodamine released after 24 hours from UV-cross-linked GelMA/gelatin matrices modified with
substance-loaded microspheres.

Selected research results from the Publication (5)
Mirek et al., Gelatin methacrylate hydrogel with drug-loaded polymer microspheres
as a new bioink for 3D bioprinting, Biomater. Adv. 150, 213436 (2023)
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The successfully 3D bioprinted hydrogel matrices are presented in the optical microscope photos
shown in Fig. 11A - matrix without microspheres, and Fig. 11D — matrix with the addition of PCL
microspheres. These photos confirm the printability of bioink in the form of a suspension of
polymer microspheres in a GelMA-gelatin hydrogel. The structure of the printouts is consistent
with the previously prepared digital matrix model [Publication (5)]. It is important to note once
again that the extrusion-based techniques such as bioprinting and electrospinning require that
the microspheres in the bioink do not clog the nozzle. The nozzle I used for the 3D bioprinting
of the described matrices had an internal diameter of 0.164 mm, smaller than that used in
the electrospinning process. As a result, the concentration of microspheres allowing for
unobstructed 3D bioprinting was lower in this case and limited to 5 mg/mL. Fig. 11B and E show
the matrices described above at a higher magnification, revealing that the addition of PCL/DMF
microfibers maintains the overall structure of the matrix. The microspheres can be observed
dispersed within the printed structure in Fig. 11E. The SEM images presented in Fig. 11C
and Fig. 11F demonstrate the impact of the presence or absence of microspheres on
the morphology of the freeze-dried matrices. The samples without microspheres exhibit
awrinkled and porous structure, however, the PCL-loaded matrices present a more compact
and uniform morphology. This differences can be attributed to the microspheres acting as fillers,
causing the hydrogel to cling to them during drying and thereby avoiding the formation of
wrinkles. The data presented in Fig. 11G indicates that the incorporation of PCL microspheres
into the 3D bioprinted matrices does not lead to a remarkable increase in the amount of released
rhodamine compared to unmodified matrices. On the other hand, the use of PES microspheres
results in a four-fold increase in the concentration of rhodamine released after 24 hours
(0.12 mg/mL), with value of 0.03 mg/mL for unmodified matrices. It is worth adding that
the unmodified matrices and those modified with PCL microspheres did not reach
an equilibrium state even after 24 h, whereas matrices modified with PES microspheres reached
it after approximately 5 h, as illustrated in Fig. 8B. An in-depth analysis of bioprinted matrices
from GelMA-gelatin hydrogel with the addition of PCL or PES microspheres, including a set of
tests of their structure (FTIR) and thermal properties (DSC, TGA) along with a discussion of
the results, is included in the Publication (5).

All above data collected in this part of my study provides evidence in support of
the Thesis (3).
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FINAL CONCLUSIONS

he aim of my research was accomplished as I developed new potential controlled drug

delivery systems manufactured using electrostatic and 3D bioprinting techniques.
Employing pulse voltage contributed to the stabilization of the electrostatic processes
and introduced supplementary process parameters, ultimately enhancing control over
the structure of the final product. Some systems underwent cross-linking via diverse methods,
which modified their mechanical and transport properties. Various constructs were formulated
as a result:

— non-aggregated, drug-loaded microspheres (made of PCL or PES) produced with a method
combining pulsed voltage electrospray and wet phase inversion techniques developed by me,

— drug-loaded UV-crosslinked electrospun PVP fibers,

— drug-loaded 3D bioprinted gelatin-alginate hydrogel matrices cross-linked with GTA or Ca*".

Based on the constructs mentioned above, I developed two new potential hybrid DDSs that
would incorporate the strengths of each system while mitigating their respective limitations:

— UV-cross-linked electrospun PVP fibrous mats modified with drug-loaded microspheres
(of PCL or PES) incorporated within the fibers,

— UV-cross-linked 3D bioprinted gelatin methacrylate-gelatin hydrogel constructs modified
with drug-loaded microspheres (of PCL or PES) incorporated within the bioink.

The newly created hybrid DDSs exhibit an increased drug capacity and eliminate the drug burst
release effect during the initial stage of action. The transport properties of such DDSs are
affected by the cross-linking time, type, and amount of microspheres, allowing for precise
control over the manufacturing process to achieve the desired product. However, these systems
are not entirely convergent in terms of their properties and potential applications, and their
production processes require a distinct approach. Table 1 provides an overview of the strengths
and weaknesses of electrospinning and 3D bioprinting processes in manufacturing of hybrid
DDSs, while Table 2 outlines the benefits and drawbacks of using electrospun fibrous mats or
3D bioprinted hydrogel constructs modified with drug-loaded microspheres as controlled DDSs.
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STRENGTHS

WEAKNESSES

TABLE 1.
Comparison of strengths and weaknesses of electrospinning and 3D bioprinting processes
as hybrid drug delivery system manufacturing techniques.

ELECTROSPINNING

The relatively large inner diameter of the
nozzle. It does not affect the diameter of
the fibers, which is determined by the jet at
the tip of the Taylor cone. The possibility of
electrospinning of suspensions of large
microspheres with higher concentrations,
increasing the drug capacity of the system.

Room temperature.

The preparation procedure is facile,
involving a simple arrangement and mixing
of components, followed by a prolonged
processing time with minimal required
activity of the operator.

At the laboratory scale, the required
equipment is affordable, scaling up can be
achieved by multiplying the nozzles.

The wide availability of synthetic polymers
and the potential for their modification.

The numerous process parameters
(electrical, ambient, and physicochemical
related to the solution) allow for accurate
design of the desired mat.

The process is time-consuming as it may
take several hours to electrospin a mat with
the desired thickness.

Due to the reliance on solvent evaporation,
the process 1is highly sensitive to
fluctuations in humidity, necessitating
the control and stability of this parameter.

The process involves the use of synthetic
polymers dissolved in potentially toxic
organic solvents.

Maintaining constant values of multiple
process parameters can be challenging.

Production of a larger waste amount
(such as excess mat).
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3D BIOPRINTING

The fabrication of a single printout can be
achieved within a few minutes, depending
on the size.

The process is not affected by ambient
humidity conditions as there is no solvent
evaporation occurring.

The use of water and biocompatible natural
polymers as materials for bioink
preparation.

Precise control over the 3D structure of
the final product.

High reproducibility and accuracy in terms
of producing the same product multiple
times.

The capability to prepare 3D bioprinted
constructs directly in the operating room
during surgery.

The size of the nozzle must be minimized
to ensure the desired size of basic
structural element (a print line). This may
be challenging  when  bioprinting
suspension bioink (nozzle clogging).

To ensure the appropriate conditions for
thermal gelation of the hydrogel,
the temperature difference between the
heated nozzle and the cooled collector
must be appropriately maintained.

Personnel with appropriate qualifications
are required for both the design of a digital
3D model and the preparation of bioink.

Continuous monitoring of the process
and frequent nozzle changes are necessary
when bioprinting a series of constructs due
to the relatively short print time.

Specialized and high-cost equipment
difficult to operate, maintain, and repair.



BENEFITS

DRAWBACKS

TABLE 2.
Benefits and drawbacks of using electrospun fibrous mats or 3D bioprinted constructs
modified with drug-loaded microspheres as controlled drug delivery systems.

ELECTROSPUN FIBROUS MATS

Polymer mats have greater mechanical
strength and flexibility than hydrogels.

High surface area to volume ratio.

The size of the basic structural element
(a fiber) can be modified in the range from
nanometers to micrometers.

The mats can be stored with low storage
requirements, at room temperature with
reduced humidity.

The mats have potential applications as
coatings, e.g. for implants or medical
equipment.

The two-dimensional structure of limited
thickness.

The immobilization of living eukaryotic
cells, microorganisms and biomolecules
(e.g. hormones, enzymes, nucleic acids)
poses significant challenges.
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3D BIOPRINTED CONSTRUCTS

The drug capacity is increased as a result of
the greater total volume of the system and
can be adjusted to the needs of a specific
patient.

The 3D structure can be freely controlled,
allowing for the creation of complex
geometries and internal architectures.

Possibility to immobilize living eukaryotic
cells, microorganisms and biomolecules.

Potential to create patient-specific DDS for
personalized medicine. Possibility to print
customized DDS based on the patient's
anatomy or disease state, which can
improve the treatment outcomes.

Swelling properties enable the absorption
of wound exudate, demonstrating its
potential as a promising wound healing
material, also within the patient’s body.

The mechanical strength and elasticity are
lower than those of polymer fibers.

The size of the basic structural element
(aprint line) is limited by the inner
diameter of the nozzle and equals typically
several hundred micrometers.

[t is necessary to store the material in a dry
state, preferably under refrigeration,
to prevent decay or spoilage.
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GRAPHICAL ABSTRACT

e Fibrous mats obtained in the elec-
trospinning process with direct-
current (DCV) and pulsed (PV) volt-
ages are compared.

o The solution shapes at the nozzle tip
were observed and linked to the
structures of the polymer mats.

e The average fiber diameter, the bead
size (in the bead-on-string type
structure) and their concentration
were determined.

o Electrospinning with PV is possible
and, in some cases, may result in
more favorable effects than with
DCV.

e Preliminary predictions in the struc-
ture of electrospun products can be
made by observing the meniscus at
the nozzle tip.
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Electrospinning processes are commonly conducted with direct-current voltage (DCV) but the fibers can
also be electrospun using a pulsed voltage (PV). Although this method has been used in other electro-
static processes, there is little research on its application in nanofibers production. In this work, the
voltage was supplied to the polymer solution in pulses with a given amplitude, frequency, and duration.
Experiments were performed with two polymers (polyvinylpyrrolidone and polylactide) using both DCV
and PV. The shape of the liquid jet formed at the nozzle tip was observed and linked to the structure of
the polymer mats, including the diameters of the electrospun fibers and the sizes and the concentrations
of spherical elements. Some differences in products electrospun using DCV and PV were observed both
for polyvinylpyrrolidone and polylactide. The parameter that most strongly influenced the examined
properties of the polymer mats was the pulse frequency. Moreover, for polylactide the PV method
eliminates polymer clogging, providing greater stability of the electrospinning and changes the distri-
bution of fiber diameters into a bimodal one. In general, PV gives better control over fiber diameters and
bead sizes because of the possibility of more precise electric charge delivery due to a lower effective

voltage.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Since the electrospinning process began gaining popularity in
the early 20th century, scientists from around the world have been
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improving it and looking into new areas for further applications.
Using this low-complexity method, polymeric fibers with di-
ameters from nano- to micrometers can be obtained. These fibers
can be applied in areas such as optoelectronic devices, adsorption
filters, and materials for biomedical applications (tissue engineer-
ing, enzyme immobilization, drug release, and wound dressing)
[1-5].

A typical electrospinning setup is comprised of only a few
components: a high voltage supply, a polymer (melt or solution)
dosing system, a metal nozzle, and a grounded collector. A high
voltage is applied to the nozzle from which the polymer solution
(or melt) extrudes. Next, the shape of the fluid meniscus at the
nozzle tip changes and a charged polymer solution jet is formed
and deposited on the grounded collector [1]. Although the exper-
imental setup is relatively simple, it is possible to modify any in-
dividual step of the process to obtain fibrous mats with different
properties made of different sized fibers and structures [6].

One of the physicochemical parameters of the polymer solution
that influences the characteristics of the obtained electrospun
product is its viscosity, which depends primarily on the polymer
structure, its molecular weight, and the solvent and solution con-
centrations [7—13]. Lowering the molecular weight of the polymer
results in bead formation rather than the smooth fibers that appear
at higher molecular weights to ultimately take the form of micro-
ribbons [7], even at low concentrations [8]. As the concentration
increases, different types of structures obtained for different vis-
cosities can be distinguished [9]: electrosprayed micro- or nano-
particles [10], mixed bead-on-string type structures and fibers
[11,12], uniform smooth fibers [11,12], and helix-shaped micro-
ribbons [13]. The appearance of beads in the fibrous mats or the
fabrication of smooth fibers can be controlled using various sol-
vents or their mixtures [13,14]. Other physicochemical properties of
polymer solutions that can affect electrospun products are the
surface tension [13] and conductivity [15,16], which depend largely
on the composition of the solutions (concentration, solvent mix-
tures, additives like salts, etc.).

Fibers with different structures can be obtained by choosing the
appropriate ambient conditions, such as the process's humidity or
temperature. The relationship between the temperature and the
viscosity of the solution is inversely proportional, giving thinner
fibers at higher temperatures [17]. Changes in the ambient hu-
midity affects the evaporation rate of the solvent and the equilib-
rium vapor pressure, which results in changes in the structure of
the fibrous mats (e.g., fused fibers and film-like morphologies for
humidities over 70%) [14,18,19]. A similar effect can be achieved by
adjusting the polymer solution's flow rate. A lower value of this
parameter is more advantageous as it can provide the solvent more
time to evaporate. The residues of the solvent in the fibrous mat can
fuse the fibers together and change its structure [20,21].

The structure of the electrospun product can be also controlled
by changing the construction and design of the electrospinning
system. Thus, different types of spinnerets are currently extensively
investigated in order to modify the fiber structure: single
[5,7,10,14,19,20], coaxial [22,23], multiaxial [24,25] or side-by-side
[26] nozzles. These innovations allow the preparation of mono-
lithic, core/shell or Janus fibers. Also, the distance between the tip
of the nozzle and the collector can be a factor that influences the
fiber diameter and its morphology, e.g., increasing the working
distance produces thinner fibers [20,27]. A parameter of great
importance is the collector, including its shape, type, orientation,
size, and speed if it is mobile (e.g. rotary) [4].

It has been shown that the process parameter with the greatest
influence on the diameter of the fibers is the voltage [21,28]. This is
a crucial factor that affects the geometric shape of the liquid at the
tip of the nozzle, meaning it determines whether the electro-
spinning process occurs or not [10]. There is a minimum voltage

threshold at which a charged polymer solution jet is ejected from
the Taylor's cone with stable and repeatable conditions [29,30]. The
voltage value changes the height and angle of the Taylor cone as
well as the length of the solution jet [31]. The influence of this
factor on the fiber diameter may vary depending on the values of
the other parameters, ambient conditions, and the selection of the
polymer and its solvent [20,32—34].

Most researchers [20,21,28,29,32—34] have used direct current
voltage (DCV) in the electrospinning process, which means that a
constant voltage is supplied continuously to the end of the nozzle.
However, there are some studies where the pulsed voltage (PV) is
used in electrohydrodynamic processes such as hydrogel
microbead production [35,36]. In this case, the voltage is supplied
to the polymer solution in pulses of a given frequency and duration
(duty cycle). It was shown [35] that all these parameters strongly
influenced the diameter and the size uniformity of microbeads. As a
result, improved control over the electric charge delivered to the
polymer solution is possible. The same conclusion has been drawn
by Kessick and co-workers [37].

In recent years, the application of PV for electrospinning has also
been reported. [30,37—41]. The work of Li et al. [37] showed the
impact of the PV parameters (voltage, frequency, and duty cycle)
and the flow rate of the polymer solution on the diameter of fibers
made of polyvinylpyrrolidone (PVP) using a factorial design
approach. They also proved that electrical factors affect the fiber
diameter in the following order: duty cycle, flow rate, voltage, and
frequency. The authors compared the fiber diameters obtained
using DCV and PV, leading to the conclusion that fibers with smaller
diameters were formed using PV. Xie et al. [38] studied the influ-
ence of the duty cycle and the frequency of the pulsed electric field
on the diameter and morphology of fibers electrospun from a poly-
L-lactide (PLLA) melt. It was shown that the use of PV with an
increasing frequency caused a decrease in the fiber diameter. Some
researchers showed that PV can change not only the diameter but
also the length of the produced fibers. Baba et al. [30] noted that it is
possible to obtain chopped fibers using PV due to its periodic na-
ture, as there are periods when a high voltage is supplied to the
nozzle (the electrospinning process occurs) and when the voltage
supply is interrupted (the process is interrupted as well), no fiber is
spun.

While the influence of PV on the electrospun fiber size (length
and diameter) has been previously investigated, there has not been
a discussion on the general structure of fibrous mats e.g. beaded or
beadless. These previous works were focused on obtaining short
fibers or those with diameters smaller than in the case of using
DCV. To the authors' knowledge, none of the researchers studied
the impact of pulse frequency on the liquid jet shape at the nozzle
tip. Furthermore, no attempts have been made to link the liquid
shape to the electrospun product when using PV.

The aim of this work was to examine the differences between
the structure of fibrous mats obtained in the electrospinning pro-
cess with both DCV and PV. There is emphasis on the observations
of the geometric shape of the liquid at the nozzle tip, linking it to
the structure of the polymer mats, including the diameters of the
electrospun fibers and the size and concentration of bead-like
structures formed in some of the mats obtained. The experiments
were performed using solutions of two biodegradable polymers:
polyvinylpyrrolidone (PVP) and polylactide (PLA), of significantly
different viscosities.

2. Method
2.1. Materials

Poly(vinyl pyrrolidone) (PVP, M,, = 1300 kDa) was purchased
from Acros Organics and polylactide (PLA, M,, = 200 kDa) was from
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Table 1
The properties of the prepared polymer solutions.

Polymer  Solvent Concentration C (w/w)  Viscosity u [mPa-s]
PVP C,HsOH 3.5% 32 (25°C)
8.0% 200 (25°C)
. 8.0% 605 (20°C)
PLA CHCl3/DMF (9:1) 10.0% 1310 (20°C)

Sigma Aldrich. Ethanol (purchased from Polmos, Poland) was used
as a solvent for the PVP. The mixture of chloroform (POCH, Poland)
and dimethylformamide (Chempur, Poland) in a ratio of 9:1 was
used as the PLA solvent. The concentrations and viscosities of the
prepared solutions are given in Table 1.

2.2. Electrospinning setup

The electrospinning process was performed using a custom-
built setup (Fig. 1), which includes a high voltage pulse generator,
an infusion pump connected by a drain with a steel nozzle (external
diameter of 0.9 mm), and a grounded, aluminum, flat, round plate
collector with a diameter of 40 mm and a thickness of 0.12 mm as
placed 15 cm below the nozzle tip. The generator supplied a high,
rectangular wave voltage to the nozzle with frequency f, duration 7,
and amplitude U. All these parameters were variables in the ex-
periments. The time domain waveform signal of the PV supply is
schematically presented in the Fig. 1.

The polymer solution was delivered at a flow rate of 0.9 ml/h to
the nozzle where high voltage pulses of 8 or 15 kV were applied. A
voltage of 8 kV was used only for the PVP solutions because at-
tempts to electrospin the PLA solution at 8 kV did not produce an
electrospinning jet at the nozzle tip nor were fibers deposited on
the collector; only droplets were formed. Electrical pulses were
supplied with frequencies of 20, 50 and 100 Hz, and duration of
5 ms. The resulting product was deposited on the collector plate for
a specified time so the same amount of solution was used in each
experiment. The electrospinning of the investigated solutions was
also performed using DCV as a comparison (8 kV or 15 kV; 0.9 ml/h)
with the same setup. All experiments with the PVP (PLA) were
carried out at a temperature of 25 °C (20 °C). The humidity did not
exceed 40% in any case. Fig. 2 shows a scheme for the experiments.

infusion
pump
polymer
solution
high pulse
voltage | high-voltage nozzle
generator | impulses +
. =T .___‘ fiber
¢ T 2 : :
time [ms| 1_' _ &

groundedplate collector

Fig. 1. Scheme of the electrospinning process setup with an operation diagram of the
PV supply (red line).

2.3. Mat structure

The geometric shapes of the polymer solution at the end of the
nozzle were recorded using a monochrome CCD camera. The
morphology of the polymer fibers was examined using scanning
electron microscopy (SEM, Hitachi TM-1000). The samples were
coated with thin layer (10 nm) of gold to prevent charging. The
diameters of thirty randomly selected (from one image) fibers or
beads were measured using the software provided with the mi-
croscope and their average values were calculated (d for fibers and
dp for beads). The size of the beads was determined in an analogous
manner to the method described by Korycka et al. [12] (Fig. 3). A
structure where the widest point (s) was at least three times greater
than the diameter of the fiber (dy) was defined as a bead. The size of
a bead (dp) is the distance between the points where the fiber be-
gins to expand to form a bead (Fig. 3). Based on the SEM images, the
beads in the mats were counted and their concentration was
determined as the number of beads per surface unit [beads/mm?].
Microsoft Excel and the Statistica software were used to perform
the calculations. The column graphs were made using the Graph-
Pad Prism software.

2.4. Statistical analysis

The statistical differences between the mean diameters of fibers
obtained applying the DCV and PV (for different pulse frequencies)
were determined using a one-way analysis of variance (ANOVA)
followed by Scheffe and RIR Tukey's test (post-hoc) with the help of
the Statistica software. The significance level («) was set at 0.05 and
the probability of the data was considered statistically significant
for p-values < 0.05. The results were marked on the charts (Figs. 7,
9) in the form of asterisks ((*) for p < 0.05, (**) for p < 0.01 and (***)
for p <0.001).

3. Results and discussion
3.1. Droplets, cones, and jet formation

The effects of an electrical voltage applied to the nozzle on the
droplet, cone, and jet formation for the polymer solution were
investigated by comparing short films recorded during the elec-
trospinning process under the various conditions. A frame was cut
from each film one minute after the experiment began, as shown in
Fig. 4.

When the PVP solution with a concentration of 3.5% was elec-
trospun, the DCV at 8kV did not allow the creation of a cone
(Fig. 4A1); however, one thread was spun from the slowly
expanding droplets. For this solution, a voltage of 15 kV caused the
cone to split and create several jets, called the multi-jet mode
(Fig. 4A2). The Taylor cone was obtained for an 8% solution and a
DCV of 8 kV (Fig. 4A3), while the 15 kV voltage had a similar effect
on the liquid as for the 3.5% solution (Fig. 4A4).

The influence of the PV on the shape of the liquid at the nozzle
tip can be observed by analyzing the images presented in Fig. 4B—D.
For the 3.5% solution and a voltage of 8 kV, the jet was created only
for f=100Hz (Fig. 4D1). At 20 (Fig. 4B1) and 50Hz (Fig. 4C1),
dripping occurred more often creating smaller droplets than
observed for the DCV, and there were no fibers obtained for these
cases (Fig. 5). The use of PV at 15 kV for a 3.5% solution resulted in a
reduced number of jets compared with DCV. Furthermore, this
prevented the formation of any cone as the electrospinning jets
were formed just at the tip of the nozzle without the creation of the
fluid cone for each frequency (Fig. 4(B-D)2). For the 8% PVP solution
at 8 kV, neither the Taylor cone nor jet were formed at 20 Hz
(Fig. 4B3) and there were no fibers obtained (dripping mode).
However, the jet appeared at 50 Hz (Fig. 4C3), and at the frequency
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PVP
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Fig. 2. Scheme of the experiments conducted.

of 100 Hz the liquid formed a shape similar to that for DCV, but with
an additional side jet (Fig. 4D3). The use of 15kV PV for the 8%
solution resulted in a reduced number of jets compared with DCV,
but fluid cones were obtained in each case (Fig. 4(B—D)4) while a
Taylor cone was formed at 50 Hz (Fig. 4C4).

The experiments with the PLA solution in a mixture of DMF and
CHCl3 illustrated different liquid behaviors at the nozzle tip than for
the PVP solutions. There is the evident effect of the polymer
structure as well as the solvent and solution properties on the fluid
jet shape [13,14]. For all the analyzed conditions with PLA
(Fig. 4(A—D)5 and (A—D)6), the shape of the polymer solution at the
nozzle tip was more or less extended, and the quick evaporation of
the solvent (faster for chloroform [boiling point of 61.2 °C] than
ethanol [boiling point of 78.37 °C]) caused the formation of a big
polymer clot (nozzle clogging) in the case of DCV (Fig. 4A5, A6). The
ends of the clots had a small cones consisting of threads spun from
the tip. A similar phenomenon was observed by Liu et al. [42] and

L x10k 10um

TM-1000_5943

Wang et al. [43].

When the voltage was set at 8 kV, only droplets were formed at
the nozzle tip without any electrospinning jet. For higher voltages
(15kV) when DCV was used (Fig. 4A5 and A6), the formation of a
very elongated fluid shape and many additional side jets was seen,
while the number of jets increased during the process. However,
this is a different phenomenon than the typical multi-jet (e.g.
Fig. 4A4) where the side threads were passive (no electrospinning).
This described anomaly appears for both the 8% and 10% PLA so-
lutions. The PV at 20 Hz caused vibrations in the extending fluid
shape and formation of a nearly imperceptible jet. At 50 and 100 Hz,
the solution took the shape of a slim bulb. In all the PV experiments
performed for the PLA solutions electrospinning process was stable
with a single jet, and fibers were obtained on the collector for all
parameters (no dripping mode was observed).

These experiments showed the occurrence of the following
shapes of the liquid at the nozzle tip (depending on the processing

-

- ———
15,0k 20 um

TM-1000_5842

Fig. 3. (A) The method to measure the average fiber diameter dfand the bead size dp (s > 3 dy). (B) Beaded PVP fibrous mat with example fiber diameters and bead sizes marked.
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conditions and the viscosity of the polymer solution):

— large droplets (dripping mode) (e.g. Fig. 4A1 and B3),

— very elongated solution shape with additional passive side jets
(e.g. Fig. 4A5),

— elongated solution shape with a single electrospinning jet (e.g.
Fig. 4D1, and C5),

— Taylor cone (e.g. Fig. 4A3 and C4) or Taylor-like cone with
additional jets (e.g. Fig. 4D3),

— very small cone (almost imperceptible), from which a few jets
spin (multi-jet mode) (e.g. Fig. 4A4 and C2).

Based on past experience, the absence of an electrical potential
causes the liquid to flow in the form of single drops as opposed to a
stream [44]. The droplet grows to a certain size before detaching
from the nozzle. The droplets are maintained by the forces of the
liquid surface tension and break off when the weight of the droplet
exceeds these forces. In processes that include an electric voltage,
additional forces associated with the electrostatic interactions
appear, which produces a new force balance. In electrospinning
process, there is an electrical potential difference between the

PVP

grounded collector and the nozzle connected to the high voltage
supply source. The high intensity of the field around the formed
droplets creates a high surface charge density. The electrostatic
force is created along the electric field lines, and the resultant force
acting on the drops is the vector sum of gravity and the electrostatic
forces. This leads to a significant elongation and eventually burst of
the drops. A Taylor cone is formed at the end of the nozzle for high-
viscosity solutions containing long-chain polymers, causing the
drop to become a jet.

The value and type of electric voltage applied to the nozzle has a
large influence on the outflowing liquid shape. There is a range of
voltages for which the Taylor cone is obtained and the electro-
spinning process is stable, which depends on the properties of the
solution or polymer (type, molecular mass, concentration, etc.) and
the environmental conditions. For instance, the Taylor cone
occurred for the 8% PVP solution electrospun with a DCV of 8 kV but
was not formed for the lower polymer concentration (3.5%). Below
the voltage threshold, dripping occurs (e.g., voltages below 8 kV for
the PLA solution), while above this threshold there were two or
more vertices from which the fibers were electrospun (multi-jet
mode), such as in the case of the PVP solution electrospun with a

PLA

DCV » |

Taylor cone

()

large droplets
{dripping mode)

S0Hz O] 20Hz o |

100 Hz O |

Taylor-like cone
with additional jets

[ (1)3.5% 8%V |[@) 35%. 15kv|| (3)8%. 8%V |[(4) 8%, 15%V |

Taylor-fike cone

[ (5 8%, 15%v | | (6) 10%, 15V

very elongoted

liquid shope

with additional
ossive side jets

rtluggingl

elongated
solution shape
with a single
electrospinning jet

small cone (almost imperceptible
from wlli(h(ufewiels!:;in P
(multi-jet mode)

Fig. 4. Polymer (PVP and PLA) solution droplet, cone, jet, and multi-jet formation at the tip of the nozzle during electrospinning under different electrical conditions: (A) DCV, and

PV at (B) 20 Hz, (C) 50 Hz, and (D) 100 Hz.
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DCV of 15kV. These dependencies were described by Baba et al.
[30].

One of the problems occurring during the electrospinning of
high-viscosity solutions is nozzle clogging (Fig. 4A5 and A6) which
disturbs the process. A way to stabilize the electrospinning process
and eliminate the clogging is to use a coaxial nozzle with an
additional shell solvent [42,43]. Wang et al. used ethanol as a shell
fluid to control the formation of fibers more precisely. However,
this method is labor-intensive, as it requires an interference in the
process setup (changing a single nozzle into a coaxial one, adding a
second pump) and additional experiments and time to take control
of a more complicated two-liquid system (to optimize the value of
electrospinning parameters like the flow rate of both core and shell
fluids). Therefore, the use of PV seems to be a much simpler and
easier solution. An explanation of the stabilizing effect of PV on the
electrospinning process requires additional, detailed research
considering a wide range of changes to all the PV parameters
(including pulse duration). This is probably due to supplying the
nozzle with a smaller total amount of electric charge. The effective
voltage U for a PV of amplitude U, duration 7 and a period of one
cycle T (see the operational diagram in Fig. 1) is specified by the Eq.
(1):

Uer = /T7°U (1)

Thus it is always lower than the voltage U used in the case of
DCV.
The next stage of the work was to examine the polymeric mat

1) 3.5%, 8 kV 2) 3.5%, 15 kV
8 T B M ST BB

DCV

no fibers

20Hz O

1o fibers

S0Hz O

TUA00, 02

LR

structures and link them to the geometric shape of the liquid at the
nozzle tip.

3.2. Structure of electrospun mats

Figs. 5 and 6 show SEM images of the electrospun fibrous mats
manufactured from all the experiments. These images illustrate
that the process parameters have a great impact on the obtained
product, causing the formation of several different electrospun
structures even for solutions of the same polymer, concentration,
and properties.

The analysis of photos for the mats obtained from the PVP
suggests that there is a certain limiting value of the supplied
electric charge, below which electrospinning does not occur and
fibers are not produced (Fig. 5(B—C)1 and B3). When the high
voltage supply was switched into the pulsed mode, fibers were not
obtained for 20Hz (3.5% and 8% concentration) or 50 Hz (3.5%
concentration) — dripping mode was observed.

At 8 kV, when the voltage was supplied continuously (DCV), the
PVP solution was electrospun for both the 3.5% and 8% concentra-
tions. At 15kV, the amount of supplied electric charge was suffi-
cient to obtain fibers regardless of the generator working in the
continuous or pulsed mode (even for 20 Hz).

Fibrous mats obtained from the 3.5% PVP solution are charac-
terized by the presence of a bead-on-string type structure for either
applied voltage scheme (Fig. 5A1, D1, and (A—D)2). Such structures
are known to be present when a polymer solution concentration is
low [29]. Baba et al. [30] and Aliyev et al. [40] obtained similar

Fig. 5. Scanning electron microscope images of the PVP mats obtained from the electrospinning process under different electrical conditions: (A) DCV, and PV at (B) 20 Hz, (C) 50 Hz,

and (D) 100 Hz under a magnification of 2500x.
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beaded mats, but their fibers were chopped instead of being
continuous. Interestingly, the use of PV results in lower density
mats — the lowest fiber densities were obtained at 20Hz (e.g.
Fig. 5B2) and 50 Hz (e.g. Fig. 5C3) depending on the polymer con-
centration and voltage. The only structurally distinctive mat is the
one obtained for 8 kV and 100 Hz with the 8% solution where its
fibers appeared melted to each other (Fig. 5D3).

The PLA fibers were obtained in each experiment regardless of
the concentration of the solution or value and type of the supplied

(1) 8%, 15kV

F

20 Hz &

50Hz O

2018-14-27 1303

100 Hz O

Tht-1000_0688

voltage (Fig. 6). All fibers were smooth and without beads, where
the only differences were in their diameters. In all cases the dis-
tribution of fiber diameters is bimodal with clearly observed
thinner and thicker fibers. The density of the mats is comparable,
except for the variant 15 kV and 20 Hz (Fig. 6B2), where the fibers
are visibly less numerous. Comparing Figs. 4 and 6 confirms the
relationship between the shape of the solution at the nozzle tip and
the electrospun product. In all the experiments where the elec-
trospinning jet occurred, fibers were formed on the collector as a

(2) 10%, 15KV

TM-1000_1560 20190107 1323

N
i
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Fig. 6. Scanning electron microscope images of the PLA mats obtained in the electrospinning process under different electrical conditions: (A) DCV, and PV at (B) 20 Hz, (C) 50 Hz,

(D) 100 Hz with a magnification of 2500x.
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direct result.

This research showed the occurrence of the following polymeric
fibrous electrospun mat structures depending on the process con-
ditions and viscosity of the solution (especially the solvent and
polymer selection):

— fibers with a bead-on-string type structure (e.g., PVP — Fig. 5A1
and B2),

— uniform fibers forming a sparse mat (e.g., PVP — Fig. 5C3), or a
dense one (e.g., PVP - Fig. 5A3 and PLA - Fig. 6D2),

— mats made of fused fibers (e.g., PVP - Fig. 5D3),

— mats made of fibers having diameters with a bimodal distribu-
tion (e.g., PLA —Fig. 6B2 and C1).

— no fibers (e.g., PVP — Fig. 4B1).

There was no case in which chopped fibers were obtained as
described in the works by Baba et al. [30] and Aliyev et al. [40]. This
difference may be due to the fact that Ref [30] used PV with a pulse
duration that was 10—100 times greater than this work. They also
used a different polymer (polyethylene oxide) and solvents (water).

Im
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PVP mean fiber diameter [nm]
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1

Aliyev et al. used an electrospinning setup with a much greater
distance between the nozzle tip and collector (23.5cm). Hence,
there are differences between the type of product obtained in their
and this work. As is well-known, changes of the working distance
has a significant impact on the structure of manufactured electro-
spun products [20,21].

Comparing Figs. 4 and 5 indicates that the polymer solution
shape at the nozzle tip is associated with the product obtained in a
respective electrospinning process. For instance, when only the
dripping of the solution was observed (Fig. 4(B—C)1 and B3), fibers
were not produced (Fig. 5(B—C)1 and B3). In any case, when the
jetting occurs, the electrospinning process resulted in the manu-
facture of fibers with varying diameters, structures and number
(such as in Fig. 5C3). It is noted that the resulting mat is clearly
thinner there than for the other pictures. Comparing this case with
the corresponding Fig. 4C3 picture supports this observation,
where a dripping mode together with an electrospinning jet can be
seen. It can therefore be concluded that a part of the polymer was
deposited on the collector not in the form of fibers, but together
with falling droplets sufficiently large to remain unseen in the small
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Fig. 7. The diameters of the fibers obtained from (A) the 3.5% PVP solution, (B) the 8.0% PVP solution with DCV and PV (8 kV and 15 kV, 7 = 5 ms), (C) the 8% and 10% PLA solutions

with DCV and PV (15kV, 7=5ms).
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sample of mat structure examined under SEM.

3.3. Fiber diameter

Fig. 7 shows the calculations and statistical analysis from the
visual inspections of the mean fiber diameters. Each group of data
compares the average diameters of the fibers obtained using DCV
and PV.

For a PVP concentration of 3.5% (Fig. 7A), the resulting fibers had
diameters between 300 and 400 nm for the 8 kV (red columns) and
between 200 and 300 nm for the 15 kV (blue columns). There are
no statistically significant differences between the fiber average
diameters as obtained for the DCV and PV except for one case
(p <0.01). The thinnest fibers were obtained at 15 kV and 100 Hz,
which differ statistically from those obtained at 15 kV and 50 Hz.

For more concentrated PVP solution (Fig. 7B), the differences
between the diameters of the fibers obtained using DCV and PV are
more explicit. At the 8 kV voltage (red columns), fibers with di-
ameters in the 700—800 nm range were obtained. The PV case
resulted in the formation of thicker fibers compared with the DCV
(around 100 nm difference). When the DCV value was set at 15 kV
(blue columns), fibers with average diameter around 500 nm were
produced. The use of PV at 20 Hz resulted in more than a twofold
increase in the fiber diameters, which was also observed in the SEM
images (Fig. 5B4). Increases in the frequency caused a decrease in
the fiber diameter — approximately 600 nm for 50 Hz and 500 nm
for 100 Hz (the same as DCV). All statistically significant differences
are shown in the plots. Li et al. [37] noticed similar dependencies,
but their work was carried out at much higher frequencies (above
1kHz).

The effect of the solution concentration on the fiber diameter is
clearly visible (Fig. 7C) for the PLA mats. The fibers obtained from

the 8% solution (green columns) have average diameters in the
range of 1000—1800 nm. The thickest fibers were obtained at 50 Hz
with the thinnest ones at 20 Hz. The differences in this group are
statistically significant (p <0.01 or p <0.001). Electrospinning the
10% solution (pink columns) resulted in the production of fibers
with diameters in the range of 1500—1750 nm regardless of the
operating mode of the generator or the values of the electrical
parameters. There are no statistically significant differences be-
tween the fiber diameters in these experiments.

The PLA fibers were much thinner than those obtained by Xie
et al. [38] despite the use of PV as well as the same polymer in both
cases. This is likely due to the fact that in the work by Xie et al., a
polymer melt was used instead of a solution and the impulse fre-
quencies were higher than 1kHz (100 times greater than in this
work).

The bimodal distribution of the PLA fiber diameters can be
indirectly confirmed by comparing the diagrams for the diameters
of the PVP (Fig. 7A and B) and the PLA fibers (Fig. 7C). The standard
deviation from the average fiber diameter for the PVP is around
100—200nm but is much higher for the PLA at around
500—600 nm. This suggests that the diameters of the PVP fibers are
more uniform than the PLA ones. The histograms (Fig. 8) directly
confirm the bimodal distribution of the PLA fiber diameters.

3.4. Bead size and concentration

The graphs presented in Fig. 9 show the results for the bead-on-
string type structure with the 3.5% PVP solution in terms of their
size and concentration in the mats. In each group, the data obtained
from the electrospinning process using DCV were compared with
those obtained using PV.

For both 8 and 15KkV voltages, beads 2—3 times larger were
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Fig. 9. The (A) size and (B) concentration of beads obtained from the 3.5% PVP solution for DCV and PV.

obtained using PV (Fig. 9A). The bead sizes for DCV were in the
range of 2—3 um and were 4 to 6 pm for PV. In general, larger beads
are produced at lower voltages, as previously confirmed in Ref. [29].

It is concluded that at the 8 kV voltage (Fig. 9B), the use of PV
causes a twofold decrease in the number of beads per square mm.
Comparing Fig. 9A and B suggests that when the voltage is 8 kV,
smaller beads are obtained for the DCV than for the PV, but they are
more numerous. At 15KkV, this relationship is not observed, and
there are in general fewer beads than at 8 kV (as seen in the SEM
images from Fig. 5). PV increases the concentration of beads only at
a frequency of 20 Hz.

When describing the concentration of the beads, it is impossible
to determine the statistical significance of the differences due to an
insufficient number of samples.

4. Conclusion

This study examined the differences between the electro-
spinning process performed with either a direct-current or pulsed
electrical voltage supply. The following aspects of the process were
considered: the shape of liquid and jet formed at the nozzle tip, the
structure of the electrospun fibrous mats in terms of the average
fiber diameter, as well as the average bead size (in the bead-on-
string type structure) and their concentration.

It was observed that the electric charge delivery (DCV or PV) and
the values of the electrical parameters, such as the electric voltage,
pulse frequency, and pulse duration, affect whether the electro-
spinning process is induced. The pulse frequency has a direct
impact on the shape of the liquid formed at the outlet of the nozzle
and, consequently, on the structure of the obtained product. It is
possible to link this shape with the electrospun product to initially
predict its structure based on simple observations of the nozzle tip.

Moreover, the use of PV stabilizes the liquid jet shape at the
nozzle tip during the process, especially at higher voltage values
and low or middle frequency due to a reduction in the number of
jets formed at the tip of the outflowing liquid. In several examined
cases, the polymer solution turned into a single electrospinning jet
while no multi-jets or side passive jets were observed. The fibrous
mats obtained in these process variants were homogeneous with
smooth fibers, regardless of the type of applied voltage (DCV or PV).
The exception is mats obtained for low concentrations of PVP so-
lution which are characterized by a bead-on-string type structure
(for both DCV and PV). This confirms that appropriate selections of

the electrical process parameters can control the fiber structure,
which leads to more desired products (for example, uniform fibers),
as neither dripping nor multi-jetting occurs. This study also in-
dicates that depending on the solution concentration and the type
of polymer, switching the operating mode of the voltage generator
from DCV to PV significantly affects the diameters of the obtained
fibers. In addition, a strong effect is seen for the size and number of
beads per square millimeter for the lower concentrated solutions.
Based on the experiments conducted, it was found out that
electrospinning with PV is possible and, in some cases, may result
in more favorable effects than with DCV — process stabilization,
better control over fiber diameters and bead sizes, lower power
consumption, etc. Providing the exact cause of this phenomenon
would require additional, detailed research considering a wide
range of changes of all PV parameters (including pulse duration).
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GRAPHICAL ABSTRACT

ARTICLE INFO ABSTRACT

Keywords: Polymer microspheres with controlled sizes have attracted interest due to their potential use in medical field.
Microspheres Therefore it is of great importance to be able to produce a large number of disaggregated microspheres with a
Electrospray narrow diameter distribution. This work describes the successful elaboration of the method combining electro-

Pulsed voltage
Wet phase inversion
Polymer

spray and wet phase inversion for the manufacturing of such polymer microspheres with mean diameters of 2 —
15 um. Their recovery and drying are easy and they can be directly applied afterwards. The method is universal
enough to produce microspheres from various polymers (polycaprolactone, polyethersulfone) and different
solvents (dimethylformamide, N-methylpyrrolidone). It was noticed on the basis of microscopic images and using
the nitrogen adsorption-desorption method that the specific surface of the microspheres differs depending on the
polymer and solvent used. The work introduces additional parameters resulting from the use of pulsed voltage in
the electrospray (pulse frequency f and duration 7) which results in better process control. As an example of the
use of microspheres as drug carriers, they were loaded with rhodamine and its release was tested. Such mi-
crospheres could be dispersed in polymer solution and used in extrusion-based techniques (electrospinning, 3D
printing) to form novel complex drug delivery systems.

1. Introduction mass transfer, permeability, and adhesion behaviors [1-3]. The size,
shape and porosity of the polymer microspheres can be easily controlled

Due to their spherical shape and small size, polymer microspheres by appropriate selection of process for their production and its condi-
are characterized by a large specific surface and as a consequence they tions. The sphericity of such particles reduces their tendency to aggre-
have a number of unique properties, for example adsorption, dispersion, gate compared to non-spherical particles [4]. The use of polymers as the
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material for microspheres makes it possible to control their
physico-chemical properties and to modify their surface.

The unique features of polymer microspheres compared to other
polymer materials with a different geometry results in a large field of
their applications. They are used in various areas: adsorption [1,5],
catalysis [6,7], separation [8,9], microreactors [10,11], and tempera-
ture monitoring [12]. They are particularly common in medicine and
pharmacy as tissue regeneration scaffolds [13], biosensors [14], vac-
cines [15], and the most common - controlled drug delivery systems
[16]. Research in this area has been carried out for several years, still
yielding many interesting results [16,17]. Various substances can be
delivered in this way such as anti-cancer drugs [18], antibiotics [19],
growth factors [20], imaging markers [21], anti-inflammatory drugs
[22], and others [23,24]. Sometimes, combinations of different thera-
peutic scopes can be used in one system [25,26].

In the case of polymer microspheres used as drug delivery systems,
the most important parameters that determine their potential use are
their diameters, monodispersity and enhanced specific surface. For
example, microspheres with a diameter of 1 — 5 um can be used to target
specific cells, porous ones with a diameter of 5 — 20 um are effective as
drug delivery vehicles for lungs, those with a diameter of 10 — 20 um can
be targeted at tumor tissue by chemoembolization and microspheres of
10 - 100 um in diameter are small enough to be injected with a syringe
and large enough to avoid removal by phagocytic cells, so they can serve
as intramuscular or subcutaneous small-scale drug containers [27].
Microspheres have many properties that can be controlled by the
method of their preparation and the respective process conditions.

In recent years, a lot of ideas have arisen on how such microspheres
can be obtained. All methods share the same general principle — the
polymer solution has to be dispersed into microdroplets and then the
polymer droplets have to be solidified to obtain microspheres. The
dispersion of the microsphere-forming solution may be based on emul-
sification, extrusion or microfluidics [28]. The final formation of mi-
crospheres can take place by polycondensation, polymerization,
coacervation, ionotropic gelation [16], and phase inversion by solvent
evaporation or precipitation [29]. The classic methods commonly used
today are shown schematically in Fig. 1.

Among the mentioned methods of microdroplets formation, one of
the most interesting is the extrusion-based electrohydrodynamic tech-
nique. This method was developed by Poncelet et al. [30], it is easy to
apply and gives satisfying results. This process involves pressing the
polymer solution through a metal nozzle to which the electric voltage is
applied. As soon as the electrostatic charge repulsion on the surface of
the meniscus overcomes the forces of the surface tension, the jet of liquid
is interrupted and the droplet breaks off and falls. Eventually, the mi-
crospheres can be formed using various solidification techniques. Shang
et al. [31] prepared ionically crosslinked drug-loaded chitin micro-
spheres of diameter of 400-500 ym. They used the aqueous Fe3" solu-
tion to solidify microspheres and direct current voltage (DCV) to form
microdroplets. However, the use of pulsed voltage (PV), developed by
our team, enables precise control of the size of the generated droplets,
which is its advantage over DCV [32]. The electrohydrodynamic droplet
formation with PV was also used to form alginate microspheres that

Dispersion of
the microsphere
forming solution

(droplet formation |

u Onic, jet cutling,
Iroplet formation
*Microtluidics

*Polycondensation
Final formation of
microspheres
(solidification)

rsion by ¢ g solvent evaporation
*0r extraction/precipitation

Fig. 1. Methods of producing polymer microspheres and microcapsules.
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were solidified in a calcium ion bath in the work of Priisse et al. [33].
This method was compared to others and it was found to perform best
with regard to the size distribution and the shape of the microspheres.
The use of PV also makes it possible to avoid too large (or too small)
droplets that may appear in the conventional process, apart from the
droplets of the desired size (the so-called satellite fraction). Sometimes
falling of such large droplets (800 £ 100 um) into the gelation bath can
cause flattening and deformation of the microspheres [34].

Another method for the manufacturing of smaller microspheres is the
combination of extrusion-based solution dispersion in the form of elec-
trospray followed by the solvent evaporation to finally form the solid
particles [35]. Electrospray is formed when a much higher voltage is
applied in an electrohydrodynamic droplet formation system. Then,
electrostatic atomization of the liquid stream flowing from the nozzle
occurs, resulting in formation of uniform droplets of sizes between tens
of nanometers to tens of micrometers which are deposited on a grounded
collector (usually aluminum plate) [36]. Due to this, the method is
widely used on a laboratory scale, as well as due to good particle size
control, low cost, easy and adaptable methodology, low residue gener-
ation, and high substance encapsulation efficiency. For example, Tang
et al. used the electrospray method to successfully obtain poly
(lactic-co-glycolic acid) (PLGA) microspheres with magnetic response
and controlled release of vincristine and doxorubicin. The obtained
particles had a two layer structure and diameter distribution of
0.03-1.81 um. Under the action of external magnetic field they showed
a long term sustained release of drugs in the osteosarcoma area [37].
Similarly, the method of polymer solution electrospraying on a groun-
ded collector in the form of aluminum foil was used by Yao et al. who
manufactured the microspheres from an emulsion of PLGA in chloro-
form and Congo red/albumin in water. The result of their studies was
microspheres with a size of 6 — 10 um which showed the properties of
substance release through the degradation of the polymer matrix [38].

Unfortunately, in most cases of electrohydrodynamic methods, the
collector for microsphere solidification takes the form of a flat aluminum
foil. As a result, the microspheres are collected in layers, they form ag-
gregates of different sizes and adhere to the collector surface. It makes
them impossible to be used for example as additives for various complex
drug delivery systems manufactured via extrusion-based techniques —
microencapsulation, electrospinning or 3D printing). Such microsphere
aggregates cannot be dispersed in polymer solution and then pressed
through a narrow nozzle in these methods due to their size. Moreover,
the process efficiency in the case described above is very low because the
process time is limited by the available collector area. The solution to
this problem could be to use a different collector — a well-stirred bath
filled with a non-solvent (A) of the polymer (B). The used bath filling
must be miscible with the solvent (C) used to prepare the microsphere
forming polymer solution. Then, when the microdroplet of the solution
(B+C) falls into the bath, according to the Gibbs phase rule, there is a
transition from the three-component single-phase system to the two-
phase system. The solvent (C) is washed away due to the mixing with
non-solvent (A), the polymer (B) is precipitated, and solidified micro-
spheres are formed. The mechanism of the wet phase inversion process is
shown schematically in the ternary plot in Fig. 2.

Solidification of microspheres from synthetic polymers by this
method allows to obtain a porous structure on their surface. The quan-
tity and size of pores can be controlled by appropriate selection of the
polymer concentration, composition of the precipitation bath, but also
by adding pore precursors to the polymer solution [39]. It is important
that the bath is very well mixed as it prevents the droplets from aggre-
gating until they harden completely. The wet phase inversion technique
makes it possible to obtain larger amounts of microspheres ready for
further use, which is the starting point for the research presented in this
article.

Hence, the aim of the work was to develop a method of combined
electrospray and wet phase inversion techniques for manufacturing
disaggregated polymer microspheres with a narrow size range (5 - 15
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Fig. 2. General exemplary Gibbs triangle showing the mechanism of solidifi-
cation of microspheres by wet phase inversion in a non-solvent bath.

micrometers). Such microspheres would be small enough to be easily
pressed through a narrow nozzle (usually several tens of micrometers in
diameter) as a dispersion in polymer solution in extrusion-based tech-
niques such as microencapsulation, electrospinning, 3D (bio)printing.
These complex structures would be a promising material to be used as
novel drug delivery systems. The additional assumption in our work was
that the elaborated method was universal enough to be able to produce
microspheres from various polymers of different physicochemical
properties (including chemical affinity). Therefore, two polymers were
selected for the study — biodegradable polycaprolactone (PCL) and non-
biodegradable polyethersulfone (PES). Two types of solvents were used
— dimethylformamide (DMF) and N-methylpyrrolidone (NMP). Ethanol
was used as filling in the precipitation bath. Investigations were carried
out with the use of two types of electric voltage — the one with the
electric charge supplied continuously (direct current voltage) and
another with the charge in the form of pulses of a specific frequency f
and duration 7 (pulsed voltage). The influence of different process pa-
rameters (the electrical parameters, the concentration of the polymer,
the type of polymer and solvent) on the structure of the obtained mi-
crospheres was determined. The influence of the applied polymer/sol-
vent solution composition (PCL/DMF, PCL/NMP, PES/DMF, PES/NMP)
on the size of the specific surface area of the microspheres was investi-
gated. Additionally, all types of microspheres were loaded with rhoda-
mine (marker) and the release of the marker was investigated in
dependence on the polymer/solvent composition.

2. Materials & methods
2.1. Materials

Polycaprolactone (PCL, M,, = 70 kDa, CAS Number: 24980-41-4)
was purchased from Scientific Polymer Products, USA and poly-
ethersulfone (PES, M, = 42 kDa, Ultrason E2020) from BASF, Germany.
Dimethylformamide (99%, DMF, Chempur, Poland, CAS Number:
68-12-2) and N-methyl-2-pyrrolidone (98%, NMP, Chempur, Poland,
CAS Number: 872-50-4) were used as solvents for the polymers. Ethanol
(95%, EtOH, Polmos, Poland) was used as a non-solvent to induce phase
separation in a bath. Rhodamine 640 perchlorate (M;y, = 591.05 Da,
Exciton, USA, CAS Number: 72102-91-1) was used as a marker.

2.2. Experimental setup

The microspheres were manufactured using both direct-current
voltage (DCV) and pulsed voltage (PV) and the results were compared.
The process was carried out using the setup shown schematically in
Fig. 3. Polymer solution was placed in a syringe and pressed through a
drain to a stainless steel nozzle (inner diameter 0.445 mm) using an
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Fig. 3. Scheme of the process setup with an operation diagram of the PV supply
(dotted line on the graph).

infusion pump (Alaris Asena GH). The nozzle was connected to a
custom-built high voltage generator of direct-current voltage com-
plemented by a frequency modulator providing voltage impulses.
Droplets were formed at the nozzle tip, detach and fall to the grounded
precipitation bath below. A Petri dish with a diameter of 7 cm and a
height of 1.5 cm fully filled with ethanol was used as the bath. The
distance between the nozzle tip and the surface of the bath liquid was set
as 5 cm.

Working in a PV mode the generator can supply a high, rectangular
wave voltage to the nozzle with the applied voltage value U (in the range
0 - 25 kV, stepwise), frequency of impulse application f (in the range 1 —
100 Hz, stepwise), and duration time of the voltage impulse 7 (in the
range 1 — 9 ms, stepwise). The time domain waveform signal of the PV
supply is schematically presented in Fig. 3. The same set-up was used for
DC voltage operation (without using a frequency modulator).

2.3. Preparation of microspheres
The following polymer solutions were used to form microspheres:

4,6, 10, 15, 18, 20% PCL in DMF,
15% PCL in NMP,
15% PES in DMF,
e 15% PES in NMP.

The values of the electrical parameters investigated in the study were
U =8kV for DCV and U= 8kV and 11 kV, f=20-80 Hz, 7= 2 - 8 ms
for PV. The polymer solution was delivered to the nozzle at a flow rate of
0.34 mL/h. The resulting product was collected in the stirred ethanol
bath for around 90 min. After the precipitation process the bath content
was transferred to a falcon and centrifuged. Excess ethanol was poured
off above the sedimented microspheres. The microspheres were dried at
room temperature for several days. All experiments were carried out at a
temperature of 25 °C and a humidity not exceeding 40%.

2.4. Characterization of the microspheres

The meniscus of the polymer solution formed at the nozzle tip during
the process was recorded using a monochrome CCD camera. A frame
was cut from each film ten minutes after the experiment began.

The morphology of the microsphere surfaces was examined on the
basis of pictures received by scanning electron microscopy (SEM, Hita-
chi TM-1000). To prepare the sample for SEM, 100 microliters of
microsphere suspension in ethanol were placed directly on the carbon
tape on the SEM support. After the ethanol had completely evaporated,
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the samples were coated with a thin layer (10 nm) of gold and subjected
to SEM. The diameters of 200-300 randomly selected microspheres
(from several images of one sample) were measured and their mean
values and standard deviation were calculated using Statistica software.
In order to check the repeatability of the method, several batches of
microspheres were made at the same conditions and microsphere di-
ameters were measured. All the graphs were made using GraphPad
Prism software.

Fourier transform infrared spectroscopy (FTIR) was used to deter-
mine the chemical structure of the microspheres. The FTIR spectra of
each sample was recorded using the NEXUS instrument equipped with
an attenuated total reflection (ATR) accessory in the frequency range of
600-4000 cm ™! with an average of 64 scans at 2 cm ™' resolution. The
crystalline phase of the materials was analyzed by X-ray diffraction
(XRD), using a PANAlytical Xpert-PRO diffractometer equipped with an
X'celerator detector using Ni-filtered Cu-radiation (1 = 1.54 A). The scan
step size was fixed to 0.0167°/step and the time per step was 55.25 s/
step. The specific surface area of the microspheres was determined from
BET nitrogen adsorption-desorption isotherms at liquid nitrogen tem-
perature using Micromeritics ASAP 2010 equipment (degassing condi-
tions: room temperature — 24 h).

2.5. Immobilization of rhodamine in microspheres

The possibility of using microspheres as carriers of biologically
active substances, in this case the marker — rhodamine, was investigated.
The marker-loaded microspheres were prepared directly from a polymer
solution with the addition of rhodamine. For this purpose, the method of
producing microspheres described above with minor modifications was
used. At the stage of preparation of the polymer solutions (concentration
15%), rhodamine was also added to them, so that its concentration was
0.1 mg/mL (resulting microspheres: PCL/DMF+Rod, PCL/NMP+Rod,
PES/DMF+Rod and PES/NMP+Rod). To avoid the diffusion of rhoda-
mine from the microsphere-forming solution to the precipitation bath, a
0.1 mg/mL solution of rhodamine in ethanol was used as a bath instead
of pure ethanol. Then the electrospray/wet phase inversion process was
carried out. The resulting suspensions were centrifuged, the supernate
was collected, and the microspheres were dried.

2.6. Rhodamine release tests

For the rhodamine release tests, 70 mg of each type of marker-loaded
microspheres (PCL/DMF-+Rod, PCL/NMP-+Rod, PES/DMF+Rod and
PES/NMP+Rod) were weighed, placed in test tubes which were then
filled with 5 mL of pure ethanol each. The suspensions were stirred to
remove excess rhodamine from the outer surface of the materials and
centrifuged after 2 min. The washed microspheres were then suspended
in 3.5 mL fresh pure ethanol each. The suspensions in the test tubes were
mixed, and at specified time intervals, they were centrifuged and the
absorbance of the rhodamine solution was measured spectrophotomet-
rically (light wavelength: 574 nm). The experiment results are presented
in the graphs showing the change of the released rhodamine concen-
tration profile over time.

2.7. Statistical analysis

The normality of the distribution of the measured diameters of mi-
crospheres in all samples was tested using the graphical method of the
normality plots complemented by the Shapiro-Wilk test. Due to the high
sample sizes, the mean diameter and median for individual samples had
almost the same value, therefore the mean diameter was used as a
parameter characterizing the microspheres. Since in most cases the
distributions were not normal, the statistical differences between the
mean diameters of microspheres obtained in different sets of experi-
ments were determined using the non-parametric Kruskal-Wallis one-
way analysis of variance test on ranks (instead of the parametric
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ANOVA test) followed by post-hoc test for multiple comparisons. The
significance level (o) was set at 0.05 and the probability of data was
considered statistically significant for p-values < 0.05. The results were
marked on charts in the form of asterisks: (*) for p < 0.05, (**) for
p < 0.01 and (***) for p < 0.001 or (ns) when the differences were non-
significant. All the calculations were performed with Statistica software.

3. Results & discussion

The most important result of the described research was a successful
elaboration of an electrostatic method for manufacturing microspheres
in the form of a powder in every case (PCL/DMF, PCL/NMP, PES/DMF,
PES/NMP). Fig. 4A shows a macroscopic image of dried PCL/DMF mi-
crospheres ready for further use and characterization. Moreover, it was
shown that such microspheres can be used, for example, as substance
carriers. Fig. 4B shows dried rhodamine-loaded microspheres. The
elaborated method was proven reproducible — the diameters of the mi-
crospheres formed at the same conditions in different batches (freshly
prepared solution, another day) have similar values which do not differ
statistically significantly (Table 1.).

3.1. Direct-current voltage electrospray

The influence of the concentration of the PCL solution (4 — 20%) on
the geometric shape of the liquid at the nozzle tip as well as on the shape
and diameter of the microspheres obtained in the electrospray process
using DCV with a precipitation bath was investigated.

Recordings showing the solution shape at the nozzle tip during the
process were compared to determine the above-mentioned effect.
Frames from the films are shown in Fig. 5. In all cases, it can be seen that
the solution takes an elongated spike-like shape. During the process, the
liquid at the nozzle tip vibrated vertically, causing the polymer droplets
to break up in the form of a spray of the tip of the jet. The liquid vi-
brations are visible in the photos in the form of striped blur. For more
concentrated solutions (15% and 20%) it can be seen that the liquid
drips up on the outside of the nozzle (Fig. 5D and E).

Fig. 5 also features the SEM images of the electrosprayed micro-
spheres manufactured from all the experiments with DCV. These images
illustrate that the solution concentration has a great impact on the ob-
tained product. For example the polymer non-spherical artifacts can be
formed and their quantity is reduced as the polymer concentration in-
creases. Moreover, the higher the concentration of the polymer, the
more spheroidal the microparticle shape. Additionally, it is evident that
the increase in polymer concentration causes an increase in the diameter
of the microspheres, which is also confirmed by the measurements
presented in the plot in Fig. 6 below.

The plot in Fig. 6 shows the average diameters of the obtained mi-
crospheres depending on the polymer concentration. The lower curve
(square points) shows the basic fraction of microspheres obtained in

Fig. 4. (A) dried PCL/DMF microspheres in the form of a powder without any
addition, (B) dried rhodamine-loaded PES/NMP microsphere powder.
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Table 1

The microsphere average diameter and standard deviation obtained in different
batched from 15% polymer solution: PCL/DMF [11 kV, 40 Hz, 4 ms], PCL/NMP
[11 kV, 40 Hz, 4 ms], PES/DMF [8 kV, 60 Hz, 6 ms], PES/NMP [8 kV, 60 Hz,
6 ms].

Average diameter =+ standard deviation [pum]

PCL/DMF PCL/NMP PES/DMF PES/NMP
Batch 1 14.08 £+ 5.15 13.54 4+ 5.47 8.39 + 3.68 6.75 + 3.52
Batch 2 14.61 +5.81 12.83 + 4.25 8.30 +2.79 5.34 +£1.81
Batch 3 13.89 +7.38 14.35 + 3.42 8.51 +2.70 6.89 + 2.75
Batch 4 13.63 + 4.89 - 9.33 +£2.73 5.88 + 1.67

each case. It confirms the increase in the diameter of the microspheres
with the increase of the polymer concentration. The average diameter of
the microspheres in the basic fraction is less than 20 micrometers.
However, in some cases (for concentrations of 5%, 10% and 15%), an
additional fraction (triangular points) of much larger microspheres is
also obtained, with sizes even exceeding 500 micrometers. The SEM
images showing these fractions are presented in Fig. 6. The extra fraction
in the case of the 6% solution has irregularly shaped particles, which
cannot be considered as spheres. With increasing polymer
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concentration, the spheroidicity of the particles increases, at 15% they
take the shape of slightly flattened spheres.

3.2. Use of pulsed voltage to eliminate the extra fraction of large
microspheres

The SEM photos in Fig. 7A-C show that the use of pulsed voltage can
eliminate the formation of an extra fraction of large microspheres for the
solutions of the polymer concentration less than 20%. Such solutions
were selected for the study, because their use in the case of DCV led to
obtaining two fractions of microspheres — small (1 — 17 um) and large
(150 - 850 um). Histograms presenting the distribution of the measured
diameters of the microspheres in the samples were placed under the
photos (Fig. 7).

Fig. 7 A shows a sphere of the extra fraction surrounded by multiple
microspheres of the basic fraction as well as the histogram that confirms
the distribution of microsphere diameters is bimodal in this sample — the
basic fraction is within 1 — 17 pym, the extra fraction is an order of
magnitude larger, its range is 150 — 850 um. Among the microspheres
shown in the photos in Fig. 7B and C, no large microspheres of the
additional fraction are observed. This is also confirmed by the

2020-09-21

TM-1000_5539

2020-09-21 J 20 um

Fig. 5. Liquid cone and microdroplet jet formation at the tip of the nozzle during electrospray process under DCV of 8 kV with the PCL solutions of different
concentrations: (A) 4%, (B) 6%, (C) 10%, (D) 15%, and (E) 20%. Scanning electron microscope images of the PCL microspheres obtained from the process with the

mentioned solutions.
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Fig. 6. The relationship between the concentration of the PCL solution and the
diameter of the microspheres obtained in the electrospray process (squares). In
some cases, two microsphere fractions (marked with a triangle) are visible. The
SEM pictures show these fractions.

histograms showing the unimodal distribution of the diameters of the
measured microspheres, and in both cases their range is 0-20 um. These
pictures show microspheres obtained using PV (Fig. 7E and F).

On the basis of the graphs presented in Fig. 8A, which shows the
mean diameters of the microspheres for the above-described conditions
for the polymer solution concentration of 15%, it can be seen that
properly selected PV conditions (U, f, 7) do not significantly change the
diameter of the microspheres. In the case of DCV, the microbead mean
diameter was 7.44 + 3.22 pm, which is smaller than the mean diameter
obtained for PV (8.72 + 3.10 pym for 70 Hz, 8 ms and 8.73 + 4.12 um for
50 Hz, 9 ms), but only in the first of these cases the difference is sig-
nificant statistically, but yet at a low confidence level.

In the previous paragraph it was mentioned that the PV conditions
must be properly selected. The crucial parameter that characterizes the
PV is the effective voltage U,y For a PV of amplitude U, impulse fre-
quency f, duration 7 and a period of one cycle T (see the operational
diagram in (Fig. 3) Ug is specified by the Eq. (1):

\/T/iT o U= /tefelU (€8]

Thus, effective voltage is always lower than the voltage U used in the
case of DCV so a smaller total amount of electric charge is supplied to the
nozzle.

The above remark explains why Fig. 7D shows a sphere belonging to
the extra fraction of large spheres even though the sample was made
with PV. This photo presents microspheres electrosprayed with the
voltage value of 8 kV, frequency of 60 Hz, and pulse time of 6 ms from
the 18% PCL solution. The photo is complimented by a histogram
showing the bimodal distribution of the measured microsphere dime-
ters. The basic fraction is in the range 0 — 24 pm and the extra fraction 40
— 840 pm. Increasing the voltage during the process to 11 kV while
maintaining the same values of parameters f and 7, eliminates the
additional fraction (Fig. 7E) and the diameter distribution becomes
unimodal in the range of 0 — 11 ym. Fig. 7F shows a sample obtained
from the 18% PCL solution while maintaining the voltage value of 8 kV,
but with changed values of parameters f and 7, respectively 80 Hz and
5 ms. There is only the basic fraction with a unimodal diameter distri-
bution in the range of 0 — 18 yum. In both mentioned cases (Fig. 7E and F)

Uy =
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the effective voltage value is increased in relation to the initial case
(Fig. 7D), which results in the elimination of the extra fraction of large
microspheres.

The change in the mean diameter of the microspheres in the above-
mentioned variants of the experiment is shown in the graph in Fig. 8B.
The average diameter of the microspheres in the initial case (8 kV,
60 Hz, 6 ms) is 10.50 =+ 4.92 um and is slightly larger than the diameter
of the microspheres in the case with changed f and 7 values (8 kV, 80 Hz,
5ms) — 8.45 £ 3.22 um, however, this difference is statistically insig-
nificant. In the case with increased voltage (11 kV, 60 Hz, 6 ms), the
diameter of the microspheres is significantly smaller — 5.45 &+ 1.99 um,
which confirms that with increasing voltage, the diameter of the mi-
crospheres in the electrospray process decreases [32].

3.3. Influence of impulse duration 7 and frequency f on microsphere size

The previous section presents examples of such selection of PV pa-
rameters for which the diameters of microspheres obtained in the elec-
trospray process with the precipitation bath do not differ significantly.
More detailed research was carried out to see if this is the case under all
conditions.

The analysis of the SEM images shown in Fig. 9 leads to the obser-
vation that the PCL microspheres obtained with a 20% polymer solution
in DMF for the voltage value of 11 kV and various parameters f and
show no differences in structure. They all have regular spherical shapes,
some of them with small pores. These microspheres resemble those
obtained from the same solution for DC voltage (Fig. 5E). The difference
can be seen at the outlet of the nozzle, where for the PV a much smaller
meniscus with a shorter tip is observed in comparison to the one formed
with DCV (Fig. 5). For the PV, the nozzle does not clog and the polymer
solution does not leak upward on its outer side as in the case of the use of
DCV (Fig. 5D-E).

The plot in Fig. 10A shows the change in the diameter of the mi-
crospheres obtained in the electrospray process using 20% PCL solution
for a voltage of 11 kV and a pulse duration of 6 ms for various values of
the pulse frequency from 20 to 80 Hz. The diameters of the obtained
microspheres differ significantly in each case except for two pairs [20 Hz
and 60 Hz] and [40 Hz and 80 Hz]. The diagram has a specific sawtooth
shape but based on the results, the relation between the diameter of the
microspheres and the pulse frequency cannot be explicitly determined
although the tendency may appear to be slightly declining.

The graph in Fig. 10B shows the change in the diameter of the mi-
crospheres obtained by the electrospray process using a 20% PCL solu-
tion for a voltage of 11 kV and a pulse frequency of 60 Hz for various
values of pulse duration from 2 to 8 ms. In this case it can be seen that for
the pulse time values lower than 8 ms the diameter remains almost
unchanged. Only at the pulse duration of 8 ms, a significant decrease in
the diameter of the microspheres is noticeable.

An analysis of the influence of effective voltage (Uey) on the diameter
of the microspheres was carried out. It was determined whether for
given pairs of variants f and 7, for which U has the same value, the
diameters show significant differences. Uy values were determined for
all cases on the basis of Eq. (1) and the results are shown in the graph in
Fig. 10C. For a low value of the effective voltage, no differences are
noticed between the two variants [20 Hz, 6 ms] and [60 Hz, 2 ms]. In
the remaining cases, the mean diameters of the microspheres do not
differ much from each other (about 2 um), but these differences are
statistically significant. As U increases, the diameter of the micro-
spheres decreases.

3.4. Influence of the used polymer/solvent on the structure of
microspheres

Fig. 11. shows SEM pictures of microspheres made with solutions
with different polymer/solvent combinations. The pictures also show
the mean diameter of the microspheres along with the standard
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Fig. 7. Scanning electron microscope images of the PCL microspheres obtained with different PCL/DMF solutions under various electrical conditions: (A) 15%, DCV
of 8 kV, (B) 15%, PV of 8 kV, 70 Hz, 8 ms, (C) 15%, PV of 8 kV, 50 Hz, 9 ms; (D) 18%, PV of 8 kV, 60 Hz, 6 ms, (E) 18%, PV of 11 kV, 60 Hz, 6 ms, and (F) 18%, PV
of 8 kV, 80 Hz, 5 ms. Histograms showing the distribution of the measured microsphere diameters for a given sample were marked on the photos.

deviation.

The analysis of the SEM pictures presented in Fig. 11 leads to the
clear observation that the selection of the polymer/solvent composition
does have an impact on the structure of the microspheres obtained in the
electrospray/phase inversion process while maintaining other process
conditions. In the case of PCL, it can be seen that the microspheres ob-
tained from the polymer solution in DMF are more spherical and their
average diameter is larger, but this difference is not statistically signif-
icant. In the case of PES, the change of the solvent from DMF to NMP
results in an improvement in the sphericality of the microspheres and a
decrease in their mean diameter.

Based on the microscopic observation of PES microspheres, it was
noticed that their surface morphology differed depending on whether

DMF or NMP was used to dissolve the polymer. In the case of micro-
spheres obtained from the PES/NMP solution, their surface seems to be
more porous, uneven, and slightly reminiscent of an orange peel. A
similar case is not observed for the PCL microspheres. In order to verify
the validity of the above observations, the specific surface area of the
microspheres was measured using BET nitrogen adsorption method. The
results of the study are presented in Table 2.

The results of measurements of the specific surface of the micro-
spheres confirm the observations made on the basis of SEM pictures.
They additionally allow to determine measurably the difference in the
surface morphology of the microspheres. In the case of PES micro-
spheres, the specific surface area is several ten times larger than in the
case of PCL. In addition, the use of NMP in the formation of PES
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Fig. 8. The mean diameters of microspheres obtained from (A) the 15% PCL
solution with DCV or PV, (B) the 18% PCL solution with PV of
different parameters.

microspheres increases their specific surface almost threefold, which
was also noticed in the microscopic pictures.

Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction
(XRD) tests were performed to check the influence of the use of different
polymer/solvent compositions on the chemical structure and crystal-
linity of the obtained microspheres. Fig. SI1 (supporting information)
presents the results.

The IR spectra shows that the chemical structure of the polymers
(both PCL and PES) does not change after the microspheres production
process, because in both cases the peaks appearing on the black curve
(pure polymer) have their counterparts on the red (microspheres from a
polymer solution in DMF) and blue curves (microspheres from a polymer
solution in NMP) (Fig. SI1). However, there are some additional peaks
present in the spectra. One of them is slender and occurs around 1662 —
1677 cm !, which corresponds to C=O0 stretching in the tertiary amide.
These bonds are characteristic for the solvents used in the process (both
DMF and NMP) and they are not present in the structure of any of the
polymers (neither PCL nor PES). The second, double peak appears
around 2880 — 2972 cm ™. In the case of the PCL spectrum, it is derived
from C-H stretching alkane. It appears to a small extent in the PES/DMF
and PES/NMP spectra too, where it identifies the hydrocarbons present
in the chemical structure of both solvents. Probably this stretch would
also occur for PCL/DMF and PCL/NMP microsphere samples, however,
the accumulation of alkane bonds in PCL overrides the ones in the sol-
vents. The third peak is much wider. The IR spectrum shows a low in-
tensity stretch at around 3426 — 3444 cm ™! corresponding to O—H, most
likely for absorbed moisture or ethanol residues for all microspheres.
Taking into account the above observations, it can be undoubtedly
stated that the process of producing microspheres did not change the
chemical structure of the polymers. However, there are some residual
solvents in the samples, which should be removed by increasing the DMF
(or NMP) leaching time with ethanol, additional rinsing after the end of
the process with fresh portion of pure ethanol and more thorough
drying.

The X-ray diffraction patterns of the PES microspheres have the same
shape (Fig. SI1) and additionally it is the shape of a pure PES pattern
[40]. Despite the method of producing microspheres, the amorphous
nature of the PES remains intact. The case of PCL microspheres is similar
- XRD diffraction patterns are the same for both types of material (after
solution in DMF and NMP) and reveal the presence of significant crys-
tallinity of PCL - the same as in the case of pure polymer [41].
Regardless of the method of producing microspheres, PCL shows a sharp
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peak at 20 of 21° and a relatively low intensity peak at 23.5° corre-
sponding to the (110) and (200) planes of the orthorhombic crystal
structure [42]. The XRD results suggest that cristal nature of PCL does
not change due to its dissolution in different solvents and subsequent
preparation of the microspheres.

3.5. Rhodamine immobilization and release

Rhodamine was added to the microsphere-forming solution as well
as to the precipitation bath and the electrospray was conducted. The
microspheres obtained in this system were dried. A change in their color
compared to pure microspheres was noticed — they were slightly pink
(Fig. 4B). In order remove the rhodamine that was deposited on the
surface of the microspheres due to the evaporation of residual ethanol
from the bath solution, the microspheres were rinsed with the pure
alcohol. The washed microspheres were placed in a fresh ethanol and
the concentration of the solution was measured at specified time in-
tervals and the charts showing the rhodamine release profiles from the
microspheres (varying in the polymer/solvent combination) were
plotted (Fig. 12 A-D).

Initial studies of marker (rhodamine) release over time from micro-
spheres were carried out. In the case of microspheres produced from
solutions of both polymers in DMF, a fairly rapid release of the marker is
observed in the first 10 min of the experiment (Fig. 12A and C). In both
of these cases, an initial burst of the marker occurs (above the equilib-
rium concentration), which is related to the rapid desorption of rhoda-
mine from the outer surface of the microspheres. The burst release effect
is not observed for the microspheres made of NMP polymer solutions
(Fig. 12B and D). In both cases, the release of the marker occurs grad-
ually, not exceeding the equilibrium concentration, although, most of
the rhodamine is released in the first 30 min of the experiment. The
above observations are consistent with the literature reports of other
researchers, e.g. Berkland et al. [43]. They stated in their work that
rhodamine, as a very hydrophilic substance, is mostly located towards
the surface of the microspheres, which results in its relatively quick
release, regardless of the size of microspheres.

In the case of PCL/DMF microspheres (Fig. 12A) the equilibrium
state is reached after 30 min, while in the case of PES/DMF micro-
spheres (Fig. 12C) this time is prolonged up to 240 min. These differ-
ences are probably caused by the difference in the surface structure of
both types of microspheres — the surface of the PCL microspheres is
relatively smooth, so both desorption of rhodamine molecules adsorbed
on it and re-adsorption occur relatively quickly. On the other hand, the
outer surface of the microspheres made of PES is more pleated and
porous. Thus, in the first period of release, diffusion of marker molecules
adsorbed on the surface occurs, followed by desorption of molecules
inside the cavities or pores. For this reason, reaching the state of equi-
librium takes more time. In both cases the equilibrium state is main-
tained after 72 h (4320 min).

Microspheres made of NMP polymer solutions have different profiles
(Fig. 12B and D). In the case of PCL/NMP microspheres (Fig. 12B), an
increase and then a decrease in the concentration of the marker are
observed, which indicates that probably during the experiment the
equilibrium concentration has not yet been achieved. The profile of
rhodamine release from inside the PES/NMP microspheres is signifi-
cantly different (Fig. 12D). After the initial release of rhodamine during
the first 20 min, a gradual slowdown in release occurs, which lasts
continuously until the end of the 6-hour test. During this time, rhoda-
mine diffuses from the inside of the pores, which requires a longer time.
Over time, the marker mass gains are smaller and smaller, but still
visible. The equilibrium state has not been reached even after 72 h.

The estimated mass of rhodamine released after 72 h (expressed in
the relation to the mass of the microspheres) is shown in Table 3. The
obtained results confirm the differences in the surface structure of the
microspheres, visible in the SEM photos (Fig. 11) and confirmed by tests
of their specific surface (Table 2) — the greater the specific surface area,
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Fig. 9. Scanning electron microscope images of the PCL/DMF microspheres obtained with 20% polymer solution under different electrical conditions (f, t) for PV of

11 kV: (A) 20 Hz, 6 ms; (B) 60 Hz, 2 ms; (C) 40 Hz, 6 ms; (D) 60 Hz, 4 ms; (E) 60 Hz, 6 ms; (G) 80 Hz, 6 ms; (H) 60 Hz, 8 ms; (F) a frame from the recording of the
nozzle outlet showing the geometric shape of the liquid at the conditions [11 kV, 60 Hz, 6 ms].

the greater the mass of immobilized rhodamine. 3.6. Advantages of the proposed method

An attempt to combine the electrospray process and the use of a bath
to collect polymer microspheres was undertaken by some researchers
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Fig. 10. The mean diameter of the microspheres obtained in the electrospray process from the 20% PCL/DMF solution with PV of 11 kV: (A) in the function of
frequency of impulse application f for T = 6 ms; (B) in the function of the duration time of the voltage impulse 7 for f = 60 Hz. (C) Influence of the change of effective

voltage U on the diameter of PCL/DMF microspheres electrosprayed with PV.

before. For instance, Malik et al. [44] manufactured microspheres from
PLGA using the electrospray coupled with a novel thermally induced
phase separation process with a liquid nitrogen collection bath. The
particles had diameters of 16.77 — 122.91 uym, and the method proposed
by them turned out to be chemical-free, sustainable and scalable.
Another work combining electrospray with a gelation bath has been
reported by Lee et al. [45]. They presented a coaxial tri-capillary elec-
trostatic technique that can directly produce PLGA microspheres with
multiple drug compounds incorporated in various layers. As a collector
they used the ring immersed in a plastic dish containing a conductive
mixture of olive oil and tributylphosphine. However, more than the
method itself, they focused on controlling the thickness of the individual
microsphere layers by changing the flow rate of the solution flowing
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through the nozzle.

Each of these methods described above uses a bath liquid that may
cause difficulties to work with (liquid nitrogen, oil), whereas the authors
of this work elaborated a method with ethanol as a non-solvent that is
easily available and simple to operate. None of the methods is universal
for many polymers, nor do they use pulsed voltage, which undoubtedly
would increase the possibility of control over the obtained product by
increasing the number of process parameters that can be adjusted.

The presented method has an easy and adaptable methodology and
does not require any additional substances (apart from the polymer, its
solvent and non-solvent) which could leave residues or change the
structure of the polymer (e.g. crosslinking agents). The process is con-
ducted in mild conditions such as ambient temperature and gentle
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Fig. 11. Scanning electron microscope images of the microspheres obtained with 15% polymer solution with the microsphere average diameter d and standard
deviation: (A) PCL in DMF [11 kV, 40 Hz, 4 ms], (B) PCL in NMP [11 kV, 40 Hz, 4 ms], (C) PES in DMF [8 kV, 60 Hz, 6 ms], (D) PES in NMP [8 kV, 60 Hz, 6 ms].

Table 2
Specific surface area of microspheres determined by BET nitrogen
adsorption method.

Sample Specific surface area [m?/g]
PCL/NMP 0.607 + 0.040
PCL/DMF 1.566 + 0.044
PES/DMF 52.926 + 0.260
PES/NMP 148.199 +1.189

stirring. Additionally, by conducting the experiments for many weeks,
the authors of the study proved that there is an excellent reproducibility
of the microspheres. A relatively large number of microspheres with a
narrow diameter distribution of several micrometers is obtained. They
do not form aggregates (neither in the bath nor after drying) and are
simple to further process and use. The recovery of the product is easy
and it can be directly applied afterwards. The advantages of the pro-
posed method compared to the methods described in the literature are
summarized in Table 4.

Polymer microspheres in the form of dried non-aggregated powder
obtained according to the proposed method open up many possibilities
for further use. In this work, it was proposed to use them as drug carriers.
They could be dispersed in the polymer solution to form a suspension
which can then be pressed through a nozzle in electrospinning or 3D
bioprinting process to form novel drug delivery systems via extrusion-
based techniques what would be their final use as planned by the au-
thors of the work.

11

4. Conclusions

In the presented work, a method for manufacturing ready-to-use
polymer microspheres was developed using combined pulsed voltage
electrospray and wet phase inversion techniques. The method is simple
and universal and it can be modified by using different polymers and
solvents, and by changing the process parameters leading to the pro-
duction of microspheres of various sizes and structures.

This work demonstrated the advantages of using a pulsed electric
field instead of direct-current voltage. First of all, using of PV removes
the unwanted extra fraction of large microspheres making the micro-
spheres monodispersed. It stabilizes the liquid meniscus at the nozzle tip
(keeping its geometric shape the same throughout the process). Finally,
properly selected PV parameters (voltage U, pulse frequency f and pulse
duration 7) result in obtaining the desired structures. The microspheres
were made of two polymers (PCL and PES) dissolved in two solvents
(DMF and NMP). It has been shown that the selection of the composition
of the microsphere-forming solution has an impact on their size, ho-
mogeneity and specific surface area, but does not change their chemical
or crystalline structure (compared to pure polymers).

As an example of the use of the microspheres, the ones with rhoda-
mine for the controlled release of substances were presented. The
marker-loaded microspheres were successfully produced and the dif-
ferences in rhodamine release profiles resulting from the structure of the
microspheres (especially specific surface area) were indicated.

The work described above has a very promising outcome as it pro-
vides support for our hypothesis that the combination of pulsed voltage
electrospray and wet phase inversion techniques is a suitable method for
the production of monodispersed ready-to-use polymer microspheres.
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Fig. 12. Rhodamine release profile from the rinsed microspheres varying in the polymer/solvent combination: (A) PCL/DMF, (B) PCL/NMP, (C) PES/DMF, (D)

PES/NMP.
Table 3
The mass of rhodamine released after 72 h from different
microspheres.
Sample Rhodamine mass [mg/g]
PCL/NMP 0.029 + 0.014
PCL/DMF 0.043 + 0.014
PES/DMF 0.143 + 0.029
PES/NMP 0.171 + 0.014

Such microspheres, for example, can be used as drug delivery systems
but their application will certainly not be limited to biomedical engi-

neering as it is easily transferable to other sectors.
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Table 4

The advantages of the proposed method compared to the methods described in

the literature.

Microsphere formation
method with reference

Problem

Solution brought by the
method described in the
article

Electrospray droplet
formation followed by
the solvent evaporation
(microspheres
deposited on a
grounded collector,
usually aluminum
plate)[34-37]

Ultrasonic droplet
formation followed by
solvent extraction
(microspheres
deposited in the bath)
[43]

Electrospray droplet
formation followed by
the solvent extraction
(microspheres
deposited in the bath)
[31,44,45]

Microspheres forming
the aggregates and
layers.

Using the microspheres
as a dispersion in
polymer solution for
various extrusion-based
techniques is very
difficult or impossible.
Production of unwanted
sphere sizes (satellite
fraction).

Nozzle clogging.

Collecting baths with
various chemical
compositions (oils,
liquid nitrogen, salt
solutions) difficult to
operate.

Non-universal methods
strictly adapted to only
one type of polymer.
Use of additional
substances which could
leave residues or change
the structure of the
polymer (e.g.
crosslinking agents).

Other advantages of the proposed method:

e mild conditions (ambient temperature, gentle stirring),

o excellent reproducibility of the microspheres,
o the recovery of the product is easy and resulting microspheres are simple to be used
in different extrusion-based techniques as a dispersion in polymer solution.

Use of a different collector
— a bath filled with a liquid
in which polymer droplets
suspended in non-miscible
phase harden according to
the sol-gel mechanism
(precipitation).

Use of a pulsed voltage
method to form
microdroplets with a
narrow diameter
distribution
(monodisperse) by
employing additional
electrical process
parameters which can be
adjusted according to
desired microsphere
diameter.

Use of a common, pure
solvent as a precipitation
bath (e.g. ethanol).

The uncomplicated system
allows for quick
modification of the
composition of the
microsphere forming
solution as well as the non-
solvent bath.

Method of an easy and
adaptable methodology
and does not require any
additional substances.
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ARTICLE INFO ABSTRACT

Keywords: Electrospun fibers, often used as drug delivery systems, have two drawbacks — in the first stage of their action a

Electrospinning sudden active substance burst release occurs and they have a relatively small capacity for a drug. In this work the

I;/hcrosp‘heres fibers are modified by the addition of drug-loaded microspheres acting as micro-containers for the drug and
uspension

increasing the total drug capacity of the system. Its release from such a structure is slowed down by placing the
microspheres inside the fibers so they are covered with an outer layer of fiber-forming polymer. The work
presents a new method (microsphere suspension electrospinning) of obtaining polyvinylpyrrolidone fibers cross-
linked with UV light modified with polycaprolactone/polyethersulphone microspheres loaded with active sub-
stance — rhodamine 640 as a marker or ampicillin as a drug example. The influence of UV-cross-linking time and
the microspheres addition on the degradation, mechanical strength and transport properties of fibrous mats was
investigated. The mats were insoluble in water, in some cases mechanically stronger, their drug capacity was
increased and the burst effect was eliminated. The antibacterial properties of ampicillin-loaded mats were
confirmed. The product of proposed suspension electrospinning process has application potential as a drug de-

Drug delivery
UV-cross-linking

livery system.

1. Introduction

Electrospun fibrous mats have been studied since the beginning of
20th century in the context of their potential use as controlled drug
delivery systems. What makes them a very good candidate for this
purpose are their great specific surface area, high porosity and structure
similar to the extracellular matrix [1].

For the production of nano- and micro-thin fibers from a polymer
solution or melt, the electrospinning method is used [2]. Synthetic
polymers such as aliphatic polyesters e.g. poly(glycolic acid) (PGA),
poly(lactic acid) (PLA), their copolymer (PLGA) and polycaprolactone
(PCL), as well as hydrophilic polymers — poly(ethylene glycol) (PEG),
poly(vinyl alcohol) (PVA) or polyvinylpyrrolidone (PVP) - are
commonly used in the electrospinning process [3]. They have much
greater strength, repeatability and processing flexibility than the natural

ones, they can also help to avoid immunogenicity and pathogen trans-
mission [4]. Polymers present in drug delivery systems should be
appropriately selected for the nature of the drug used in them. For
example, hydrophilic polymers (e.g. PVA) will be suitable for delivering
water-soluble substances [5], while on the other hand, the use of hy-
drophobic polymers (e.g. PCL) delays the release of the substance, thus
prolonging the performance of the system [6]. Electrospun PVP fibers
are especially interesting in the context of drug delivery as they can be
loaded with both types of drugs. Domokos et al. used fast dissolving
properties of PVP to design orally disintegrating fibrous mats containing
carvedilol — a poorly soluble in water active substance, while other
systems were not able to provide its adequate therapeutic dose [7]. On
the other side, Maciejewska et al. used PVP fibers to design antibacterial
surfaces by functionalizing them with lysozyme — a hydrophilic anti-
microbial enzyme. The fibers were electrospun with the addition of

* Corresponding author at: Nalecz Institute of Biocybernetics and Biomedical Engineering, Polish Academy of Sciences, 4 Ks. Trojdena St., 02-109 Warsaw, Poland.

E-mail address: amirek@ibib.waw.pl (A. Mirek).

https://doi.org/10.1016/j.bioadv.2023.213330

Received 18 November 2022; Received in revised form 24 January 2023; Accepted 2 February 2023

Available online 9 February 2023
2772-9508/© 2023 Published by Elsevier B.V.


mailto:amirek@ibib.waw.pl
www.sciencedirect.com/science/journal/27729508
https://www.journals.elsevier.com/materials-science-and-engineering-c
https://doi.org/10.1016/j.bioadv.2023.213330
https://doi.org/10.1016/j.bioadv.2023.213330
https://doi.org/10.1016/j.bioadv.2023.213330
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioadv.2023.213330&domain=pdf

A. Mirek et al.

benzophenone and cross-linked with ultraviolet light to reduce the sol-
ubility of the PVP (active substance carrier) in water [8]. PES-based
ultrafine fibers also have the potential to be used as a drug carrier in
drug delivery [9], e.g. for wound dressings [10].

Despite all their advantages that make electrospun fibers potentially
applicable as controlled drug delivery systems, they also have some
limitation. Microparticles and fibers designed as carriers share a com-
mon drawback — burst effect, a sudden initial uncontrolled release of the
drug [11-13]. Once the system is placed in the release medium, there is
a great ejection of the drug before the release rate reaches a stable
profile [14]. This significantly increases the concentration of the drug in
the initial phase of delivery and reduces the effective lifetime of the
system as the amount of total burst-released substance might reach up to
55 % of the total release [15]. Burst release may result in unpredictable
and undesirable effects, such as pharmacological risks, ineffective
treatment, and economic losses [1]. Due to the fact that burst release is
quick and short, most mathematical models for substance release ignore
it. A solution to the burst release problem should therefore be sought in
the appropriate modification of the drug delivery system.

Another limitation of classic electrospun fibrous mats is the rela-
tively small capacity of such a system for an active substance. The
electrospinning process usually takes several hours and produces fibers
with nanometric diameters. The resulting mats are characterized by low
weight due to the low output of the process (0.01-0.1 g/h, [16]) and
high porosity (up to 99.2 %, [17]). The amounts of drugs that could be
encapsulated in such a system are small (up to 10 mg), and the fibrous
mat becomes useful only for low-dose applications [18]. In order to
increase the capacity of the system for the drug, it is proposed, for
example, to scale-up the electrospinning process [18], increase the fiber
diameter [19] or modify fibers by in situ formation of microspheres
within electrospun mats [20].

Various modifications of the electrospinning are used and they aim
to improve the fibrous mats by giving additional properties to the fibers
and removing the above-mentioned flaws of classical technique. Post-
processing modifications can be applied to the electrospun fibers [21],
but the process itself can also be modified, for example, by changing the
shape of the electrospinning spinneret, replacing a simple single nozzle
with coaxial [6], multiaxial [22] or side-by-side ones [23]. The result of
such action is fibers with a complex multilayer structure of the core/
shell or Janus type. This changes their transport properties for immo-
bilized substances (e.g. the shell can slow drug release), mitigates the
drawbacks relative to burst release and allows the development of mats
made of polymers of two different types: hydrophilic and hydrophobic,
which also broadens the application potential [24]. For example, Mo
et al. conducted a coaxial electrospinning process with biologically
active oil as a core and PCL as a shell which allowed the drug to be
released for three days [25], and Zhao et al. developed PCL/Zein core-
shell fibers loaded with metronidazole and prolonged the drug disso-
lution time from 18 h to 72 h [26].

Another modification is the emulsion electrospinning process in
which the drug solution disperses in the form of micelles in the polymer
solution to form a stable emulsion [27]. The advantage of this method is
the minimized contact of the bioactive substance with an organic solvent
that could damage it. Moreover, it does not require the use of coaxial
electrospinning nozzle to form multilayer structures. Basar et al. fabri-
cated the fibrous mat by emulsion electrospinning of a PCL/gelatin (O/
W) emulsion with ketoprofen dispersed in oil phase. Such a system
eliminated drug burst release effect and allowed it to be sustainably
released for up to 4 days [28]. Shibata et al. improved the solubility of
poorly water-soluble probucol (PBC) by dispersing it in PVA fibers
electrospun from O/W emulsion where PBC was dissolved in ethyl ac-
etate and PVA in water. Such a system enabled controlled release of
poorly water-soluble drugs [29].

Another particularly interesting drug delivery system manufacturing
method would be the combination of the electrospinning process with
the production of drug-loaded microspheres. Such a solution would link

Biomaterials Advances 147 (2023) 213330

the advantages of both techniques, eliminating their disadvantages. The
use of microspheres as micro-containers for the active substance would
increase the total volume of the system, while the fibers would allow it
to maintain its integral structure, eliminating the risk of sphere migra-
tion. Such solutions are currently being developed mostly for the oil/
water separation systems, such as the one proposed by Gao et al. [30].
They simultaneously electrospun polyvinylidene fluoride (PVDF) and
electrospray SiO2/PVDF microspheres to obtain the hybrid structure
described above. The system combined the flexibility of the fibers with
the hydrophobicity of the microspheres, which increased the oil
adsorption capacity. In a similar way potential fibrous wound dressing
materials can be designed [31,32]. Li et al. [31] proposed a multi-
layered fibrous mat made by spraying the silk fibroin (SF)/chitosan
(CS) microparticles onto the polycaprolactone (PCL)-polyvinyl alcohol
(PVA) fibers. The system was found to have high encapsulation rate of
bovine serum albumin (BSA) and good antibacterial effect. Gungor-
Ozkerim et al. [32] created a “sandwich system” in which an electro-
sprayed growth factor-loaded gelatin microspheres layer was placed
between two layers of electrospun fibers (PCL/PLA and PCL/gelatin).
This system remained stable for at least 2 months, prevented micro-
sphere migration, and the bioactive nature of growth factor was main-
tained. Another “sandwich system” was proposed by Nagiah et al. [33].
The results of their study show that a composite system consisting of
doxycycline hyclate-loaded poly (vinyl alcohol) microspheres sand-
wiched between poly (3-hydroxybutyric acid) electrospun fibers has an
initial burst release despite the multi-layered system. It is noteworthy
that each of the above methods assumes the formation of microspheres
and fibers independently, with subsequent combination at the collector.
This results in the entanglement of microspheres within the fiber
network, forming mixed systems. The microspheres are not immobilized
within the fiber structure, covered with an outer polymer layer. Such a
structure could potentially be achieved through a microsphere suspen-
sion electrospinning, which is currently an under-explored method. The
authors of the present study have identified a limited number of in-
vestigations that delve into the topic of the utilization of this technique
for the production of potential drug delivery systems. Xu et al. [34]
developed a biodegradable drug delivery system (electrospun poly (I-
lactic acid) fiber mats loaded with chitosan microspheres) using a sus-
pension electrospinning method. In vitro dual release showed short-
lived release of bovine serum albumin, but long-lasting release of ben-
zoins in all dual drug release systems. The diameters of both the mi-
crospheres and fibers were observed to range between 1 and 3 pm.
The aim of the presented work was to develop a new potential drug
delivery system based on water-insoluble polyvinylpyrrolidone fibers
modified with polycaprolactone (or polyethersulfone) microspheres
manufactured using a suspension electrospinning process. A series of
actions were undertaken to achieve the research objective. Firstly, it was
decided to modify PVP fibers with microspheres of diameters 10-20
times greater than fiber diameters, used as drug carriers. The intention
was to increase the capacity of the entire system for the active ingredient
and to eliminate the burst effect that normally may occur when micro-
spheres or electrospun fibers are used as individual drug systems. The
microspheres used for modification were prepared by a method
combining pulsed voltage electrospray and wet phase inversion tech-
niques, as detailed in a previous study [35]. Subsequently, in order to
stabilize the complex suspension electrospinning process, it was decided
to supply the electric charge in a pulsed manner (pulsed voltage — PV).
This unconventional method introduces two additional electric process
parameters — the duration of electric pulses and their frequency, which
significantly improves the ability to control the electrospinning process
[36,37] and in consequence the properties of the obtained fibers.
Finally, to improve the stability of the modified fibrous mats and prevent
their dissolution in water, crosslinking of PVP with ultraviolet light
using benzophenone as a photoinitiator was evaluated as a potential
solution. In accordance with the established assumptions, such a novel
modified electrospun drug delivery system would maintain its
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therapeutic potential in an aqueous environment and release the drug in
a controlled, prolonged manner which would improve its effectiveness.
To fully understand the properties and capabilities of the proposed
system, a comprehensive set of experiments were conducted, including
assessments of degradation in water and ethanol, evaluations of me-
chanical characteristics, spectrophotometric studies of marker content
and release, and examination of the antibacterial properties of the drug-
loaded mats.

2. Materials and methods
2.1. Materials

Poly(vinyl pyrrolidone) (PVP, M, = 1300 kDa, CAS Number: 9003-
39-8) was purchased from Acros Organics (Belgium), polycaprolactone
(PCL, M,y = 70 kDa, CAS Number: 24980-41-4) was purchased from
Scientific Polymer Products (USA) and polyethersulfone (PES, M,, = 42
kDa, Ultrason E2020) from BASF (Germany). Dimethylformamide
(DMF, Chempur, Poland, CAS Number: 68-12-2, >99 %) and N-methyl-
2-pyrrolidone (NMP, Chempur, Poland, CAS Number: 872-50-4, >98
%) were used as solvents for the polymers (PCL and PES respectively).
Ethanol (EtOH, Polmos, Poland, >95 %) was used as a solvent for PVP
and a PCL/PES non-solvent to induce phase separation in a precipitation
bath. Benzophenone (BP, Sigma Aldrich, CAS Number: 119-61-9, >99
%) was used as a fiber UV-cross-linking photoinitiator. Hanks' Balanced
Salt solution (HBSS) was used as a medium for cross-linked PVP mat
degradation tests. The ingredients were purchased from POCH (Poland):
sodium chloride (NaCl, CAS Number: 7647-14-5, >99.5 %), potassium
chloride (KCl, CAS Number: 7447-40-7, >99.5 %), sodium phosphate
dibasic (NagHPO4, CAS Number: 7558-79-4, >98 %), potassium phos-
phate monobasic (KHyPO4, CAS Number: 7778-77-0, >99.5 %), calcium
chloride (CaCly, CAS Number: 10043-52-4, >96 %), magnesium sulfate
heptahydrate (MgSO4-7H20, CAS Number: 10034-99-8, >99 %), sodium
bicarbonate (NaHCO3, CAS Number: 144-55-8, >99 %), glucose (CAS
Number: 50-99-7, >99.5 %), phenol (CAS Number, 108-95-2, >99 %).
Rhodamine 640 perchlorate (M, = 591.05 Da, Exciton, USA, CAS
Number: 72102-91-1) was used as a drug marker. Ampicillin sodium
salt antibiotic (CAS Number: 69-52-3) was obtained from A&A
Biotechnology (Poland). The non-pathogenic Gram positive Staphylo-
coccus aureus and Gram negative Escherichia coli bacteria (K12 DSM 423,
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from DSMZ, Germany) were chosen as a model microorganism. The
culture medium was a Tryptone Salt Broth (TSB, Sigma Aldrich). The
chemicals were used without further purification. All solutions were
prepared with MilliQ water (with a resistivity of 18.2 MQ-cm; Millipore,
USA).

2.2. Microsphere preparation

Microspheres were prepared using a method combining pulsed
voltage electrospray and wet phase inversion techniques which was
elaborated in our Laboratory [35]. The process setup scheme is shown in
Fig. 1A. In this method, the polymer solution (PCL in DMF or PES in
NMP) is pressed through a metal nozzle connected to a high pulsed
voltage. At the nozzle outlet, electrospray process occurs and micro-
droplets are formed. Then, they are collected in a well-stirred precipi-
tation bath filled with a non-solvent of the polymer. In this bath, wet
phase inversion process takes place according to the Gibbs phase rule
and solidified polymer microspheres are formed. The method can be
modified by adding various substances (e.g. drug) to the polymer solu-
tion and bath and hence immobilizing them inside the microspheres.

The following polymer solutions were prepared to manufacture mi-
crospheres: 15 % PCL in DMF and 15 % PES in NMP. In order to prepare
microspheres with an immobilized rhodamine or ampicillin, polymer
solutions containing 0.57 mg/g (marker mass/polymer mass) of
marker/ampicillin were used. The active substance was also added to
the precipitation bath in the amount of 0.1 mg/mL. The values of the
electrical parameters in the study were set as follows — electrical voltage
U = 8 kV, pulse frequency f = 60 Hz, pulse duration 7 = 6 ms. The
polymer solution was delivered to the nozzle at a flow rate of 1.5 mL/h.
After the formation of microspheres, the collecting bath content was
transferred to a falcon and centrifuged in order to remove the excess
ethanol off above the sedimented microspheres. Finally, they were dried
at room temperature for several days to take the powder form ready for
weighing and use in the next part of work. The temperature did not
exceed 25 °C and a humidity - 40 % during whole procedure. The
average diameters of the obtained microspheres were 14.38 + 6.28 ym
for PCL and 6.20 + 2.43 pm for PES.

C

i high pulsed

® i voltage supply | /

, Taylor's cone
|| atthe nozile tip

rotating drum collector

Fig. 1. The consecutive stages of the process of the manufacturing of polymer fibrous mats modified with microspheres. (A) Scheme of the process of microspheres
production using the method developed previously by the authors [35]. (B) Scheme of mixing microspheres with polymer solution to obtain a suspension of mi-
crospheres by the syringe coupler method proposed by Allevi, Inc. [38], image used with permission from Allevi. (C) Scheme of the microsphere suspension elec-

trospinning process on a drum collector.
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2.3. Suspension electrospinning

The syringe coupler method (Fig. 1B) was used to prepare the sus-
pension for electrospinning. 5.4 mL of the PVP solution in ethanol at the
concentration of 18.5 % with the addition of benzophenone at the
concentration of 3.75 % was placed in one syringe. 4.6 mL of the sus-
pension of PCL or PES microspheres in the amounts of 50-300 mg in
ethanol was placed in the other syringe. The syringes were connected
using a syringe coupler and their contents mixed by moving the plungers
back and forth approximately 40-50 times. In this way, a suspension of
microspheres with a concentrations of 5-30 mg/mL in a PVP solution
with a concentration of 10 % in ethanol with the addition of BP in an
amount of 2 % was obtained.

The fibrous mats without the addition of microspheres were also
electrospun for degradation tests and comparison purposes, using a PVP
solution with a concentration of 10 % in ethanol with the addition of BP
(2 %).

The electrospinning process was performed using a setup showed in
the Fig. 1C. It is comprised of a custom-built high voltage pulse gener-
ator, an infusion pump with a syringe filled with microspheres/polymer
suspension, a steel nozzle (external diameter of 0.9 mm), and a rotating
grounded aluminum drum collector (diameter 47.5 mm, width 150 mm)
placed 15 cm from the nozzle tip. The flow rate of the electrospun sus-
pension was set as 0.6 mL/h. To avoid clogging the nozzle, the fibers
were electrospun using pulsed voltage (PV) with electrical parameters —
voltage U = 8 kV, pulse frequency f = 100 Hz, pulse duration T = 8 ms.
The geometric shapes of the suspension at the end of the nozzle were
recorded. The resulting fibrous mats were being collected on a drum
collector (rotation speed 120 min V) for6h each, the total volume of the
electrospun solution was thus approximately 3.6 mL. After the process
was completed, the polymer mats were cross-linked using ultraviolet
light (365 nm). They were UV-exposed on each side for 5 min, 15 min
and 60 min and marked 2 x 5 min, 2 x 15 min, and 2 x 60 min,
respectively.

2.4. Characterization of the electrospun mats

The morphology of the polymer fibers with microspheres was
examined using digital microscope (Keyence, VHX-7000) and SEM - the
samples were coated with 10 nm thick gold layer for it. The micro-
spheres in the mats were counted and their quantity N was determined
as microspheres/mm?. The diameters of 100-200 randomly selected
fibers on a set of approximately 5-6 images for each condition were
measured using the microscope software and their average values d were
calculated. The statistical analysis of the obtained data was performed
by determining the standard deviation from the mean value (SD) and the
coefficient of variation (VC), which is represented as a percentage of the
ratio of SD to the mean diameter (d).

The degradation of the UV-cross-linked fibrous mats was investi-
gated. Samples 2 x 5min, 2 x 15 min and 2 x 60 min of 5-6 mg weight
were placed in 10 mL of HBSS solution each. The HBSS solution was
prepared according to the method given in literature [39]. It was used
because of its similar composition to blood plasma [40]. The degrada-
tion was carried out at 37 °C in a laboratory cradle with a rocking speed
of 10 cycles per minute. The influence of degradation was assessed using
scanning electron microscopy (SEM, Hitachi TM-1000) pictures of the
mats made before the process, after 6 h and after 24 h. The diameters of
50 randomly selected fibers after degradation were measured and their
average values were calculated. In addition, a long-term degradation
test was performed — a 2 x 60 min mat sample was placed in ethanol for
2 months, and then analyzed by SEM.

The mechanical properties of the fibrous mats were tested using
Zwick Roell ProLine tensile testing machine (Germany) with a solid
fixture — tensile strength and elongation at break were measured. Mats
were carefully peeled off from the aluminum collector surface and cut
into 50 x 10 mm strips with the thickness about 0.3 mm. The speed of
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tensile testing was 0.2 mm/s. Five specimens were tested for each
sample type. The mean values of mechanical parameters were deter-
mined as well as the statistical analysis of the obtained data was con-
ducted, including the determination of the standard deviation (SD) and
the coefficient of variation (VC) expressed as a percentage ratio of SD to
the mean value. The measurement setup is shown in Fig. SI1 (supporting
information). Microsoft Excel, OriginPro and GraphPad Prism software
were used to perform all calculations and analyses as well as to plot the
graphs.

2.5. Rhodamine immobilization in the mats

In order to check how the addition of microspheres increases the
capacity of the system for the active substance compared to fibers
without the addition, four types of electrospun fibrous mats with a
marker (rhodamine) were made: without microspheres with the content
of rhodamine in the electrospinning solution 0.0575 mg/mL, with
rhodamine-loaded PCL microspheres at 10 mg/mL or 20 mg/mL and
with rhodamine-loaded PES microspheres at 20 mg/mL. In each case,
the microspheres which were used, were made by the technique
described above, from a solution containing 0.1 mg/mL of rhodamine.
They were distributed in an electrospinning solution with a rhodamine
content of 0.0575 mg/mL. Two samples were taken from each mat and
UV-cross-linked 2 x 5 min and 2 x 15 min. Then 4.4-6.7 mg of material
were taken from each of them and placed in 2.40-3.65 mL of RO water,
the volume of which was adjusted so that the ratio of mat weight to this
volume remained the same in each case (5.5 mg/3 mL). Rhodamine was
released from the mat samples for 4 h using a lab shaker to agitate the
system. After this time, the rhodamine concentration in each of the so-
lutions was determined using a spectrophometric method (light wave-
length: 574 nm). The mean values of rhodamine concentration were
determined based on three tests, the standard deviation (SD) and the
coefficient of variation (VC) were determined as a part of statistical
analysis.

2.6. Study of the rhodamine transport properties of the mats

For the study of rhodamine release profile, three types of mats were
produced — with marker and no microspheres (PVP_Rod), with marker-
loaded PCL microspheres (PVP_PCL/Rod) and with marker-loaded PES
microspheres (PVP_PES/Rod). The amount of rhodamine was selected,
and the mats were suitably prepared so that marker content in each mat
(15 x 15 cm, fibers and microspheres) was ~0.6 mg. After the process
was completed, the polymer mats were cross-linked using ultraviolet
light for 2 x 5 min and 2 x 15 min. The kinetics of rhodamine release
from fibrous mats was determined using a flow spectrophometric
method (light wavelength: 574 nm). Two round samples with diameter
of 14 mm and thickness 150-300 pm each and overall weight 5.0-6.5
mg were cut from each mat and placed together in a well-stirred glass
container with 2.7-3.5 mL (V) of deionized water, the volume did not
change during the experiment. Absorbance measurements were made
every 2 min for the first 2 h, every 10 min for the next 1 h, every 30 min
for the next 2 h, and after 6, 7 and 24 h after starting the experiment. The
mean value of absorbance was determined based on a series of three
experiments per case. The rhodamine release profiles were plotted on
graphs. The transport properties of the tested mats towards rhodamine
were investigated. They can be described with a linear function fitted to
the plotted experimental points in the first stage of the substance release.
The linear fitting in OriginPro software gave the equation of the line
describing each case y = ax, where a defines the slope of the line and
thus the substance release rate.

The shape of the marker release curves from microsphere-loaded
mats allows the use of a more complex Radcliff model [41] for the
mathematical description of the release profile. According to Radcliff,
mass transfer between two phases can be generally described by Eq. (1):
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v~ -y M
dt

where: C (mg/mL) - the marker concentration in liquid outside the
material (mats), Cs — concentration of the marker inside the material
(mats) close to interphase boundary, A (cm?) - interface surface area
(total external surface area of the mats), V (cm®) - the volume of liquid
outside the material (mats). The symbol h (cm/min) designated the mass
transfer coefficient which describes the substance release rate in the first
release period before equilibrium is reached.

Taking into account the specificity of the electrospun mats, it can be
assumed that their entire volume is available for the marker, the marker
does not reabsorb inside the material and initial marker concentration in
solution is equal to 0, Eq. (1) can be supplemented with the mass con-
servation Eq. (2):

d(VyC + VcCs)

dt =0 2

where V. (cm®) — the volume of fibers.
After solving Eq. (1) in this case, the change in the marker concen-
tration in the surrounding solution is described by the Eq. (3) [42]:

—hA (%Jr%) o
C=Cg, <1 —e > 3

where: C,q (mg/mL) — equilibrium marker concentration, t (min) - time
(independent variable).

Mathematical modeling of the process of rhodamine release from
fibrous mats containing microspheres was performed with OriginPro
software. The curves were fitted to the data using the exponential fit
with the BoxLucasl mathematical model available in the program li-
brary which is described by Eq. (4):

y=ae (1 - e”’") 4)

where: a, b — Origin model equation coefficients and x — independent
variable.

After the comparison of the power exponents in Egs. (3) and (4), the
following relationship is obtained:

1 1
—hA(VO—&-VF)ot:—box 5)

Finally, after solving the Eq. (5), assuming that x = t (variable), the
expression for the coefficient h is as follows:

h=——— (6)
)

In order to determine the coefficient h, the values of b, A, Vg and V¢
must be determined.

Value of parameter b was generated by the OriginPro software using
BoxLucas1 mathematical model described by Eq. (4). An example of
fitting the exponential model curve to the experimental results in the
form of a graph with data generated by the software is shown in
Fig. SI2A, while the geometric interpretation of model parameters a and
b in Fig. SI2B (supporting information). The graphical interpretation of
the h coefficient (associated with the parameter b) is the first derivative
of the BoxLucas1 function, while the value of the parameter a corre-
sponds to the equilibrium concentration C,q determined by the software.
Interface surface area A was determined for each sample using nitrogen
adsorption—desorption isotherms (BET analysis) at liquid nitrogen
temperature using Micromeritics ASAP 2010 equipment (degassing
conditions: 30 °C, 24 h). Solution volume Vj, is selected for each sample
and varies from 2.7 to 3.5 mL. Sample volume V, was estimated from the
dimensions of the sample (cylinder of 14 mm in diameter and 0.2 mm in
height on average) and its value equals approximately 0.031 cm®. The
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standard deviation (SD) and the coefficient of variation (VC) for h values
were determined as a part of statistical analysis.

2.7. Antibacterial activity of the electrospun mats loaded with ampicillin

For the antibacterial tests three types of fibrous mats were prepared —
with no ampicillin, with ampicillin-loaded PCL microspheres and with
ampicillin-loaded PES microspheres. Two types of mats were tested —
cross-linked for 2 x 5 min and 2 x 15 min. The UV cross-linking pro-
vided sample sterilization too.

The antibacterial activity of ampicillin-loaded mats was examined
against Staphylococcus aureus (S. aureus, Gram positive) and Escherichia
coli (E. coli, Gram negative) bacteria. Fresh Tryptone Salt Broth (TSB)
medium was inoculated by bacteria and incubated overnight at 37 °C in
aerobic conditions. Bacterial cells were harvested by centrifugation and
resuspended in a TSB when the stationary phase was reached. The
bacterial suspension was then diluted to adjust the optical density at
620 nm (ODggp) to 0.75 =4 0.01 for S. aureus and 0.80 4= 0.01 for E. coli.
Mueller-Hinton agar (GMH) plates were prepared by adding microbio-
logical agar (15 g/L) to PBS medium; rectangular dishes were used.
GMH agar plates were inoculated individually with 1 mL of S. aureus or
E. coli suspension. Immediately after, the mat samples (10 x 10 mm)
were put onto the plates to check their ability to prevent bacterial
growth. Each sample contained approximately 0.003 mg of ampicillin.
The plates were incubated at 37 °C in aerobic conditions overnight to
allow the form a bacterial biofilm. To show inhibited bacterial growth
(the clear zones), plates were pictured with a camera. The results of the
study, which were obtained through three replicates of each test con-
dition, were then quantified by measuring the diameter of the inhibition
zone and calculating its area. The average values, along with standard
deviations and coefficients of variation, are presented in a bar chart for
ease of interpretation.

3. Results and discussion
3.1. Influence of UV-cross-linking on the fibrous mat degradation

The influence of the UV-cross-linking time of fibrous mats on their
structure and properties was investigated. Fig. 2 shows SEM pictures of
mats at successive stages of degradation in HBSS. Fig. 3 shows the
change in fiber diameter during degradation.

The fibrous mat retains its structure regardless of the UV-cross-
linking time (Fig. 2A, D, G), and the fiber diameters do not change
(“0” bars in Fig. 3). The addition of BP and the UV-cross-linking process
do not influence the smoothness of the fibers neither which was previ-
ously confirmed by Maciejewska et al. [8]. The mat UV-cross-linked for
2 x 5 min shows the phenomenon of formation of an outer layer (“skin”)
on the surface after 6 h (Fig. 2B) and 24 h of degradation (Fig. 2C). This
“skin” is formed on both sides of the mat (Fig. 2J). Such a skin is not
formed during the degradation of the UV-cross-linked mat 2 x 15 min
and 2 x 60 min. In both of these cases, the fibers fuse with each other,
creating irregular structures — in the case of the 2 x 15 min mat, this
effect is visible after 24 h (Fig. 2F), and in the case of the 2 x 60 min mat
also after 24 h (Fig. 2I) — marked in red circles.

UV-cross-linking of PVP fibers with benzophenone addition prevents
their degradation not only in the aquatic environment. The mat UV-
cross-linked for 2 x 60 min was placed in ethanol for 2 months. The
degradation effect is different than in the case of the aqueous solution,
there is no “skin”. The fibers are highly swelled, the mat lost its original
structure of individual, randomly arranged fibers, which stuck together,
but did not completely degrade (Fig. 2K). This seems particularly rele-
vant in view of the potential use of such fibers as a drug delivery system,
because it opens the possibility of sterilizing the material using ethyl
alcohol instead of, for example, UV radiation, which would alter the
properties of the fibers through UV-cross-linking.

With the degradation time, the mean diameters of the UV-cross-
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Fig. 2. Exemplary SEM pictures of the UV-cross-linked PVP fibers (without the addition of microspheres) at various stages of degradation in (A-J) HBSS or (K)
ethanol. (A-C) cross-linking 2 x 5 min: (A) before degradation, (B) after 6 h of degradation; (C) after 24 h. (D-F) cross-linking 2 x 15 min: (D) before degradation, (E)
after 6 h of degradation; (F) after 24 h. (G-I) cross-linking 2 x 60 min: (G) before degradation, (H) after 6 h of degradation; (I) after 24 h. (J) cross-linking 2 x 5 min
after 24 h of degradation, side section. (K) cross-linking 2 x 60 min after 2 months of degradation in ethanol.

linked fibers for 2 x 5 min and 2 x 15 min increase from 0.5 to 0.7 pm,
while UV-cross-linked fibers for 2 x 60 min do not change diameter.
Furthermore, it can be observed that the uniformity of the fibers de-
creases, as evidenced by an increase in the coefficient of variation of
diameter, which change from 13 % for non-cross-linked fibers up to 27
% for the cross-linked ones.

This effect is most likely due to the swelling of the fibers, which is
more difficult in the case of a highly UV-cross-linked fibrous mat (2 x 60
min). This property of UV-cross-linked PVP fibers is not unexpected
considering the fact that PVP is used, among others, to produce elec-
trospun fibrous hydrogels capable of absorbing high levels of water or
media uptake, spanning from 400 wt% to 1400 wt% [43].

The degradation process of the tested UV-cross-linked fibers can be

divided into several stages. In the first stage, the slow swelling of the UV-
cross-linked fibers leads to an increase in their diameters. In the second
stage, the fibers begin to dissolve and lose their original structure (they
join and fuse to form homogeneous structures on the surface, which may
eventually take the form of a layer — “skin™). Such a layer, after drying,
breaks, revealing non-degraded fibers inside (third stage).

The degradability of the UV-cross-linked PVP fibrous mats can be
controlled by selecting the cross-linking time or the appropriate amount
of benzophenone, as well as the thickness of the mat and the fiber di-
ameters [44]. Such a system requires optimization with regard to its
potential application.
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Fig. 3. Mean diameters of the UV-cross-linked PVP fibers (without the addition
of microspheres) at various stages of degradation. The coefficient of variations
of fiber mean diameter is indicated on each corresponding bar.

3.2. Microsphere suspension electrospinning feasibility

The feasibility of electrospinning of the PVP solution with PCL mi-
crospheres suspended was tested by checking their different contents in
the initial suspension until a value was reached at which electrospinning
did not proceed. The study was carried out only with PCL microspheres.
Non-cross-linked mats were used in the research. Fig. 4 presents SEM
pictures of fibers depending on the content of microspheres in the sus-
pension Q [mg/mL] with the estimated content of microspheres in the
mats N [mm’z] and fiber mean diameter d [pm].

Electrospinning of a suspension of PCL microspheres in a PVP solu-
tion is possible, but there is a limitation in the amount of microspheres at
which such a mixture is no longer electrospinnable. In the present work,
it was determined as >20 mg of microspheres per 1 mL of solution.
Below this value, for the microspheres contents of 5 mg/mL and 10 mg/
mL, electrospinning is stable and the fibers with microspheres

TM-1000_8304 TM-1000_6307
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(Fig. 4A-B) are collected. For the microspheres content of 20 mg/mL,
the resulting mat contains the most microspheres, according to pre-
dictions (Fig. 4C). The 30 mg/mL microspheres content turned out to be
too high - fibers are not formed on the collector. Solvent evaporates too
quickly, polymer clogs the nozzle in the case. It was therefore decided to
conduct electrospinning with a microspheres content of 20 mg/mL
because of the high content of microspheres in the mat and that
potentially increases its volume, which is the main goal of our work.

The microspheres in the fibers are mostly centrally located and
covered with a polymer (like in core/shell fiber type), as can be seen in
the SEM photos in Fig. 4D-E, and confirmed by optical microscope
studies, due to the fact that PVP fibers are transparent (Fig. 4F). This
fiber structure (microspheres covered by the outer polymer layer) is
desirable in drug delivery systems as it can limit the burst effect [22]. It
was noticed that the amount of microspheres added did not affect the
diameter of the fibers.

3.3. Mechanical properties

Mechanical properties of mats depending on the content of micro-
spheres, their type and cross-linking time were investigated. The results
in the form of graphs showing tensile strength and elongation at break
are summarized in Fig. 5.

UV-cross-linking improves the mechanical strength of fibers without
microspheres (red bars, Fig. 5) — tensile strength is increased from about
0.2 MPa to 0.25 MPa, while elongation at break from 10 % up to 25-35
% (depending on cross-linking time). Interestingly, the longer the cross-
linking time, the lower the fiber strength for both types of fibers — those
without the addition of microspheres and those containing PCL or PES
microspheres. The values of the variation coefficients of the relevant
parameters serve as an indication of the accuracy of the measurement
method employed, and if they surpass 10-15 %, they can be understood
as an indication of the inhomogeneity of the fibrous mats.

The phenomenon of improving the mechanical strength of PVP fibers
UV-cross-linked with benzophenone was also noted by Maciejewska
et al. [8] who explained it by the cross-linking mechanism. Benzophe-
none is a photoactive molecule which, after absorption of a UV photon
with a wavelength of 250-365 nm, is excited and produces a ketyl

20210645

Fig. 4. (A-C) Exemplary SEM pictures (magnification 500x) of PCL microsphere-loaded PVP fibers depending on the content of microspheres in the suspension Q
[mg/mL]: (A) 5 mg/mL, (B) 10 mg/mL, (C) 20 mg/mL. (D-E) Exemplary SEM pictures of fibers with PCL microspheres, magnification (D) 2500x, (E) 8000x. (F)
Exemplary optical microscope picture of PVP fibers with PCL microspheres, magnification 2500x.
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Fig. 5. Mechanical properties of UV-cross-linked microsphere-loaded PVP
fibrous mats depending on the quantity and type of microspheres and cross-
linking time: (A) tensile strength, (B) elongation at break. The coefficient of
variations of mechanical parameters is indicated on each corresponding bar.

radical that affects the PVP molecule [45,46], see Fig. 6. The C—H bond
in the CHy group adjacent to nitrogen is the weakest bond in lactams and
N-alkylamides [47], therefore generation of a macroradical occurs on
this group in PVP monomer. There are two potential sites for radical
formation - one C atom in the lactam ring (4) and one C atom in the
polymer chain (5) (Fig. 6). Abstraction of H atoms from the N adjacent
carbon is achieved by the ketyl radicals. An aliphatic carbon-centered
radical is formed (reaction (I) in Fig. 6) [45] as well as an alkyl
radical which in the presence of oxygen is immediately oxidized to a
peroxy radical transforming subsequently into pyrrolidone hydroper-
oxide (reaction (II) in Fig. 6) [46]. Ultimately, all the radicals that are
generated recombine with each other to form a polymer net based on
different cross-linking bonds (Fig. 6). The resulting covalent bonds in-
crease the crowding of the molecules and shorten the distance between
the atoms, thus tightening the polymer net. Such action makes the
tensile strength and elongation at break of cross-linked fibers greater
than that of non-cross-linked fibers. However, the longer the cross-
linking time is, the more free radicals and more bonds in the polymer
mesh are formed. Its elasticity decreases, and the more and more dense
structure becomes prone to breaking.

The mechanical properties of fibrous mats change when the fibers
are electrospun with the addition of microspheres. In the case of PCL
microspheres, a decrease in their strength can be noticed compared to
pure PVP fibers (blue bars, Fig. 5) — both for the content of microspheres
of 10 mg/mL and 20 mg/mL, but the addition of a larger amount im-
proves the mechanical properties, especially for a short cross-linking
time (2 x 5 min). The addition of PES microspheres increases the me-
chanical strength of mats in relation to both pure PVP fibers and those
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with the addition of PCL — again especially for a short cross-linking time.
A similar phenomenon of increasing the mechanical strength of fibers
after adding microspheres was previously noted by Balzamo et al. [20].

Different properties of fibrous mats with the addition of PCL and PES
may result from differences in the size of the microspheres. PES micro-
spheres have more than twice smaller diameters than PCL ones (14.38
=+ 6.28 pm for PCL and 6.20 + 2.43 pum for PES) [35]. As a result, in the
case of PCL microspheres in the fibrous net, there are more places where
one microsphere is at the interface of two (or more) fibers, which
obviously weakens the entire structure.

The microspheres are firmly attached to the fibers which can be
observed in SEM pictures (Fig. 4E-F). During the strength tests and
application of stress, the fibers elongate, change diameter, and align
along the direction of the force while the microspheres maintain their
shape and resist the tensile stress by holding the fibers. In addition, there
is a high probability that during cross-linking with ultraviolet light, in
the structure of microsphere-forming polymers free radicals may be
formed too — both PCL and PES may undergo such a reaction [48,49].
These radicals can increase the strength of the polymer net by formation
of the bonds between the fibers and the microspheres. This results in a
higher stress required to rupture modified fibers.

Extending the cross-linking time of fibers makes them much less
flexible (which is reflected in the elongation at break parameter,
Fig. 5B), and thus much less mechanically resistant. There are no sig-
nificant differences between the strength of UV-cross-linked fibers for 2
x 15 min and 2 x 60 min. Due to this, it was decided to reject the 2 x 60
min UV-cross-linked samples in the course of further research.

3.4. Rhodamine immobilization in the mats

In Fig. 7 a bar graph is presented showing the equilibrium concen-
tration of rhodamine in solution after the release from PVP fibers UV-
cross-linked for 2 x 5 and 2 x 15 min depending on the content of
microspheres in the fibers and type of microspheres.

Fig. 7 shows that the addition of microspheres increases the drug
capacity of the electrospun fibrous mat. Increased content of PCL mi-
crospheres from 10 mg/mL to 20 mg/mL increases the concentration of
released rhodamine from about 0.0017 mg/mL to 0.0024 mg/mL for a 2
x 5 min sample. The addition of PES microspheres in the amount of 20
mg/mL does not cause the same increase in the capacity of the mat for
the drug as the addition of PCL microspheres in this amount for the 2 x
5 min sample. This is due to the greater interface surface area of the PCL-
microsphere-loaded fibers (10.20 + 0.40 m2/g) which is almost two
times larger than the surface of PES-microsphere-loaded ones (5.17 +
0.10 m?/g), see Table 1. Fig. 7 also shows that the extended cross-linking
time reduces the amount of rhodamine released from the microsphere-
loaded fibers, confirming that UV radiation may have an effect on the
marker content of the system. The process of UV-cross-linking with
benzophenone resulted in the loss of the pink color of mats visible with
the unaided eye, which was reflected in the determination of the amount
of released rhodamine using the spectrophometric method.

In the current study, the diameters of the microspheres are signifi-
cantly larger in comparison to the diameters of the fibers (up to 20
times), which serves as a contributing factor to the augmented capacity
of the system for the active ingredient. Other systems, as previously
documented in the literature, have employed microspheres with di-
ameters that range from

1-3 pm [31,34], 36-39 pm [32] or 10-100 pm [33], however, none
of the studies has evaluated the extent to which the total volume of the
system has increased. The capacity of the proposed system for the active
substance can be controlled by selecting the type, size and concentration
of microspheres. The amount of the active substance should be selected
depending on its specific therapeutic dose and individual needs.
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polycaprolactone/polyethersulfone with a specific focus on the kinetics
of the release process during the first stage. Fig. 8 contains the plots
showing the rhodamine release profiles from different fibrous mats over
the period of 24 h. The curves are divided into three groups differing in
colors, red for samples of rhodamine-loaded PVP fibers without micro-
spheres, blue for PCL/Rod-loaded fibers and green for PES/Rod-loaded
ones. The bar plot in Fig. 8 the values of transport coefficient h deter-
mined with OriginLab software using Eq. (4).

For UV-cross-linked PVP electrospun fibers, the burst effect occur-
ring at the beginning of the release process is clearly visible in the
rhodamine release profiles of PVP_Rod mats without the addition of
microspheres (Fig. 8A). It is characterized by a very rapid increase in the
marker concentration above the equilibrium concentration reached
later. For the 2 x 5 min UV-cross-linked fibers, the rhodamine concen-
tration after burst release is about 0.33 mg/mL, and then it drops to 0.20
mg/mL in the equilibrium state. In the case of a 2 x 15 UV-cross-linked
sample, this difference is smaller, and the mentioned concentrations are
0.14 mg/mL and 0.9 mg/mL, respectively. The decrease in this con-
centration is certainly not related to the adsorption of rhodamine in the

Biomaterials Advances 147 (2023) 213330

measuring system, because appropriate tests were carried out before
starting the experiments and such a problem was eliminated. This
decrease may be the result of the cross-linking blocking the rapid release
of substances from the fibers. In a highly cross-linked fibrous mat, the
distances between the polymer chains are smaller according to the cross-
linking mechanism described before. In such a case, the relatively large
rhodamine molecule (591.06 g/mol) may have difficulty diffusing out-
ward from the densely packed polymer net. The reduction of burst effect
from cross-linked fibrous mats was also observed by Zhang et al. [50]
who electrospun of polyvinyl alcohol/collagen fibers. They eliminated
the burst effect of salicylic acid release after 4 h of UV-cross-linking.
Burst release occurs in the first 30 min of the experiment and the
close-up of this period is shown in Fig. 8C. Fitting the model of the
straight line to the experimental points allows one to obtain the value of
the slopes, which explicitly determines the speed of the ongoing process.
For fibers without microspheres cross-linked longer, the burst effect is
lower, the slope of the line is more than twice as low (a = 0.649 for
PVP_Rod_2 x 5 and o = 0.296 for PVP_Rod_2 x 15). The modification of
the fibers by the addition of microspheres resulted in a slower release of
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Fig. 8. Rhodamine release profiles from UV-cross-linked PVP fibrous mats. (A) Full release profile from fibers without microspheres — PVP_Rod (rhodamine
encapsulated directly in the fibers). (B) Full release profile from fibers with the addition of rhodamine-loaded PCL (PVP_PCL/Rod) or PES (PVP_PES/Rod) micro-
spheres with model curves fitted to experimental. (C) Close-up of the first release period of the first 30 min from all samples with linear model fit with the formula y
= o, the equations of fitted functions are given in the graph. (D) The values of the transport coefficient h for UV-cross-linked PVP fibrous mats with the PCL or PES
microspheres depending on the cross-linking time. The coefficient of variations of h are indicated on each corresponding bar as well as in Table 1.
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the substance in the first period. The a coefficients for PCL-microsphere-
loaded fibers (blue points in Fig. 8C) are an order of magnitude lower
than those for mats without microspheres. In this case also a longer
cross-linking time causes an almost two-fold decrease in the substance
release rate (0« = 0.074 for PVP_PCL/Rod_2 x 5 and a = 0.045 for
PVP_PCL/Rod_2 x 15). A similar phenomenon is observed for fibers
containing PES microspheres. Both for the cross-linking time of 2 x 5
min and 2 x 15 min, the slope coefficients of the straight line are lower
than for analogous nonwovens without microspheres. On the other
hand, increase of the cross-linking time causes an eightfold decrease in
the release rate (o« = 0.335 for PVP_PES/Rod_2 x 5 and a = 0.041 for
PVP_PES/Rod 2 x 15).

No burst effect was observed in the rhodamine release profiles from
mats with microspheres (Fig. 8B) — it was effectively eliminated by using
fibers modified in the proposed manner. The release profiles of such
microsphere-loaded fibers show that it proceeds in two steps in some
cases. This may be due to the fact that the fibers swell slightly when
submerged in water, which was previously observed as an increase in
their diameter during degradation studies (Fig. 3). Moreover, the fiber/
microsphere structure is specific. Rhodamine is not only enclosed in
microspheres — at the stage of preparing the mixture for electrospinning
(Fig. 1B) some of the rhodamine penetrates from the microspheres into
the PVP solution. Thus, it is first released from the polymer shell
covering the microsphere, and only later the substance enclosed inside
the microspheres reaches the solution.

In previously reported studies [31-33], drug-loaded microspheres
were incorporated into polymer fiber networks at different stages of the
manufacturing process (“sandwich” system). Each of these systems was
designed for different potential applications. Initial measurements of the
concentration of the substance in solution were carried out only after 3
to 4 h, and, moreover, the authors did not take samples very often,
which is necessary to accurately determine the kinetics of the release
profile of the active substance.

Xu et al. [34] developed a biodegradable system for the delivery of
two drugs by suspension electrospinning, in which the release of the
active ingredient is based on a biodegradation process. The authors
found that the burst effect was eliminated by coating the microspheres
with an outer layer of a fibrous polymer, given that microsphere di-
ameters were comparable to the fiber diameters. However, the results
presented in the publication do not clearly indicate the elimination of
the burst effect, as the authors included the results of measurements
carried out only after 1 h, without thoroughly investigating the kinetics
of the substance release during the first stage of the process.

On the other hand, S. Park et al. [51] showed that core/shell fibers
with monolithic PCL coating, compared to PVP/PCL coated fibers,
showed a reduced burst effect followed by prolonged sustained release
of the drug substance. Da Silva et al. [52] found that monolithic PVA
fibers showed burst release, while core-shell fibers composed of PLA and
PVA were characterized by controlled albumin release. In the case of
presented system — fibrous mats modified with PCL/PES microspheres
with diameters up to 20 times larger than the fiber diameters — the burst
effect does not occur either. It leads to supposition that it exhibit a
structure similar to that observed in above studies — microspheres are
covered with an outer PVP layer which delays the release of the sub-
stance. As such, the solution electrospinning technique employed in this
study can be considered an alternative to more complex core/shell
electrospinning systems, showcasing its potential as a competitive
method in the field. However, further characterization of the structure of
the fabricated systems would be necessary to confirm these conclusions.

Due to the absence of burst effect, the rhodamine release curves from
mats with microspheres can be described by an exponential function
(Eq. (4)). Relevant calculations were carried out, and an exemplary
result is shown in Fig. SI2 (Supporting Information), the table with the
results of the mathematical analysis is included. The values of the co-
efficients of determination R? for each sample are above 0.9 (Table 1),
the fit is therefore very good. For each case, parameter b was determined
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from Eq. (4), and then using Eq. (6), the transport coefficient h was
determined for each case. The results are shown in the Table 1 together
with BET surface area and at the bar graph in Fig. 8D.

The value of the coefficient h obtained for the PVP/PES Rod_ 2 x 5
min mats is the greatest (26.58 x 107° cm/min + 11 %) and clearly
exceeds the others by more than four times. For both samples UV-cross-
linked for 2 x 15 min (PVP_PCL/Rod_2 x 15 and PVP_PES/Rod_2 x 15)
the h values are similar (respectively, 6.43 x 10~® cm/min + 8 % and
5.69 x 10~% cm/min & 18 %). The PVP_PCL/Rod 2 x 5 sample differs
from the others (h = 2.32 x 10~° cm/min =+ 17 %) which is due to the
more than twice the interface surface area of this sample compared to
the others (the value of this surface is in the denominator in the Eq. (6)).
The explanation of such a large surface development in this specific case
requires further research.

The applied method of mathematical description of substance release
was previously proposed by Grzeczkowicz et al. [42] to model kinetics of
the release of vitamin B12 from microcapsules using the transport co-
efficients h. For synthetic porous membranes, the value of h was three
orders of magnitude greater than those observed in this work for UV-
cross-linked microsphere-loaded fibers, although the materials tested
in the cited work had a much greater thickness (182-272 pm) compared
to the fibers and microspheres (1-15 pm). The release rate was mainly
influenced by the porous structure of membranes which the UV-cross-
linked PVP fibers do not have. A marked slowdown in the substance
release is beneficial from the point of view of drug delivery systems, and
it occurs even for a marker with a molecular weight twice as low
(rhodamine: 591 g/mol, vitamin B12: 1355 g/mol). Besides, Grzeczko-
wicz et al. approximated the interface by the size of the total geometric
area of all microspheres and no real specific surface area was used.

3.6. Antibacterial properties

UV-cross-linked microsphere-loaded fibrous PVP mats with
enhanced capacity for active substance may be useful e.g. for wound
dressing applications regarding the need to maintain sterility at the
wound site. In that frame, we loaded such mats with ampicillin and
performed an agar diffusion inhibitory growth test to characterize their
antimicrobial activity. The tests were carried out with the sample 2 x 5
min and 2 x 15 min samples with drug-loaded PCL or PES microspheres.
Each sample was deposited on the surface of nutrient agar plate previ-
ously inoculated with E. coli or S. aureus at a concentration of 108 CFU/
mL and incubated for 24 h. Fig. 9 illustrates the results of the antibac-
terial properties study.

The studies presented in this work (Fig. 9) show that mats modified
with both PCL and PES microspheres exhibit antibacterial activity, but it
is much higher when exposed to S. aureus bacteria. Moreover, fibers with
PCL microspheres have stronger bactericidal effect — a much larger clear
zone is observed (Fig. 9B). On the other hand, prolonged crosslinking
time results in a reduced clear zone, especially for fibers with PES mi-
crospheres. Both of these observations are consistent with the results of
the research on the capacity of the systems for the active substance
(Fig. 7). UV-treated PVP fibers without microspheres and without drug
show no bactericidal activity, which confirms that no toxic substances
are formed during UV-cross-linking and that the benzophenone used is
also non-toxic. The bar chart in Fig. 9C presents the results of the
inhibitory zone area measurements obtained from images of Petri
dishes, in which the antibacterial properties of the modified mats were
tested. The results are based on three replicate experiments and are
presented with the mean values, standard deviation and coefficient of
variation being depicted. The results of the antibacterial activity, as
observed in the photos, are reflected in the chart. A trend can be iden-
tified, wherein an increase in the duration of cross-linking results in a
decrease in the antibacterial activity of the mats. There is a slight dif-
ference in the activity between PCL and PES-loaded mats. However, the
sample containing PES microspheres and cross-linked for 2 x 15 min
(for both E. coli and S. aureus) deviates notably from the others. Further
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Fig. 9. Bacteriostatic tests of UV-cross-linked PVP fibrous mats with ampicillin-loaded microspheres on nutrient agar plates covered with (A) E. coli and (B) S. aureus
biofilms after 24 h of material treatment. (C) Bar chart showing average inhibition zone areas [cm?] based on images of Petri dishes from three test replicates. The

coefficient of variations is indicated on each corresponding bar.

research is necessary to fully understand this phenomenon. Addition-
ally, it can be noted that the zones of inhibited growth for S. aureus are
significantly larger in comparison to those observed for E. coli.

Li et al. [31] report that the systems they developed (electrospun
silk/PCL/PVA fibers with drug-filled silk/chitosan microspheres applied
to their surface) showed excellent antimicrobial activity with 93.18 %
and 97.15 % inhibition of E. coli and S. aureus, respectively, however,
they used a different method to determine the antibacterial properties of
fibrous mats. A similar test using nutrient agar plates coated with bac-
teria was conducted by Nagarajan et al. [53], who investigated the
antibacterial properties of chemically crosslinked gelatin fibers loaded
with chlorhexidine acetate. They obtained inhibition zone diameters of
2.7 4 0.3 cm? for E. coli bacteria, similar to those obtained in presented
study. They also tested Gram-positive bacteria, Staphylococcus
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epidermidis (the same genus as in this work) and they report an inhibition
zone diameter of 2.7 4+ 0.3 cmz, 20 times less than in the case of
ampicillin-loaded microsphere-modified fibrous mats, probably due to a
stronger activity of ampicillin against the microorganisms. The reported
bactericidal activity of this loaded electrospun mat is quite promising, as
it demonstrated the ability to remove a significant number of colony-
forming units within a small area, as determined by standardized con-
tact tests (minimum 107 GFU of bacteria killed which corresponds to an
area of 0.5 cm?) [54]. The tests conducted evidenced that the integrity of
the drug had not been affected during microsphere preparation and
electrospinning process. Hence, the proposed fibrous mats could serve as
controlled drug delivery systems.
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4. Conclusions

All the assumed goals of the work have been achieved. The appli-
cation of the microsphere suspension electrospinning method, incorpo-
rating the unconventional utilization of pulsed voltage, made it possible
to manufacture electrospun PVP fibers modified with drug-loaded PCL
(or PES) microspheres of a structure meeting a set of specific re-
quirements. As expected, the addition of microspheres to electrospun
fibers increases the capacity of the entire system for the drug and
eliminates the undesirable burst effect. In addition, it was found that the
amount and type of microspheres used in the electrospun mats notably
affect their mechanical properties, increasing their strength, and up-
grade the release profile of the active substance. As assumed, UV-
crosslinking of modified electrospun mats (using benzophenone as
photoinitiator) results in water- and ethanol-insoluble fibers, making
them more flexible in terms of potential applications. It was also found
that the time of UV-crosslinking remarkably impacts the properties of
such mats, including degradation rate, mechanical strength and trans-
port properties. Both electrospun mats with PCL and PES microspheres
exhibit good antibacterial properties. The presented method of fiber mat
manufacturing is highly versatile — allowing for a wide range of modi-
fications to be made with respect to potential applications, such as the
size and porosity of microspheres, the polymers used, the concentration
of the cross-linking agent, and the duration of cross-linking, etc.
Therefore, it can be concluded that the presented electrospun mat based
on UV-crosslinked polyvinylpyrrolidone (PVP) fibers modified with
polycaprolactone (PCL) or polyethersulfone (PES) microspheres dem-
onstrates great potential as a drug delivery system.
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Supporting Information

Figure SI1. The mechanical properties measurement system setup.
The UV-cross-linked PVP fibrous mat sample is stretched vertically until it breaks.
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Figure SI2. Model curve (BoxLucasl, red) fitted to the experimental results (change in rhodamine concentration
over time, blue points): (A) the result in the form of a graph and table from the OriginPro software, (B)
geometric interpretation of the model parameters.
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3D bioprinting uses bioink deposited directly on a collector to create any previously designed 3D model.
One of the most common and the easiest to operate bioinks is gelatin—alginate hydrogel. The present
study aimed to combine 3D bioprinting with different cross-linking techniques to develop a new stable
and biodegradable gelatin—alginate hydrogel matrix for drug delivery applications. The matrix-building
biopolymers were crosslinked by ionotropic gelation with Ca®* ions, chemical crosslinking with GTA or a
combination of the two crosslinkers at various concentrations. The influence of the crosslinking method
on the hydrogel properties, stability and structure was examined using scanning electron and optical
microscopy, differential scanning calorimetry and thermogravimetric analysis. Analyses included tests of
hydrogel equilibrium swelling ratio and release of marker substance. Subsequently, biological properties
of the matrices loaded with the antibiotic chlorhexidine were studied, including cytotoxicity on HaCAT
cells and antibacterial activity on Staphylococcus aureus and Escherichia coli bacteria. The conducted
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study confirmed that the 3D bioprinted cross-linked drug-loaded alginate—gelatin hydrogel is a good
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1. Introduction

3D bioprinting has developed intensively since the beginning of
2010s and has gained significant interest in both medicine and
pharmaceutics." It is used for advanced tissue engineering,”
drug delivery® and drug screening,” wound dressings,®'° and
cancer research.”" The most common 3D bioprinters use material
jetting (noncontact bioprinting, generating picolitre droplets and
firing at a frequency of thousands times per second),"” vat poly-
merization (photohardening of bioresins)® or extrusion.>*'*
In this technique controlled volumes of liquid are delivered to
predefined locations.'® The material known as a bioink is deposited
directly on a collector creating any previously designed 3D model.
A wide variety of bio-artificial tissues has been printed including
bone, cardiac, lung, pancreas, skin, and vascular tissues.'
However, not only can bioink be loaded with living cells but also
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and satisfying material for potential use as a drug delivery system.

enriched with various bioactive substances. For instance, Jingjun-
jiao and co-workers bioprinted drug delivery systems based on
chitosan-pectin hydrogel with lidocaine hydrochloride for wound
dressings."”

Hydrogels seem to be the best bioinks, derived from both
synthetic or natural polymers,' the latter being obtained from
mammalian (collagen, gelatin, fibrin, elastin) or non-mammalian
sources (agarose, alginate, chitosan).'® They meet lots of require-
ments including good cell adhesion, expected biodegradation
rate, non-cytotoxicity, suitable rheological properties (sufficiently
viscous to be dispensed as a filament), fast gelation time and
adequate strength and stiffness. One of the most common and
the easiest to operate bioinks is gelatin-alginate hydrogel.'®'*>*
Its printing temperature (37 °C) makes it suitable for use with
living cells and heat-sensitive substances such as drugs. It is solid
in room temperature but the solidification process can be sped up
by lowering the temperature of the collector.*' Once the gelatin is
dissolved in warm water, it is transformed into a hydrogel when
cooled to room temperature as a result of forming weak hydrogen
bond network. Moreover, gelatin addition into the alginate
solution improves the viscosity and stiffness for extrusion.'®

Depending on the composition, a hydrogel bioink can
undergo various gelation processes. The biopolymer molecules
can be assembled by non-covalent or covalent bonds." A printable

This journal is © The Royal Society of Chemistry 2022
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material can often be yielded thanks to weak binding forces
between polymer chains (hydrogen-bonding, n-stacking and van
der Waals forces). Another way to link polymer molecules is to use
an ionic bond - e.g. for polysaccharides such as alginate, pectin
and gellan gum that require bivalent cations (e.g. Ca**) to form
intermolecular bonds between polymer chains. Non-covalent
bonds are fast to form but due to their weakness and reversibility
they cannot be used for long-acting systems or scaffolds. However,
they can be a good starting point to create a 3D hydrogel model,
which could then be subjected to post-processing action aimed at
creating covalent bonds and thus strengthening the structure
through photo or chemical cross-linking. For gelatin-alginate
hydrogels, this can be achieved in two ways - ionotropic gelation
creating links between anionic alginate chains (COO™ groups) by
means of calcium cations (Ca**) or chemical crosslinking of
gelatin chains with the use of glutaraldehyde (GTA). GTA under-
goes a Schiff’s base reaction with the amino groups of the amino
acids present in gelatin. As a result -CO-NH- bonds are formed
creating a sustainable network of gelatin-gelatin and gelatin—-
alginate chains.??

Alginate-gelatin hydrogel has been used in biomedical
engineering for a long time, it is also widely used for the 3D
printing of drug- and cell-loaded scaffolds."®"*">"?? Its printing
temperature (37 °C) makes it suitable for use with living cells
and mild to sensitive substances such as drugs. It is solid in
room temperature but the solidification process can be sped up
by lowering the temperature of a Petri dish where a printout is
collected.”™ Once the gelatin is dissolved in warm water, it can
transform into a hydrogel when is cooled to room temperature as
a result of forming weak hydrogen bond network. Also, the
addition of gelatin into alginate solution improves the viscosity
and stiffness for extrusion.'® Therefore, it is possible to print a 3D
model quickly and easily and then strengthen it by crosslinking.
In the context of novel drug delivery systems, it seems interesting
that, by using different crosslinking techniques in different con-
ditions, the degradation time of the printed hydrogel matrix could
be controlled, and this can directly translate into the time of drug
release. The highly cross-linked matrix-building biopolymer
chains create a more compact structure, limiting swelling of
hydrogel, and thus slowing down the substance release process.
Moreover, the substance is released from such a material not only
by diffusion, but also during the degradation or dissolution of the
material - this phenomenon can be reduced by cross-linking, thus
limiting the burst effect.”**

Not only are hydrogels useful as drug delivery systems due to
the cross-linking-based control over the substance release, but
also because they can absorb wound exudates. This is a desirable
feature of modern dressings due to the harmfulness of some
enzymes present in such exudates which can delay the healing
process by affecting cell proliferation and activity.>® In addition,
the high water content of hydrogel matrices used as wound
dressing could ensure adequate hydration of the wound area,
which can prevent desiccation and cell death, promote tissue
regeneration and enhance epidermal migration.?”

Based on these considerations, the present study aimed to
combine 3D bioprinting technology with controlled release of

This journal is © The Royal Society of Chemistry 2022
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chlorhexidine acetate in order to develop a novel stable biode-
gradable and antibacterial 3D bioprinted gelatin-alginate
hydrogel matrix for potential wound dressing applications.
Two different methods of cross-linking were used based on
ionotropic gelation with Ca®>" ions or chemical crosslinking
with GTA. Their influence on the gelatin-alginate matrices
(GAMs) properties including equilibrium swelling ratio, drug
release, cytocompatibility and antibacterial activity was exam-
ined using multiple techniques. The material developed in the
work can be used as a new drug delivery system.

2. Materials and methods

Materials

Gelatin type B (CAS Number: 9000-70-8) from bovine skin (gel
strength 225 g Bloom), sodium alginate (CAS Number: 9005-38-3),
calcium chloride (CaCl,, CAS Number: 10043-52-4, >97%),
sodium chloride (NaCl, CAS Number: 7647-14-5, >99%), potas-
sium chloride (KCl, CAS Number: 7447-40-7, >99%), potassium
phosphate monobasic (KH,PO,, CAS Number: 7778-77-0, >99%),
sodium phosphate dibasic (Na,HPO,, CAS Number: 7558-79-4,
>99) and agar (CAS Number: 9002-18-0) were purchased from
Sigma-Aldrich. Aqueous 25% glutaraldehyde (GTA) solution (CAS
Number: 111-30-8) was purchased from Alfa Aesar. Glycine (CAS
Number: 56-40-6) was purchased from Sigma-Aldrich and used as
a neutralization agent for GTA. Rhodamine 640 perchlorate (CAS
Number: 72102-91-1) was purchased from Exciton. Chlorhexidine
acetate (CAS Number: 56-95-1) was obtained from Fluka Chemi-
cals. The non-pathogenic Gram positive Staphylococcus aureus and
Gram negative Pseudomonas aeruginosa (K12 DSM 423, from
DSMZ, Germany) were chosen as a model microorganism. The
culture medium was a Tryptone Salt Broth (TSB, Sigma Aldrich).
The chemicals were used without further purification. Water at 18
MQ was produced by MilliQ (Millipore).

Bioink preparation

The bioink used during 3D bioprinting was prepared, using the
procedure described by Pan et al.>* Sodium alginate (0.04 g mL ™)
was dissolved in reverse-osmosis water at a room temperature.
Gelatin powder (0.2 g mL ") was added to the alginate solution
and stirred at 40 °C for 2 hours. The matrices for in vitro release
tests were prepared by adding rhodamine 640 (0.1 mg mL™ ") to
pure water before the sodium alginate and it was stirred at a
room temperature until rhodamine crystals were completely
dissolved. The hydrogel matrices with drug for bioactivity
studies were prepared using bioink loaded with chlorhexidine
acetate (0.1 and 1 mg mL ') which was added to pure water
before sodium alginate and completely dissolved (analogous
to rhodamine). Each bioink was centrifuged for 2 minutes
at 1500 rpm to remove air and carefully transferred to the
bioprinting syringe. After preparation of the alginate-gelatin
bioink and placing in the extrusion syringe, it can be stored
in a fridge. Once it is set in the heating holder, bioink liquefies
at 37 °C within 15-20 minutes, and then 3D model can be
printed.

J. Mater. Chem. B, 2022, 10, 8862-8874 | 8863
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3D bioprinting of gelatin-alginate hydrogel matrices (GAMs)
with rhodamine and drug

A model of matrices was designed using DesignSpark Mechanical
4.0 software as a cubic mesh (20 mm x 20 mm x 12 mm) made
of 6 layers, each of height 0.2 mm; the grid size was set as 1 mm
and line width as 0.2 mm (Fig. 1). The model was exported as an
STL file, sliced by Repetier-Host/Slic3r software and converted
into G-code. The gelatin-alginate matrices were manufactured
using Allevi 2 3D bioprinter (Philadelphia, USA). The scheme of
the experimental setup is shown in Fig. 1. The scheme of 3D
bioprinting setup with a digital 3D mesh matrix design. The
following settings were used: G30 nozzle with inner diameter of
0.164 mm, layer height of 0.2 mm, printing speed of 10 mm s,
temperature of the bioink in the syringe of 37 °C, temperature
of the collector Petri dish of ~15 °C, and printing pressure of
380 kPa (55 psi). After printing, the samples were stored in a
refrigerator (5 °C).

Cross-linking of the matrices

The obtained GAMs were treated using Ca** ions due to the
cross-linking of alginate present in the structure and glutar-
aldehyde (GTA) due to the gelatin. In order to find the best
cross-linking method for the hydrogel matrices produced, a
series of experiments was carried out using various cross-
linking methods. To provide calcium ions, the samples placed
in the glass Petri dishes were sprayed with 2% or 5% solution
on each side and left to cross-link for 10 minutes (method 1).
Finally, the samples were dried by gently placing them on a
tissue and touching them with the other piece of paper from
the other side. For GTA cross-linking, the GAMs were treated
with the method similar to the one by Zhang et al.?® with use of
the GTA aqueous solutions of concentrations 0.5%, 5% and
25%. The solution (20 mL) was placed in hermetic containers
equipped with a plastic grate located about 5 mm above the
surface of the solution. The GAMs were conditioned in GTA
vapors for 24 h at 37 °C (method 2). After that, in order to
remove and neutralize GTA residues, each sample was slightly
rinsed with RO water, placed for 48 hours in PBS solution and
then for next 24 hours in 20% glycine solution.

compressed air

syringe with bioink

[

moving
heating holder

nozzle %f Petridish
Alout- h /

l' cooled moving printing bed

3D BIOPRINTER
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Table 1 List of prepared gelatin—alginate matrices with the cross-linking
procedures

Sample Cross-linking procedure

0_0_GAM No cross-linking

0_0.5_GAM 0.5% GTA vapors

0_5_GAM 5% GTA vapors

0_25_GAM 25% GTA vapors

2_0_GAM 2% Ca*>* solution spraying

2_0.5_GAM 2% Ca>" solution spraying + 0.5% GTA vapors
2_5_GAM 2% Ca”" solution spraying + 5% GTA vapors
2_25_GAM 2% Ca”" solution spraying + 25% GTA vapors
5_0_GAM 5% Ca" solution spraying

5_0.5_GAM 5% Ca*' solution spraying + 0.5% GTA vapors
5_5_GAM 5% Ca>" solution spraying + 5% GTA vapors
5_25_GAM 5% Ca" solution spraying + 25% GTA vapors

In the series of 12 experiments, the samples of matrices were
cross-linked in different ways - using the first method, using
the second method or using a combination of both methods.
The obtained GAMs are summarized in Table 1 with a proper
denotation for each of them (the first number corresponds to the
concentration of calcium ions, the second number corresponds
to the concentration of GTA in the solutions used for cross-
linking). The GAMs for studies requiring anhydrous samples
were frozen (8 h at —20 °C) and lyophilized (24 h at 12 Pa,
—70 °C).

Characterization of the cross-linked GAMs

The morphology of the cross-linked and lyophilized GAMs was
observed using scanning electron microscopy (SEM, HITACHI
S4800), optical microscopy and fluorescent microscopy systems.
The samples were covered with 10 nm layer of gold before
observations with SEM.

Thermal properties

Differential scanning calorimetry (DSC) was used to investigate
the thermal properties of GAMs. The thermal transition points
and enthalpies (calculated as an area under the peak) of the
differently cross-linked GAMs were analyzed using differential
scanning calorimeter (DSC, TA Instruments 2920) equipped with
a RCS90 cooling system. The samples were weighed (~2-3 mg)

WITH A DIGITAL MODEL

Fig. 1 The scheme of 3D bioprinting setup with a digital 3D mesh matrix design. To simplify the picture, only one syringe holder is shown in the diagram
(the Allevi 2 3D bioprinter model has two holders that can be used simultaneously during one print).
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in an aluminum TA pan and sealed. An empty sealed pan was
used as a reference. The samples were cooled to —80 °C and
then heated up to 200 °C with a heating rate of 20 °C min™".
Moreover, the thermogravimetric analysis (TGA, TA Instruments
TGA G500) was performed under oxygen flow of 60 mL min~" to
define the cross-linking influence on a thermal stability of
matrices. The samples of ~6-10 mg were heated up to

1000 °C at a heating rate of 10 °C min ™.

Swelling of the matrices

The equilibrium swelling ratio (ESR) of cross-linked lyophilized
GAMs in phosphate buffered saline (PBS) at 37 °C was determined
using a gravimetric method.?® Samples were weighed (~15 mg)
and placed in a tightly closed bottle with 10 ml of swelling
medium (PBS). At the preset time intervals, the samples were
withdrawn, surface water was gently removed with a tissue and
the GAMs were immediately weighed and placed again in PBS.
The experiments were continued until a constant weight was
observed. The ESR was calculated using eqn (1):
W,

— W
Tdd x 100% )

ESR =

where W, is the weight of GAM at a particular time (¢) and Wy is
the weight of dry GAM.

Three samples of the same hydrogel matrix were used to
perform the experiment and count average ESR value.

Model drug molecule (rhodamine) release

The release profile of rhodamine 640 from GAMs was determined
using a flow spectrophotometric method. Light wavelength:
574 nm. A sample of 5.0-7.5 mg was cut from each freeze-dried
GAM and placed in a glass container with 2.0-3.5 mL of deionized
water. The content of the container was stirred all the time.
Measurements of absorbance of the solution were made every
2 minutes for the first 6 hours, every 30 minutes for the next
2 hours, and the last measurement was made after 9 hours. The
volume of the tested liquid did not change during the process.
Such a method was proposed by Grzeczkowicz et al.*® On the basis
of the obtained data, the profiles of rhodamine release from
GAMs were plotted on graphs, and then the curves were fitted
to them using the OriginPro software, using the linear and
exponential fit with the ExpDec1 function available in the program
library. Selected samples were transferred with water to sealed
tubes and their concentration was tested several times with a time
interval of several weeks to check the long-term profile of rhoda-
mine release from GAMs. All measeurements were repeated three
times and the average value of absorbance for each sample was
calculated.

Cell culture and cytotoxicity assays

HaCaT cells (immortalized human keratinocytes) were cultured
using DMEM (Dulbecco’s Modified Eagle Medium o) (Gibco
31331-028) media supplemented with 10% (v/v) fetal bovine
serum (FBS) (Eurobio CVFSVF00-01). Cells were cultured at
37 °Cin 5% CO, in a 10 cm diameter Petri dish and trypsinized
using 0.05% Trypsin-EDTA (Gibco 25300-054). HaCat cells

This journal is © The Royal Society of Chemistry 2022
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(10* cells per well) were seeded in 96 well plates and allowed
to attach for 24 hours. After sterilization with 70% (w/v) ethanol
for 30 min and UV irradiation for 1 h, the hydrogels were dried
and added to the cell culture. The sterilized samples were
added in the wells and incubated for 1, 4, 6 and 8 days. Cell
viability was analyzed using MTT assay carried out by incubat-
ing 100 pL of 0.5 mg mL ™" of MTT solution on the cells for 3 h.
Purple coloured formazan crystals were dissolved using 100 pL
of dimethyl sulfoxide (DMSO, BDH Prolab 23486.297) and
the absorbance was recorded at 560 nm using Multiskan plat
reader (thermos, USA).

Antibacterial activity of the samples loaded with chlorhexidine
acetate

The antibacterial activity of drug-loaded GAMs was examined
against Staphylococcus aureus (S. aureus, Gram positive) and
Pseudomonas aeruginosa (P. aeruginosa, Gram negative). These
bacteria were selected because they are among the primary
causes of delayed healing and infection in both acute and
chronic wounds.*" For the cultivation, bacteria aliquots frozen
at —20 °C were used. Fresh Tryptone Salt Broth (TSB) medium
was inoculated by bacteria and incubated overnight at 37 °C
under constant rotation and in aerobic conditions. Once the
stationary phase was reached, cells were harvested by centrifu-
gation and resuspended in a TSB. The optical density at 620 nm
(ODggp) of the bacterial suspension was then adjusted to 0.75 +
0.01 for S. aureus and 0.80 £ 0.01 for P. aeruginosa by dilution.

For the antibacterial tests three samples were prepared -
cross-linked with 2% Ca®" and 0.5% GTA and neutralized with
20% glycine solution with the chlorhexidine acetate content:
0 mg mL ', 0.1 mg mL "' and 1 mg mL~". The samples were
sterilized by exposition to UVC light (10 min for each sample
side). Mueller-Hinton agar (GMH) plates were prepared by
adding microbiological agar (15 g-L™') to PBS medium; two
rectangular dishes were used, each for one type of bacteria.
GMH agar plates were inoculated individually with 1 mL of
S. aureus or P. aeruginosa suspension. Immediately after, the
samples of GAMs were put onto the inoculated GMH plates to
characterize the ability of the materials to prevent bacterial
growth around the samples. The plates were then incubated
overnight at 37 °C in aerobic conditions to allow the formation
of a bacterial biofilm. Plates were pictured to check the
presence of clear zones (inhibited bacterial growth) around
the samples and within the biofilm formed.

3. Results and discussion

3D bioprinting feasibility

A total of 12 different GAM were produced with different cross-
linking methods (Table 1). When the hydrogel is extruded onto
a cooled Petri dish at a temperature of about 10-15 °C, it
solidifies quickly, allowing the printing of desired shapes. For
example, freshly printed hydrogel matrix is shown in Fig. 2(A) -

the digital model of the matrix was presented in the previous
section (Fig. 1). The gelatin-alginate bioink shows good

J. Mater. Chem. B, 2022, 10, 8862-8874 | 8865


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tb01268e

Open Access Article. Published on 05 August 2022. Downloaded on 11/20/2022 6:00:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

printability with visible grid lines with its form so tight that it
can be easily removed from the Petri dish, it has adequate
mechanical integrity and maintains a shape. Fig. 2(B) presents
GAM filled with rhodamine 640 - the addition of a marker does
not affect bioink printability. The cross-linking process affects
the macroscopic structure of hydrogel matrices. GAMs cross-
linked with GTA vapors slightly shrunked and changed their
color to yellow-orange (Fig. 2(C)) which is due to the establishment
of aldimine bonds (CH=N) between the free amine groups of
gelatin proteins and glutaraldehyde.”*>* After processing, the
GAMs become visibly harder and stronger but they do not lose
their flexibility which improves the potential contact with wound
and is beneficial for comfort of use.

During printing, each printed matrix layer solidified before
the next layer was plotted on it, as illustrated by optical
(Fig. 2(D)) and fluorescent (Fig. 2(E)) microscopy pictures. It
is easy to see that the top layer (horizontal) covers the bottom
layer (vertical). They do not fuse with each other. Unfortunately,
not all matrices printed one after the other are identical.
Despite the same model and printing parameters, the conti-
nuity of grid happens to be broken, which can be seen by
comparing Fig. 2(F) and (G) (red circle). The reason for this may
be over- or underliquefying (too little or too much hydrogel is
supplied) or blocking the nozzle, which was also observed by
Long et al.’” with chitosan-pectin hydrogel. The structure of the
matrix has been retained after printing, but the sizes of model
elements (pores, grids) are not consistent with those designed
in the computer model (Fig. 1). Adjusting the printing speed or
greater control over the viscosity of the bioink (e.g. by changing
the process and surrounding temperature) could solve those
problems. The speed of the moving printing nozzle and the
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viscosity of the bioink are of great importance for ensuring the
continuity of the printout.®

Effect of chemical cross-linking and lyophilization on the
structure of GAMs

The surface morphology of 3D printed GAMs was examined
using scanning electron microscopy (SEM). The SEM technique
requires the samples to be dehydrated, so all of the matrices
were lyophilized as described in the Materials and methods
section. Analysis of SEM images (Fig. 3) and comparison with
images from optical and fluorescent microscopes (Fig. 2(D)-(G))
showed a clear effect of freeze-drying on GAMs structure. Indeed,
SEM showed matrices that are not clearly multi-layered (subse-
quent layers have fused together). In addition, the hydrogel
surface appeared not smooth and depended on the crosslinking
method (see smaller pictures provided in Fig. 3). The only
smooth surface was the underside, which was deposited directly
on the slide during printing as a first layer (Fig. 3(E)).

As shown in Fig. 3, GAMs that were not cross-linked retained
a regular mesh structure, with slightly visible layers (Fig. 3(A)).
The surface of the matrix cross-linked with calcium ions looked
similar (Fig. 3(B) and (C)) i.e. rough, slightly porous, but uni-
form and compact. Cross-linking of GAMs with GTA caused
significant changes in their structure. One modification is that
subsequent layers of hydrogel fused with each other (Fig. 3(D)
and (F)). Moreover, the holes in the matrix lose their rectan-
gular shape and became rounded or disappeared, which is
clearly visible especially in the case of matrices cross-linked
with calcium ions and GTA vapors (Fig. 3(I) and (L)). Altogether,
GTA vapor crosslinking impacted the uniformity and smoothness

Fig. 2 3D bioprinted gelatin—alginate hydrogel (gelatin 0.2 g mL™%, sodium alginate 0.04 g mL ™t

) matrices before lyophilization — (A)—(C) phone camera

pictures: (A) immediately after printing, bioink without additives, no cross-linking, (B) bioink with rhodamine, no cross-linking, (C) b|0|nk W|thout additives,
after cross-linking with 2% Ca®* and 25% GTA solutions; (D) optical microscopy picture, magnification 200 x, bioink without additives, after cross-linking
with 2% Ca* and 25% GTA solutions; (E) and (F) fluorescent microscopy pictures, bioink without additives, after cross-linking with 2% Ca®* and 25% GTA
solutions: (E) magnification 200x, (F) magnification 20x, (G) fluorescent microscopy picture, magnification 20, bioink without additives, after cross-
linking with 25% GTA solution.
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Fig. 3 SEM pictures of gelatin—alginate matrices cross-linked with agents of different concentration: (A) no crosslinking, (B) 2% Ca?*, no GTA, (C) 5%
Ca®*, no GTA, (D) no Ca®*, 0.5% GTA, (E) 2% Ca®*, 0.5% GTA, (F) 5% Ca**, 0.5% GTA, (G) no Ca®*, 5% GTA, (H) 2% Ca*, 5% GTA, (1) 5% Ca**, 5% GTA, (J) no
Ca2*, 25% GTA, (K) 2% Ca*, 25% GTA, (L) 5% Ca®*, 25% GTA — magnification 30x; surface structures — magnification 300x.

of GAMs surfaces, which become porous with pores relatively big

as compared to those of non-crosslinked matrices (Fig. 3(A)).

alginate
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Fig. 4 shows the differential scanning calorimetry and ther-
mogravimetric analysis curves of GAMs samples. Additionally,

100+
— 0_0_GAM
— 0_5_GAM
80 — 2_0_GAM
— 2_5_GAM
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. — alginate
= o
£ "
s \ \
] N
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34
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(A) Differential scanning calorimetry and (B) thermogravimetric analysis of pure gelatin, sodium alginate and GAMs results.
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the graphs were enriched with the curves for pure gel and
sodium alginate as well as the temperatures of thermal transi-
tions. Thermal transition enthalpies (AH; - gel-sol transition,
AH, - glass transition, AH; — melting) with the total enthalpy
change AH for pure gelatine, pure sodium alginate and the
GAMs obtained from the DSC analysis are presented in
Table 2. For sake of clarity of the data, it was decided to present
only the ones for samples 0_0_GAM, 0_5_GAM, 2_0_GAM and
2_5_GAM, as there were no significant differences to the other
samples or additional information that could be derived from an
extended analysis.

For DSC research pure gelatin and sodium alginate showed
wide endothermic peaks in the temperature range of 40-180 °C,
with endothermic enthalpy change of 294.3 and 289.5 J g%,
respectively, representing the dehydration of the polymers and
changes in the structure of their chains.***” The endothermic
peaks observed in the GAMs hydrogel with reduced endothermic
enthalpy of 7.31-46.11 J g ' indicate that the formation of
hydrogen bonds is correlated to a better organization of polymer
chains and stronger bonding. It also suggests that the freeze-
drying process successfully reduced the moisture content in
the GAMs.

There are no low-temperature downward peaks situated
around 0 °C due to the melting enthalpy of ice - all free and
freezable water was removed as they are bound to the matrix
less closely.?® Although nonfreezable water itself is so strongly
related to the polymer network that it does not show phase
transition in calorimetric analysis, in the case of GAMs, its
presence in the hydrogel is indirectly confirmed by the peaks
seen in the graphs at around 37 °C. This is the temperature at
which the alginate-gelatin hydrogel undergoes thermal transition.
In the case of lyophilized GAMs, non-crystallized water acted as a
plasticizer, increasing the mobility of the polymer chains and
reducing the glass transition temperature, leading to the trans-
formation of the hydrogel into sol. A similar phenomenon was
described by Yoshida et al. for various polysaccharide hydrogels.*
The differences that appear between differently crosslinked hydro-
gels result from the over-all hydrogen bonding ability (HBA) of the
polymer. The only covalently cross-linked sample (0_5_GAM)
shows the smallest peak due to the greatest reduction of said
HBA. In the case of an ionotropically cross-linked sample
(2_0_GAM), the cross-linking strength is lower, thus reducing
HBA to a lesser extent. The under-curve area for the sample
cross-linked with both methods (2_5_GAM) is between the peaks
for the two samples described above, which may suggest that the

Table 2 Thermal transition enthalpies (AH; — gel-sol transition, AH, —
glass transition, AHz — melting) with the total enthalpy change AH for pure
gelatine, pure sodium alginate and the GAMs

Sample AH [Jg™"1 AH,[Jg'1 AH;[Jg 'l AH[Jg ']
Gel powder — 2943 +£88 — 294.3 + 8.8
Alg powder — — 289.5 £8.7 289.5+8.7
0_0_GAM 17.7 £ 0.5 14.6 = 0.4 13.9 £ 0.4 46.2 £ 1.4
0_5_GAM 3.0+ 0.1 2.8+ 0.1 8.1 £ 0.2 13.9 £ 0.4
2_0_GAM 5.5 £ 0.2 0.5 £ 0.1 1.3+ 0.1 7.3 £0.2
2_5_GAM 3.6 £0.1 4.6 + 0.1 8.4 £ 0.3 16.6 + 0.5

8868 | J Mater. Chem. B, 2022, 10, 8862-8874

View Article Online

Paper

two cross-linking methods do not always strengthen the polymer
network simultaneously, but may be in opposition, e.g. by limited
access to -COO- groups, needed in both Ca®>" ion cross-linking
and GTA vapors covalent one, which also results from the work of
Sun et al.*

The second peak appearing in the DSC plots can be attributed
to the material’s second glass transition temperature, T, caused
by the helix-coil transition of gelatin and the release of bound
water. With increasing temperature, alginate shows an increase
in the overall hydrogen bonding ability due to the increased
dissociation of the ions pairs, which was confirmed for other
hydrophilic polymers.*> The largest endothermic peak can be
observed for the sample that was not cross-linked (0_0_GAM), so
it can be concluded that in this case hydrogen bonds are
involved in maintaining the triple helix structure. In other cases,
cross-linked by any method, the peaks are barely marked on the
DSC curve, which means that the structure is stabilized by
stronger bonds than hydrogen ones — Ca>" bridges and covalent
—-CO-NH- bonds from Schiff’s base reaction. The reduction in
the degree of unfolding of the triple helix structure of GTA vapor
cross-linked gelatin compared to non-cross-linked gelatin was
also demonstrated by Nagarajan et al.*

The third peak represents the melting temperature Ty, of the
material. Last endothermic peak in thermogram may be related to
water tightly bonded through polar interactions with carboxylate.
The presence of such bound water in polysaccharides has been
reported by El-Houssiny et al.*> and Sabater et al.*’> The highest
peak was again observed for the non-cross-linked sample, which
had the most unbound -COOH groups that could react with
water molecules. The sample cross-linked only with GTA vapors
(0_5_GAM) showed a smaller peak than the non-cross-linked one,
suggesting that some of the carboxyl groups from alginate were
used to cross-link the hydrogel with bonds between GTA-treated
gelatin and alginate. The samples for which Ca®* ions were used
(2_.0_GAM and 2_5_GAM) did not show any peak, indicating
strong links between the alginate and gelatin chains as well as
Ca”" ions, which resulted in a high crosslinked network with few
free reactive groups able to bind to water molecules.

The results of the TGA analysis presented in Fig. 4(B) confirm
that the composition of the hydrogel did not change throughout
the entire treatment. The first weight loss (10-15%) is observed
between 100 and 200 °C. This decrease is related to the release of
structural water and it is much slighter in cross-linked samples
and occurs later than in the case of pure hydrogel components
(sodium alginate and gelatin) or non-cross-linked samples. This
confirms that in the case of cross-linked GAMs the bounded
water is immobilized stronger. The second major weight loss
observed between 200 and 400 °C shows the degradation of
gelatin molecules. The third major weight loss observed from
~520 °C is due to the thermochemical decomposition of
remaining organic content in the case of gelatin and GAMs.
Although all GAMs samples degrade at much higher tempera-
tures and in this matter the alginate content in the matrices does
not affect their properties, it makes the GAMs leave more residue
at the end of the analysis than pure gelatin. At the end of the TGA
analysis, the difference between the amount of residual mass

This journal is © The Royal Society of Chemistry 2022
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after burning the gelatin (dashed line) and after burning the
GAMs (colored lines) is about 3-4 percentage points. The only
exception is the weight of the sample cross-linked only with GTA
vapor (0_5_GAM, red line) which is equal to the weight of pure
gelatin. This may suggest that cross-linked gelatin has a much
greater effect on the thermal properties of the hydrogel than
non-cross-linked sodium alginate. Likewise, the mass of the
sample cross-linked only with calcium ions (2_0_GAM, blue line)
at the end of the process is much greater than the mass of pure
gelatin or the rest of the samples with a final mass value
somewhere in between. This confirms the previous observation
that the effects of hydrogel cross-linking with calcium ions and
GTA vapors do not reinforce each other when they are used
simultaneously, but are rather competitive.

Swelling of the matrices

Considering that the method used to cross-link the gelatin—-
alginate hydrogel has a large impact on its structure, it can be
presumed that it will also affect its other properties. It is
therefore important to properly select the concentrations of
the cross-linking agents in order to obtain a desired material.
A hydrogel suitable for drug delivery system for wound dressing
(the purpose of this study) should be characterized by a high
equilibrium swelling ratio because it directly affecets the hydro-
gel ability for absorbing the wound exudates which can contain
possibly harmful substances.”® The equilibrium swelling ratio
(ESR) of GAMs is presented in Fig. 5.

Almost all lyophilized hydrogel matrices swelled rapidly and
reached an equilibrium state after 40-60 min. The only exceptions
were 2_0_GAM and 5_0_GAM samples cross-linked only with
calcium ions. They did not reach equilibrium state before degra-
dation, which occurred after 3 hours (for GAM cross-linked with
the solution containing 2% Ca®>") and after 4 hours (for the one
cross-linked with the 5% Ca** solution) - this is visible as a
sudden break in the curves due to missing data (sample decay).
During the last measurement, the samples reached 980% and
1420% hydration, respectively. The samples degradation was
caused by the displacement of calcium ions from the polymer
network by monocations (Na*) contained in the PBS solution. The
greater stability was observed for the sample cross-linked with 5%
Ca®" and thus with more intermolecular bonds between alginate
chains. Consequently, this sample absorbed more water being
able to spend more time in the swelling medium.

For all other samples the equilibrium state was reached,
although average equilibrium water content (EWC) values were
slightly fluctuating. This value was the highest for samples
0_0.5_GAM, 0_5_GAM and 0_25_GAM cross-linked only with
glutaraldehyde vapors - after 40 minutes, EWC for these samples
reached approximately 400%, 380% and 325%, respectively. The
matrices cross-linked by both methods (calcium ions and GTA
vapors) showed reduced ability to absorb water. EWC for samples
2_0.5_GAM and 5_0.5_GAM were comparable and amounted to
about 260-280%. Similarly, other samples can be combined into
pairs - for the 2_5_GAM and 5_5_GAM samples, EWC was 200-
240%, while for the 2_25_GAM and 5_25_GAM samples, it was the
lowest and its value reached 180-200%. It can be easily noticed

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Equilibrium swelling ratio of lyophilized GAMs depending on the
cross-linking method and the concentrations of cross-linking agents.
A chart uses points connected by line segments from left to right to
demonstrate changes in value and to facilitate tracking of them.

that a higher concentration of GTA vapors results in lower
hydrogel swelling capability. In addition, if this crosslinking agent
is used together with calcium ions, then Ca®* crosslinking has a
negligible effect on matrix swelling properties. During the tests, it
was also observed that after about 3 hours, the weight of samples
cross-linked only with GTA vapors decreased due to their slow
degradation (data not shown). This phenomenon does not occur
for samples cross-linked by both methods (Ca** and GTA).

Rhodamine release from GAMs

The substance controlled release is an important ability of the
hydrogel from the point of view of its potential use as a wound
dressing. It is important that the release proceeds without a
burst effect at the beginning and continues as long as possible.
It is also useful to be able to control the release properties, for
example by selecting the hydrogel cross-linking method. The
marker dye rhodamine 640 was used due to its highly sensitive
ability to absorb light at a wavelength of 574 nm. Moreover, the
size of its molecule is comparable to the size of the chlorhex-
idine molecule, which was used in the study of the antibacterial
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properties of GAMs (591 g mol~" for Rod and 625 g mol~" for
CA), it may therefore mimic the release of this drug.

Fig. 6 and 7 show the rhodamine release profiles from
hydrogel matrices over the period of 9 hours. The curves are
divided into three groups differing in colors, red for samples
cross-linked only with GTA vapors (with various concentrations
ranging from 0.5-25%), green and blue for cross-link with GTA
vapors and a 2% or 5% solution of Ca>* ions, respectively.

In all three groups of samples mentioned, increasing the
concentration of GTA vapors or calcium ions used for cross-
linking causes a slower release rate of rhodamine. Additionally,
for samples cross-linked with higher GTA concentrations, the
lower concentrations of rhodamine are reached meaning that less
rhodamine is released. The theoretical content of rhodamine in
the matrices is the same. As shown in Fig. 6(A), the release of
rhodamine is 107* mg mL™"' for the 5_25_GAM and 1.2 x
107® mg mL™' for the 5_0_GAM. The hydrogel matrix
2_0.5_GAM, which was cross-linked by both methods, but under
the mildest conditions, did not reach the equilibrium state even
after 12 weeks (Fig. 6(B), green squares), unlike the other two
matrices presented in the graph (0_0.5_GAM and 5_0.5_GAM).
For the sample cross-linked only with 0.5% GTA vapors without
Ca*" (red circles), the equilibrium state is reached around week 5,
for the sample cross-linked with 5% Ca®" and 0.5% GTA vapors
(blue triangles), the equilibrium state reached at the beginning of
rhodamine release (burst release) is maintained until the week 12.

The shape of the rhodamine release profile from GAMs is of
particular interest. In most cases, the release of rhodamine
appears to be two-step. In order to better illustrate this

View Article Online
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phenomenon, curves were fitted to the experimental data,
and the results are presented in Fig. 7. Since the matrices
cross-linked with 2% and 5% of calcium ions showed similar
properties, it was decided to further analyze the data only for
samples cross-linked 2% of Ca**.

When a drug or model substance is released, it is possible to
acquire a mathematical description of the relationship between
release rate and time. Such a release profile can be usually
described by a linear or an exponential function (zero- or first-
order kinetics). The fit of an expotential curve to the experimental
data of rhodamine releasing from GAMs is shown in Fig. 7(A). In
general, this fit is good as indicated by the values of the coefficient
of determination Rgxpl which ranged from 0.8994 to 0.9892
(Table 3). However, this fit did not cover exactly all the experimental
points, especially in the initial period of rhodamine release.

Therefore, the data was devided into two ranges in order to
adjust the curve independently to the experimental points in
each of them, as shown in Fig. 7(B). In the initial period of
rhodamine release, a linear fit was applied. The values of the
coefficient of determination Rf;, for such a fit ranged from
0.9113 to 0.9908 (Table 3) and are higher than for the expo-
nential fit covering all points. An exponential curve was fitted to
the data following the linear range, however, in only two cases,
the Rﬁxpz was higher than 0.95 for this fit. In order to model the
release of rhodamine from freeze-dried GAMs, a linear fit
should be used in the initial release period and then an
exponential fit for the resting data range.

It can therefore be concluded that the release of rhodamine
from the freeze-dried GAMs initially follows zero-order kinetics.
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Fig. 6 Rhodamine 640 release profile from GAMs cross-linked with different methods: (A) initial release, 9 hours; (B) long-term release, selected
samples, 12 weeks. A chart uses points connected by line segments from left to right to demonstrate changes in value and to facilitate tracking of them.
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Fig. 7 Rhodamine 640 release profile from GAMs cross-linked with different methods with model fitted curves: (A) exponential fit for all the data, (B)
linear fit for the initial period of releasing and exponential fit for the following data.

In this case, the release of the active substance is only a
function of time, and the process proceeds at a constant rate
regardless of the concentration of the agent. Comparing the
time range in which the release takes place with zero-order
kinetics (Table 3(B)) with the GAMs swelling over time graph
(Fig. 5) leads to the observation that they correspond to the
initial period of the fastest swelling of the matrices. When GAM
is placed in the solution, the water is imbibed into the hydrogel
structure dissolving the rhodamine. The active ingredient is
first dissolved in the hydrating water and only then can be
released into the solution. The constant release rate is due to
the saturation of the hydrogel, because only the swollen matrix
can be permeable to rhodamine, so its release rate depends on
the swelling. Such behavior of active substance-releasing mem-
branes according to zero-order kinetics after placing in a liquid
has been previously described.>**> Once the full hydration is
achieved, release of rhodamine from the hydrogel begins to
follow first-order kinetics.>* Systems that exhibit such a sub-
tance release mechanism are suitable for controlled sustained
drug delivery because due to the zero-order kinetics in the
initial subtance release period, the burst release effect is
limited.*

Table 3 Coefficient of determination R? for the curves fitted to the data
presented in Fig. 7

A B

Expotential Linear Expotential

fit fit fit
Sample Repi [-]  Range [h] R, [—] Range [h] Reps [—]
2% Ca2+, no GTA  0.9892 0-1.10 0.9908 1.10-9.00 0.9674
2% Ca**, 0.5% GTA 0.9725 0-0.47 0.9466 0.47-9.00 0.9605
2% Ca2+, 5% GTA 0.9419 0-0.50 0.9701 0.50-9.00 0.8776
2% Ca2+, 25% GTA 0.8994 0-0.40 0.9113 0.40-9.00 0.6746

This journal is © The Royal Society of Chemistry 2022

Cytotoxicity of GAMs

In order to validate the potential use of the 3D bioprinted
gelatin-alginate hydrogel matrices for wound dressing applica-
tion, we aimed to demonstrate its biocompatibility on human
keratinocytes. The biocompatibility of the GAMs was analyzed
after 1, 4, 6 and/or 8 days of culture using HaCat cells. As shown
in Fig. 8(A), a clear cytotoxicity was observed upon increasing
concentrations of GTA used for gelatin cross-link. This effect
was strongly attenuated by glycine neutralization (Fig. 8(B)) and
we measured a significant increase in cell proliferation between
1 and 8 days in the presence of neutralized GAMs thus
demonstrating their cytocompatibility.

Antibacterial activity of chlorhexidine-loaded GAMs

Gelatin-alginate hydrogel matrices with antibiotic activity is
useful for wound dressing applications regarding the need to
maintain sterility at the wound site. In that frame, we loaded
GAMs with different concentration of chlorhexidine acetate
(CA) and characterized their antimicrobial activity using an
agar diffusion inhibitory growth test. CA is a widely used well-
known bisbiguanide compound with rapid bactericidal activity
against both Gram-positive and Gram-negative organism.** It
was used in our work due to its application in disinfection of
the skin, as an additive to creams, toothpaste, deodorants, and
antiperspirants as well as in pharmaceutical products.*’

The antibacterial activity tests were carried out with the
sample 2_0.5_GAM neutralized with a 20% glycine solution.
Each sample was deposited on the surface of nutrient agar plate
previously inoculated with S. aureus or E. coli at a concentration
of 10° CFU mL " and incubated for 24 h. Fig. 9 illustrates the
results of the anibacterial properties study.

In all cases, the concentration of CA was sufficient to sup-
press bacterial growth. The area of growth inhibition zones (clear
zones) were visible around the materials for S. aureus and E. coli.
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Fig. 8 Analysis of GAMs cytocompatibility using hFOB1.19 cells. (A) The cytotoxicity of GAMs cross-linked or not with 5% Ca®* and 0.5% or 5% GTA
tested at day 8 after seeding. (B) Effect of glycine neutralization on the cytotoxicity of GAMs cross-linking with or without 2% Ca?* and 0.5% or 5% GTA

analyzed. The analysis was performed 4, 6 and 8 days after cell seeding.

They were greater for material with a higher drug concentration.
A tenfold increase in drug content (1 mg mL ™", Fig. 9) resulted in
a significant increase in the clear zone size. This observation was
made only for drug-loaded GAMs, and not for the drug-free one,
which means that there are no antibacterial glutaraldehyde
residues in the material. This suggests that the GTA vapor
concentration had been properly selected and the matrix had
been neutralised. The antibacterial action of the material loaded
with chlorhexidine was rapid (with a significant effect visible
from 3 h of treatment) and persistent over at least 72 h. The
antibacterial activity of the GAMs against the bacteria evidenced
that the integrity of the drug had not been affected by the
temperature or pressure during bioink preparation and 3D

E. c B

Fig. 9 Bacteriostatic tests of CA-loaded GAMs on nutrient agar plates
covered with S. aureus and E. coli biofilms after 24 h of material treatment.
GAMs cross-linked with 2% Ca®* and 0.5% GTA, neutralized with glycine
with no drug, 0.1 mg mL™* CA or 1 mg mL™* CA.

8872 | J Mater. Chem. B, 2022, 10, 8862-8874

bioprinting. Hence, these types of GAMs are suitable materials
for wound dressing applications to treat infected sites or to
prevent infection.

4. Conclusions

The gelatin-alginate bioink with the compunds concentrations
of 0.2 g mL ™" and 0.04 g mL ", respectively, is a good and
satisfying material for use in 3D bioprinting. Easy to prepare
from the readily available substances, the hydrogel can be
conveniently bioprinted in mild conditions. It represents an
excellent basis for creating a novel stable biodegradable 3D
bioprinted material for drug delivery purposes, potentially
wound dressing applications. The gelatin-alginate hydrogels
can be successfully cross-linked by exposure to calcium ions or
glutaraldehyde vapors. The chosen method and concentrations
of crosslinkers have an impact on the properties of the obtained
materials including the structure of freeze-dried hydrogels and
the morphology of their surface. The high equilibrium swelling
ratio (ESR) and equilibrium water content (EWC) values of GAMs
indicated their potential high effectiveness in absorbing wound
exudates, a desirable feature of dressings. The study of rhoda-
mine release showed that it can be described with a zero-order
kinetics in the initial release period followed by a first-order
kinetics release after 30-60 minutes, the burst release effect
being limited. The data showed that the cross-linking method
has an influence on the release rate.

In the present study, a compromise was made between
physicochemical properties and cytotoxicity, leading to the
selection of the combined method (ionotropic-covalent) with
the lowest concentrations of cross-linking agents (2% Ca** and
0.5% GTA). The biocompatibility of the glycine-neutralized cross-
linked GAMs and the antibacterial properties of chlorexidin-
loaded hydrogels against both Gram positive and Gram negative
bacteria were validated. The work presents coherently the 3D
bioprinted cross-linked drug-loaded gelatin-alginate hydrogel

This journal is © The Royal Society of Chemistry 2022
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matrices and a detailed description of various properties impor-
tant for a potential use as wound dressings. Such a material can

be

potentially applied in biomedical engineering, especially as

controlled drug delivery systems.
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ARTICLE INFO ABSTRACT

Keywords: 3D bioprinted hydrogel constructs are advanced systems of a great drug delivery application potential. One of the

31? Pioprinting bioinks that has recently gained a lot of attention is gelatin methacrylate (GelMA) hydrogel exhibiting specific

f/[lf)mk b properties, including UV cross-linking possibility. The present study aimed to develop a new bioink composed of
1crospheres

GelMA and gelatin modified by addition of polymer (polycaprolactone or polyethersulfone) microspheres serving
as bioactive substance carriers. The prepared microspheres suspension in GelMA/gelatin bioink was successfully
bioprinted and subjected to various tests, which showed that the addition of microspheres and their type affects
the physicochemical properties of the printouts. The hydrogel stability and structure was examined using
scanning electron and optical microscopy, its thermal properties with differential scanning calorimetry and
thermogravimetric analysis and its biocompatibility on HaCaT cells using viability assay and electron micro-
scopy. Analyses also included tests of hydrogel equilibrium swelling ratio and release of marker substance.
Subsequently, the matrices were loaded with ampicillin and the antibiotic release was validated by monitoring
the antibacterial activity on Staphylococcus aureus and Escherichia coli. It was concluded that GelMA/gelatin
bioink is a good and satisfying material for potential medical use. Depending on the polymer used, the addition of

Drug delivery
Gelatin methacrylate
Cross-linking

microspheres improves its structure, thermal and drug delivery properties.

1. Introduction

3D bioprinting involves a variety of advanced manufacturing tech-
nologies to produce functional 3D tissues and organs layer by layer using
bioink, which includes biological materials, additives and living cells
[1-3]. Currently, 3D bioprinting technology, is widely used in the design
and manufacture of drug delivery systems for therapeutic applications
[4-6], tissue engineering and regenerative medicine to develop complex
tissue structures that mimic native organs and tissues [7-10]. The ad-
vantages of using 3D bioprinting in the biomedical field are the devel-
opment of patient-specific personalized designs, high precision and on-
demand creation of complex structures in a short time [3].

As mentioned above, bioinks are the materials used in the prepara-
tion of processed (bioartificial) living tissues using 3D bioprinting
technology. They can comprise only cells, but an extra carrier substance

(a biocompatible synthetic or a natural polymer gel or a gel based on the
combination of both), which surrounds the cells and acts as a 3D mo-
lecular scaffold, is often included. The bioinks used in 3D bioprinting
technology should primarily be highly biocompatible and nontoxic,
mechanically stable after printing, and should provide high resolution
during printing, as well as printing temperatures below physiological
temperatures [11-13]. Commonly used materials for 3D printing are:
polymers, elastomers, ceramics and hydrogels. The most widely used
synthetic polymers include: polycaprolactone (PCL), pluronic, poly-
vinylpyrrolidone (PVP) and polyethylene glycol (PEG). In turn, the most
commonly used natural polymers are: gelatin, hyaluronic acid, collagen
and matrigel [14].

Gelatin is a natural water soluble protein that comes from the partial
hydrolysis of collagen. With its chemical structure and biological func-
tions, it resembles collagen in the native extracellular matrix (ECM). For
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this reason, it is considered an ideal material that can mimic the natural
structure of the ECM. Gelatin is a biocompatible: non-toxic and non-
immunogenic polymer and a biomimetic peptide with the ability to
prevent cell apoptosis [15]. In addition, gelatin promotes cell prolifer-
ation and differentiation in a specific direction [16]. Among other
things, these features and the adaptability of gelatin's rheological
properties have determined its high popularity as a bioink for use in 3D
bioprinting [17,18].

On the other hand, among the undoubted disadvantages of gelatin
that pose an obstacle to the development of bioplastics for medical ap-
plications are its poor mechanical and thermal properties. For this
reason, in order to obtain a material for use in tissue engineering, among
other applications, gelatin is modified with methacrylic anhydride.
Recently, gelatin methacrylate (GelMA)-based hydrogels have been
widely used in tissue engineering [19]. Other applications of GelMA
hydrogels include fundamental cell research, cell signaling, drug and
gene delivery, and biosensing [18,20].

An interesting direction for modifying the properties of newly
developed bioinks can be, for example, the addition of microspheres.
Microspheres are spherical microparticles with diameters in the range of
1-1000 pm that can be loaded with hydrophilic and hydrophobic drugs
or other bioactive components (e.g. DNA or proteins). They are usually
made from biodegradable and biocompatible polymers, such as: cellu-
lose, polyethersulfone, polycaprolactone, poly(lactic acid) and poly
(glucolic acid). Drug release from microspheres occurs by degradation/
erosion of the polymer matrix and simultaneous diffusion of the drug
substance. Administration of medication via microparticulate systems is
advantageous because microspheres can be tailored for desired release
profiles and used for site-specific delivery of drugs and in some cases can
even provide organ-targeted release [21,22].

A lot of attention is currently being paid to the development of new
bioinks with improved performance properties and for increasingly
broader applications, including drug delivery systems and tissue engi-
neering. Our previous work [23] involved an attempt to develop a new
bioink based on cross-linked gelatin-alginate hydrogel for potential use
as an antibiotic delivery system. Over the past few years, there have
been several papers proposing new microsphere-modified bioinks for
use in 3D bioprinting [24-36]. Mirani et al. [29] used an alginate-gelatin
methacryloyl (GelMA)-photoinitiator (PI) solution with suspended all-
trans retinoic acid (ATRA)-loaded microspheres as the 3D bioprinting
material. Three-dimensional porous hydrogel meshes loaded with
ATRA-loaded polymer microspheres have been shown to be responsible
for, among other things, prolonged ATRA release and induce apoptotic
cell death in U-87 MG (malignant glioma). Chen et al. [30] successfully
developed bioprinted multiscale composite scaffolds based on gelatin
methacryloyl (GelMA)/chitosan microspheres as a modular bioink that
mimicked the 3D integrated micro- and macroenvironment of the native
nerve tissue very well. Among other things, the effect of these micro-
spheres was shown to increase neurite growth and elongate PC12 cells.
Sharma et al. in [31] presented the possibility of using guggulsterone-
releasing microspheres contained in a new fibrin-based bioink to bio-
print 3D tissues similar to those in the brain. Studies have shown that the
addition of drug releasing microspheres to bioink improves cell survival
and differentiation. In a subsequent study, Sharma et al. showed that the
incorporation of microspheres in bioink enhanced the mechanical
strength, lowered the degradation rate, and increased the elastic
modulus of bioprinted [32]. In a recent paper [34], Kanungo et al.
presented research on an attempt to develop a bioink composed of pectin
and Pluronic® F-127 containing gelatin-coated pectin microspheres as
vascularization-promoting agents for potential use in tissue bioengi-
neering. When incorporated into bioink for scaffolding, the micro-
spheres distributed evenly and did not display any negative effects on
bioprintability. In addition Bonany et al. [36] introduced three types of
microspheres with different mineral contents (gelatin, hydroxyapatite
nanoparticle- containing gelatin; and calcium-deficient hydroxyapatite)
into an alginate-based bioink. The results showed that the addition of
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microspheres generally improved the rheological properties of the ink,
favored cell proliferation and positively affected osteogenic cell
differentiation.

So far, the research presented in the literature is primarily concerned
with attempts to develop special bioinks modified with drug-loaded
microspheres, which act as microreservoirs with internal release of
bioactive molecules which improve the survival and differentiation of
living cells suspended in the bioink. Such bioinks are designed primarily
for 3D bioprinting of tissue scaffolds. However, there is an acute
shortage of research on the development of bioinks containing micro-
spheres (microcarriers) to 3D bioprint constructs with external drug
release — this kind of bioprintouts can be used as drug delivery systems
or dressings for hard-to-heal wounds. In accordance with the assump-
tions of the presented research, placing microspheres in the 3D bio-
printed matrices can guarantee a lot of benefits as follows: prolonged
and controlled release of the immobilized substance, increased drug
capacity of the entire system, elimination of burst effect and the direct
action of drug in the diseased area. For these reasons, an attempt to
develop such a bioink was the aim of this work.

The focus was on developing GelMA-gelatin-based bioink modified
with two different types of microspheres made of polycaprolactone
(PCL) or polyethersulfone (PES) for potential use in 3D bioprinting.
These two types of microspheres were prepared as described in detail in
our previous work [37]. The properties of the gelatin methacrylate-
based bioink were enhanced by the addition of pure gelatin to
combine the benefits of both substances. The studies of the printability
of bioinks containing GelMA and gelatin in different ratios was con-
ducted by Yin et al. [38], indicating such concentrations of ingredients
in which smooth and uniform filaments were formed during bioprinting.
The addition of gelatin increases the viscosity and stability of the bioink,
as well as the flexibility of the 3D bioprinted model.

Presented research included evaluating the 3D bioprinting feasibility
of a newly developed bioink modified with microspheres using an
extrusion technique, characterizing the morphology of such 3D bio-
printed matrices, assessing their thermal properties and degree of
swelling, and evaluating their transport and antibacterial properties.

2. Materials and methods
2.1. Materials

Gelatin type B (CAS Number: 9000-70-8) from bovine skin (gel
strength 225 g Bloom), methacrylic anhydride (CAS Number: 760-93-0,
>94 %) sodium chloride (NaCl, CAS Number: 7647-14-5, >99 %), po-
tassium chloride (KCl, CAS Number: 7447-40-7, >99 %), potassium
phosphate monobasic (KH2PO4, CAS Number: 7778-77-0, >99 %), so-
dium phosphate dibasic (NagHPO4, CAS Number: 7558-79-4, >99) and
agar (CAS Number: 9002-18-0) were purchased from Sigma-Aldrich.
Polycaprolactone (PCL, M,y = 70 kDa, CAS Number: 24980-41-4) was
purchased from Scientific Polymer Products (USA) and polyethersulfone
(PES, M,, = 42 kDa, Ultrason E2020) from BASF (Germany). Dime-
thylformamide (DMF, Chempur, Poland, CAS Number: 68-12-2, >99
%) and N-methyl-2-pyrrolidone (NMP, Chempur, Poland, CAS Number:
872-50-4, >98 %) were used as solvents for the polymers (PCL and PES
respectively). Ethanol (EtOH, Polmos, Poland, >95 %) was used as a
PCL/PES non-solvent to induce phase separation in a precipitation bath.
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Allevi, USA,
CAS Number: 85073-19-4, >95 %) was used as a hydrogel UV-cross-
linking photoinitiator. A drug marker rhodamine 640 perchlorate (M,,
= 591.05 Da, CAS Number: 72102-91-1) was purchased from Exciton
(USA). Ampicillin sodium salt antibiotic (CAS Number: 69-52-3) was
obtained from A&A Biotechnology (Poland). The non-pathogenic Gram
positive Staphylococcus aureus and Gram negative Escherichia coli bac-
teria (K12 DSM 423, from DSMZ, Germany) were chosen as model mi-
croorganisms. The culture medium was a Tryptone Salt Broth (TSB,
Sigma Aldrich). The chemicals were used without further purification.



A. Mirek et al. Biomaterials Advances 150 (2023) 213436

All solutions were prepared with MilliQ water (with a resistivity of 18.2 2.2. Gelatin methacrylate synthesis
MQecm; Millipore, USA).
Gelatin methacrylate (GelMA) was prepared using a protocol first
reported by Van Den Bulcke et al. [39] by reaction of gelatin with
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Fig. 1. Bioink preparation, 3D bioprinting and UV-cross-linking of microsphere-loaded GelMA/gelatin matrices. (A) Reaction of gelatin and methacrylic anhydride
for gelatin methacrylate production. Protein chains are schematically marked with a red line, only amine and hydroxyl groups and their substitutions with meth-
acryloyl groups are shown. (B) Simplified exemplary scheme of reactions during the UV-cross-linking of GeIMA to form hydrogel networks — the free radical chain
polymerization of the methacryloyl substitutions. (C) The microsphere production process scheme using the method combining electrospray and phase inversion
developed previously by the authors [37]. (D) The syringe coupler method scheme proposed by Allevi, Inc. [40] (image used with permission from Allevi) for bioink
preparation. Scheme presents mixing microspheres suspension with GelMA solution. (E) 3D bioprinting setup scheme. (F) A digital 3D mesh matrix model designed
made using the DesignSpark Mechanical 4.0 software.
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methacrylic anhydride (MA). In this reaction, the hydroxyl and amine
groups of the amino acid residues are substituted with methacryloyl
groups (Fig. 1A). A constant pH is important to maintain the reactivity of
protein functional groups. Gelatin (5 g) was dissolved in phosphate
buffer (PBS, pH = 7.4) at 50 °C. After 1 h MA (5 mL) was added grad-
ually (0.5 mL/min) to the vigorously stirred solution. The reaction was
run for at 50 °C and after 3 h it was quenched with 250 mL PBS (20 °C).
The diluted reaction mixture was then dialyzed against deionized water
through a dialysis tubing (12-14 kDa cutoff) for 7 days to remove
potentially cytotoxic low-molecular-weight residues of MA. Dialysis
water was changed every 24 h. The resulting solution was then freeze-
dried (48 h at 12 Pa, —70 °C) leading to a white solid product —
GelMA - which could be stored in a freezer.

2.3. Microsphere formation

A technology, the diagram of which is shown in Fig. 1C, combining
pulsed voltage electrospray with wet phase inversion was used to pre-
pare microspheres [37]. In this process developed in our group, the
polymer solution is pumped through a metal nozzle attached to a high
pulsed voltage. Microdroplets are created by the electrospray process at
the nozzle outlet. Afterwards, they are collected in a well-agitated pre-
cipitation bath containing a polymer non-solvent. Based on the Gibbs
phase rule, wet phase inversion occurs in this bath, resulting in the
formation of hardened polymer microspheres. The procedure can be
changed by incorporating different materials (such as drugs) into the
polymer solution or bath to immobilize them inside the microspheres.
The microspheres were prepared with a 15 % solution of PCL in DMF as
well as a 15 % solution of PES in NMP. The electrical parameters in the
study were set to the following values: electrical voltage U = 8 kV, pulse
frequency f = 60 Hz, and pulse duration 7 = 6 ms and the polymer so-
lution flow rate was 1.5 mL/h. Throughout the procedure, the temper-
ature did not exceed 25 °C and the humidity was not >40 %.
Microspheres with immobilized active substance were prepared from a
polymer solution containing 0.57 mg/g (mass/polymer mass marker) of
rhodamine or ampicillin and using a precipitation bath containing 0.1
mg/mL of the substance. Following microsphere formation, the bath
suspension was transferred to a falcon and centrifuged to remove the
excess ethanol. Then the microspheres were dried, weighed and sus-
pended in distilled water for further use in the bioink preparation. The
obtained microspheres had average diameters of 14.38 + 6.28 pm for
PCL and 6.20 + 2.43 pm for PES.

2.4. Bioink preparation

The bioink presented in this work should be prepared just before it is
used in the 3D bioprinting process. For this purpose, three preliminary
mixtures were prepared and then combined into the final formulation.
Mixture A was a solution of gelatin (10.8 g) in PBS (20 mL) — after 3 h of
stirring at 40 °C a 35 % solution was obtained. Mixture B was a solution
of GelMA (1.19 g) in PBS (7.31 mL) with the addition of LAP (50 mg). A
photoinitiator was added to the PBS, stirred for 30 min at 60 °C, then
GelMA was added and after stirring for 60 min at 60 °C a solution
containing 14 % GelMA and 0.7 % LAP was obtained. Mixture C was a
suspension of microspheres (PCL or PES, with or without bioactive
ingredient) in PBS (or 0.1 mg/mL bioactive ingredient solution in PBS).
Appropriate amount of microspheres was suspended in 2 mL of PBS
resulting in formation of a suspension of desired microsphere concen-
tration (e.g. 30 mg to get 5 mg/mL bioink suspension in the next step).
Once all mixtures were ready, the syringe coupler method (Fig. 1D) was
used to prepare the suspension for 3D bioprinting. A similar methodol-
ogy was employed by Jeon et al., as evidenced in their work [41]. The
mixtures were transferred to syringes: 1.9 mL of mixture A, 2.1 mL of
mixture B and 2 mL of mixture C. First, the syringes A and C were linked
with a syringe coupler, and the contents were mixed by moving the
plungers back and forth 40-50 times. The resulting suspension of

Biomaterials Advances 150 (2023) 213436

microspheres in gelatin solution was then placed in one of the syringes
which was connected with a syringe coupler to the third syringe con-
taining the mixture B. Again, the plungers were moved back and forth
40-50 times. In this manner, a suspension of microspheres with con-
centrations 5 mg/mL or 10 mg/mL in a 11 % gelatin and 5 % GelMA
solution in PBS with a 0.25 % addition of LAP was obtained.

2.5. 3D bioprinting of GelMA/gelatin matrices

Once the bioink was ready, it was set in the heating holder of bio-
printer (Fig. 1E) and then 3D model could be printed (Fig. 1F) forming
hydrogel matrices cross-linked using UV light.

As a digital model of a bioprinting matrix, a cubic mesh (the grid size
was set as 1 mm and line width as 0.2 mm) with dimensions of 20 mm x
20 mm x 12 mm made of 6 layers (0.2 mm in height each) was designed
(Fig. 1F). The 3D model project was made in the DesignSpark Me-
chanical 4.0 software, exported as an STL file, sliced by Repetier-Host/
Slic3r software and converted into G-code. The microsphere-loaded
GelMA/gelatin matrices were printed using Allevi 2 3D bioprinter
(Philadelphia, USA). Fig. 1E presents the scheme of the experimental
setup. Bioprinting parameters were set as follows: temperature of the
bioink in the syringe of 28 °C, temperature of the collector Petri dish of
~15 °C, printing pressure of 345 kPa (50 psi), printing speed of 10 mm/
s, G30 nozzle (inner diameter of 0.164 mm), layer height of 0.2 mm.

The cross-linking of the bioprintout from the GelMA/gelatin bioink
was carried out in two stages: first, the gelatin was thermally cross-
linked directly on the collector, hydrogen bonds were formed, and
then the initially hardened matrix was exposed to UV light, initiating
GelMA cross-linking. During UV-curing of the GelMA/gelatin hydrogel
in the presence of LAP, free radicals are generated from the photo-
initiator. They initiate chain polymerization of methacryloyl sub-
stitutions and propagation between methacryloyl groups located on the
same or different chains takes place (Fig. 1B). In the described research,
samples of a freshly printed hydrogel matrix were placed in a chamber
emitting ultraviolet light with a wavelength of 365 nm in a vertical
position so that the entire sample was evenly illuminated. Two lengths
of cross-linking time were tested: 5 min and 10 min.

Ten types of samples (without immobilized bioactive substance)
differing in the content of microspheres in the bioink and cross-linking
time were prepared in the manner described above. The obtained
GelMA/gelatin matrices are summarized in Table 1 with a proper
denotation for each of them (the first number corresponds to the
microsphere content in the bioink, the second number — to the UV-cross-
linking time expressed in minutes).

In addition, six types of samples for testing the transport properties of
bioprinted matrices (microsphere content: 0 mg/mL or 5 mg/mL and
cross-linking time 5 or 10 min) and four types of samples for testing
antibacterial properties (microsphere content: 0 mg/mL or 5 mg/mL and
cross-linking time 10 min) were prepared. The GelMA/gelatin matrices
for studies requiring anhydrous samples were frozen (8 h at —20 °C) and
lyophilized (24 h at 12 Pa, —70 °C).

Table 1
List of bioprinted GelMA/gelatin matrices differing in microsphere content and
cross-linking time.

Sample Details

0.0 No microspheres No UV-cross-linking

05 No microspheres 5 min of UV-cross-linking
010 No microspheres 10 min of UV-cross-linking
5_0_PCL 5 mg/mL PCL microspheres No UV-cross-linking
10_0_PCL 10 mg/mL PCL microspheres No UV-cross-linking

55 PCL 5 mg/mL PCL microspheres 5 min of UV-cross-linking
5.10_PCL 5 mg/mL PCL microspheres 10 min of UV-cross-linking
5_0_PES 5 mg/mL PES microspheres No UV-cross-linking
5_5_PES 5 mg/mL PES microspheres 5 min of UV-cross-linking
5_10_PES 5 mg/mL PES microspheres 10 min of UV-cross-linking
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2.6. Characterization of the cross-linked GelMA/gelatin matrices

The 3D bioprinting feasibility with proposed new bioink was
assessed on the basis of observations made during the process, as well as
based on printouts examined using digital microscope (Keyence, VHX-
7000). After that, the samples were lyophilized and observed with
scanning electron microscopy (SEM, HITACHI S4800) — the samples
were coated with 10 nm thick gold layer for it.

Fourier Transform Infrared Spectroscopy (FTIR) was used to deter-
mine which functional groups are present in the analyzed sample and
thus the influence of microsphere use as well as crosslinking on it. The
FTIR spectra of GelMA/gelatin matrices was recorded using the NEXUS
instrument equipped with and attenuated total reflection (ATR) acces-
sory in the frequency range of 500-4000 cm ™! with an average of 64
scans at 2 cm ™! resolution.

Thermal properties of samples were investigated using differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
Differential scanning calorimeter (DSC, TA Instruments 2920) equipped
with a RCS90 cooling system was used to determine the thermal tran-
sition points and enthalpies (calculated as an area under the peak) of the
GelMA/gelatin matrices. The samples were weighed (~ 2-3 mg) in an
aluminum TA pan and sealed, an empty sealed pan was used as a
reference. The samples were cooled to —80 °C and then heated up to
200 °C with a heating rate of 20 °C/min. TA Instruments TGA G500
apparatus was used to perform the thermogravimetric analysis under
oxygen flow of 60 mL/min to define the cross-linking influence on a
thermal stability of matrices. The samples of ~3-12 mg were heated up
to 1000 °C at a heating rate of 10 °C/min.

Samples for FTIR, DSC and TGA were frozen (8 h at —20 °C) and
lyophilized (24 h at 12 Pa, —70 °C) before the analyses.

2.7. Cell culture and cytotoxicity assays

HaCaT cells (spontaneously transformed human keratinocytes) were
cultured at 37 °C in 5 % CO; using DMEM (Dulbecco's Modified Eagle
Medium o) media supplemented with 10 % (v/v) foetal bovine serum.
HaCat cells (10* cells per well) were seeded in 96 well plates and
allowed to attach for 24 h. After sterilization with UV irradiation for 1 h,
the hydrogels were hydrated in culture medium for 24 h. The corre-
sponding hydrogel eluates (25 mg/mL) was prepared and the culture
medium of the HaCaT cells seeded in 96 well plates was replaced by 100
pL of the hydrogel eluate at various dilutions (up to 50-fold). After 24 h
of incubation with the hydrogel eluates, cell viability was analyzed using
MTT assay carried out as previously described [23] or with the
CyQUANT® Cell Proliferation Assay Kit (Invitrogen, France) with a
measurement of fluorescence at 520 nm on a Pherastar fluorimeter.
Alternatively, HaCaT cells were also seeded directly onto the hydrated
hydrogels (100 pL of cell suspension in 96 wells plate corresponding to
1.5 x 10° cells/well). After 16 h, the number of viable cells was deter-
mined by adding 11 pL of Alamar blue HS Cell Viability Reagent
(Thermofisher, France) and fluorescence was measured 1 h later on a
Pherastar fluorimeter (excitation 540 nm/emission 590 nm). Data (n = 3
to 18) were analyzed statistically using the Student t-test or the Mann-
Whitney test.

2.8. Scanning electron microscopy analysis of cell-seeded matrices

HaCaT cells (1.2 x 10° cells/well in 12 wells plate) were seeded onto
the different hydrogels previously hydrated and washed 3 times in cell
culture medium. After 16 h of culture, the hydrogels were washed with
PBS, fixed with 2.5 % glutaraldehyde in PHEM buffer (pH 7.2) for 1 h at
room temperature and washed again in PHEM buffer. Fixed samples
were dehydrated using a graded ethanol series (30-100 %), followed by
10 min in graded ethanol/hexamethyldisilazane (HMDS), and then
HMDS alone. Subsequently, the samples were sputter coated with a 10
nm thick gold film and then examined under a scanning electron

Biomaterials Advances 150 (2023) 213436

microscope (Hitachi S4000) using a lens detector with an acceleration
voltage of 10 kV at calibrated magnifications.

2.9. Swelling properties of the cross-linked GelMA/gelatin matrices

3D bioprinted, crosslinked and lyophilized GelMA matrices were cut
and weighted. Then, their equilibrium swelling ratio (ESR) in PBS at
37 °C was determined using a gravimetric method. Each sample (~
60-150 mg, W,) was placed in closed bottle with 10 mL of swelling
medium (PBS). After predetermined immersion time intervals, they
were retrieved and weighed (Wt) and placed again in PBS (surface water
was gently removed with a tissue before measurements). The water ESC
at time t was calculated according to the following equation:

w,
ESR=—"e1 1
S, Wd° 00% (@)

where Wt is the sample weight at a particular time (t) and Wd is the
weight of dried matrix.

The experiment was performed three times for different samples of
each type of GelMA/gelatin matrix were used to perform and average
ESR value as calculated.

2.10. Model drug molecule (rhodamine) release from the GelMA/gelatin
matrices

The release profile of rhodamine 640 from GelMA/gelatin matrices
was determined for six types of samples — with marker and no micro-
spheres, with marker-loaded PCL microspheres and with marker-loaded
PES microspheres, each group of samples UV-cross-linked for 5 or 10
min. Rhodamine 640 was used in the experiments because its concen-
tration in the solution can be easily, quickly and accurately determined
spectrophotometrically, which allows the transport properties of the
system to be observed (including possible burst effect). A sample of
22.1-38.1 mg of each freeze-dried GelMA/gelatin matrix was placed in a
glass container with 3.65-6.3 mL of deionized water (the amounts were
selected so as to maintain a constant proportion between the weight of
the sample and the volume of water ~1:6). The content of the container
was stirred all the time and the total volume did not change during the
experiment. A flow spectrophotometric method proposed before by
Grzeczkowicz et al. [42] was used for the tests to determine rhodamine
concentration (light wavelength of 574 nm used). Measurements of
absorbance were made as follows: every 2 min for the first 2 h, every 10
min for the next 1 h, every 30 min for the next 2 h, after 6, 7 and 24 h. On
the basis of the data, the rhodamine release profiles from GelMA/gelatin
matrices were plotted on graphs. The transport properties of the tested
matrices were described mathematically with a linear function fitted to
the plotted experimental points of the initial 1 h of the substance release.
A line describing each case (y = ax) was fitted in OriginPro software. The
coefficient a defines the slope of the line and thus the substance release
rate. In addition, a graph showing the concentration of rhodamine in
solution after release in various samples for 24 h was plotted to check
whether (and how) the addition of microspheres increases the amount of
rhodamine released from the matrix compared to one without micro-
spheres. The experiments were done three times, the average light
absorbance (thus marker concentration) values were calculated.

2.11. Antibacterial activity of the GelMA/gelatin matrices with
ampicillin-loaded microspheres

For the antibacterial tests four types of GelMA/gelatin matrices were
prepared, all UV-cross-linked for 10 min - with no ampicillin, with
ampicillin (no microspheres), with ampicillin-loaded PCL microspheres
and with ampicillin-loaded PES microspheres. The sterilization was
provided by the UV cross-linking. Staphylococcus aureus (S. aureus, Gram
positive) and Escherichia coli (E. coli, Gram negative) bacteria were used
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to examine the antibacterial activity of the samples. Microbiological
agar (15 g-L 1) was added to PBS to prepare Mueller-Hinton agar (GMH)
plates. Two rectangular dishes— each for one type of bacteria — were
inoculated individually with 1 mL of S. aureus or E. coli suspension. The
optical density at 620 nm (OD600) of the bacterial suspension was then
adjusted to 0.75 + 0.01 for S. aureus and 0.80 + 0.01 for E. coli.
Immediately after the inoculation, the samples were put onto the dishes
to check the ability of the drug-loaded matrices to prevent bacterial
growth. The plates were then incubated overnight at 37 °C in aerobic
conditions so the bacterial biofilm could be formed. The plates were
pictured to show inhibited bacterial growth (the clear zones). The study
outcomes were measured by quantifying the area of the inhibition zone
through three replicates of each test condition, five measurements for
each. Average area values were calculated and statistical significance of
the measurements was determined using a one-way analysis of variance
test (ANOVA) followed by a post-hoc Tukey HSD test. The results were
presented in a bar chart, which included the average values and stan-
dard deviations, facilitating their comprehension.
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3. Results and discussion
3.1. 3D bioprinting feasibility

The 3D bioprinting is multi-step process, and at each stage certain
decisions must be made regarding its conditions affecting the final
product — a hydrogel matrix. First, the composition of the bioink should
be developed. On the basis of own experimental selection as well as the
work of Yin et al. [38], it was decided to conduct research with bioink
containing 5 % GelMA and 11 % gelatin. The bioink was modified by
adding PCL or PES microspheres, selecting their content so that it is still
printable. Then, a number of experiments were carried out to determine
the optimal printing conditions to obtain GelMA/gelatin matrices
compatible with the digital model. The obtained bioprintouts were
analyzed using digital microscopy to characterize their macrostructure
and microsphere distribution. The results in the form of images of
matrices differing in the content and type of microspheres and UV-cross-
linking time are shown in Fig. 2.

Addition of gelatin to the GelMA bioink eliminated the need for
photochemical cross-linking during the bioprinting process (between
each subsequent printed layer), which reduced the interruptions in
printing caused by clogging of the nozzle with elements of uninten-
tionally cross-linked bioink inside it. The concentrations of ingredients

Fig. 2. 3D bioprinted GelMA hydrogel (5 % GelMA, 11 % gelatin) matrices before lyophilization pictures made with digital microscope. (A-B) Bioink without
additives, matrix immediately after printing, no cross-linking, magnification (A) 20x and (B) 100x. (C) Bioink without additives, matrix UV-cross-linked for 10 min,
magnification 200x. (D-F) Bioink with 5 mg/mL PCL microspheres, matrix UV-cross-linked for 10 min, magnification (D) 20x, (E) 100x, (F) 500x. (G) Bioink with
10 mg/mL PCL microspheres, unable to bioprint a model matrix, magnification 20x. (H-I) Bioink with 5 mg/mL PES microspheres, matrix UV-cross-linked for 10

min, magnification (D) 20x, (E) 100x.
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that were chosen provided smooth and uniform filaments formed during
3D bioprinting.

In the case of the non-cross-linked GelMA/gelatin matrix (A), its
structure coincides with the matrix designed using the computer model
in Fig. 1F, but the sizes of the model elements (gaps, grids) are not the
same. In the case of gaps, the size decreased (the gap size in the model is
1 mm, in the bioprinted matrix it is 0.3 mm) and for grids it increased
(the grid width in the model is 0.2 mm, in the bioprinted matrix it is
around 0.7 mm).

In addition, analysis of the images (B and C) suggests that there are
no significant changes in the structure of the 3D printed matrix after the
UV-cross-linking process. The only observable difference is a slight
blurring of the structure of the non-cross-linked matrix (B) - the
shrinkage effect of the non-cross-linked matrix is not observed in the
cross-linked one.

The content of microspheres in the GelMa/gelatin matrix (5 mg/mL)
leads to structures with slightly more “spilled” shapes (D). The obtained
images of the macroscopic structure of the matrices also confirm the
presence of PCL microspheres with diameters of about 10-14 pm evenly
distributed in the 3D printed matrix structure (E and F). On the other
hand, the content of microspheres in the bioink at the level of 10 mg/mL
completely disabled the printing of the constructs (G). It can also be
observed that numerous air bubbles were present in the structures of the
3D printed constructs (E) being a result of intense mixing the compo-
nents with syringe coupler method during bioink preparation. Further
bioink development is suggested to elaborate a method to remove the
bubbles before printing.

In the case of GelMA/gelatin matrices modified with PES micro-
spheres (H, I), the 3D bioprinting was possible. However, it was not
possible to obtain a structure in accordance with the designed one
(Fig. 1F). The 3D bioprinting conditions were identical as in the case of
matrices without microspheres or with PCL microspheres. The presence
of PES microspheres probably affects the rheological properties of the
bioink used, which affects the 3D printed matrix. Another reason for
obtaining such a 3D printed matrix can be attributed to the different
thermal properties of the PES microspheres. Moreover, the fact that the
structure is kept or not, is related to the interaction between PCL/PES
and GelMA/gelatin. In the case of polycaprolactone (PCL), the inter-
molecular forces (hydrogen bonding or van der Waals forces) allow the
matrix to keep the designed structure during printing enhancing the
thermal cross-linking. It has been shown that three potential kinds of
inter- and the intramolecular hydrogen bondings can occur in the PCL
molecule between the CH2 and C—O0 groups [43]. In addition, there are
also intermolecular dipole-dipole interactions (C=0---C=0) between
PCL and GelMA/gelatin molecule [44]. All these interactions are weaker
for polyethersulfone (PES) microspheres, because there is only one
hydrogen bonding acceptor (—O—) in the polymer structure and no
donors, the matrix structure is therefore not preserved. Due to this, the
conditions for 3D bioprinting of PES-loaded GelMA/gelatin bioink and
its composition should be selected individually. However, it was decided
not to change them and use them in further research in order to be able
to compare the obtained results without hindrance.

The 3D bioprinting process with GelMA/gelatin microsphere-loaded
bioink can be influenced by many factors, the proper selection of which
allows it to be carried out and lead to the expected product in the form of
a hydrogel matrix. In addition to the already mentioned UV exposure
time or the content of microspheres, others can be indicated: the degree
of substitution during the reaction of gelatin with MA, bioink compo-
sition (gelatin — GelMA ratio), photoinitiator concentration, bioprinting
parameters. The major parameters allow tuning of the physical prop-
erties of the GelMA hydrogels must be selected experimentally to be
matched to the expected results.
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3.2. Effect of UV-cross-linking and lyophilization on the structure of
GelMA/gelatin matrices

The surface morphology, chemical structure and thermal properties
of 3D bioprinted GelMA/gelatin matrices were examined using such
techniques as SEM, FTIR, DSC and TGA. The samples were dehydrated in
this part of research - all of the matrices were lyophilized as described in
the Materials and methods section. Scanning electron microscopy pic-
tures of different GelMA/gelatin matrices is presented in Fig. 3.

Based on the scanning electron microscopy (SEM) images (Fig. 3),
the morphology of lyophilized non-cross-linked (A) and UV-cross-linked
(B) GelMA/gelatin matrices, as well as the ones modified with PCL (C, D)
and PES (E, F) microspheres was evaluated. Both analyses the one of
images obtained by optical microscopy (Fig. 2) as well as the one of the
SEM images (Fig. 3), indicate, first of all, a clear effect of the lyophili-
zation process on the morphology of the GelMA/gelatin matrices stud-
ied. Their surfaces after the lyophilization process are highly corrugated
and porous/wrinkled. Matrices (A-D) retained the structure of a regular
grid after drying with visible layers. There are no significant differences
in the morphology of UV-crosslinked and non-UV-crosslinked matrices
(without the addition of microspheres) (Fig. 3 A and B). In contrast,
modification of the 3D printed matrices with PCL microspheres leads to
matrices with a significantly more compact and homogeneous structure
(Fig. 3 C—D). The PCL microspheres probably acted as a filler that
prevented the dried surface from creasing strongly, the shrinking
hydrogel was retained on the microspheres in this case, in contrast to the
matrices without microspheres, whose surface is severely wrinkled.
Modification of the bioink with PES microspheres led to the formation of
a completely different structure of the GelMA/gelatin matrix than in the
other cases, which was already noticed in the analysis of samples by
optical microscopy. In this case, the effect of cross-linking on the
structure is noticeable — matrices exposed to UV light for 10 min are less
porous.

Fourier transform infrared spectroscopy (FTIR) was performed to
check the effectiveness of dialysis during GeMA synthesis as well as the
influence of the addition of microspheres and UV-cross-linking on the
chemical structure the GelMA/gelatin matrices. Fig. SI1 (supporting
information) presents the results. The IR spectra of non-crosslinked
GelMA/gelatin matrix without microspheres (0_0) show all character-
istic chemical functional groups — the broad peak at 3291 cm™! is
attributed to the O—H and N—H stretching vibrations, two peaks be-
tween 2800 and 3100 cm™! denoting C—H stretching of ~CH2 and
tertiary —CH groups present in both gelatin and methacryloyl functional
groups, the backbone structure of gelatin is denoted by peaks at 1635
cm~! (amide I, C=0 stretching), 1543 cm~! (amide II, N—H bending),
1236 cm™! (amide III, C—N stretching). There are no strong peaks be-
tween 1690 and 1760 cm ™}, characteristic for methacrylate anhydride,
indicating the carbonyl (C=0O) group, which means that the post-
reaction residues of this substance have been completely removed
from GelMA. There are no peaks typical for microsphere-forming poly-
mers in either spectrum — neither 1750-1735 cm™! indicating C=0
stretching in carboxylic esters (PCL) or 1350-1300 cm™! indicating
S=O0 stretching in sulfones (PES). There are also no new chemical bonds
between GelMA, gelatin and microspheres. The addition of micro-
spheres does not affect the chemical structure of the hydrogel.

The thermal properties of the UV-cross-linked GelMA/gelatin
matrices with microspheres were determined by TGA and DSC (Fig. 4A
and B). For reference purposes, an analysis of pure substances was also
performed: gelatin, PCL and PES (see Table 2).

According to TGA (Fig. 4A), the first weight loss of pure gelatin
(approx. 12-15 %) occurs in the temperature range 30 °C-160 °C and is
attributed to the decrease in the content of structural water (bound to
protein molecules by hydrogen bonds) and various volatile impurities.
The largest weight loss in the range of 220 °C-600 °C by about 86 %
results from the degradation of gelatin molecules. PCL shows only one
weight loss (100 %) related to the decomposition of the polymer chain
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Fig. 3. SEM pictures of lyophilized GelMA/gelatin matrices: (A) no microspheres, no UV-cross-linking, (B) no microspheres, 10 min of UV-cross-linking, (C) 5 mg/mL
PCL microspheres, no UV-cross-linking, (D) 5 mg/mL PCL microspheres, 10 min of UV-cross-linking, (E) 5 mg/mL PES microspheres, no UV-cross-linking, (F) 5 mg/
mL PES microspheres, 10 min of UV-cross-linking — magnification 100x; close-up of surface structures — magnification 1000 x.

from about 360 °C to 675 °C. For PES it is similar, one total weight loss
over the temperature range of 420 °C to 730 °C. In the case of bioprinted
matrices made of bioink containing GelMA and gelatin, there are three
stages of mass loss in each case, and all four thermogravimetric curves
have similar shapes, they are only slightly shifted relative to each other.
The non-cross-linked GelMA/gelatin matrix without microspheres (0_0)
loses mass for the first time in the temperature range of 30 °C-190 °C
(15 % loss), i.e. at a temperature such as pure gelatin, it is analogously
related to the loss of structural water. For 10 min UV-cross-linked
samples (0_10, 5.10_PCL and 5_10_PES), the first weight loss (15 %
loss) starts at a higher temperature (around 50 °C) because it is more
difficult to remove water from the highly UV-cross-linked polymer
network. The second stage of weight loss is also shifted in relation to
pure gelatin, especially in terms of the decrease from 50 % to 5 % of
weight — for hydrogel samples it occurs in the temperature range of
360 °C - 600 °C and is less mild. It results from GelMA content in bioink
as well as the cross-linking, which causes the degradation of the polymer
to occur at a higher temperature. The second stage of weight loss ends in
the case of hydrogel at about 3-5 % mass, which is higher than for pure
gelatin, confirms the presence of gelatin methacrylate in the sample. The
third stage of mass loss does not occur in the case of pure gelatin, and for
the hydrogel it runs in the range of 725 °C-825 °C and results from the
degradation of GeIMA. At the end of the analysis, all tested samples and

pure gelatin show about 1.5 % residue. The content of microspheres in
bioink is so small in relation to gelatin and GelMA (about 30 times less)
that their percentage in the TGA chart is negligible. The assessed ther-
mal stability of the dried GelMA/gelatin matrices suggests that they do
not degrade at temperatures below 121 °C, which is particularly
important for biomedical devices and products that are subjected to
autoclaving sterilization at this temperature.

In DSC research pure gelatin showed wide endothermic peak in the
temperature range of 25-170 °C, with endothermic enthalpy change of
294.3 J/g, which represents changes in the structure of polymer chains
and the dehydration [45]. The DSC diagram corresponding to the PCL
that it exhibits one endothermic peak (around 64 °C), which determines
its melting point [46], while the curve for PES does not show any peak —
it would appear at the melting point of the polymer (around 230 °C)
[47], but it is outside the tested range important from the point of view
of the biomedical hydrogel.

There are two endothermic peaks observed for each of GelMA/
gelatin hydrogel samples. There is no peak corresponding to the melting
enthalpy of ice at 0 °C, suggesting that the lyophilization of the samples
was successful and no free or freezable water was left in the matrices
[48]. The diagrams also do not exhibit any peak that would correspond
to the phase transition of the hydrogel due to the presence of non-
freezable water in it. Such a peak was observed by Mirek et al. [23] for
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Fig. 4. Thermal properties of GelMA/gelatin matrices. Four samples were analyzed in each case: non-cross-linked matrix without microspheres (black) and 10 min
cross-linked matrices without microspheres (red), with PCL (blue) or PES (green) microspheres. (A) Thermogravimetric analysis and (B) differential scanning

calorimetry of pure gelatin, PCL and PES as well as GelMA/gelatin matrices.

Table 2

Thermal transition enthalpies (AH; — melting or helix-coil transition, AH, —
melting) with the total enthalpy change AH for pure gelatin, pure PCL, pure PES
and four types of lyophilized 3D bioprinted GelMA/gelatin matrices.

Sample AH; [J/g] AH, [J/8] AH [J/g]
Gel powder 294.3 + 8.8 - 294.3 + 8.8
PCL polymer 320+ 21 - 320+ 2.1
PES polymer 8.0 £ 0.2 - 8.0 +£0.2
0.0 11.8 £ 0.3 - 11.8 £ 0.3
010 7.7 £0.2 55.2 +3.1 62.872 + 3.3
5_10_PCL 17.0 £ 1.1 195.2+ 5.4 212.23 £ 6.5
5_10_PES 13.3+0.8 46.5 £ 2.4 59.76 + 3.2

gelatin-alginate hydrogel at about 37 °C and by Yoshida et al. [49] for
hyaluronic acid, xanthan and pullulan hydrogels — the lack of non-
freezable water in GelMA/gelatin hydrogel results from the lack of
polysaccharides in the bioink. This beneficial phenomenon prevents
changes in the structure of dried matrices at elevated temperature.
The first peak appearing in the DSC diagrams can be attributed to the
release of bound water and the helix-coil transition of gelatin in the
range of around 45-85 °C. At low temperatures, gelatin exhibits a high
triple-helix level that decreases upon heating forming a random coil
structure. Such a shift of the transition start towards higher tempera-
tures in relation to pure gelatin (from 25 °C to 45 °C) results from the
high content of GelMA in the sample. In GelMA, the triple-helix level is
initially much lower than in the gelatin structure — intrachain hydrogen
bonds in the gelatin's triple helix are reduces due to methacryloyation of
free amino groups or hydroxyl groups, which leads to random coil level
increase (helix level decrease) [39]. The enthalpy of the process is lower

than for pure gelatin (7.7-17.0 J/g) due to the lower triple-helix level in
GelMA/gelatin matrices. It is the highest for samples containing PCL
microspheres (17.0 J/g), because of two overlapping effects — gelatin
helix-coil transition and polymer phase transition (around 64 °C).

The second endothermic peak appears for the UV-cross-linked
hydrogel samples and is related to the degradation of the material.
This process is definitely more difficult in the case of a hydrogel which in
its structure contains intrachains connected by methacrylic anhydride
functional groups which reduces chain mobility [50]. In the case of
GelMA/gelatin matrix without microspheres, the peak corresponding to
the enthalpy of degradation (55.2 + 3.1 J/g) ranges from 87 °C to
180 °C. The peak narrows and shifts towards higher temperatures
(140 °C-190 °C for PCL, 160 °C-195 °C for PES), when polymer mi-
crospheres are added to the hydrogel, the process enthalpy increases
significantly (195.2 + 5.4 J/g) when PCL microspheres are used.

Differences in the thermal properties of the tested materials (AH
change and different temperature values) could be related to several
factors as follows: chemical interaction between polymers, homogeneity
of microsphere dispersion, fraction of each polymer resulting from its
obtaining method, porosity of microspheres, bioprintout structure, de-
gree of cross-linking, etc. The explanation of the reasons for their
properties requires further research. However, shift of the degradation
temperature of bioprinted matrices towards higher values after adding
microspheres to bioink is a beneficial effect from the point of view of the
potential use of the proposed hydrogel for biomedical purposes due to
the previously mentioned autoclaving temperature.
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3.3. Biocompatibility of GelMA hydrogels with human keratinocytes

Using human keratinocytes (HaCat cells), the cytocompatibility of
the 3D bioprinted gelatin-methacrylate hydrogel matrices was evaluated
in order to validate their potential future use as wound dressings. The
biocompatibility of the GelMA hydrogels (containing or not PCL or PES
microspheres at a concentration of 5 mg/mL) was analyzed in an indi-
rect contact test.

As shown in Fig. 5A, after 24 h of culture, a slight cytotoxicity was
observed with the different hydrogel eluates at the highest concentra-
tions (10 and 25 mg/mL), when tested using the MTT assay. At these
concentrations, the GeIMA hydrogels contain PCL or PES microspheres
where significantly more cytocompatible than the control hydrogel
without microspheres. No significant differences in cytocompatibility
were observed between the three hydrogels when tested using the
Cyquant dye, which relies on the direct measurement of fluorescence
following its incorporation into DNA (Fig. 5B). These data suggest that
the matrices were not cytotoxic in the experimental conditions tested.
The proliferation of HaCaT cells in the presence of hydrogel eluates was
also monitored and, as shown in Fig. 5C, a slight (around 2-fold)
reduction of cell proliferation as compared to control cells grown in
the culture medium was observed and again, the three hydrogels
behaved similarly.

To determine that human keratinocytes were able to adhere on the
different hydrogels, we first compared HaCaT cells viability when
seeded either on the three different matrices or directly in the culture
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plate well. As shown in Fig. 6A, the use of the Alamar blue HS assay did
not reveal a significant decrease in cell viability when cells were seeded
onto the hydrogels. Finally, to validate these results, scanning electron
microscopy analysis of HaCaT cells grown onto different hydrogels was
performed. As shown in Fig. 6B, human keratinocytes adhered and
exhibited normal morphology when seeded onto the different GelMA
hydrogels. Although HaCaT cells have a very small cytoplasm and do not
spread a lot, the highest magnification clearly showed cell surface in-
vaginations and contacts with the different matrices. At the second
magnification (scale bar 40 pm), PCL or PES microspheres are present at
the surface of the corresponding hydrogels (white arrows). Altogether,
these data confirm the in vitro cytocompatibility of the materials.

3.4. Swelling of the matrices

Swelling of the drug carrier is one of the mechanisms controlling the
rate of the drug release process [51]. In addition, an insightful charac-
terization of the degree of swelling of the matrices makes it possible to
assess their suitability as drug delivery systems, as well as to predict
their behavior under in vivo conditions.

Therefore, in the next stage of the study, the swelling degree of non-
modified lyophilized GelMA/gelatin was evaluated as well as the
swelling degree of the ones modified with PCL and PES microspheres
previously subjected to UV-cross-linking (for 5 min and 10 min). Due to
the potential use of such matrices as modified drug release systems, the
swelling degree study was conducted for 8 h. Fig. 7 shows kinetic
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Fig. 5. Compatibility of GelMA hydrogels with human keratinocytes. A. Effect of various dilutions of GelMA, GelMA_PCL or GelMA_PES hydrogel eluates on HaCaT
cell viability at 24 h of culture evaluated using the MTT assay. B. Effect of hydrogel eluate on HaCaT cell viability evaluated using the Cyquant assay. C. HaCaT cell
proliferation evaluated at day 1 and 3 after seeding evaluated by the MTT assay. Statistical analysis was performed using the Student t-test or the Mann-Whitney test

to compare GelMA with or without microspheres.
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swelling curves of the GelMA/gelatin matrices (Table 1) examined in
PBS buffer.

As can be seen from Fig. 7, 3D bioprinted matrices without micro-
spheres and those containing PCL microspheres reach equilibrium after
about 1 h. The maximum hydration is about 125 % and 150 % for
GelMA/gelatin matrices without microspheres and those containing PCL
microspheres, respectively. Completely different effects are observed for
GelMA/gelatin matrices modified with PES microspheres. They swell
much faster reaching a maximum hydration of 550-600 % after about
1.5-2 h. Moreover, in the case of this system, a slight loss of weight
during the test is also observed. We see the reason for these effects in the

11

completely different morphology (before swelling) of the 3D printed
matrices containing PES microspheres (Fig. 2, image H), which was
discussed in the 3D bioprinting feasibility section. In all likelihood, such a
morphology results in easier solvent penetration and thus a very high
degree of swelling of the 3D printed matrix modified with PES micro-
spheres. In addition, analysis of Fig. 7 shows that the effect of UV-cross-
linking time on the swelling of the 3D printed matrices tested is small for
all materials tested. It should also be noted that non-cross-linked
GelMA/gelatin matrices degraded immediately upon contact with
water, confirming the necessity of UV-cross-linking of the matrices using
the GelMA-based bioink we developed.
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Fig. 7. Equilibrium swelling ratio of lyophilized GelMA/gelatin matrices
depending on the microsphere content and cross-linking time. In order to
facilitate tracking the experimental points, they are connected by line segments
from left to right.

3.5. Rhodamine release from GelMA/gelatin matrices

One of the most important conditions that a 3D printed system with a
potential use in biomedical engineering field must meet is its proper
transport properties. This process should be as controllable as possible —
it should run undisturbed (for example, without the burst effect at the
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beginning) and the appropriate selection of process conditions should
lead to release of a defined amount of a substance at a certain rate.
Hence, the GelMA/gelatin matrices have been tested in this regard using
rhodamine as an active substance marker. The results in the form of
release profile plots over the period of 7 h and a bar graph with its
concentration after 24 h of releasing are shown in Fig. 8. The curves are
divided into three groups differing in colors, red for GelMA/gelatin
matrices without microspheres, blue and green for the matrices loaded
with PCL or PES microspheres, respectively.

No burst effect (referring to very rapid initial increase in the marker
concentration above the equilibrium concentration reached later) was
observed in any of the examined cases, which is a very desirable prop-
erty of drug delivery system. The curves describing the release of
rhodamine from the matrices (Fig. 8A) are consistent with the curves for
the equilibrium swelling ratio (Fig. 7). Such a phenomenon was noticed
in one of our previous works [23], in which the release of rhodamine
from 3D bioprinted gelatin-alginate matrices cross-linked with glutar-
aldehyde and calcium ions was described. Water is absorbed into the
structure of a hydrogel matrix when it is immersed in the solution,
dissolving the rhodamine. The marker will not be released into the so-
lution until it has been dissolved in the hydrating water. The continuous
release rate results from hydrogel saturation — the release rate is swelling
dependent, because only the swollen matrix is permeable to rhodamine.
This phenomenon limits the aforementioned burst effect and that the
release in the first period follows the zero-order kinetics, so the process
can be described mathematically by a linear equation. Such an approach
to the problem of release of substances from swelling hydrogels has
already been described [23,52,53].

Therefore, to determine the substance release rate from the matrices,
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Fig. 8. Results of the studies of rhodamine release from GelMA/gelatin matrices depending on microsphere content and UV-cross-linking time. (A) Marker release
profiles over the period of 24 h. (B) Close-up of the first release period (first 1 h) with linear model fit (formula y = ax), the values of a parameter are given in the list
next to the graph. (C) Rhodamine concentration after 24 h of release from UV-cross-linked GelMA/gelatin matrices with the addition of substance-loaded micro-
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a linear function was fitted to the points describing the change in
rhodamine concentration in the initial period of the experiment (1 h),
and its slope coefficient a was determined (Fig. 8B). The values of the
coefficient of determination R for all fits ranged from 0.9361 to 0.9960,
they were therefore very good and the model is suitable for describing
the experiment under study. The tested samples form three distinct
groups that differ in the rate of rhodamine release. It is the fastest for
matrices loaded with PES microspheres, then about two times slower for
the ones with PCL microspheres, and the slowest for matrices without
microspheres, 5-6 times slower than for those PES-loaded. Furthermore,
it can be seen that the longer the cross-linking time, the slower the
release process in each case.

The use of matrices loaded with PES microspheres clearly increases
the amount of rhodamine released after 24 h compared to the other
samples (Fig. 8C). The equilibrium concentration of rhodamine is
reached only after 5 h in this case and it is about 0.11 mg/mL - 3 to 10
times higher than in other cases (matrices with PCL microspheres or no
microspheres), where the equilibrium is not reached even after 24 h.

Some studies on the release of substances from hydrogel matrices
modified with microspheres have already been conducted. Fahimipour
et al. [26] investigated vascular endothelial growth factor (VEGF)
release from biodegradable 3D tricalcium phosphate-based scaffolds
containing VEGF-loaded PLGA microspheres. They showed that the
release rate in the initial phase from the construct containing micro-
spheres was slower than from the PLGA microspheres. However, they
did not eliminate a burst effect by using microspheres in the 3D bio-
printed construct, which was ensured by GelMA/gelatin matrices
modified with PCL/PES microspheres proposed in presented work.
Moreover, Chen et al. [30] were able to demonstrate that the use of
gelatin methacryloyl (GelMA)/chitosan microspheres in the 3D bio-
printed construct allows prolonged release of nerve growth factor (NGF)
from the scaffolds over 9 h. However, they conducted the study with a
less precise method (fluorescence microscopy) than spectrophotometric
determination of the substance concentration and made only a few
measurements, the first one after 0.5 h. Therefore, it cannot be said
whether the burst effect was eliminated in their system. The use of
spectrophotometry for determination of rhodamine concentration in our
work allowed defining the exact release profile of the substance in the
first stage, and these studies clearly showed that the burst effect was
eliminated by using microsphere-loaded GelMA/gelatin matrices.

3.6. Antibacterial activity

Considering the potential use of microsphere-loaded 3D printed
matrices, among others, as dressing materials in the last stage of the
study we evaluated their ability to be loaded with an antibiotic in order
to acquire antibacterial properties. An agar diffusion inhibition growth
assay was performed to characterize the antimicrobial activity of the 3D
bioprinted matrices selected for the study. The measurement of the
antibacterial activity studies was conducted for four types of 3D printed
matrices i.e. without ampicillin, with ampicillin, with ampicillin-loaded
PCL microspheres and with ampicillin-loaded PES microspheres. The
amount of microspheres in the tested matrices was 5 mg/mL of the
bioink used in the 3D printing process. Tests were conducted only for
materials cross-linked for 10 min with UV. Each sample was deposited
on the surface of nutrient agar plate previously inoculated with 1 mL of
E. coli or S. aureus bacteria suspension at a concentration of 10% CFU/mL
and incubated for 24 h. Fig. 7. illustrates the results of antibacterial
activity tests.

The study showed that all the drug-containing 3D printed matrices
tested had antimicrobial activity, most potent against S. aureus bacteria
(overlapping inhibition zones making them impossible to measure). A
comparable phenomenon of varying antibiotic effectiveness depending
on the bacterial type has been previously documented [23]. For E. coli
bacteria matrices modified with PES microspheres show slightly higher
antibacterial activity (as evidenced by a bit larger zone of growth
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inhibition - clear zones) than those modified with PCL microspheres
which is confirmed by calculated areas of inhibition zones (Fig. 9E).
These results correspond very well with the results of rhodamine release
studies described in an earlier section (Fig. 8C). 3D printed matrices
without drug and without microspheres showed no antibacterial activ-
ity, and the clear zone observed for sample A is the result of the very
strong effect of the drug present in sample B against S. aureus bacteria
(Fig. 9). The remarkable difference in the size of the inhibited growth
zones for S. aureus compared to E. coli should be noted. The observed
antibacterial activity of the matrices against the bacteria provides evi-
dence that the drug integrity remained intact during both microsphere
preparation and 3D bioprinting processes. As a result, the suggested 3D
bioprinted matrices could potentially be used as controlled drug delivery
systems.

4. Conclusions

A new bioink containing gelatin methacrylate, gelatin and LAP
photoinitiator modified by the addition of either PCL or PES micro-
spheres is a good material for application in 3D bioprinting using the
extrusion technique. 3D bioprinted model can be cross-linked using UV
light, creating a water-insoluble compact structure. The cross-linking
time has almost no effect on the properties of the printed matrices.
However, the obtained systems essentially differ depending on whether
and what kind of microspheres was dispersed in the bioink.

The addition of PES microspheres to a bioink used for 3D bioprinting
leads to a different structure of the printed matrix (than the one without
microspheres or PCL-modified one) due to changes in thermal proper-
ties. The PES-modified matrices have a higher swelling degree. They are
characterized by four times higher drug capacity than other tested sys-
tems and faster drug release with no burst effect. The other two systems
(without microspheres and with PCL ones) are characterized by a lower
drug capacity, nevertheless, the time of its release is longer which is
beneficial for long-term therapies. Furthermore, the matrices with mi-
crospheres have higher degradation temperatures, which is beneficial in
terms of the potential use of bioprinted hydrogels in biomedical engi-
neering due to the autoclave sterilization process. All tested types of
matrices are non-cytotoxic and can be loaded with antibiotic to acquire
antibacterial properties against both Gram-positive and Gram-negative
bacteria.

The new bioinks modified with microspheres presented in the work
are a very good starting point for the design of various constructs with
potential biomedical application, for example as controlled drug de-
livery systems or wound dressings.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioadv.2023.213436.
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Fig. 9. Antibacterial activity of ampicillin-loaded
GelMA/gelatin matrices depending on the micro-
sphere content. Nutrient agar plates covered with
S. aureus and E. coli biofilms after 24 h of material
treatment. (A) Control matrices with no drug. (B)
drug-loaded matrices without microspheres. (C-D)
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Figure SI1. FTIR spectra of GeIMA/gelatin matrices.
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