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ABSTRACT

CAPTURING DYNAMIC SCAFFOLD PROPERTIES
OF HYBRID GELMA BASED MICROGELS TOWARD
TISSUE ENGINEERING AND ORGAN-ON-CHIPS

Asli Gizem Cinar
M.S. in Materials Science & Nanotechnology
Advisor: Biilend Ortag
Co-Advisor: Gurkan Yesiloz
September 2024

Microgels have emerged as versatile materials in tissue engineering, drug deliv-
ery, and organ-on-chip (OoC) platforms due to their small scale, uniformity, and
customizable properties. Their adaptability as injectable materials and dynamic
scaffolds makes them promising candidates for a wide range of biomedical ap-
plications. However, traditional methods for characterizing their physical and
mechanical behaviors, designed for bulk hydrogels, do not capture the unique
properties of microgels, which differ significantly in terms of size and surface-to-

volume ratio.

This work explores the physical properties of Gelatin Methacryloyl (GelMA )-
based Collagen and Hyaluronic Acid Methacrylate (HAMA) hybrid microgels
produced via droplet microfluidics, employing novel assays tailored specifically
to their micro-scale. Real-time observation of their swelling and degradation
properties is carried out using a custom-made platform enabling the tracking of
individual microgels, and electron microscopy provides insights into their internal
structures, revealing previously unobserved behaviors. We have shown the inter-
penetrating network formation when GelMA and Collagen are used; and copoly-
mer formation when GelMA and HAMA are used. Under the effect of Collagenase
and Hyaluronidase, the individual microgels showed different degradation mecha-
nisms, which have proven to be affected by crosslink densities, enzyme-substrate
specificity, enzyme saturation, and properties of the individual network compo-
nents. The work is extended by focusing more on the temporal profiling of GelMA
and HAMA hybrid microgels’ behaviors under enzymatic degradation, examin-
ing how volume, mechanical properties, and surface features evolve over time,
simulating the dynamic conditions encountered in vivo during especially tissue
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engineering applications. We found that instead of carrying out separate assays
to understand the changes, a more holistic approach to evaluating the aforemen-
tioned properties gives a more thorough discussion. This approach revealed that
changing the ratios of GelMA against HAMA affects the crosslink densities, net-
work formation, and ultimately degrative behaviors. We have observed, for the
first time in droplet microfluidics, that a certain combination of GelMA HAMA
results in microgels with a network gradient, getting denser towards the center,
while the other combinations only increased the crosslink densities without al-
tering the porous homogeneity. Furthermore, the number of microgels exposed
to the same concentration of enzyme is altered to emulate different injection
volumes into similar tissues, or the enzyme concentration is altered to emulate
injection into different tissues. These assays showed the sensitivity of degrada-
tion profiles against enzyme saturation and competition. Meanwhile, the stiffness
and surface morphology changes of microgels during degradation are examined,
revealing the importance of network homogeneity in presenting stable mechan-
ical properties during degradation. Lastly, drug release from these scaffolds is
modeled for prospective applications, and their relation to scaffold properties is
evaluated.

Overall, this thesis is poised to discover the peculiar behaviors of GelMA hy-
brid microgels produced with droplet microfluidics uncovering the importance of
carrying out investigations true to the sample at hand and the conditions that
will be imposed upon them during application.

Keywords: Biomaterials, Hydrogels, Microgels Organ-on-Chips, Tissue Engineer-
ing, Microfluidics, Enzymatic Degradation, Capillary Micromechanics .



OZET

DOKU MUHENDISLIGI VE CIP-USTU-ORGAN
UYGULAMALARI ICIN HIBRIT GELMA TABANL
MIKROJELLERIN DINAMIK ORTAMLARDAKI
[SKELET OZELLIKLERININ INCELENMESI

Ash Gizem Cinar
Malzeme Bilimi ve Nanoteknoloji, Yiiksek Lisans
Tez Danigmani: Biilend Ortag

Tkinci Tez Danigmani: Gurkan Yesiloz
Eyliil 2024

Mikrojeller, gectigimiz yillarda c¢ip-tistii-organ platformlari, doku miihendisligi,
ve ila¢ salimimi uygulamarinda kullamiglhikliklar:, o6zellestirilebilir olamalar1 ve
kii¢iik boyutlar: ile énemlerini ispat etmislerdir. Enjekte edilebilir malzemeler
ve dinamik doku miihendisligi iskeletleri gibi farkli uygulamalara adapte ola-
bilmeleri ile oldukc¢a ¢esitli biyomedikal aplikasyonlar i¢in timit vadedici plat-
formlar olmusglardir. Ancak, fiziksel ve mekanik karakterizasyonlar: i¢in biiyiik
olcekli hidrojellerde kullanilan geleneksel metodlarin kullanilmasi, mikrojellere
ozel davraniglarin boyut ve yilizey alanina hacim oraninin goéz ardi edilerek

yakalanamamasina neden olmaktadir.

Bu calismada, damlacik mikroakiskan c¢ipler kullanilarak iiretilen Jelatin
Metakriloil (GelMA) tabanli Kolajen ve Hyaluronik Asit Metakrilat (HAMA) hib-
rit mikrojelleri iiretilerek, fiziksel ozelliklerini aragtrimak amaciyla mikro boyut-
larina uygun olarak geligtirilen yeni nesil deneysel yaklagimlar geligtirilmigtir.
Sisme ve degrede olma ozellikleri, bu amaca 0zel geligtirilmig platformlar kul-
lanilarak gercek zamanli bir gekilde takip edilmis, i¢ yapilar: taramali electron mi-
croskopu kullanilarak aydinlatilmig, boylece daha 6nce raporlanmamis sonuclar
elde edilmigtir. Boylece, GeIMA ve Kolajen kullanildiginda i¢-ice gecen bir ag
yapisi gozlemlenirken, GeIlMA ve HAMA kullanildiginda kopolimer bir ag yapisi
gozlemlenmigtir. Kolajenaz ve Hyaluronidaz etkisi altinda, bu mikrojeller ag
yapilarina, ag yapilarinin yogunluguna ve substrat-enzim etkilegimine, enzim
doygunluguna ve polimerlerin aga bireysel katkilarina bagh oldugu anlagilan
farkli degredasyon mekanizmalar1 gostermigtir. Caligma, daha ziyade GelMA
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ve HAMA hibrit mikrojellerinin viicut icerinde maruz kalacaklar: ortam tak-
lit edilecek gekilde, enzimatik degredasyon altindaki davraniglarina odaklanarak
genigletilmig, hacimlerinin, mekanik ve yiizey ozelliklerinin nasil degistigi ince-
lenerek ilerletilmigtir.

(Caligmalarimiz sonucunda bulduk ki, mikrojellerin gegirdigi degigimi an-
lamlandirabilmek icin, bahsedilen deneylerin ayri1 ayri degerlendirilmesi yer-
ine, bir biitliin olarak degerlendirilmeleri saglikli ¢ikarimlar yapabilmek igin
daha faydal olacaktir. Boyle bir yaklagim benimsenerek, GelMA ve HAMA
nin degigen oranlarinin ag yogunlugunu, formasyonunu ve en nihayetinde
degradasyon davramiglarini nasil etkiledigi aydinlatilmigtir.  Calismamizda,
damlacik mikroakigkan ciplerle tiretilen mikrojellerde ilk kez gozlemlenen bir
bulgu olarak, artan HAMA konsantrasyonlarinda mikrojellerin merkezlerinden
digina dogru azalan bir ag yogunlugu bulunmustur. Ayrica, farkli enjeksiyon
voliimlerini taklit etmek amaciyla ayni enzim konsantrasyonunda farkli mikrojel
sayilar1 degrede edilmis, ve farkli enjeksiyon dokularimi taklit etmek amaciyla,
mikrojel sayilar1 sabit tutularak farkli enzim konsantrasyonlari denenmistir. Bu
deneyler, mikrojellerin degredasyon profillerinin enzim doygunluguna ve reka-
betine kargi ne kadar hassas oldugunu gostermigtir. Bunlarla birlikte, mikro-
jellerin degredasyon sirasinda sertliklerindeki ve yiizey ozelliklerindeki degisim
takip edilmig, ag homojenitesinin stabil bir sertlik degisimi profili ¢gizmeleri i¢in
ne kadar onemli oldugu bulunmustur. Son olarak, tiim bu bulgularin mikrojel-
lerin bir uygulamasi olan ila¢ saliniminda nasil bir etkisi oldugu edinilmig bilgiler

gergevesinde degerlendirilmigtir.

Sonu¢ olarak, bu tez, damlacik mikroakigkan ¢ip kullanilarak iiretilen
GelMA hibrit mikrojellerinin kendilerine has Ozelliklerinin kegfedilmesi igin el-
deki orneklerin boyutuna ve uygulamada kullanilacaklari kogullara uygun olarak
test edilmelerinin onemini apagik bir sekilde vurgulamigtir.

Anahtar sézcikler: Biyomalzemeler, Hidrojeller, Mikrojeller, Cip-Ustii-Organ,
Doku Miihendisligi, Mikroakigkanlar, Enzimatik Degredasyon .
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Chapter 1

Introduction



1.1 Microgels and Their Characterizations for
Tissue Engineering and Organ-on-Chip Ap-

plications

Microgels have been of great interest to biomedical sciences in recent years. With
the benefits and opportunities coming with their small scale, they secured a
prominent place in tissue engineering, drug delivery and lately in organ-on-chip
applications. This wide range of applicability can be attributed to their highly
customizable structure from both chemical and physical aspects. Rationally, the
opportunity to fine-tune and alter the microgels for specific applications requires
a comprehensive understanding of their chemistry as well as their physical at-
tributes. Whilst investigation of their chemistry is irrespective of their shape and
size, the opposite case is valid for examining their physical properties such as
swelling and degradation. Because of their micron-size and increased surface to
volume ratio, they exhibit altered behaviors compared to their bulk counterparts.
However, assays being carried out to understand these attributes are mostly done
on the bulk version of these microgels, which presents unrealistic results where
swelling and degradation times take days, and pore sizes appear as big as the
microgel itself. In this manner, there is a high need to present time efficient
alternative assays to investigate the real time swelling, degradation and other

structural analyses of these microgels on small scale.

The significance of analyzing microgel behaviors as accurately as possible can
be realized with a close look into their applications. For instance, in tissue engi-
neering, microgels have been of choice for providing support to cells in terms of
increasing their viability through fast nutrient and waste transport [1, 2, 3, 4, 5].
In pharmaceuticals, they can be used as controlled drug delivery vehicles due
to their alterable biodegradation rates and permeability [6, 7, 8, 9]. For Organ-
on-chip (OoC) platforms on the other hand, on-chip cell-laden microgel produc-
tion with a following on-chip incubation for spheroid, organoid or cell aggre-

gate formation is desired for high-throughput drug evaluation assays and tissue



formation[10, 11, 12, 13]. In this manner, for such OoC implementations, ex-
amining the behavior of microgels in general, and their swelling and degradation
profile, in particular, in the micro-channels is important to optimize the design pa-
rameters of the chip. Therefore, with a thorough understanding of the microgels’
inner structure, their interactions with the solutes, and enzymatic or hydrolytic
degradation profiles, they can be customized to harbor whichever characteristic is
desired through the selection of material composition, polymerization technique,

and production method.

The material choice in this regard, or rather the polymer choice, forms the
backbone of this customization potential[14, 15, 16, 17, 18]. Microgels can be
produced from various natural and synthetic materials such as PEG, Gelatin, Al-
ginate, and Hyaluronic Acid in various ways. With the preferred polymerization
technique, resulting hydrogels can be from one type of polymer or a combina-
tion of polymers that can bring together the desired characteristics. As a matter
of fact, recent years have shown the successful utilization of hybrid hydrogels
for various applications. For instance, so far Gelatin methacryloyl (GelMA) has
been used as a common hydrogel for tissue engineering, 3D cell culturing and
drug delivery[19, 20, 21]. These applications mostly took the benefits of GelMA
providing cell attachment sites, biodegradation motifs, moderate stiffness and it
being photo-crosslinkable. In recent times, however, to further enhance GelMA
hydrogel properties, it has been combined with other polymers such as Colla-
gen and Hyaluronic Acid Methacrylate (HAMA). With Collagen addition, the
fibrillar structure that is important for cell proliferation, migration and differen-
tiation can be restored [22, 23], and with Hyaluronic Acid Methacrylate (HAMA),
closer mimicry of ECM, especially the cartilage tissue can be precisely achieved
24, 25, 26]. As such tailor-made hybrid hydrogels have become appealing for var-
ious biomedical applications, their in-depth characterizations in intact terms gain
importance. The established assays for the examination of such hydrogels start
with the fabrication of the specimen in bulk, which is usually on a centimeter
(cm) scale. For instance, in swelling characterizations using bulk gel sample, the
specimen is first weighted (before swelling weight (wt)), then submerged in the

required buffer solution for hours to swell, followed by another round of weighing



(after swelling wt), and lyophilization to measure the dry weight. The ratio of
these gives the commonly used swelling ratio. Similarly, for degradation assays,
specimen gets submerged in an enzyme solution and is taken out of the buffer
daily or in couple of hours to weight the undegraded hydrogel. Though these
assays are practical for comparing different bulk hydrogels; for micron sized gels,

it is yet not known if these implementations will hold.



1.2 Microgels or Hydrogel Microparticle Scaf-
folds (HMPs) as Tissue Engineering Scaf-
folds

Traditional hydrogels used in tissue engineering are bulky polymeric structures,
minimum at the millimeter scale, and have porosity at the nanometer scale.
This scaling makes cell infiltration, attachment, and interaction difficult and hin-
ders solute transport, affecting tissue replacement rates and immune responses.
The pore size within the hydrogel can be increased through various fabrication
techniques, such as sacrificial materials, cryogelation, freeze-drying, and poro-
gen leaching. [27, 28] While helpful, especially with injectable hydrogels, ma-
terials processed in the mentioned ways are either not injectable, have a pre-
determined shape, or require additional processes in vivo. Microgels or hydro-
gel microparticles (HMPs) are favored alternatives as injectable biomaterials for
providing macropores in addition to nanopores, higher stiffness ranges, concave
surfaces, and for being inherently shear thinning, regardless of the material choice
29, 30, 31]. They have been used to repair the brain after a stroke by injection to
the stroke cavity [32], the peripheral nerves after an injury [33], to regenerate and
fill cartilage and bone defects [34, 4, 35, 36], and aid in the healing of myocardial

tissue after myocardial infarction[37].

Some of these fabrication methods compromise size and shape uniformity for
large production numbers, while others do the opposite. Techniques such as frag-
mentation, electrohydrodynamic spraying, and batch emulsions can produce large
quantities in a short amount of time but result in nonuniform products. More
sophisticated techniques, such as droplet microfluidics and lithography, prioritize
uniformity and fall short of production speed. Despite that, utilization of droplet
microfluidics soared owing to the precise control over microgels and the range
of complexity it can provide. The uniformity gains importance when the cell
response is in question, where the size and shape of particles affect the cellular

outcome[38], in addition to drug release, where size corresponds to how much drug



is encapsulated and released. Furthermore, the complex shapes droplet microflu-
idics provides, whether the layered droplets or compartmentalized Janus droplets,

have been useful for applications requiring compound delivery. [39, 40, 41]



1.3 Microgel Scaffolds in Dynamic Environ-

ments for Tissue Engineering Applications

Tissue engineering involves complex dynamic processes in vivo, where the scaffold
and cells interact in an evolving feedback loop. Upon implantation, the scaffold
initially guides cellular behavior through its mechanical properties[42, 43, 44],
topology[45], surface chemistry, and porosity[46], all of which play a critical role in
directing cell attachment, migration, proliferation, and differentiation[47]. How-
ever, as tissue regeneration progresses, this relationship becomes reciprocal—cells
actively remodel the scaffold while the scaffold undergoes degradation, particu-
larly in the case of biodegradable polymers. As cells infiltrate the scaffold, they
release signaling molecules, recruit immune cells, and secrete extracellular matrix
components, which collectively alter the local environment. Concurrently, the
scaffold’s properties change due to hydrolytic or enzymatic degradation, leading
to shifts in mechanical stiffness, porosity, and surface topology. This degradation-
driven evolution provides cells with continuously changing environmental cues,
influencing their behavior over time.[48] For instance, decreasing stiffness as the
scaffold degrades may impact cell differentiation, while newly exposed surface
chemistries can alter adhesion and signaling pathways. This interplay is particu-
larly significant in regenerative applications where the scaffold’s temporal changes
align with the different phases of tissue healing—from the initial immune response
to later stages of tissue formation—creating a scaffold that is not static but dy-

namically evolving to support each stage of tissue regeneration.

Profiling the temporal changes a scaffold undergoes due to cellular activity
is essential for optimizing scaffold design and utilization in tissue engineering.
Understanding how scaffold properties evolve during degradation allows for the
creation of dynamic environments that better mimic the natural tissue healing
process. For instance, depending on the mode of degradation, a scaffold’s volume
may decrease while stiffness remains constant, or stiffness and mass may decline
while volume stays the same. In microgels, where directly capturing mass changes

is challenging due to their small size, monitoring stiffness variations can reveal



correlations between volume and mass, indirectly indicating changes in polymer
structure and porosity. Such holistic evaluation becomes especially important
in designing scaffolds with temporally controlled degradation rates. By profiling
these temporal changes in mechanical properties, porosity, and biochemical sig-
nals, researchers can design scaffolds that deliver targeted cues at optimal times,
improving regenerative outcomes. This approach also extends to applications
such as drug delivery, where scaffold degradation can be tuned for controlled and
sustained release of therapeutics. Ultimately, leveraging the temporal evolution
of scaffold properties allows for tissue engineering strategies that align scaffold
behavior with the dynamic needs of regenerating tissues, leading to more pre-

dictable and successful clinical outcomes.



1.4 Objective of the Thesis

The main objective of this thesis is to investigate the physical properties
of hybrid hyaluronic acid and collagen compositions of GelMA microgels,
aiming to advance their utilization in tissue engineering and microphysio-
logical systems. The first part of the thesis emphasizes the significance
of scale-wise investigations, as the micron size of the microgels affects the
swelling and degradation behaviors and gives new possibilities for carrying out
other assays, such as observing the inner structures. The microgels com-
prise GelMA, HAMA, and Collagen, which are widely utilized natural poly-
mers in tissue engineering and in vitro assays as scaffolds. Droplet mi-
crofluidics is utilized to produce monodisperse, size-tunable microgels. The
study meticulously explores the swelling, enzymatic degradation, and porous
structure of 5 different compositions of microgels comparatively. Microgels
with 10% GelMA (w/v), 9.25%GeIMA:0.75%HAMA, 8.75%GelMA:1.25%HAMA,
8.75%GelMA:1.25%Collagen, and 7.5%GelMA:2.5%Collagen compositions are
produced in a droplet microfluidic chip with in situ photopolymerization followed
by swelling and degradation assays carried out in custom-made microwell plat-
forms and inner structure observations with SEM, together with a proposed one-
step solvent cleaning method. Building on this foundation, another comparative
study is conducted among microgels of three different GelMA:HAMA composi-
tions to investigate the changes in their physical properties and mechanics dur-
ing enzymatic degradation, especially targeting tissue engineering applications.
The compositions included 9.25%GelMA:0.75%HAMA, 9%GelMA:1%HAMA,
and 8.75%GelMA:1.25%HAMA. The research examines various aspects of degra-
dation, such as volume loss, shape retention, and the impact of enzyme concen-
tration and microgel quantity on degradation. Additionally, it investigates how
the stiffness of individual microgels changes using the capillary micromechanics
method, drug release profiles with model drugs (fluorescein, rhodamine B and
congo red), and topological changes via light microscopy and SEM. As scaffold
properties directly influence cell behavior, including proliferation, differentiation,

and immune response, profiling their temporal changes is crucial.



Chapter 2

Investigating Physical Properties
of Hybrid Hyaluronic Acid and
Collagen Compositions of GelMA
Microgels Toward Tissue
Engineering and Organ-on-Chip
Applications
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2.1 Introduction

In this chapter, we propose a resolution to the restrictions coming from the size
insensitivity towards microgels during characterization by analyzing the swelling,
degradation, and structural analysis assays that are tailored for individual single
microgels. For this, we have utilized hybrid design microgels to match the recent
trends and showcase how microgels with different compositions can be precisely
investigated to understand their behavior and to reveal previously unexplored
observations and aspects. GelMA was our main polymer of choice, with Collagen
and HAMA as hybrid components. Microgels production was carried out in a
droplet microfluidic platform with specific optimizations needed to generate ho-
mogenous droplets. The synthesized microgels were then washed with isopropyl
alcohol (IPA) to dry and remove the continuous oil phase, which takes place of
the undesired process of lyophilization due to its effect on structural changes.
Upon drying, the microgels were examined with SEM to reveal inner structures
and detailings coming from different combinations of hybrid materials. At last,
the physical characterizations like swelling and degradation profiles, in real-time,
were observed in a custom-made micro-well platform for single microgels indi-
vidually. Excitingly, this platform offered, for the very first time, to carry out
real-time examinations of swelling and degradation behavior of individual micro-
gels in an agreeable 3D version, with real-time statistics for each combination of
gel materials. When the microgel behavior is examined thoroughly with these
tailored methods, it is probable that their characteristics and behaviors peculiar
to their size, under various conditions, can be observed and altered with precision

to match desired applications.
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2.2 Materials and Methods

2.2.1 GelMA and HAMA synthesis

For the synthesis of Gelatin Methacryloyl (GelMA) and Hyaluronic Acid
Methacrylate (HAMA), both gelatin and hyaluronic acid (HA) were methacry-
lated separately with slight alterations to the previously described protocols [19].
Briefly, 10% Gelatin (w/v) was mixed with PBS under continuous stirring at 60°C
until fully dissolved. After dissolution, different volumes of methacrylate (MA)
(v/v) was added in a dropwise manner over the course of 2 hours (10 pL/10sec).
The solution was left to react for 3 hours at 50°C followed by the addition of an
equal volume of warm PBS to quench the reaction. To get rid of the unreacted
MA and the by-products of the reaction (i.e., methacrylic acid), the solution was
dialyzed against distilled water using 12-14 kDa dialysis membrane at 40°C for
5-7 days. Dialyzed products were kept at -80°C overnight and then lyophilized

for a week.

For HA methacrylation, 1% HA (w/v) was dissolved in PBS with slow addi-
tions and continuous stirring for 24 hours at room temperature. After HA was
fully dissolved, 5% MA (v/v) was added dropwise over the course of a few hours
(10 uL/10secs) by keeping the pH between 7-10 with continuous addition of 5M
NaOH at 4°C. After 3 hours of mixing, the solution was diluted with an equal
volume of PBS and dialyzed against distilled water in a 12-14 kDa dialysis mem-
brane at 4°C for 5-7 days. The solution was frozen at -80°C overnight and then
lyophilized for 3-5 days. Both resulting products were kept at -20°C until further

use.

2.2.2 Degree of Methacrylation of Gelatin and HA

Methacrylation of GelMA and HAMA were examined with 'H NMR spectroscopy
as described previously[50, 51]. For GelMA, 20 mg of GelMA and Gelatin (as

control) were each dissolved in 1 mL of warm D,O and the solutions were kept at
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37°C until the measurements. For the quantification of the Degree of Methacryla-
tion (DM), initially, gelatin and GelMA spectra were normalized with respect to
the phenylalanine signal at 6.9-7.5 ppm, which is expected to depend on the con-
centration of gelatin and not be affected by MA. Then, the integral of peaks that
belong to lysine methylene at 2.7-2.9 ppm was taken. This peak was expected to
decrease with MA substitution, contrary to the peaks at 5.2-5.6 ppm and at 1.9
ppm, which belong to newly formed methacryloyl groups, which should appear

and increase with the amount of substitution. The DM was calculated as follows:

A(Lysine Methyl f GelMA
DMeunia — (1 B (Lysine Methylene of Ge )) 100

A(Lysine Methylene of Gelatin)

In the case of Hyaluronic Acid Methacrylate (HAMA), 5mg of HAMA and
HA (as control) were each dissolved in 1 mL D,O at room temperature. To
calculate the Degree of Methacrylation (DM), a similar protocol was used for
the GelMA. The peak at 1.9 ppm in HA that belongs to methyl protons was
altered upon methacrylation, and new peaks formed at 1.5-2.0 ppm in HAMA
spectra. The peak at 1.8 ppm that belongs to MA methyl protons and the peaks
at 5.6 — 6.1 ppm showing the presence of methacrylate vinyl groups confirmed

the substitution. DM was calculated as follows:

A(HA Methyl prot k (1.9
DMyanin — (1_ ( ethyl proton peak (1.9 ppm)) ) 100

A(MA Methyl proton peaks (5.6-6.1 ppm))

2.2.3 Hydrogel Precursor Preparation

Hybrid and bare hydrogel precursors were prepared to have a final 10% (w/v)
gel content in the working buffer solutions throughout the study, otherwise
mentioned. Hence, bare GelMA hydrogel was prepared by adding 10% (w/v)
lyophilized GelMA product to PBS at 37 °C, and in the case of hybrid gel pre-
cursor preparation GelMA+hybrid-component was prepared to be 10% (w/v) in
total accordingly.
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HAMA and GelMA hybrid solutions were prepared by varying the ratios of
two components as 0.75% HAMA + 9.25% GelMA, and 1.25% HAMA + 8.75%
GelMA. These solutions were prepared by initially dissolving HAMA in PBS
under continuous stirring at room temperature. Then, solution temperature was
raised to 37°C and GelMA was added and mixed until homogeneous solution was

obtained.

Similarly, Collagen and GelMA hybrid solutions were also prepared in two
different concentrations as 1.25% Collagen + 8.75% GelMA, and 2.5% Collagen
+ 7.5% GelMA. Unlike the HAMA-GelMA hybrid gel, Collagen was initially
dissolved in 0.1% acetic acid in PBS buffer at 4°C and used as interpenetrating
agent. The amount of acetic acid buffer to dissolve Collagen in was kept at
minimum by observing the dissolution capacity of acetic acid gradually. In this
manner, 14 L of 0.1% Acetic acid buffer was used to dissolve 1mg of Collagen.
After Collagen dissolution, PBS and GelMA were added and mixed until getting
homogeneous gel precursor at 37°C. At last, 0.5% (w/v) Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) photoinitiator was added in each polymer

solutions, and mixed until fully dissolved.

2.2.4 Fabrication of the Microfluidic Device

The microfluidic device is consisted of a polydimethylsiloxane (PDMS) mold with
the designed microchannels for droplet generation and transport, and a glass sub-
strate carrying the mold. For the fabrication of microfluidic chips, SU-8 masters
were fabricated on silicon wafers using the similar soft-lithography technique we
used in our previous works [52, 53]. Briefly, in order to make PDMS replica molds,
PDMS prepolymer was mixed at a 10:1 ratio of base to curing agent, degassed,
and molded against the SU-8 /silicon master and then cured at 95 °C for 2 h. The
molds were then peeled off from the master, and fluidic access holes were made
using a 1.5 mm biopsy punch. The PDMS mold was then treated with oxygen
plasma at 100 W, 400 mTorr for 30 s and bonded to a glass substrate.
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2.2.5 Droplet Microgel Production and Collection

Microgels are produced via the droplet microfluidic platform (chip) designed and
fabricated for this study. The chip has mainly three regions: a droplet formation
part, a serpentine section, and an outlet reservoir. Droplet generation part is
composed of a flow focusing design connected to two inlets: one for the hydrogel
precursor and one for the oil phase. Silicon oil (50 ¢St) is used as the continuous
phase. The chip is placed onto a microscope (Zeiss, Axio Observer 7 inverted
microscope) which is equipped with an incubation system that is able maintain
the incubation chamber at 37°C stable temperature. Syringe pumps are used
to inject the gel and oil phases into the microfluidic device. One of the syringe
pumps utilized to feed the gel precursor is placed in a custom-made incubator
chamber to keep the gel temperature at 37°C. The whole setup is designed to
maintain a smooth fluidic operation and prohibited the clogging of the tubings
as well as channels of the chip due to variations in the temperature, fluctuations,
etc. Precursor solutions are then fed to the chip at variable flow rates through
syringe pumps, for each solution, and droplet formation is observed under the
microscope. Once the desired size of microgels is obtained, the microgels are
allowed to polymerize under a light source (405 nm, 350 mW /cm2) which is placed
2 mm above the serpentine portion of the chip. The polymerized (cross-linked)
gels are then reached to the reservoir chamber and collected in an Eppendorf with

a micropipette for further use.

To confirm the monodispersity of droplets, coefficient of variance (CV) was

calculated as below:
CV(%) _ O microgel

Hmicro gel

Omicrogel = Ot Standard Deviation of the distribution
Hmicrogel = Mean of the distribution

which was less than 2% showing that monodispersed droplets are obtained. Upon
the collection, gels were washed with isopropanol alcohol(IPA) with three times

of centrifugation to isolate the oil phase of the droplet microfluidics device.
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2.2.6 Morphological Characterization of Microgels under
Scanning Electron Microscope (SEM)

To observe the morphology, pore size, and crosslinking details of the microgels,
bare-dried microgels after the washing step (not freeze-dried/lyophilized) were
sputter coated with an ultrathin layer of gold /palladium and imaged under SEM.
The samples were imaged as a whole and in intersections to visualize in-depth
differences between bare GelMA and hybrid microgels. The gels were cut and
sliced carefully using sharp needles to avoid pinching of the microgels. The SEM
images were used for the analysis, and the pore sizes were presented as the average
of the maximum and minimum pore diameters, as discussed in the results section

below.

2.2.7 Custom-made Microwell Platforms

In order to perform the swelling and degradation analysis of microgels, a custom-
made microwell platform was designed and fabricated through a 3D-printer. Since
there is no data available in literature so far to examine the swelling and degra-
dation of individual single microgels in microscale, our design has presented a
valuable addition for such observations. Each reservoir of the platform has mul-
tiple wells, and well dimensions were arranged to accommodate only 1 microgel
at a time to enable simultaneous observations of multiple microgels from same

composition at once.

2.2.8 Swelling of Microgels

Using the micro-well platform described above, swelling assays were carried out
for all gel compositions using dry microgels. After cautiously placing each micro-
gel in a single micro-well, a drop of buffer solution was injected to the respective
well with the help of a syringe (having a blind needle). Microgels were allowed

to swell completely until the maxima was achieved. Proceeding to this, Volume
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Fold Swelling and Volumetric Swelling ratio were calculated for each composition

as follows: .
Volume Fold Swelling = D_;
Volumetric Swelling = Vi~ Vo x 100

o

where D, and D, denotes the swollen microgel and initial microgel diameters,
respectively. Likewise, and represents the swollen and initial volume of the mi-

crogels, respectively.

2.2.9 Enzymatic Degradation of Microgels

For the enzymatic degradation of hybrid microgels having Gelatin, Collagen and
Hyaluronic acid, Collagenase and Hyaluronidase were used. The stock solution of
each enzyme was prepared in PBS to have the final concentrations of 5 CDU/mL
and 40 IU/mL for Collagenase and Hyaluronidase, respectively, for 1 CDU and
8 IU final assays to be used in the analysis. Similar to the swelling assay, the
custom-made microwell platform was used to observe the degradation of microgels
in real-time. After the complete swelling of the microgels as explained above, 200
1L of enzyme solution at 37°C was added to the reservoir, and microwell platform
was placed into the incubation chamber of microscope which is maintained at
37°C.

After image acquisition, degradation was calculated in two different trends,
i.e., volume loss and complete degradation time. If the microgels showed a volu-
metric degradation profile where they kept their spherical shape, volume loss was

calculated as follows:

Volume Loss (%) = VO; Y x 100
0

where Vj shows swollen microgel volume at the beginning (time, t=0) while

representing the microgel volume at later stages (t¢0).
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If microgels did not show a volumetric degradation profile and dissipated ran-
domly in the microwell, complete degradation times were determined by obser-

vation and monitoring continuously in real time.
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2.3 Results and Discussion

2.3.1 Synthesis and Preparing Hybrid Hydrogel Precur-

Sors

Degree of methacrylation (DM) is an important parameter to design hybrid hy-
drogels like GelMA and HAMA, since it effects the amount of crosslinking and
consequently the physical behaviors of gels such as porosity, water retention ca-
pacity and degradation rate[54]. During the synthesis, it is possible to alter the
DM with the amount of MA added. However, the resulting DM should be kept
under check to utilize the least amount of MA for the desired DM, since unreacted

MA is potentially cytotoxic.

For this work, we desired to keep the DM of GelMA and HAMA at its maxi-
mum with the least amount of MA, and after determining this value we used it
as a constant parameter throughout the work. Since GelMA was the main com-
ponent of the microgels in the current study, additional importance was given to
its methacrylation, with optimization steps of different amounts of MA (1%, 5%,
20%) added during the synthesis protocol. Out of these percentages, a maximum
of 77% DM of GelMA was observed for 5% MA (v/v) (Figure 2.1a), and no fur-
ther effect was observed upon the addition of more MA (Figure A.1). Thus, 5%
MA consisting of GeIMA was used for further experiments. Likewise, the degree
of methacrylation (DM) was also calculated for HA using a similar approach. In-
terestingly, at 5% MA, DM for HAMA was found to be 97% for HAMA (Figure
2.1b). Hence, we did not analyze other concentrations of MA for HAMA gels.

After methacrylation, working solutions were prepared with different polymer
concentrations of gel components (GelMA, Collagen, and HAMA) while keeping
the total gel content at 10% (Table 1). The reason for fixing the total gel con-
centration as 10% was to be able to control the physical properties of microgels
only with the hybrid addition and not with the amount of total polymer in the
resulting gels, which also affects the overall hydrogel properties. For instance,

with HAMA addition, the resulting microgels formed a copolymer network where
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Figure 2.1: Synthesis and precursor solution preparation. 'H NMR spectra of
(a) Gelatin and GelMA, (b) HA and HAMA, (c) Methacrylation of GelMA and
hybrid additions with subsequent photocrosslinking.

chemical crosslinking can occur among GelMA chains, HAMA chains, or between

GelMA and HAMA chains[55].

Collagen addition, on the other hand, results in interpenetrating networks
where chemical crosslinks form between methacryloyl groups of the GelMA
chains, and physical crosslinks form between Collagen chains with the increase in

temperature up to 37°C [23] (Figure 2.1c).
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Figure 2.2: Microgel production schema. (a) Droplet microfluidic platform for
microgels production and polymerization in situ. Scale bars: 500 um. (b) Highly
monodisperse microgels upon collection. Scale bar: 200 pm. (c) Collection,
washing, and drying of gels for further characterization.
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2.3.2 Microgel Production

With the aim of producing high throughput and monodispersed microgels, in
this work, we utilized a droplet microfluidic platform coupled with a light source,
thereby allowing one platform to be utilized for both production and polymeriza-
tion of microgels at once (Figure 2.2a). For a better comparison of microgels with
varying compositions, we preferred to keep the diameter of the microgels constant
at 250 um. To achieve the same droplet size with different gel precursors, the
capillary number should be considered, which follows the relation below,

W

" 43

Ca

where is the viscosity of the oil phase, V is the velocity of the oil phase and is the
interfacial tension between the gel precursor and oil phase. As capillary number
gives an estimate on the conditions for droplet pinch-off, to achieve the desired
droplet size, flow rates should be arranged. In this manner, we have altered the

flow rates of both oil and gel solutions depending on the gel compositions (Table
2.1).

Sample GelMA% (w/v) | HAMA% (w/v) | Collagen% (w/v) | *Q. (uL/h) | *Q, (uL/h)
GelMA (10) 10% = = 600 60
GelMA:HAMA (9.25:0.75) 9.25% 0.75% - 370 40
GelMA:HAMA (8.75:1.25) 8.75% 1.25% 370 40
GelMA:Collagen (8.75:1.25) 8.75% - 1.25% 600 40
GelMA:Collagen (7.5:2.5) 7.50% - 2.50% 600 40

Table 2.1: Table showing the composition of GelMA, HAMA, and Collagen sam-
ples along with flow rates Q. and Qg. *Q.: Continuous phase (Silicon Oil) flow
rate. Qg: Dispersed phase (Gel Precursor) flow rate.

Proceeding to this, to evaluate the size distribution of the microgel droplets,
coefficient of variation (CV%) was calculated for 10% GelMA as our reference
sample, and it was found as 1.05% which shows a highly monodispersed droplet
generation (Figure 2.2b). In addition, spherical shape and monodispersity were
maintained by the microgel droplets upon polymerization as well (Figure 2.3a).
upon 1 minute of in situ photopolymerization, the microgels were treated with
IPA to remove the oil phase of the droplet microfluidics chip and dried over mild

heat (45°C) for few mins (Figure 2.2c). This resulted in a preserved structure of
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Figure 2.3: SEM images of different gel compositions. (a) Comparison of
GelMA(10) in lyophilized bulk form and IPA-treated microgel form and (b) com-
parison between the pore sizes versus drying procedure, with the pore size on
the logarithmic scale (base 10). (c) IPA-treated GelMA/HAMA hybrids re-
vealing porous structure with differing wall thicknesses. Scale bars: g m. (d)
GelMA /collagen hybrids showing interpenetrating structure, with collagen fibrils
filling the pores of GelMA indicated with red arrows. Scale bars: 5 pum.

microgels without effecting the shape as well as porosity both in bare and hybrid

microgel compositions.

2.3.3 Structural Analysis of Microgels

Understanding the structure of hydrogels is of great importance since this prop-
erty effects such as the nutrient transport, stiffness, water retention capacity,
degradation rate and cell response to the environment among many others. In
literature, morphological analysis of microgels is mainly carried out with freeze
drying procedures on their bulk versions[56, 57, 58] and in rare instances on mi-
crogel versions[4]. Whilst this technique provides a comparison between different
compositions of hydrogels, it fails to give an accurate reflection of the microstruc-

tural specifics of hydrogels like porosity and/or wall thickness because of possible
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drying artifacts. Therefore, in the current study, we desired to investigate the in-
ner structures of microgels as accurate as possible. This was essentially achieved
with the aforementioned washing and microgel collection step. Remarkably, be-
cause of their small scale, substitution of the water within the pores with alcohol,
and the subsequent drying with mild heat was probable and can be carried out
with ease in a short period of time. This way, microgels revealed their inner

structures unchanged without the harsh conditions of freeze-drying.

As a reference, the differences between effect of freeze drying on bulk, on
microgel and IPA treated microgel were also examined using 10% GelMA samples
(Figure 2.3a). Lyophilization on bulk and on microgels revealed similar porous
appearance, with pore sizes being approximately 31um and 49um, respectively.
Excitingly, the IPA treated version on the other hand, showed a full sphere from
the outside and an evenly distributed circular porous structure with 0.5um pore
size on the inside (Figure 2.3b). To the best of our knowledge, this study provides
for the first time a realistic image of microgel pores at microscale, without any

external treatments and further manipulation in the imaging protocols.

Furthermore, the addition of hybrid components (HA and collagen) to GelMA
and the alterations on the internal structure were also investigated in SEM, which
was quite evident such as HAMA addition resulted in a uniform porous structure
with an increase in the pore wall thicknesses and a subsequent decrease in the
pore size with respect to increasing HAMA content in microgels (Figure 2.3c).
Contrary to the Collagen addition, GeIMA and HAMA were forming a copoly-
mer network, therefore a change in the porosity of gels was expected. Whereas,
with Collagen incorporation, the expected interpenetrating network revealed it-
self as a porous structure accompanied by a dense meshwork formed by Collagen
fibrils (Figure 2.3d). In addition, with GelMA:Collagen (7.5:2.5) samples, mesh-
work was more prominent with less pores visible, and the opposite observation
was valid for GelMA:Collagen (8.75:1.25) (Figure A.2). With the conditions of
lyophilization, this network reveals itself as a thick-walled porous structure caus-

ing a non-informative picture[59].
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2.3.4 Swelling Behavior of Microgels

The ability to understand and manipulate the swelling behaviors of microgels car-
ries great significance since this attribute is tied to waste and nutrient transport,
absorption kinetics, drug release and the dynamics of microgel volume change.
Our initial approach on examining the swelling behaviors was to place the dry
microgels onto a glass slide and observe the volume change with the addition of
a drop of buffer on top. This method failed due to a couple of reasons. Firstly,
microgels were either sticking to the surface, which meant swelling did not oc-
cur through this side of the gel or were floating to the buffer-air interface which
caused manual intervention to force the gel into the buffer droplet. Secondly,
following each gel to examine their swelling behavior was laborious due to the

mobility of gels that came with their non-constraint environment.

Hence, we switched to a custom-made platform composed of a reservoir with
several wells that accommodate individual microgels (Figure 2.4a,b). This plat-
form enabled us to swell separate microgels in a stationary manner and observe
them dynamically. Furthermore, microgels were able to swell from all sides si-
multaneously. Following this procedure, swelling results were quantified by ob-
serving the volume changes. As predicted, the addition of hybrid components to
GelMA revealed itself in swelling behaviors and confirmed the ability to control

the swelling pattern without altering the total gel concentration in the hydrogels.

Adding Collagen at varying percentages the swelling pattern of microgel pur-
sued an increasing trend in the volume fold swelling at first, from 676% to 839%
when compared the reference GelMA(10) and GelMA:Collagen(8.75:1.25) hy-
brids; however, as the concentration of Collagen was increased to 2.5%, swelling
of microgels got suppressed to 613%. It is defined that degree of swelling of the
hydrogels is interrelated with the extent of crosslinking, which eventually affects
the mechanical strength of hydrogels. Similarly, the extent of hydrophilicity of
individual polymer also plays a significant role in the overall behavior of the
hydrogels[60]. In agreement with this understanding, as the concentration of the

polymer (collagen) increased from 1.25% to 2.5% (Figure 2.4c) with the reference
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Figure 2.4: Examination of the swelling behaviour of microgels. (a) A custom-
made platform was utilized for swelling characterizations. (b) Each dry gel was
placed into respective wells and their swelling behaviour was observed with the
addition of PBS. (c, d) Swelling was quantified through calculating Volume Fold
Swelling and Volumetric Swelling (%). (e) The platform also enables the ex-
amination of the dynamic volume change in real-time. Swelling of GelMA(10)
microgels in PBS, DI water and distilled water were used to demonstrate this
ability with images belonging to PBS swelling. Scale bars: 100 pm.

27



GelMA(10) hydrogel, the degree of swelling dropped from 839% to 613%.

Conversely, for HAMA hybrid compositions, increasing the amount of HAMA
within microgels resulted in increased volume fold swelling due to strong hy-
drophilic nature of HA. It is also stated in the literature that high ratios of
HAMA in hybrid gels increases the swelling degree of the product[19], which is
supported with the results obtained herein (Figure 2.4 ¢,d). Several physiochemi-
cal aspects of HA are advantageous for such properties. For instance, HA is highly
hydrophilic and in biomedical applications; this high-water absorption capability
enables the transport of metabolites and nutrients and conserve the resiliency
of hydrogels. It also offers controlled biodegradability, biocompatible polymer-
ization chemistry, and versatile modification strategies (e.g., multiple different

reaction sites), thus a good choice in several biomedical applications.

The analysis of dynamic behavior of microgels is important in understand-
ing their absorption characteristics, and we were able to examine the swelling of
GelMA(10) microgels in real-time as they were being swollen within PBS. Accord-
ing to the observations, fast swelling rate was measured in the initial few seconds,
followed by a steady volume increase in the proceeding time period, reaching to

full size after about 60 seconds.

The swelling behavior in general depends on the physicochemical properties
of the gels including their hydrophilicity, surface charge and ionic strength along
with some environmental factors such as temperature and pH of the surrounding
medium. Therefore, for various biomedical applications in drug delivery and
tissue engineering, understanding the swelling kinetics in various conditions is
preferred. To this end, we also conducted the dynamic observation of GelMA(10)
swelling in distilled water as well as deionized (DI) water. The results depicted a
clear difference in swelling patterns of gels between these buffers, with an increase
in solvent absorption and thereby swelling behavior in distilled and DI water as
compared to PBS (Figure 2.4e). The data, thus, supports the previous findings
on understanding the swelling behavior of GelMA in different buffers[61].
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2.3.5 Enzymatic Degradation of Microgels

Examination of enzyme specific degradation is important to estimate how the
microgel would behave in the specified environment. For many tissue engineer-
ing applications, the environment in question implies scarred tissues that require
regeneration. Such an application requires the accurate match between the degra-
dation rate of the gel and the formation rate of the new tissue. Similarly, in 3D
cell culture applications, scaffold should remain intact until cell aggregates form
and create their own ECM. On the contrary, drug release applications require
the comprehensive understanding of degradation times and degradation profiles
to manipulate the release rates. Such specific applications, by this means, require

the thorough understanding of how microgels behave in the presence of enzymes.

With the purpose of utilizing the microwell-platform for such observations,
it enabled us to examine the degradation profiles of the hybrid microgels in
real time in the presence of substrate specific enzymes, i.e., collagenase and
hyaluronidase (Figure 2.5a). As GelMA and Collagen possess Matrix metallo-
proteinases (MMPs) sequences that can be cleaved by collagenases, and GelMA
was the main polymer of our microgels, we started the investigation of degrada-
tions with Collagenase. It has been recognized that collagenase is a highly specific
proteinase enzyme for both native as well as denatured collagen[62]. Therefore,
it transmits higher substrate specificity, and targets only collagen and gelatin
among many proteins [63]. Consequently, it is considered that the collagenase

specificity would be related directly with the characteristic structure of collagen.

Upon investigation of the enzymatic degradation of various hybrid mi-
crogels synthesized in this study, using collagenase at first, GelMA(10),
GelMA:Collagen(8.75:1.25) and GelMA:Collagen(7.5:2.5) microgels gave almost
similar degradation times; where GelMA (10) degraded completely in 51 £2 min-
utes, GelMA:Collagen(8.75:1.25) in 57 £ 1 minutes and GelMA:Collagen(7.5:2.5)
in 64 +2 minutes (Figure 2.5b). This degradation profile shows that degradation
time increases with the increasing Collagen content which can be justified with

the mode of action of collagenase and how this enzyme works on Gelatin and
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Figure 2.5: Degradation behavior of hybrid microgels in the presence of enzymes.
(a) Observations were done on the microwell platform in real time. (b) Bare
GelMA and hybrid collagen samples showed complete degradation in 1 CDU
collagenase. (¢) HAMA samples showed lower and incomplete degradations even
though the collagenase concentration was enhanced by a drastic increment of
20-fold. (d and e) Furthermore, HAMA samples exhibited different degradation
profiles in the presence of hyaluronidase and the combination of collagenase and
hyaluronidase.

30



Collagen. With Collagen, Collagenase initially opens the triple helix structure
of collagen fibrils, then moves on to cleaving peptide bonds[64]. In GelMA on
the other hand, Collagenase directly starts cleaving the peptide bonds. Hence,
it can be expected to have a slightly slower degradation pattern for Collagen-
GelMA hybrid microgels as compared to GelMA alone. Remarkably, our results
are aligned with the previous study reflecting the similar degradation profiles of
GelMA:Collagen hybrid microgels, where increasing the concentration of collagen

in the hybrids increases the overall degradation time[65].

Likewise, while monitoring the degradation data of HAMA hybrids, even
though HAMA content was very low compared to GelMA, their degradation pro-
files showed the overpowering effect of HAMA on the microgel integrity by not
giving complete degradation in the presence of collagenase. This finding of such
property of HAMA, HAMA contents in general, was kept lower in the resulting
hybrid microgels [66, 19].

Interestingly, by the real-time observations, one new revelation in our study
has been captured that the behavior of different HAMA-GelIMA hybrids in the
presence of Collagenase (Figure 2.5¢). As the HAMA content increased from
0.75% to 1.25%, degradation of the microgel decreased significantly. Moreover,
hybrid microgels of GelMA-HAMA composition have been displayed to retain
exceptional structural as well as physico-chemical properties. It has been wit-
nessed that out of GeIMA-HAMA hybrids, an increment in the HAMA polymer
concentration enriches the stiffness of hydrogel, which in turn impacts the degra-
dation behavior along with other physical parameters of the gel. However, this
degradation alters with respect to the availability of the type of enzyme. Within
this regard, GelMA:HAMA (8.75:1.25) showed an initial increase in the volume,
followed by a slow degradation profile with 1.5% volume loss in 117 minutes,
however, this volume loss was more (41%) for low HAMA percentage (0.75). To
understand whether the collagenase amount would affect this behavior or not, a
dramatic increase in the collagenase concentration, i.e., 20 CDU was subjected to
the similar hybrid compositions. Interestingly, with this increment, a significant
difference in the degradation pattern was monitored with respect to volume loss
of the hybrids. For instance, volume loss of GeIMA:HAMA (9.25:0.75) increased
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to 65% from 41% in the similar time (117 minutes), while the volume loss of
GelMA:HAMA (8.75:1.25) increased to 33% from 1.5%, along with no initial vol-
ume gain. The possible explanation to this difference in the degradation profile
can be the availability of more than enough amount of enzyme for its substrate to
produce its effect. Such as, 1 CDU was sufficient to digest the amount of GelMA
in the hybrid with a slow progression of time, however, increasing the amount of
enzyme (;10 folds) for the similar composition resulted in higher digestion rate
because of the availability of ample amount of enzyme to digest the same ratio
of substrate, hence producing higher degradation and volume loss profile at the
same time, i.e., 117 minutes. Moreover, suppression of initial volume gain can be
justified with a fact that due to availability of higher enzyme content, the degra-
dation specificity masked the effect of HAMA in this solution, thus, showing more

linear degradation profile.

To further discuss and understand with our findings, a complete degradation
pattern of HAMA hybrids (similar to Collagen) was also analyzed. For this, we
examined the degradation of different GelMA-HAMA hybrids in the presence
of a more specific enzyme for hyaluronic acid, i.e., Hyaluronidase. Excitingly,
the results were different in comparison to the collagenase’s effect, where in-
creasing HAMA content resulted in much faster degradation (Figure 5d), with
almost complete degradation of GelMA: HAMA (8.75:1.25) in 135 minutes, while
GeIMA:HAMA (9.25:0.75) lost 75% of its volume in 180 minutes. This is at-

tributed to that due to the increase of hyaluronidase’s substrate.

To shed light on the degradation behavior of GelMA-HAMA hybrid mi-
crogels, we also conducted degradation assay with combination of these en-
zymes (hyaluronidase and collagenase) to observe the effect of dual enzymes
on the hybrid microgels. The results revealed that GelMA:HAMA (8.75:1.25)
degraded much faster showing 100% degradation in only 40 minutes whereas,
GelMA:HAMA (9.25:0.75) degraded 90% in two hours. The results were quite
distinguishable with the degradation profile of these hybrids in the presence of sin-
gle enzyme, hence, proving the enzyme-substrate specificity and relation strongly
(Figure 2.5e). Likewise, if the degradation of GelMA:HAMA hybrid were to be

examined with comparative representation of these enzymes (i.e. Collagenase or
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Hyaluronidase) (Figure 2.5¢), it can be comprehended that these enzymes gave
different degradation profiles for the similar composition of hybrids (9.25:0.75),
where a rapid volume loss occurred in the initial 45 minutes with collagenase,
while volume gain was observed with hyaluronidase. However, at the end of
a 180-minute period, hyaluronidase caused more degradation than collagenase,
correlating with our previous findings as discussed above. Combination of these
enzymes on the other hand, demonstrated a much rapid degradation profile, caus-
ing 80% volume loss in the first 1 hour, reaching to 90% in the remaining 1 hour

with a slow trend.

The mentioned initial volume gain can be due to the enzyme-substrate activ-
ity and an initial relaxation in the polymer. It can be seen that the volume gain
was observed in GeIMA:HAMA (9.25:0.75) in the presence of hyaluronidase and
GelMA:HAMA (8.75:1.25) in the presence of collagenase. As previous results have
showed, in GeIMA:HAMA hybrids, HAMA is the dominant component. Because
of this, GeIMA:HAMA (8.75:1.25) sample showed a slow degradation profile and
very little volume loss with collagenase. As collagenase amount was increased to
20 CDU, however, due to an increase in enzymatic attack on GelMA, degradation
was swift and volume loss was increased. Similarly in GelMA:HAMA (9.25:0.75),
whilst HAMA’s presence was still dominant on GelMA it was not as much com-
pared to GeIMA:HAMA (8.75:1.25). This resulted in GeIMA:HAMA (9.25:0.75)
showing faster response to collagenase due to increased enzyme-substrate inter-
actions. However, hyaluronidase still caused higher volume loss at the end, with
a slow degradation profile. These slow degradation profiles revealed the initial
volume increases, which may be due to the initial relaxation in the polymer and
the subsequent revelation of hydrophilic groups that were suppressed by the dense
connections in the network initially. However, as time passed, the polymer be-
gan to lose its structural integrity and started to collapse on itself leaving the

non-enzyme specific polymer behind, hence the volume losses[67].
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2.4 Conclusion

In this study, we propose physical characterization assays curated for hybrid-
microgels to examine their inner structures and understand their swelling and
degradation behaviors in real-time under different conditions. To reveal new be-
haviours of individual hybrid microgels at single microgel level, we used GelMA
polymer complemented with Collagen and HAMA. As microgels’ physical behav-
iors are affected by their size and shape, we utilized a droplet microfluidic chip
to achieve monodispersed spherical microgel production in a high throughput
manner. Upon production, we washed and collected individual microgels to sub-
stitute the commonly used lyophilization process, which revealed a more accurate
picture of their inner structures and morphology. To examine individual micro-
gels’ swelling and degradation behaviors, we fabricated a customized micro-well
platform to accommodate one microgel in each well stationary, while allowing
access to the solution in a 3-dimensional manner. Experiments carried out in
this custom-made platform revealed previously unseen results that confirmed the
necessity of new assays for investigating microgel behaviors. Excitingly, this plat-
form offered, for the first time, to carry out real-time examinations of swelling
and degradation behavior of individual hybrid-microgels in an agreeable 3D ver-
sion, with real-time statistics for each combination of gel materials. We believe
that the proposed assays will help accelerate microgel utilization in biomedical

sciences by comprehensively understanding their physical characteristics.
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Chapter 3

Capturing the Changing Scaffold
Properties of HAMA /GelM A
Microgels During Enzymatic

Degradation
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3.1 Introduction

Profiling the temporal changes a scaffold undergoes due to cellular activity is es-
sential for optimizing scaffold design and utilization in tissue engineering. Under-
standing how scaffold properties evolve during degradation allows for the creation
of dynamic environments that better mimic the natural tissue healing process.
For instance, depending on the mode of degradation, a scaffold’s volume may
decrease while stiffness remains constant, or stiffness and mass may decline while
volume stays the same. In microgels, where directly capturing mass changes
is challenging due to their small size, monitoring stiffness variations can reveal
correlations between volume and mass, indirectly indicating changes in polymer
structure and porosity. Such holistic evaluation becomes especially important
in designing scaffolds with temporally controlled degradation rates. By profiling
these temporal changes in mechanical properties, porosity, and biochemical sig-
nals, researchers can design scaffolds that deliver targeted cues at optimal times,
improving regenerative outcomes. This approach also extends to applications
such as drug delivery, where scaffold degradation can be tuned for controlled and
sustained release of therapeutics. Ultimately, leveraging the temporal evolution
of scaffold properties allows for tissue engineering strategies that align scaffold
behavior with the dynamic needs of regenerating tissues, leading to more pre-

dictable and successful clinical outcomes.

In this chapter, we examined the physical and mechanical changes microgels
produced with droplet microfluidics go under during enzymatic degradation. We
chose to examine GelMA and HAMA copolymer networks having different ratios.
GelMA, a photocrosslinkable gelatin derivative, is widely utilized as a scaffold for
tissue engineering applications because of its similarity to collagen, having cell at-
tachment motifs, and being biodegradable.[68] Similarly, HAMA is a hyaluronic
acid derivative that is also photocrosslinkable with motifs guiding immune re-
sponse, cell differentiation, and proliferation. [69] Crosslinked together, they cre-
ate a scaffold that is biocompatible, mechanically tunable, and bioactive, with a
wide range of versatility in applications. [24] Produced with droplet microfluidics

and crosslinked in situ, uniform copolymer microgels are fabricated from these
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materials. These microgels are degraded with collagenase and hyaluronidase, and

changes in their volume, topology, stiffness, and compound release are followed.
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3.2 Materials and Methods

3.2.1 Gelatin Methacryloyl(GelMA) and Hyaluronic Acid
Methacrylate(HAMA) Synthesis

GelMA and HAMA are synthesized separately by modifying Gelatin and
Hyaluronic Acid with methacrylate according to previous protocols with slight
alterations.[19]GelMA synthesis starts by dissolving 10% (w/v) gelatin in
phosphate-buffered saline (PBS) at 60 °C degrees under continuous stirring. Once
complete dissolution was achieved, 5% Methacrylic Anhydrate (MA; v/v) was
added dropwise over 2 h. The solution is left to react for 3 h at 50 °C, followed
by quenching with an equal amount of warm PBS. To clear the solution from
byproducts and unreacted MA, dialysis with 12-14 kDa cutoff is performed at
40 °C for 5-7 days. The final product was kept at -80 °C overnight and then
lyophilized for a week.

For the HAMA synthesis, 1%HA (w/v) is dissolved in PBS with slow addi-
tions and continuous stirring over 24 h at room temperature. Following complete
dissolution, 5% MA (v/v) is added dropwise over a few hours by keeping the pH
between 7 and 10 with the continuous addition of 5 M NaOH at 4 C. After 3
h of reaction, the solution is diluted with an equal volume of PBS and dialyzed
against distilled water at 4 °C in a 12-14 kDa dialysis membrane for a week. The
solution is frozen at -80 °C overnight and lyophilized for 3-5 days.

3.2.2 Degree of Methacrylation (DM) of Gelatin and HA

GelMA and HAMA’s degree of methacrylations were quantified with *H NMR.
For GelMA, 20 mg of GelMA and bare gelatin (control) were dissolved in 1 mL
of D50, and stored in 37 °C until measurements. In the case of HAMA, 5 mg of
HAMA and HA (control) were dissolved in 1 mL of DyO at room temperature.

The spectras were evaluated as follows to calculate DMs. For GelMA, the
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spectras of gelatin and GelMA were normalized with respect to the phenylalanine
signal located at 6.9-7.5 ppm, which is expected to depend only on the gelatin
concentration and not be affected by methacrylation. Then, the area under the
lysine methylene peaks at 2.7 — 2.9 ppm was calculated by integration. As gelatin
is methacrylated, it is expected to observe a decrease at the lysine methylene
peaks and an increase at the peaks at 5.2-5.6 and 1.9 ppm, which belong to the

formed methacryloyl groups. The DM is calculated using the following equation:

A(Lysine Methyl f GelMA
DMeupin — (1 _ A(Lysine Methylene of Ge )) « 100

A(Lysine Methylene of Gelatin)

For determining the DM of HAMA, the peak at 1.9 ppm in HA which belongs
to methyl protons gets altered upon methacrylation, accompanied by the new
peak formations at 1.5-2.0 ppm in HAMA spectra. Furthermore, the peaks at
1.8 ppm and 5.6-6.1 ppm that belongs to MA methyl protons and methacrylate
vinyl groups respectively confirms the substitution. Following equation is used

for DM calculation:

DMyanin — (1 B A(A(HA Methyl proton peak (1.9 ppm)) ) « 100

MA Methyl proton peaks (5.6-6.1 ppm))

3.2.3 Hydrogel Precursor Preparation

Throughout the experiments, all hydrogel precursors were prepared to have a
final 10% (w/v) gel content in the working solutions. Therefore, bare GelMA
hydrogel is prepared by dissolving 10% lyophilized GelMA in PBS at 37 °C.

HAMA and GelMA hybrid networks were prepared by initially dissolv-
ing HAMA in PBS under continuous stirring at room temperature. Follow-
ing, the solution temperature was raised to 37 °C, and GelMA was added
and mixed until complete dissolution. Following the same protocol, 3 differ-
ent GelMA: HAMA compositions were prepared: GelMA:HAMA (9.25%:0.75%),
GelMA:HAMA (9%:1%), and GelMA:HAMA (8.75%:1.25%).
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Finally, to any solution mentioned above, 0.5%(w/v) lithium phenyl-24,5-
trimethylbenzoylphosphinate (LAP) was mixed in as the photoinitiator.

3.2.4 Chip Fabrication

The droplet microfluidic chip consists of a PDMS layer with channels and a
glass slide as a substrate. For the fabrication of PDMS mold soft lithography
techniques were utilized similar to our previous works. [49]|Briefly, SU-8 masters
were fabricated onto silicon wafers. The PDMS prepolymer was prepared out of
10:1 ratio of base to curing agent, degassed in a vacuum chamber, and molded
against the master, followed by curing at 95 °C for 2 h. After removing the mold
from master, 1.5mm punch holes were made using biopsy punches at the inlets
and outlet. The mold was then oxygen plasma treated at 100 W and 400 mTorr
for 30 seconds and bonded to the glass slide.

3.2.5 Microgel Production and Collection

Microgels were produced with a droplet microfluidic chip with three main regions:
a droplet formation part, a serpentine section, and an outlet. The droplet gen-
eration comprises a flow-focusing design connected to two inlets for the hydrogel
precursor and oil entries. A serpentine section follows the droplet production.
After the serpentine, another inlet for oil is utilized to increase the distance be-
tween droplets, which the outlet follows. The outlet was a hole punched on the
side of the chip connected to a tubing for horizontal flow. The microgels are then
cured in this tubing, 3-5 cm away from the chip. Silicon oil (50 ¢St) with 2%
surfactant was used as the continuous phase in all cases. The chip was placed
onto a microscope (Zeiss, Axio Observer 7 inverted microscope) equipped with an
incubation system to maintain the incubation chamber at 37 °C. Syringe pumps
were used to drive the gel and oil flows, and droplet formation was observed un-
der the microscope. Once the droplet production was stable, the microgels were
allowed to polymerize (405 nm, 350 mW /cm?2).
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To confirm the monodispersity of droplets, the coefficient of variance (CV) was

calculated as follows:

CV(%) = Tmicroeel o 10

Hmicrogel
Omicrogel = otandard Deviation of the distribution

Hmicrogel = Mean of the distribution

3.2.6 Post-Processing of Microgels

After collecting microgels with oil from the chip into the Eppendorf, the oil is
removed to a large extent with centrifugation. 5%(v/v) Span80 in PBS at 37 °C
is added on top of the settled microgels and vortexed to dissolve unpolymerized
gels, if there were any, in addition to break the interface between microgels and
oil phase. This step is repeated three times with centrifugation. The washing is
finished off with Isopropyl Alcohol (IPA) cleaning to clean the microgels from oil
completely and eventually dry them. IPA is added to the microgels, vortexed, and
centrifuged three times. Microgels in IPA were strained through a cell strainer
and placed onto the hot plate at 35 °C to dry overnight. Alternatively, they were
aliquoted into 0.5 mL. Eppendorfs in certain numbers and placed onto the hot
plate at 35 °C to dry overnight. Dried products were kept in the fridge until

further use.

3.2.7 Biodegradation of Microgels

Biodegradation of microgels was carried out using collagenase and hyaluronidase.
A predetermined number of microgels were first swelled in an Eppendorf with 200
wl PBS and transferred to the well of a 96-well plate. Within seconds, microgels
settle to the bottom, and 150 ul of PBS is drawn with a micropipette from the
top of the well slowly so as not to disturb the microgels. 150 ul of enzyme solution

is prepared to have a final concentration when added to the well, where the total
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will be 200 pl. The enzyme concentration used for the experiments was 0.125
CDU 1 IU and was prepared freshly from the stock solutions of 0.0625CDU/ul
collagenase and 0.11U/ul. The prepared enzyme solution is added to the 50 pul
of microgel plus PBS, followed by the start of the experiment at the microscope

with the chamber temperature at 37 °C.

Upon image acquisition, volume loss and complete degradation times were
quantified where appropriate. If the microgels degraded through surface erosion

and kept a spherical shape, volume left was calculated as follows:

Volume Left (%) = % x 100
0

Vo corresponds to swollen microgel volume at time 0, while V; is the volume at

later stages.

In the case of bulk degradation, the complete degradation time was determined

by analyzing the obtained images.

3.2.8 Porosity and Topology Characterizations

To examine the porosity and topology during degradation or not, light microscopy
and SEM are utilized. The dried versions were examined under SEM. Microgels
were cut in half using a needle to access the porous inner structures. Cut versions
were placed on silicon wafers and were sputter-coated with an ultrathin layer of

gold/palladium before imaging with SEM.

3.2.9 Capillary Micromechanics for Stiffness Measure-

ment

The capillary micromechanics method was employed to quantify the compressive
modulus of the microgels during biodegradation.[70, 71]The measurement setup

includes a tapered glass capillary (tapering angle a = 0.087 radians) with the tip
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opening to a reservoir on a glass slide and back connected to the tubing. At the
start of the experiment, 0.1%BSA in PBS (w/v) is flushed through the capillary
to minimize the friction between microgels and the inner surface of the capillary.
Then, a dilute suspension of microgels in PBS is driven by the hydrostatic pressure
difference(p) applied to a high-precision pressure pump (Fluigent). Due to the
capillary tip having a smaller diameter than the microgels, one microgel reaches
the tip and blocks the flow further. At that point, the whole pressure difference
falls onto the microgel, resulting in the microgel deforming both in shape and
volume. When the particle no longer moves or deforms at equilibrium, an image
is acquired. The pressure difference is increased in increments until the microgel
reaches the very tip, and the images are taken at every increment. This process
is carried out for different compositions of microgels degraded in 0.125 CDU plus
1 IU enzyme concentration and on samples taken at hourly time points over
the span of 6 hours. In detail, 100 to 150 microgels were degraded but for a
predetermined time. At each time point, the microgels were removed from the

96-well plate, washed with PBS, and dispensed into the pressure pump’s vial.

The compressive modulus (K) is calculated using the values of the contact
length between the deformed microgel and the capillary wall (Lpanq ) and the
radius of the middle point of the deformed microgel (Rpana ) obtained from the

images using image J with the following equations:

K % (Pwant + )
2e, + ¢,

p . Rband
sin(a)  2Lpand

Where pyan is the wall pressure and e, and ¢,are strains in the r and z direc-

Pwall =

tions(cylindrical coordinates, z-direction is the central axis of the capillary).

The compressive modulus is a measure of the material’s resistance to volume

change where the stress comes from the hydrostatic pressure oeompr = W and

the strain is volumetric strain A—VV ~ 2¢; + ¢, . The modulus is determined from

the slope of ocompr as a function of %.

For each time point, the average of the compressive modulus of 10 microgels
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was taken.

3.2.10 Model Drug Release

For the drug release studies, the microgels are loaded with Rhodamine B, Fluo-
rescein, and Congo Red. To load the microgels with model drugs, 100 to 120 mi-
crogels were incubated overnight in an Eppendorf with 0.1mg/mL for Rhodamine
B and Congo Red, and 0.01mg/mL for Fluorescein in PBS buffer solution at 37
°C. Following, they were cleaned with PBS in a cell strainer to remove excess
and transferred to a new Eppendorf. To start the experiment, 0.125 CDU plus 1
IU enzyme solution (200 ul) was added on top, and incubation was continued at
37 °C. To estimate the release, 100 pl of supernatant was withdrawn, and fresh
enzyme solution of the same amount was added hourly for 6 hours. Together
with the remaining after the 6th hour, samples of each hour’s fluorescence were
measured with a microplate reader. (Excitation and emission for each model
drug were as follows: 544-590nm for Rhodamine B, 485-538 nm for Fluorescein,
and 584-612nm for Congo Red) An average of three experiments was taken for
quantification, and percentage release was calculated from the fluorescence values

(A.U.). The release data is then fitted using Korsmeyer-Peppas equation,

M,
L
Moo

Where % is the fraction released at time t, k is the kinetic constant, and n is

an indicator of transport mechanism.
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Figure 3.1: Droplet microfluidic production. (a) Microfluidic chip and microscopy
images depicting different parts of the chip. Scale bar 500pum. (b) Microgels right
after collection. Scale bar 200pum. (c) CV( %) calculation for each composition

3.3 Results

3.3.1 Microgel Production

GelMA and HAMA were synthesized by methacrylating Gelatin and Hyaluronic
Acid. The degree of methacrylation, an indicator of the polymerization strength,
is found to be 77% for GelMA and 97% for HAMA. The two solutions were mixed

in different percentages to achieve a final of 10% polymers in the working solution.

To produce uniform microgels, droplet microfluidics is utilized. Droplets pro-
duced from GelMA and HAMA compositions travel downstream of the chip and
get further separated from each other with a secondary oil flow (Figure 3.1a).
The flow rates are arranged to adapt to the changing viscosity of the composi-
tions and to keep the droplet diameter stable at 220-250 pym. Utilizing a UV
source (405 nm), droplets are polymerized in the tubing outside the chip. To
check the uniformity of microgels, CV (%) is calculated for each composition, and

monodispersity is confirmed with CV values at 1% to 1.2% (Figure 3.1b,c)
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3.3.2 Volumetric Change of Microgels During Enzymatic

Degradation

Understanding the temporal volume changes of microgels is key for optimizing
their use in drug delivery, cell carriers, and tissue scaffolds. Volume changes affect
drug diffusion rates and release kinetics, which are crucial for controlled delivery.
For tissue scaffolds, controlled degradation and volumetric adjustments promote

better integration and tissue remodeling.

To this end, GelMA hybrids are first swelled in PBS and then degraded in
Collagenase and Hyaluronidase. The degradation assays involve degrading 100
to 120 microgels of each composition in 0.125 CDU 1 1U/200 uL to compare the
degradation mode and speed of each hybrid. Additionally, we vary the number of
microgels to assess how the quantity influences the degradation process, and we
examine how different enzyme concentrations affect degradation. These assays
provide a comprehensive understanding of how the compositions behave when

injected into tissues with varying enzyme compositions and cavity volumes.

Examination of the degradation of 100 to 120 GelMA: HAMA hybrids
under 0.125 CDU 1 IU collagenase and hyaluronidase mixture showed that
as the HAMA concentration increases, the degradation time increases (Fig-
ure 3.2a). The volume changes are examined over the course of 14 hours,
and GelMA:HAMA(9.25:0.75) degraded fully at the 8™ hour, while GelMA:
HAMA(9:1) and GelMA: HAMA(8.75:1.25) had volume remaining at around
40% and 80% respectively. Increasing the enzyme amount 8 folds to 1 CDU
8 IU (Figure 3.2b), the volume changes and degradation profiles followed a simi-
lar trend with GeIMA:HAMA(9.25:0.75) GelMA: HAMA(9:1) degrading fully at
around 1.5 and 3™ hours, and GelMA:HAMA(8.75:1.25) having around 20% of
its volume left at the end of 14" hour. The pattern changed when the enzyme
concentration was kept at 0.125CDU 11U, but the number of microgels was dou-
bled to 200-250 (Figure 3.2c). In that scenario none of the compositions fully
degraded in the scope of 14 hours. GeIMA:HAMA (9.25:0.75) along with GelMA:
HAMA(8.75:1.25) losing 40% of their initial volumes, while GelMA: HAMA(9:1)
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Figure 3.2: Degradation of GeIMA:HAMA microgels under different conditions.
(A) 0.125 CDU 1 IU with 100-120 microgels. (B) 1 CDU 8 IU with 100-120
microgels. (C) 0.125 CDU 1 IU with 200-240 microgels.

losing 20% of its volume.

3.3.3 Changes in the Surface Topology

Surface topographical features such as ridges, steps, and grooves play a pivotal
role in guiding cytoskeletal assembly and cell orientation. Textured surfaces,
including nodes, pores, and random patterns, significantly influence cell mor-
phology, activities, and the production of autocrine and paracrine regulatory
factors compared to smooth surfaces. The topology of microgels is crucial for
cell adhesion, proliferation, and differentiation. During biodegradation, changes
in surface topology can alter cell interactions with microgels, thereby affecting

tissue regeneration outcomes.

Before degradation, the microgels were examined under SEM to evaluate
their inner structures. GelMA:HAMA(9.25:0.75) had pores uniformly distributed

from the perimeter towards the center with a pore size of 330463 nm and
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GelMA:HAMA (8.75:1.25) revealed a decreasing porosity towards the center with
the pore sizes dropping from 6004+105 nm to 260+ 68 nm.(Figure 3.3a) The
microgels are degraded in 0.125 CDU 1 IU enzyme solutions under continuous
observation to evaluate the morphological changes they go through. During this
period, it was observed that the microgels degraded in different modes. They
degrade through their surface and lose volume, degrade as bulk, and appear
more transparent with time or showcase both of these qualities (Figure 3.3b).
Furthermore, their surface starts off as relatively smooth but gains texture over
time. Bulk degradation was more prominent in GelMA:HAMA(9.25:0.75), and
surface degradation was more prominent in GelMA:HAMA(8.75:1.25). With
GeIMA:HAMA(9:1), neither degradation form was overpowering as the micro-
gels both got smaller in size and became transparent simultaneously. (Figure
3.3¢)
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3.3.4 Temporal Profiling of Stiffness Change

In the design of biomaterial scaffolds for tissue engineering, it is essential for
the mechanical properties of the material to resemble those of the tissue being
replaced closely. This consideration is critical due to the interplay of cellular
and macroscopic mechanisms. Cells interact with scaffolds through mechan-
otransduction, converting mechanical signals into biochemical responses that are
fundamental for processes such as mobility, proliferation, migration, and differ-
entiation. Additionally, scaffolds must support the load-bearing functions of the
organ during rejuvenation. Post-implantation, enzymatic activity can disrupt the
polymeric structure of the material, causing its mechanical properties to evolve
over time and prompting cells to respond accordingly. To maintain homeostasis
during tissue repair and regeneration, it is imperative to study how a scaffold’s
stiffness changes over time. This understanding is vital for both material design

and predicting cell behavior.

To measure the stiffness of microgels, the capillary micromechanics method
is utilized. It is a specialized mechanical characterization technique developed
for deformable isotropic polymeric microspheres. It addresses the limitations of
traditional methods that require bulk samples, involve laborious handling, or

provide only localized measurements.

With the capillary micromechanics method, the stiffness change of degrading
microgels is followed. Degradation conditions were 0.125 CDU 11U for 100-120
microgels. The stiffnesses were followed hourly. Each microgel was placed in-
side the capillary and pushed towards the tip with increasing hydrostatic pres-
sure difference. (Figure 3.4a) As the pressure increases, the microgels deform
and elongate, with their length decreasing and width increased. These values
are then utilized to draw a stress-strain graph. The onset of degradation and
the first hours of it for GelMA:HAMA(9:1) and GelMA:HAMA(9.25:0.75) re-
vealed an exponential graph known as strain stiffening, while their following
hours and GelMA:HAMA(8.75:1.25) followed a linear trend (Figure 3.4b). Be-
fore degradation, the stiffness of microgels was 60 kPa, 42 kPa, and 33 kPa for
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Figure 3.4: Stiffness measurement of microgels. (A) Movement of microgels to-
wards the capillary tip with increasing pressure. Scale bar 200 ym. (B) Exponen-
tial and linear trends were observed during measurement. (C) Stiffness change of
microgels with time under enzymatic degradation.

GelMA:HAMA(8.75:1.25), GelMA:HAMA(9:1), and GelMA:HAMA(9.25:0.75)
respectively. In the first hour, the stiffness of GeIMA:HAMA (8.75:1.25) dropped
to 56 kPa, GelMA:-HAMA(9:1) to 17 kPa, and GelMA:HAMA(9.25:0.75) to 21
kPa. In the second hour, GeIMA:HAMA(8.75:1.25) had a stiffness of 10 kPa,
GelMA:HAMA(9:1), and GelMA:HAMA (9.25:0.75) having close values of 15 kPa
and 18 kPa. In the following hours, their stiffnesses changed at a slower, steady

pace and reached around 2 kPa at the end of the sixth hour. (Figure 3.4c)

3.3.5 Model Drug Release During Enzymatic Degrada-

tion

Incorporating delivery systems within 3D scaffolds provides a crucial platform for
achieving precise temporal and spatial control in tissue constructs. This approach
enables the release of bioactive factors, offering direct instructive and regenera-

tive signals while minimizing side effects in unintended areas. The release of
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soluble factors from scaffolds can occur through various mechanisms, including
diffusion, dissolution, scaffold or carrier degradation, and external stimuli. In the
context of enzyme-responsive smart biomaterials, solute release is governed by
both diffusion and degradation processes. Understanding the mode of degrada-
tion is essential for accurately interpreting drug release profiles and optimizing

therapeutic outcomes.

To check the drug loading and release mechanisms GelMA:HAMA networks,
Rhodamine B, Fluorescein, and Congo Red were selected as model drugs. Their
release from GelMA:HAMA compositions during degradation with 0.125 CDU
1 IU were examined over the course of six hours. For Rhodamine B the 80 to
90% of load was released at the end of 1°* hour, followed by a plateau (Figure
3.5a). Fluorescein, followed a similar trend, with 75 to 80% of the load being
released in the 1% hour, with slight increases over time, and releasing 95 to 100%
at the end of the 6 hour. (Figure 3.5b) Congo Red release showed a different
profile with a steady profile over 6 hours, releasing 65 to 80%. (Figure 3.5¢) The
data obtained was fitted with the Korsmeyer-Peppas equation to understand the
release modes. The parameter n was evaluated for all cases and was below 0.1
for Rhodamine B release, below 0.2 for Fluorescein, and between 0.5 to 0.7 for
Congo Red release.(Figure 3.5d) Furthermore, regardless of the model drugs, no
significant difference between the release profiles of different compositions was

observed.
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Figure 3.5: Model drug release from microgels. (A) Release of Rhodamine B. (B)
Release of Fluorescein. (C) Release of Congo Red. (D) The parameter n from
Korsmeyer-Peppas equation, indicating the drug release mechanism.

3.4 Discussion

Substrate mechanics and physical properties play an important role in determin-
ing the cell fate. When a scaffold is utilized for tissue engineering, it interacts
with a highly dynamic environment. Through its interactions with the resident
cells and soluble factors, the scaffold and environment enter into a feedback loop.
This reciprocal communication constantly changes the scaffold and the cell re-
sponse. Among various shapes and production techniques, microgels produced
with droplet microfluidics have become quite popular in recent years. Owing to
the uniformity in their shape and size, giving large enough pore sizes and being
injectable, shear thinning, and self-healing without any additional chemistries, it
is predictable that microgel utilization for tissue engineering will only be more

important.

Additionally, with polymeric structures made up of natural or ECM-mimicking
materials, such as with GelMA and HAMA, the scaffold itself, because of its inher-
ent cell instructive sites, plays a prominent role in cell proliferation, morphology,

and differentiation, in addition to their surface and mechanical properties.|72]
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Their susceptibility to hydrolytic and enzymatic degradation makes their tempo-

ral profiling under these conditions important.

In this study, we investigated the changes in the volume, stiffness, morphology,
and drug release behavior of three different concentrations of GeIMA:HAMA mi-
crogels under enzymatic degradation of collagenase and hyaluronidase. The goal
was to show that the changes in these properties should be evaluated in a holistic
manner and to show that the behavior of microgels and scaffolds in a broader
prospect is challenging to mimic in vitro and, hence, should be approached care-

fully.

As the shape and size greatly affect the solute transport, the polymer amount
available to interact with cells, and enzymatic activity, our first goal was to make
sure that the microgels were produced in the same size. Due to gel precursors
having different GelMA:HAMA ratios, their viscosities and densities were altered,
which affected the flow rates used in the droplet microfluidic chip. With small
arrangements, all microgels were produced with a diameter of 230-250 pm. The
monodispersity was confirmed by calculating the coefficient of variance, and the
values were below 1.2%. Furthermore, microgels preserved their spherical shape

upon production, dry, and swelled. (Figure A.3)

After that, their volume changes during enzymatic degradation were fol-
lowed. The examined variables were GelMA:HAMA compositions, enzyme con-
centration, and the number of microgels. The enzyme concentration was al-
tered to mimic different environments in the body, where the cell types and
ECM change, affecting the enzyme types and their concentrations. The num-
ber of microgels was altered with respect to the applications of injectable mi-
crogels, where they are placed into cavities with varying volumes. All three
parameters play a part in how the microgels degrade. Throughout the study,
0.125 CDU 1 IU collagenase hyaluronidase composition is selected to exam-
ine different properties of microgels. This value was chosen based on scan-
ning the microgel degradation over different concentrations of collagenase and
hyaluronidase as a combination or separately. (Tested concentrations are given

in Table A.1) When there was only hyaluronidase, microgels showed an increase
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in volume. With collagenase only, they started degrading through the sur-
face without ever completely dissolving. When they were combined, whether
hyaluronidase was overpowering or collagenase was, as the number of microgels
was kept stable at 100 to 120, GelMA:HAMA(8.75:1.25) degraded slower than
GelMA:HAMA(9:1), followed by GelMA:HAMA(9.25:0.75). With 0.125 CDU 1
IU, over the scope of 14 hours, the trend was the same. When the enzyme con-
centration was increased 8 folds, the trend remained but with faster degradation
times. When the enzyme concentration was stable with an increased number of
microgels, the trend changed. GelMA:HAMA(9:1) lost the least volume at the
end of 14" hour, GelMA:HAMA(8.75:1.25) and GelMA:HAMA(9.25:0.75) los-
ing same amount, more than GelMA:HAMA(9:1). However, It should be noted
that GelMA:HAMA (9.25:0.75) and GelMA:HAMA(9:1) kept showing downwards
trends, while GelMA:HAMA (8.75:1.25) plateaued at the end of 8™ hour. This
may indicate that if followed, in the later hours, the volume losses may change.
With that, the number of microgels seems to affect the degradation trends more
prominently than enzyme concentration. In our previous work, we observed that
when there were 8 to 10 microgels degraded in 1 CDU 8 IU, the one degrading the
most was GelMA:HAMA(8.75:1.25)[49] This is most likely due to several mech-
anisms such as enzyme-substrate specificity, enzyme availability, and polymer
density. HAMA'’s degradation with hyaluronidase may be slower than GelMA’s
degradation with collagenase. This would explain the volume gains when there is
only hyaluronidase, which was observed in our previous paper as well. With the
enzyme combinations, though, the trends depend on the enzyme saturations and
crosslink densities with the interplay of collagenase and hyaluronidase’s degrada-
tion speeds. With 100-120 microgels, and observing the same trend with 0.125
CDU 1 IU and 1 CDU 8 IU it seems that enzyme concentration is enough, and
there is no competition for their availability, but their amount speeds up or slows
down the process. This means that degradation profiles only depend on the
crosslink densities, which indicates that increasing the HAMA concentration cre-
ates denser networks. When the microgel number is increased, though, the trends

change. This means that now there is competition for enzyme availability.
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The observation of their inner structures also brings up another parameter, net-
work heterogeneity. The observed pore size changes in GelMA:HAMA (9.25:0.75)
and GelMA:HAMA(8.75:1.25) show that there is an inhomogeneity in network
crosslinking between different compositions. This may be attributed to droplet
microfluidics and viscoelastic behavior changes in different compositions. It has
been observed that the flow fields inside the droplets produced with droplet mi-
crofluidics are highly sensitive to material properties. [73] Furthermore, this pore
size gradient, an indicator of the crosslinking density gradient, has been observed
in PNiPAM microgels produced with emulsion copolymerization.[74, 75] Tt is also
known that increasing HAMA concentration also alters the mechanical proper-
ties, increasing Young’s modulus and storage modulus. The highly viscous nature
of HA, coming from its large size, enables these profiles.[66, 19] In our case, in-
creasing the HAMA concentration most likely affected both the flow fields and
polymerization kinetics, resulting in homogeneous polymer distribution in low
HAMA concentrations but a gradient in higher concentrations. This concurrently
affects the degradation profiles. Degradation of biomaterials typically follows two
modes: surface erosion or bulk erosion. [76]With any of the compositions, the
degradation trend was a combination of both but one overpowered the other with
changing GelMA:HAMA concentrations. With low HAMA concentrations, bulk
erosion was more prominent, and most likely, the less densely crosslinked network
and uniform pore structure enabled uniform and fast diffusion of the enzymes.
As HAMA concentration was increased to 1%, both degradation modes seemed
to be in balance, evidenced by the size decrease and increment in the transparent
appearance. With HAMA 1.25%, on the other hand, surface erosion was more
prominent up to a certain point. The larger pore size on the outer perimeter com-
pared to the center made it easier for enzymes to degrade the surface, although
still slower than lower HAMA concentrations, causing surface erosion. As the
outer perimeter degraded and the core was left, the degradation mode switched
to bulk erosion with less change in volume, complemented by increased trans-
parency. The surface topology changes accompanying these processes also carry
importance for reprogramming the cells, which are quite sensitive to grooves and

structural cues. [77] The topography changes were more prominent in increased
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HAMA concentrations, which confirms the balance between the diffusivity of en-
zymes and polymer network crosslink density. Furthermore, groove formation
indicates the difference between GelMA and HAMA'’s degradation speeds. As
GelMA degrades faster, the remaining HAMA polymers may be responsible for

creating the microstructures.

The mechanical properties of the microgels are highly affected by the net-
work formation as well. Before degradation, the stiffness of microgels was 60
kPa for GelMA:HAMA(8.75:1.25), 42 kPa for GelMA:HAMA(9:1), and 32 kPa
for GeIMA:HAMA (9.25:0.75), which align well for soft tissue engineering applica-
tions.[84] Furthermore, up to the second hour of degradation, GeIMA:HAMA(9:1)
and GelMA:HAMA(9.25:0.75) microgels showed strain stiffening behavior, which
disappeared afterward. Strain stiffening is mainly observed in tissues regularly
subjected to load or strain, such as tendons, skin, arteries, and heart. This phe-
nomenon is a result of the fibril structures like collagen, fibrin, and elastin. [78, 79|
At low strains, these fibers can bend, but at high strains, they stretch and align.
Hyaluronic acid, on the other hand, makes flexible polymer structures, unable to
show a strain stiffening response. It has been shown that decreasing the collagen
amount delays the strain stiffening response in interpenetrating networks of colla-
gen and hyaluronic acid.[80] Although our networks are copolymer, not interpene-
trating, similar behavior is observed. Increasing HAMA concentration appears to
disable GeIMA fibers from aligning and stiffening the overall network. Within the
presence of enzymes, this observation disappears after the second hour. Indicat-
ing that GelMA degradation causes the stiffening ability to disappear. Another
observation that is directly related to the observed network heterogeneity was the
stiffness change profile of GeIMA:HAMA(8.75:1.25). A slight decrease in the first
hour, followed by a rapid drop and a plateau, shows that the overall denser net-
work initially resists degradation, but as the outer large porous section degrades,
and the inner, denser and more uniform network remains, degradation follows a
steady trend. The steady and gradual degradation trend is already present in
lower HAMA concentrations, a result of a more homogeneous network, where the
trends only depend on crosslink density. An interesting outcome was the stiffness

of all compositions approximating the same value. This result, combined with
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volume change and morphology change observations, proves that estimating the
network’s momentary status is challenging. How fast the enzymes diffuse in and
act on their substrates, the crosslink densities, and uniformity contribute to this
multi-parameter complex problem. It should also be argued that, although the
stiffness of all compositions stabilized at the same value, their persistence there
will be different since GelMA:HAMA (9.25:0.75) degrades completely at the 8
hour and GelMA:HAMA (9:1) degrades faster than GelMA:HAMA(8.75:1.25).

Lastly, we examined the drug release during enzymatic degradation. We se-
lected Rhodamine B, Fluorescein, and Congo Red as model drugs. Rhodamine
B is a small molecule positive at low pH and neutral at pH 7.4. Fluorescein is
negatively charged, [81, 82]and Congo Red is a molecule used as a model drug
that can also interact with collagen.[83, 84] Korsmeyer-Peppas, describing drug
release kinetics from polymeric systems, is utilized to evaluate the results. For
Rhodamine B and Fluorescein, the expectation was getting a diffusive release
profile, while for Congo Red, the degradation is expected to affect the release
profile. The low n values for Rhodamine B and Fluorescein indicated Fickian
diffusion, and values above 0.45 for Congo Red indicated an enzymatic-induced
release. Interestingly, there was no significant difference between GelMA:HAMA
compositions in the release of model drugs. Expectation was to have slowed-down
release profiles with increasing HAMA concentration, but it seems that this was
unrelated. This may be related to the overall pore sizes of microgels and sizes of

model drugs.

3.5 Conclusion

Gaining proper control over degradation starts with a thorough understanding
of biomaterial behavior under certain conditions. In this work, we examined the
physical and mechanical changes in GeIMA:HAMA copolymer microgels under
the degrative behavior of collagenase and hyaluronidase. We found that a holistic
approach to examining the changes in volume, topology, and stiffness is necessary

to comment on observed results. Furthermore, the heterogeneity of networks,
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crosslink density, enzyme availability, and saturation are important parameters
affecting the aforementioned properties. The design of biodegradable materials
should be approached with great care and consideration, especially should be
made towards a specific application. We believe that this work will contribute to
understanding biomaterial degradation, especially microgels, which is very needed

considering their increasing popularity.
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Appendix A

Supplementary Data

2 IU 11U 0.5 IU 0.1 IU
1 CDU 21U + 1 CDU 11U + 1 CDU 0.51IU + 1 CDU 0.11U +1CDU
0.5 CDU 210 + 0.5 CDU 11U 4 0.5 CDU 0.5 IU + 0.5 CDU 0.1TU + 0.5 CDU
0.25 CDU | 21U+ 025 CDU | 11U 4 0.25 CDU | 0.51IU 4+ 0.25 CDU | 0.1 IU + 0.25 CDU
0.125 CDU | 2 IU + 0.125 CDU | 1 IU + 0.125 CDU | 0.5 IU + 0.125 CDU | 0.1 IU + 0.125 CDU

Table A.1: Tested enzyme combinations and concentrations on microgels
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Gelatin

1%MA GelMA

Jae A J Degree of
Methacrylation
5%MA GelMA (DM)
AJ‘_/J 1%MA GelMA %55.8
5%MA GelMA %80
20%MA GelMA %77.7
20%MA GelMA eV Re °

m&
t

a0
1 (ppm)

Figure A.1: NMR spectra of Gelatin and GelMA synthesized with 1%, 5% and
20%MA and corresponding DM values.

A GelMA:Collagen(8.75:1.25) B GelMA:Collagen(7.5:2.5)

Figure A.2: SEM  images of GelMA:Collagen(8.75:1.25)(A) and
GelMA:Collagen(7.5:2.5)(B). Scale bars 5um.
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Production Swelled

Figure A.3: Microgels right after production, dry and swelled. Scale bars 500 pym
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