POLITECNICO T
MILANO 1863 ETH:zurich

SCUOLA DI INGEGNERIA INDUSTRIALE
E DELLINFORMAZIONE

Flow of dynamic hydrogels through
a microfluidic chip & their biological
functionalization

TESI DI LAUREA MAGISTRALE IN
BIOMEDICAL ENGINEERING
INGEGNERIA BIOMEDICA

Author: Miriam Hammori

Student ID: 226726-10660376

Advisor: Prof. Dr. Alfonso Gautieri and Prof. Dr. Mark Tibbitt
Co-advisor: Lucien Cousin and Dr. Céline Labouesse
Academic Year: 2023-24



N\ VW x

SN 177517777
N ////N//////,,,E,:,_{_f s
AR Lpitlye7
NN W b0
SOOI Wit
SN NN N 1064777147
S NN 1 0077727
R N @@ﬂxxx&ﬂﬁ# Wi 1111777
e N //..../N,,/,,,,,////....f Q&\\\\\\Yn\\t
— N @77
TSI £ =
—_——— TS ===
o =
=T, NN
B S e A 1 DR
e e TR
e L NS
SIS RN

e S Sy Yy U NI

,,.
TISERANNRANG



Abstract

Dynamic covalent hydrogels are emerging as promising materials for tissue
engineering, regenerative medicine, and injectable biomaterials due to their unique
mechanical properties and versatility. These hydrogels can undergo reversible
covalent bond formation, enabling precise tuning of their physical properties in
response to external stimuli. This dynamic behavior makes them ideal for applications
in drug delivery systems, cell scaffolds, and responsive wound healing materials.
Furthermore, their biocompatibility is crucial for supporting cell growth and function
without causing toxicity or immune rejection.

Despite their potential, challenges remain in understanding how these materials
respond to mechanical forces such as pressure, shear, and temperature. Hydrogels
transition between liquid-like and solid-like states depending on these external factors,
and their rheological behavior, especially shear-thinning properties and gelation
mechanisms, must be optimized for stability and functionality under physiological
conditions. This study investigates the mechanical and biological properties of
dynamic covalent hydrogels, focusing on their application in tissue engineering. Two
types of hydrogels, APBA-GL and PBA-GL, were tested under varying pressure
conditions. Results showed that lower concentrations (3.0-3.5 wt%) remained fluid-
like, while higher concentrations (4.5 wt% and above) exhibited solid-like behavior at
lower pressures. APBA-GL gels transitioned to a solid-like state at a lower critical
pressure compared to PBA-GL, suggesting a more robust network in APBA-GL gels.

Microfluidic analysis revealed shear-thinning behavior at lower pressures, confirming
that these hydrogels behave as viscoelastic materials. To better understand these
rheological properties, a MATLAB code was developed to track particles during the
microfluidic analysis and calculate their velocity, which helped establish the specific
hydrogel behavior under different conditions. Cytocompatibility tests showed that
fibroblast cells embedded in 3.5 wt% hydrogels had high viability (> 75%), and gelatin-
coated hydrogels enhanced cell attachment and spreading.

From a biological standpoint, the hydrogels were surface-functionalized with various
coatings, which demonstrated cytocompatibility with 3T3 cells, promoting favorable
cell interactions and tissue integration. These findings highlight the versatility of
dynamic covalent hydrogels, which can be tailored for applications in injectable
biomaterials, cell scaffolds, and drug delivery systems. Furthermore, by enhancing
surface modifications, this opens the door to their use for improved tissue integration
and the development of advanced biomaterials. As a future outlook, exploring the
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encapsulation of bioactive molecules or cells within these hydrogels could further
enhance their therapeutic potential and broaden their applications in regenerative
medicine and other biomedical fields.

Key-words: Dynamic Covalent Hydrogels, Microfluidic Characterization, Non-
Newtonian Fluids, Cytocompatibility, 3T3 Fibroblasts, Shear-Thinning Behavior,
Pressure-Sensitive Hydrogels, Drug Delivery Systems.
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Abstract in italiano

I gel di idrogel covalenti dinamici stanno emergendo come materiali promettenti per
l'ingegneria tissutale, la medicina rigenerativa e i biomateriali iniettabili grazie alle
loro uniche proprieta meccaniche e versatilita. Questi idrogel possono subire la
formazione di legami covalenti reversibili, consentendo una regolazione precisa delle
loro proprieta fisiche in risposta a stimoli esterni. Il loro comportamento dinamico li
rende ideali per applicazioni nei sistemi di rilascio di farmaci, nei supporti cellulari e
nei materiali reattivi per la guarigione delle ferite. Inoltre, la loro citocopatibilita
supporta la crescita e la funzione cellulare senza causare tossicita o rigetto
immunitario.

Nonostante il loro potenziale, rimangono delle sfide nella comprensione di come
questi materiali rispondano alle forze meccaniche come pressione, taglio e
temperatura. Gli idrogel alternano fasi tra allo stato liquido e allo stato solido a
seconda di questi fattori esterni, e il loro comportamento reologico, in particolare le
proprieta di shear-thinning e i meccanismi di gelificazione, devono essere ottimizzati
per garantire stabilita e funzionalita in condizioni fisiologiche. Questo studio indaga
le proprieta meccaniche e biologiche degli idrogel covalenti dinamici, concentrandosi
sulla loro applicazione nell'ingegneria tissutale. Sono stati testati due tipi di idrogel,
APBA-GL e PBA-GL, sotto diverse condizioni di pressione. I risultati hanno mostrato
che concentrazioni piu basse (3,0-3,5 wt%) rimanevano in uno stato simile al liquido,
mentre concentrazioni piu alte (4,5 wt% e superiori) mostravano un comportamento
simile al solido a pressioni piu basse. Gli idrogel APBA-GL sono passati a uno stato
simile al solido a una pressione critica inferiore rispetto ai PBA-GL, suggerendo una
rete piut robusta negli idrogel APBA-GL.

L'analisi microfluida ha rivelato un comportamento di shear-thinning a pressioni pit
basse, confermando che questi idrogel si comportano come materiali viscoelastici. Per
comprendere meglio queste proprieta reologiche, e stato sviluppato un codice
MATLAB in grado di tracciare le particelle durante I'analisi microfluida e calcolarne
la velocita, il che ha aiutato a stabilire il comportamento specifico degli idrogel in
diverse condizioni. I test di citocompatibilita hanno mostrato che le cellule
fibroblastiche in presenza di gel con concentrazione del 3,5 wt% avevano una alta
vitalita (> 75%), e la gelatina 1% ha migliorato l'attacco e la diffusione cellulare.

Dal punto di vista biologico, gli idrogel sono stati funzionalizzati in superficie con vari
rivestimenti, che hanno dimostrato citocompatibilita con le cellule 3T3, favorendo
interazioni cellulari e integrazione tissutale. Questi risultati evidenziano la versatilita
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degli idrogel covalenti dinamici, che possono essere adattati per applicazioni in
biomateriali iniettabili, supporti cellulari e sistemi di rilascio di farmaci. Inoltre,
migliorando le modifiche superficiali, si apre la possibilita di utilizzarli per una
migliore integrazione tissutale e lo sviluppo di biomateriali avanzati. Come
prospettiva futura, esplorare l'incapsulamento di molecole bioattive o cellule
all'interno di questi idrogel potrebbe migliorare ulteriormente il loro potenziale
terapeutico e ampliare le loro applicazioni in medicina rigenerativa e in altri campi
biomedici.

Parole chiave: Idrogeli Covalenti Dinamici, Caratterizzazione Microfluidica, Fluidi
Non-Newtoniani, Citocompatibilita, Fibroblasti 3T3, Comportamento di Shear-
Thinning, Idrogeli Sensibili alla Pressione, Sistemi di Rilascio di Farmaci.
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Introduction

Hydrogels are three-dimensional networks of hydrophilic polymers capable of
retaining significant amounts of water while maintaining a solid-like structure [1].
These materials [2]have found widespread applications across fields such as medicine,
tissue engineering, and drug delivery, largely due to their ability to mimic the
extracellular matrix and provide a biocompatible environment. Their high water
content, tunable mechanical properties, and capacity to encapsulate and release
biological agents make them particularly versatile for use in biological systems.

Dynamic hydrogels, a subset of these materials, take their functionality a step further
by incorporating reversible or transient bonds into their network structure. Unlike
traditional hydrogels, which rely on permanent covalent crosslinks that define a more
rigid and solid-like behaviour, dynamic hydrogels utilize dynamic covalent bonds or
reversible non-covalent interactions . This adaptability allows them to self-heal after
mechanical damage, re-establish their network after breakage and enables stress
dissipation through a continuous cycle of bond formation and breaking. These
properties are especially advantageous in applications where mechanical resilience,
adaptability, and a controlled response to external stimuli are required, such as drug
delivery systems, biosensors, and injectable biomaterials.

Among dynamic hydrogels, Dynamic Covalent Networks (DCvNs) are particularly
promising. They are formed through dynamic covalent crosslinking, where reversible
covalent bonds between polymer chains allow for constant restructuring of the
network [2]. This self-healing capacity distinguishes DCvNs from static hydrogels by
enabling them to flow and adapt under stress, making them useful in applications that
involve repetitive mechanical loading or deformation.

One critical application of these materials is in the realm of injectable biomaterials.
When used in scenarios such as cell delivery or tissue repair, hydrogels must be able
to withstand shear stresses encountered during injection through narrow needles or
microfluidic systems without losing their structural integrity. Understanding the
behavior of these materials under shear stress is crucial for ensuring they maintain
their functionality during such procedures. Additionally, studying their response to
shear stress helps in gaining a fundamental understanding of the balance between
their solid-like and fluid-like properties, which is essential for optimizing their
performance in real-world applications.

Moreover, in some applications, these materials already have cells embedded within
them before injection. It is, therefore, critical to understand the stresses and strains that
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the cells will experience in the fluid during the injection process to ensure their
viability. This requires a comprehensive understanding of how these materials
respond to shear stress, not only to preserve their structural integrity but also to
support the survival and functionality of the encapsulated cells.

The specific type of dynamic hydrogel investigated in this study utilizes boronic ester-
based crosslinkers [3], which enable reversible binding and self-healing. These
hydrogels are formed through interactions between boronic acids and diols, allowing
the network to continuously restructure, offering both flexibility and resilience. The
dynamic nature of the bonds ensures adaptability to various environmental
conditions, such as changes in pH and temperature, making the material suitable for
diverse biological settings.

The mechanical behavior of these dynamic hydrogels, particularly their viscoelastic
properties, is of significant interest because it bridges the gap between solid-like
behavior (elasticity) and liquid-like behavior (viscosity) [4]. These materials can be
modeled as an ideal Maxwell material, combining the characteristics of a Hookean
solid and a Newtonian liquid. Their response to deformation is dependent on the
timescale: at shorter timescales, their elastic properties dominate, while at longer
timescales, their liquid-like behavior becomes more pronounced. High frequencies are
simply one instance of short timescales where their elasticity prevails.

Beyond their mechanical properties, this study also aims to explore the potential
bioapplications of dynamic hydrogels. Specifically, cytocompatibility tests were
conducted to assess the material’s suitability as a biomaterial. These tests are critical
for understanding the interactions between the hydrogel and biological systems. Such
evaluations are essential because, for any biomedical application, particularly in tissue
engineering or injectable systems, the material must not only meet mechanical
requirements but also provide a safe, biocompatible, and supportive environment for
cells. These tests ensure that the material is suitable for bioapplications, such as cell
encapsulation, tissue repair, or controlled drug delivery [5], [6].

Despite their promise, challenges remain in fully understanding and optimizing the
mechanical performance of dynamic hydrogels, particularly under shear stress. This
study aims to address this gap by providing a detailed quantitative analysis of the
viscoelastic behavior of these materials, using microfluidic systems to assess their
performance under conditions mimicking real-world applications [7], [8].

Specifically, the study focuses on analyzing the flow behavior of dynamic hydrogels
under shear stress to understand how their viscoelastic properties enable them to
adapt and remain functional. Furthermore, the investigation will extend to assessing
the effects of mechanical stresses on the viability of embedded cells, offering insights
into optimizing the material’s properties to ensure both structural integrity and
biocompatibility. The findings will not only deepen our understanding of these
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materials but also inform the design and development of more effective dynamic
hydrogels for use in biomedicine, where mechanical adaptability and resilience are
essential [9].
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1 State of the Art

1.1. Definition and significance of dynamic hydrogels

Dynamic covalent networks (DCvNs) represent a sophisticated class of polymer
materials distinguished by their ability to undergo reversible covalent bond formation
and breakage. Unlike traditional covalent networks, which remain permanently fixed
after formation, DCvNs are engineered with covalent bonds that can dynamically
exchange on experimentally relevant time scales [10], [11].

The reversible bonding in DCvNs enables several remarkable properties that are
unattainable in static covalent networks. These materials exhibit self-
healing capabilities, where damage caused by mechanical stress can be autonomously
repaired as the network re-establishes its dynamic covalent bonds (Capelot et al.,
2012). This self-repairing mechanism is particularly valuable in extending the lifespan
of materials subjected to repeated stress. Additionally, DCvNs offer recyclability, as
the dynamic bonds allow the material to be reshaped, reprocessed, and reused without
significant loss of mechanical properties, thus contributing to sustainable material
development [12], [13].

Another key feature of DCvNss is their ability to transition between liquid-like to solid-
like. This behavior arises from the reversible nature of the covalent bonds. When
subjected to mechanical deformation, DCvNs can dissipate stress by allowing the
network to rearrange, enabling material flow without permanent structural damage.
This sets them apart from traditional permanently cross-linked materials, which are
rigid and prone to mechanical failure under high stress due to their inability to adapt
at the molecular level [10].

The adaptive flexibility and stress relaxation capabilities of DCvNs make them ideal
candidates for a wide range of applications. For example, they are used in recyclable
materials where the network’s reversibility ensures reusability without significant
performance degradation [14]. In self-healing systems, DCvNs are integrated into
coatings, adhesives, and structural components, allowing them to autonomously
recover from damage [15]. Additionally, DCvNs serve as the foundation
for responsive hydrogels, where external stimuli such as temperature or pH trigger a
reversible change in the material's mechanical or chemical properties, leading to
applications in drug delivery systems, tissue engineering, and smart sensors [16].
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DCvNs hold immense potential in the development of next-generation functional
materials due to their unique combination of self-healing, recyclability, and
adaptability to environmental stimuli. Their dynamic nature allows for unprecedented
control over material properties, paving the way for innovative solutions across
various industries, from biomedical devices to sustainable engineering [2].

However, despite their remarkable potential, dynamic covalent networks (DCvNs)
face notable limitations that must be addressed to enable their broader industrial
application. One key challenge lies in the cost and availability of the specialized
monomers and crosslinkers required for their synthesis, which are often expensive and
not readily available at industrial scales [17]. This can make the development and
large-scale implementation of DCvNs economically unfeasible for many sectors.
Additionally, the dynamic nature of the covalent bonds, while beneficial for
adaptability, can limit the range of mechanical properties achievable. For instance,
DCvNs may struggle to provide the same level of strength and rigidity as traditional
covalent networks, potentially restricting their use in applications demanding extreme
mechanical performance [18].

Another limitation is the scalability of production. Current manufacturing methods
for DCvNSs are often complex and tailored to laboratory settings, making it challenging
to adapt them to existing industrial manufacturing workflows. Moreover, the stability
of these materials under diverse operational conditions remains a concern. While some
DCvNs are designed to be dynamic under ambient conditions, others require precise
environmental stimuli (e.g., pH, light, or temperature), which may limit their
practicality in uncontrolled or harsh environments [12], [19].

Finally, regulatory and environmental considerations present additional obstacles. For
biomedical applications, for example, the biocompatibility and biodegradability of
DCvNs must be rigorously evaluated, potentially adding time and cost to their
development pipeline [15]. Similarly, concerns about the environmental impact of
their synthesis and degradation products may restrict their use in sustainable
engineering applications.

Addressing these challenges will require innovations in material design, cost-effective
synthesis methods, and improved understanding of their performance in real-world
conditions. As research in DCvNs progresses, collaboration between academia and
industry will be critical to overcoming these barriers and unlocking their full potential.
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Hydrogels are three-dimensional polymeric networks known for their remarkable
ability to absorb and retain significant amounts of water while preserving their
structural integrity [20]. This unique property, combined with their versatility and
biocompatibility, makes hydrogels highly suitable for a wide range of biomedical
applications, including drug delivery, tissue engineering, wound healing, and
biosensing [21]. Among the various hydrogels, those based on poly(ethylene glycol)
(PEG) stand out due to their customizable mechanical properties, chemical
adaptability, and excellent biocompatibility, which allow for fine-tuning to meet
specific application needs [22].

In this study, poly(ethylene glycol) (PEG)-based hydrogels are functionalized with
specific ~chemical groups—ortho-aminomethylphenylboronic acid (APBA),
gluconolactone (GL), and phenylboronic acid (PBA)—to impart responsiveness to
environmental changes such as pH, the presence of diols (e.g., glucose or fructose),
and controlled degradation over time [23]. This functionalization has been reported to
enhance the hydrogel’s potential for biomedical use, enabling a dynamic system
capable of adjusting its properties in response to external stimuli [22], thereby
expanding its suitability for applications requiring smart materials [22].

To construct these hydrogels, four-arm star PEG precursors are utilized because they
have been shown to form nearly ideal network structures [24]. The network is created
through boronic ester—also referred to as “boronic aster” —chemistry [25].
Specifically, two different four-arm stars are employed: one bearing boronic acid
functionalities and the other bearing diol functionalities. Upon mixing, the boronic
acid moieties react with the diols to generate reversible boronic ester bonds, leading to
a crosslinked network [26]. This approach allows for fine-tuning of the hydrogel’s
mechanical characteristics and stimuli-responsive behavior [27], showcasing the
versatility of boronic ester-based PEG hydrogels in various biomedical and
biotechnological contexts.
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Figure 1: Schematic representation of the hydrogel network formed by four-arm PEG
precursors, functionalized respectively with phenylboronic acid (PBA, in blue) and
gluconolactone (GL, in red). Reversible PBA-GL interactions serve as crosslinking
points, giving rise to a stable three-dimensional matrix with potential stimuli-
responsive properties adapted from [28].

1.1.1.1. PEG APBA: Chemical structure and

PEG-APBA is a functionalized polyethylene glycol (PEG) derivative that incorporates
ortho aminomethylphenylboronic acid (APBA). The APBA moiety is derived from
phenylboronic acid (PBA), featuring an amine group (-NH,) positioned ortho to the
boronic acid group (-B(OH),) on the benzene ring. This unique arrangement allows the
boronic acid to engage in reversible covalent bonding with diols, such as glucose and
other saccharides, leading to the formation of a pH-sensitive and reversible hydrogel
network. The ability of PEG-APBA to dynamically respond to environmental stimuli
makes it particularly valuable for creating "smart" hydrogels, which can be utilized in
various biomedical applications, including drug delivery systems and biosensors [29].

The chemical architecture of PEG-APBA is based on a 4-arm PEG macromer, where
each terminal functional group is covalently linked to an APBA group. This design
enhances the hydrogel's mechanical properties and responsiveness, allowing for
tailored interactions with biological molecules [30]. The general structure of APBA is:
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Figure 2: PEG APBA chemical structure.

It contributes significantly to the functionality of the resulting hydrogels, providing
the necessary properties for applications in controlled drug release and targeted
delivery. The boronic acid moiety can interact with 1,2- or 1,3-diols to form boronated
ester bonds, which are crucial for the gelation process.

One of the main features of boronic acids is their ability to form reversible covalent
bonds with diol-containing molecules. The reaction proceeds as follows:

OH HO
/

Ry 0O
R-B\ I R—B: I + 2H,0
OH HO” "R, O

Figure 3: Formation reaction for PEG APBA-GL[31].

The R-B(OH): represents the boronic acid group of PEG APBA, while R’—(OH):refers
to the diol-containing molecule. The product, R-B(OH)-O-R’, is the boronate ester,
where the boron atom forms a covalent bond with the oxygen atom from one of the
hydroxyl groups of the diol molecule.The equilibrium of this reaction is sensitive to
the pH of the environment. At higher pH values (typically above 8.0), boronic acids
tavor the formation of boronate esters, which stabilize the hydrogel structure. This pH
dependency is exploited to form and degrade hydrogels in a controlled manner,
allowing the hydrogel to respond to specific biochemical stimuli such as changes in
glucose concentration.

1.1.1.2. PEG GL: Chemical structure and functionalization

Gluconolactone (GL) is a cyclic ester derived from D-gluconic acid, frequently utilized
as a crosslinker in hydrogel formulations due to its mild reactivity and favourable
degradation properties. The chemical structure of GL is represented by the
formula CsH10O¢. One of the key advantages of GL is its ability to hydrolyse into



| State of the Art 10

gluconic acid under physiological conditions, which renders it an excellent candidate
for crafting hydrogels with controlled degradation rates [32].

The degradability of GL-based hydrogels is particularly significant in biomedical
applications, especially in drug delivery systems where the gradual release of
therapeutic agents is essential. By manipulating the concentration of GL in the
hydrogel network, researchers can tailor the degradation rate to match the desired
release profile of the drug [33]. This controlled degradation capability allows for the
design of hydrogels that not only serve as effective delivery vehicles but also ensure
that the hydrogel material dissolves after fulfilling its intended purpose, minimizing
the risk of long-term foreign body response.

1.1.1.3. PEG PBA: Chemical structure and functionalization

Phenylboronic acid (PBA) is a boronic acid derivative that exhibits unique properties,
particularly in forming reversible covalent bonds with diols, making it a key
component in the development of pH-sensitive hydrogels. The chemical structure of
PBA features a boronic acid group that can effectively interact with hydroxyl groups
found in sugars and other diol-containing compounds, resulting in the formation
of boronated ester bonds.

g\NH

_.OH
B

OH

Figure 4: PEG PBA chemical structure.

1.2. Hydrogel mechanical behavior

The mechanical behaviur of dynamic covalent hydrogels is characterized by their
ability to adapt and respond to external stimuli due to the reversible nature of the
covalent bonds within their network structure (Figure 5). Unlike traditional hydrogels,
these materials exhibit stress relaxation, self-healing, and enhanced toughness,
resulting from the dynamic bond exchange processes that occur under varying
conditions, such as changes in temperature, pH, or light. This responsiveness allows
dynamic covalent hydrogels to maintain structural integrity while being highly
adaptable, making them ideal for applications where mechanical resilience and
environmental adaptability are crucial. Their ability to undergo controlled
deformation and recover from mechanical damage further underscores their potential
in advanced biomedical and engineering applications.
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1.2.1. Newtonian and non-Newtonian fluids

Both Newtonian and non-Newtonian fluids are classified based on how their shear
stress T responds to changes in the shear rate y, which describes the rate at which
adjacent layers of fluid move relative to each other. In Newtonian fluids, the
relationship between shear stress and shear rate is given by the simple, linear law of
viscosity:

T=ny (D

Where 7 is the constant viscosity [34]. This means that no matter how fast or slow the
fluid is sheared, its resistance to flow (i.e., viscosity) remains unchanged. Common
examples of Newtonian fluids include water, air, and many low-molecular-weight
oils, which exhibit nearly perfect linearity under typical conditions.

In contrast, non-Newtonian fluids deviate from this linear relationship. While it is still
possible to write a more general form:

=)y (2)

the viscosity is no longer a constant but depends on the shear rate (and in some cases,
may also depend on time under constant shear). As a result, the stress—strain
relationship is nonlinear [34]. This non-Newtonian behavior can arise for a variety of
reasons, often tied to the internal microstructure and interactions within the fluid. For
instance, solutions containing long-chain polymers, suspensions of solid particles, or
micelles can exhibit rearrangements under shear that change the fluid’ s resistance to
flow.

One such model for non-Newtonian behaviour is the Maxwell fluid equation:

d/dt(y) = t/n - (1/G) * d/dt(r) (3)

where G denotes the shear modulus. The figure 5 shows an illustration from which the
equation is derived.



| State of the Art 12

'® /BB —0

Figure 5: Schematic representation of the Maxwell fluid model, illustrating the series
combination of a dashpot (viscous element) and a spring (elastic element). Adapted
from [33].

Figure 5 visually represents the combination of a spring and a dashpotin series.
The spring represents the elastic component (where stress is proportional to strain),
and the dashpot represents the viscous component (where stress is proportional to the
strain rate). The total deformation is the sum of the deformations in both elements,
which is reflected in the equation as the combination of elastic and viscous terms. This
model helps to explain how certain viscoelastic fluids behave, balancing immediate
elastic deformation with gradual viscous flow.

Non-Newtonian fluids can be divided into several categories based on their response
to shear stress, encompassing shear-thinning and shear-thickening behaviors, as well
as viscoelasticity and time-dependent viscosity [34]. Shear-thinning fluids, also known
as pseudoplastic fluids, exhibit a decrease in viscosity with increasing shear rate [25].

By contrast, shear-thickening fluids (or dilatant fluids) show the opposite trend: their
viscosity rises as the shear rate increases, producing a more plug-like flow under stress
[35]. A prominent example is the cornstarch-water mixture, which stiffens
considerably when subjected to sudden or high shear [22].

In addition, viscoelastic fluids combine viscous and elastic characteristics, allowing
partial recovery or continued deformation under applied stress[36]. Finally, time-
dependent fluids undergo changes in viscosity over time even under a constant shear
rate, introducing an additional layer of complexity to their flow behavior [37]. These
distinctions underscore the diverse nature of non-Newtonian fluids and highlight their
importance in a range of industrial and biomedical applications [38].
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Figure 6: Schematic representation of how fluids can be categorized based on their
shear-dependent viscosity. Newtonian fluids exhibit a constant viscosity regardless
of shear rate, whereas shear-thinning (pseudoplastic) fluids show decreasing
viscosity with increasing shear rate, and shear-thickening (dilatant) fluids exhibit
rising viscosity at higher shear rates. Adapted from [39].

1.2.2. Shear Thinning fluids

Shear-thinning materials exhibit a remarkable phenomenon wherein the application
of shear rate induces a reduction in viscosity. In extreme cases, these materials can
initially present as highly stable and thick, with properties akin to those of a solid.
However, upon the application of shear, they transform into a fluid. The underlying
mechanisms of shear-thinning behaviour remain an active area of research, with
prevailing theories suggesting that structural changes within the material facilitate the
accommodation of shear stress. For polymers, this may involve the disentanglement
of polymer chains, allowing for easier flow under applied stress. A commonplace
example of shear-thinning behaviour can be observed in substances like ketchup or
toothpaste, which remain solid-like at rest but become significantly more fluid when
subjected to external pressure, such as when squeezed from a container [40], [41], [42].

1.2.3. Shear Thickening fluids

Shear-thickening fluids are introduced as materials whose viscosity increases when
subjected to higher shear rates, exemplified by the cornstarch-water mixture. To better
illustrate how shear-thickening and shear-thinning behaviors compare to the classical
Newtonian response in laminar flow, Figure 7 contrasts the velocity profiles of three
fluid types (shear-thinning, Newtonian, and shear-thickening) flowing through a
straight channel.
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On the x-axis, the velocity is normalized by the maximum flow velocity (V/Vmax),
while the y-axis represents the normalized distance from the channel centerline.

For Newtonian fluids, the velocity profile follows the well-known parabolic shape,
indicating a constant viscosity. In contrast, shear-thinning fluids (blue curve) flatten
out toward the center of the channel, reflecting a lower viscosity at higher shear
rates. Shear-thickening fluids (green curve) exhibit the opposite tendency, producing
a narrower velocity profile near the center as their viscosity rises with increasing shear
rate, yielding a more “plug-like” flow.

By highlighting these differences, Figure 7 underscores how rheological properties can
significantly alter flow characteristics under laminar conditions. Such distinctions
become especially relevant in engineering processes and applications where
controlling fluid behavior is paramount.

Shear Thinning
—— Newtonian
Shear Thickening

y/H

ViV

Figure 7: Comparison of velocity profiles for shear-thinning, Newtonian, and shear-
thickening fluids in a straight channel under laminar flow. The horizontal axis
indicates the normalized velocity (V/Vmax), and the vertical axis represents the
normalized channel height. Adapted from [34].

1.2.4. Rheological Behaviour of Dynamic Hydrogels

Rheology is the study of the flow and deformation of materials under applied stress.
It is the best tool to quantify and characterize viscoelastic materials, which combine
both elastic (solid-like) and viscous (liquid-like) behaviours. By studying how these
materials respond to mechanical forces, rheology allows us to uncover key properties
such as elasticity, viscosity, relaxation times, and their response under dynamic
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conditions. Rheological tests like oscillatory shear rheometry are particularly powerful
as they help characterize viscoelastic properties over a range of frequencies, strains,
and stresses. Through these tests, we can measure parameters such as the storage
modulus (G’), representing the material's elasticbehaviour, and the loss modulus (G”),
representing its viscous behaviour. The evolution of these parameters with frequency
is critical to understanding the mechanical behaviour of viscoelastic networks [43].

Rheology is an ideal experimental technique to probe the behavior of dynamic
covalent networks (DCvNs), such as boronic ester-based hydrogels, due to their ability
to transition between elastic and viscous behaviors.These materials are characterized
by the thermodynamics and kinetics of bond rearrangements within the network,
which dictate their stress relaxation and flow properties. Relevant rheological
quantities include the storage modulus (G’), loss modulus (G”), relaxation time (t&, the
timescale of stress relaxation), and the plateau modulus (Gp, a measure of elasticity
within the network). These quantities provide insights into how such materials
respond to varying conditions, making rheology essential for tailoring their properties
for specific applications [44].

A frequency sweep is a particularly useful rheological test where the oscillation
frequency (w) is varied, allowing us to observe how G” and G” evolve across different
timescales. At low frequencies, viscous behaviour dominates as G” exceeds G,
indicating that the material behaves more like a liquid. At higher frequencies, elastic
behaviour dominates, as G’ surpasses G”, showing that the material behaves more like
a solid. The crossover point between G” and G” provides the characteristic relaxation
time of the material (Figure 8). For boronic ester-based hydrogels, this frequency
dependence is also influenced by pH, as pH alters the bond dissociation and formation
rates, leading to changes in the relaxation time and modulus values. Thus, frequency
sweeps under varying pH conditions provide a comprehensive picture of how these
hydrogels can be tuned for different uses.

The study by [28] provides a detailed analysis of these behaviours, emphasizing how
the dynamics of bond rearrangements in boronic ester-based hydrogels influence their
viscoelastic properties. They demonstrated how pH conditions can significantly alter
the relaxation time and mechanical performance of these hydrogels, showcasing the
versatility of dynamic covalent networks in biomedical applications.

The figure below illustrates a frequency sweep for a dynamic covalent hydrogel under
different pH conditions, showcasing the evolution of G’ (elastic modulus) and G”
(viscous modulus) with angular frequency (w). At lower frequencies, G” dominates,
indicating a viscous response, while at higher frequencies, G’ becomes dominant,
reflecting an elastic response. The crossover point of G" and G” identifies the material’s
relaxation time (tr), which is shifted depending on the pH conditions. This highlights
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how the reversible dynamics of the hydrogel network can be fine-tuned through
environmental parameters like pH, thereby affecting its mechanical properties.
Understanding how to read such a plot is crucial: the regions where G’ and G”
dominate correspond to solid-like and liquid-like behaviours, respectively, and the
crossover frequency indicates the timescale at which the material transitions between
these states.
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Figure 8: Frequency sweep of a boronic ester-based dynamic hydrogel showing the
storage modulus (G’) and loss modulus (G”) as a function of angular frequency (w).
The crossover point indicates the relaxation time (tr). The data highlights the
dynamic nature of the hydrogel network and its ability to transition between elastic
and viscous behaviour [28].

1.2.5. Shear-Thinning and Self-Healing Gels

Shear-thinning and self-healing behaviours are crucial properties of dynamic
hydrogels, particularly in biomedical fields such as drug delivery, tissue scaffolding,
and wound healing. Shear-thinning refers to the ability of the material to decrease its
viscosity under applied stress, which is especially important for applications like
injectables, where the gel must flow easily through a syringe but retain structural
integrity once inside the body. Numerous studies have demonstrated this behaviour
in dynamic covalent gels. For example, hydrogels based on boronic ester or disulfide
[39] bonds exhibit robust shear-thinning properties due to the reversible disruption of
network cross-links under mechanical stress. The dynamic nature of these cross-links
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also facilitates self-healing, as they can reform after being broken, allowing the
material to regain its structure post-deformation.

The kinetics of bond formation and dissociation play a pivotal role in the efficiency of
both shear-thinning and self-healing. For example, the work by [39] on disulfide-based
hydrogels showed that the rate of bond exchange is crucial for determining the rate of
structural recovery after shear. Similarly, [8] studied catechol-containing hydrogels
that exhibit fast self-healing behaviour due to the rapid formation of dynamic covalent
bonds under mild conditions. These studies indicate that by modulating the chemistry
of the cross-links, particularly the dynamics of bond formation, it is possible to
engineer hydrogels with highly tunable mechanical properties tailored for specific
applications.

Figure 9 illustrates the shear-thinning behavior of dynamic covalent hydrogels by
plotting viscosity as a function of shear rate. The data reveals that as the shear rate
increases, the viscosity of the hydrogel decreases significantly, confirming its shear-
thinning properties. This behavior is critical for biomedical applications requiring
injectability.
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Figure 9: Shear-thinning behavior of dynamic covalent hydrogels: Viscosity (Pa*s) as a
function of shear rate (1/s) for two formulations, G5 and G10. The data showed a
decrease in viscosity with increasing shear rate, suggesting shear-thinning
properties. Adapted from [45].
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Figure 10: Stimuli-Responsive Shape Memory Behavior of Hydrogels.
The figure illustrates the reversible shape memory behavior of hydrogels triggered
by external stimuli, such as pH changes[46] (H* and OH") and the presence of sugar
molecules. The top sequence demonstrates the shape fixation and recovery process
under acidic and basic conditions, while the bottom sequence depicts shape recovery
induced by sugar. The chemical structures and interactions contributing to the
hydrogel's responsiveness, including ionic crosslinking with Ca?*, are depicted
below. Adapted from [9].

1.2.6. Significance of Rheology in Hydrogel Flow and Applications

The rheological properties , which refer to their ability to flow, deform, and recover
under applied stressesof hydrogels are critical to their performance in various
applications, particularly those involving fluid flow, deformation, or mechanical
support. In drug delivery systems, for example, the flow properties of hydrogels need
to be carefully controlled to ensure the proper release of therapeutic agents. Hydrogels
that exhibit shear-thinning behaviour can easily be injected into the body but will
maintain their integrity at the target site due to their rapid recovery of structure once
shear forces are removed, if they are self-healing. Rheological measurements, such as
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those obtained through oscillatory shear rheometry, provide insights into how
hydrogels respond under different mechanical stresses and flow conditions.

Moreover, the plateau modulus (Gp) of hydrogels, which represents the material's
stiffness and is a measure of its ability to resist deformation in its rubbery plateau
region, can be tailored by adjusting factors such as polymer concentration, cross-link
density, and environmental conditions like pH or temperature. A higher plateau
modulus indicates a stiffer hydrogel, which is critical for applications requiring
mechanical support or structural integrity. As [28] demonstrated, adjusting these
parameters in dynamic hydrogels allows for fine-tuning of their mechanical properties
to meet specific application requirements [28], [24].

Rheology also plays a pivotal role in characterizing the self-healing ability of hydrogels
by quantifying how quickly the material recovers its original structure after being
subjected to deformation. Flow curves, which plot the relationship between shear
stress and shear rate, provide insight into the viscosity of the material under different
conditions, revealing whether the hydrogel exhibits behaviors such as shear-thinning
or thickening. These properties are crucial for applications where ease of application
(e.g., injectability) and stability (e.g., maintaining shape at the target site) are required.

Similarly, oscillatory frequency sweeps, which measure the storage modulus (elastic
behavior) and loss modulus (viscous behavior) as a function of frequency, are essential
for understanding the viscoelastic properties of hydrogels. This technique helps
determine whether the material behaves more like a solid or a liquid under various
conditions, which is key for predicting performance in dynamic environments, such
as during movement or mechanical stress [22].

Rheological data, including flow curves and oscillatory frequency sweeps, are thus
indispensable for predicting how these materials will behave under practical use
conditions. This data supports their potential for shear-thinning and self-healing
applications in cutting-edge fields such as soft robotics, wound healing, and tissue
regeneration, where precise mechanical and flow characteristics are critical for success.

1.3. Microfluidics in Hydrogel Research

Fluid flow at the microscale exhibits distinctive phenomena, where certain effects
become more pronounced and influential compared to the macroscale. These effects
include laminar flow, diffusion, fluidic resistance, surface area to volume ratio, and
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surface tension, each of which plays a crucial role in determining the material
properties. To explore these phenomena, a diverse array of methods and experimental
setups has been developed, gaining attention in both academic research and industrial
applications. In this project, the advanced scientific tools and techniques established
in the field of microfluidics are employed to study viscous dynamic covalent networks
(DCvNs). By leveraging microfluidic approaches, we aim to replicate and analyse
microscale phenomena, providing deeper insights into the material behaviours and
properties of DCvNs under controlled conditions.

1.3.1. Microfluidic Principles

To quantify and analyse the phenomena occurring within microfluidic chips, several
key physical principles must be understood and applied. One such principle is the
Reynolds number, a dimensionless quantity that determines whether fluid flow is
laminar or turbulent. The Reynolds number is given by [47]:

__ pvDh
U

(4)

Re

where p is the fluid density, v is the characteristic velocity, Dh is the hydraulic
diameter, and p is the fluid viscosity. Laminar flow is typically observed for Reynolds
numbers below 1. Different critical Reynolds numbers apply depending on the
channel geometry.

Laminar flow, characterized by particles in the fluid moving along distinct, non-
intersecting paths, is expected in microchannels due to their small width, which
inhibits the formation of eddies and thus prevents turbulent flow. Diffusion, driven by
Brownian motion, also plays a significant role at the microscale. It involves particles
moving from regions of high concentration to low concentration, aiming to achieve
equilibrium. This process can be modelled by the equation [47]:

d?a D -t (5)

where d is the distance travelled by the particles, D is the diffusion constant, and t is
time. The impact of diffusion becomes increasingly significant as the scale decreases,
with the distance squared being proportional to time (x> « t). For instance, using a
typical diffusion constant for small molecules in water (D=10°m?/s), the distance
traveled by diffusion in 1 second is on the order of 10~ (or 10 microns) [48]. Since the
diffusion coefficient depends inversely on the radius of the particles (D o 1/r), it will



| State of the Art 22

be much lower for larger particles, such as the tracing beads used in flow experiments.
This distinction is important because while small molecules diffuse distances
comparable to the channel width in just a few seconds, larger tracer particles diffuse
significantly slower. This ensures that the tracer particles primarily track the flow
rather than diffusing randomly, maintaining their utility for flow visualization.This
highlights how diffusion plays a crucial role in the behaviour of particles within
microchannels (microns).

Another critical factor is fluidic resistance, which becomes particularly important at
the micron scale. The flow rate Q is related to the pressure drop AP across the channel
and the channel resistance R by the equation [47]:

Q= — (6)

The resistance depends on the channel geometry and fluid viscosity, with specific
formulas applicable for different shapes, such as circular tubes and rectangular
channels. For instance, an increase in fluid viscosity results in a higher resistance (R),
and similarly, a decrease in channel width also leads to an increase in R. These
relationships emphasize how both the properties of the fluid and the geometry of the
channel critically influence the overall resistance.

1.3.2. Microfluidics set up

Microfluidic systems rely on a range of intricately designed components to enable
precise manipulation and control of fluids at the microscale, making them
indispensable in various scientific and industrial applications. One of the foundational
elements of these systems is the microfluidic chip, which can be manufactured using
several techniques such as soft lithography, injection molding, and laser ablation.
Laser ablation, in particular, stands out due to its cost-effectiveness and ability to
produce highly precise channels on a micro scale by using a laser to etch patterns into
the chip material. This process allows for scalable production with minimal
equipment.

In microfluidic systems, the challenge of fluid dynamics often revolves around
maintaining separation rather than promoting mixing. Given the small dimensions of
microchannels, laminar flow predominates, which typically results in minimal mixing
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as diffusion plays the primary role. In our context, where we intentionally seek to
prevent the mixing of fluids, several strategies can be adapted to exploit this
phenomenon.

To achieve controlled fluid behaviour, the design of microfluidic channels can be
tailored to enhance fluid segregation. This can involve elongating channels to increase
residence time without inducing turbulence, thus preserving the distinct layers of
different fluids. Furthermore, the use of specialized channel geometries can take
advantage of inertial effects or the Coanda effect, which can enhance the separation
between fluids, ensuring that they flow side by side rather than mixing.

The choice of design often depends on the specific application and the
physicochemical properties of the fluids involved. By implementing these strategies,
microfluidic systems can achieve precise control over fluid behavior, enabling
applications such as targeted drug delivery and diagnostic assays, where maintaining
the integrity of different fluid phases is crucial [49].
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Figure 11: Microfluidic mixers [50].

Microfluidic systems rely on precise integration of pumps, sensors, and control
mechanisms to manipulate fluids at the microscale, making them essential for
applications such as biosensing, drug delivery, and lab-on-chip devices. One of the
approaches for driving fluids through microchannels is the use of pressure pumps,
such as the OB1 MK4 Pressure Controller from Elveflow. Pressure controllers are often
highlighted for their ability to respond immediately to pressure changes within the
system, achieving response times in milliseconds [51]. However, it is important to note
that pressure pumps are just one option among several methods for moving fluids in
microfluidic systems. Other options include syringe pumps, which offer precise
control of flow rates and are particularly useful for steady-state experiments, and
peristaltic pumps, which are well-suited for recirculating fluids. Each method comes
with its own advantages and downsides: pressure pumps are ideal for applications
requiring rapid adjustments and stability, but they may not provide direct control over
flow rate; syringe pumps, in contrast, excel in maintaining consistent displacement but
are slower to respond to fluctuations. A thorough understanding of these options is
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essential for selecting the most suitable approach based on the specific requirements
of the experiment.

In addition to pumps, flow sensors and pressure sensors are critical for monitoring
and controlling fluid behavior within microfluidic systems. Flow sensors measure the
rate of fluid movement through microchannels, which is important in applications
such as drug screening and biochemical assays, where precise fluid delivery is
necessary. Pressure sensors continuously monitor the pressure inside the system,
ensuring that any deviations from set parameters are quickly corrected by adjusting
the pump’s output. Together, these sensors enable closed-loop control, which is crucial
for maintaining stable conditions in experiments where even small variations can lead
to significant changes in outcomes, such as in single-cell analysis, PCR, and organ-on-
chip models [52].

Microfluidic systems also benefit from optical sensors, especially in applications where
real-time visualization of fluid flow and chemical reactions is necessary. Fluorescence
microscopy is frequently integrated into microfluidic systems to track fluid dynamics
by adding fluorescent dyes or labeled microspheres to the fluid. These optical
techniques allow researchers to study mixing efficiency, flow patterns, and reaction
kinetics in high detail, which is vital for fields like biosensing, where rapid detection
of analytes is required [53], [54].

The combination of pressure-based pumps, sensors, and control systems makes
microfluidic platforms highly adaptable and precise, ensuring that they can be used
effectively for a wide range of applications. For example, in drug delivery systems,
maintaining accurate flow rates and pressures is essential to ensure that the correct
dosage is delivered. Similarly, in biosensing applications, precise fluid control ensures
that biosensors interact with analytes in a consistent and repeatable way, improving
detection sensitivity and specificity [55], [56].

It is important to note that flow rate and pressure are linked by the properties of the
fluid and cannot be controlled independently. For instance, in Newtonian fluids,
setting the pressure determines the shear stress and, in turn, the shear rate through the
law of viscosity. While both pressure and flow rate cannot be adjusted simultaneously,
knowing the behavior of the material allows us to determine one from the other.

Overall, the success of any microfluidic system depends on the careful integration of
each component—pumps, sensors, and control systems —into a coherent platform that
can adapt to changing conditions and ensure reproducibility in experiments.

Each component of a microfluidic system —whether it be the chip, mixers, pumps, or
sensors, must be meticulously designed and integrated to create a functional and
efficient system. The interplay between these components determines the overall
performance and suitability of the system for specific tasks, highlighting the
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importance of careful component selection and system design in the field of
microfluidics.

1.3.2.1. Comparison with Prior Configurations

When evaluating microfluidic setups, the Low EZ Fluigent and the Elve Flow systems
offer distinct capabilities that can significantly impact experimental outcomes. The
Low EZ Fluigent is designed to provide a maximum operating pressure of 1000 mbar,
making it suitable for a range of microfluidic applications where moderate pressure is
required.

The Elveflow system provides a straightforward setup and is user-friendly,
particularly in experiments that do not demand stringent pressure control. While its
ability to achieve higher pressures compared to older systems is a key advantage, the
system also offers the added benefit of integrating pressure or flow rate sensors
downstream, not just at the point where the pressure is applied. This makes it more
versatile for experiments requiring precise control and monitoring, such as those
involving highly viscous fluids or studies of materials like hydrogels that may exhibit
shear-thinning or shear-thickening behavior. The ability to adjust parameters
dynamically allows researchers to better manage the complex interactions within
microfluidic channels, which is particularly important when dealing with non-
Newtonian fluids.

Understanding the behavior of fluids in microfluidics is crucial, especially when
examining complex fluids like hydrogels. These materials often exhibit shear-thinning
behavior, where their viscosity decreases with increasing shear rate, allowing for
easier flow through microchannels. In contrast, some fluids may exhibit shear-
thickening behavior, where viscosity increases with shear rate, making them more
resistant to flow under stress. Newtonian fluids, on the other hand, maintain a
constant viscosity regardless of shear conditions. This knowledge of rheological
properties is vital for selecting the appropriate microfluidic system to accurately
characterize fluid behavior and interactions [57].
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Figure 12: Flow EZ Fluigent with a maximum operating pressure of 1000mbar adapted from
[58].

Figure 13: Elve Flow pressure pump with a OB1 controller.
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1.3.3. Use of Microfluidic Systems for Studying Hydrogel Flow

Microfluidic systems have emerged as a powerful tool for studying the flow dynamics
and properties of hydrogels, materials widely used in biomedical applications.
Hydrogels, composed of hydrophilic polymer networks that retain large quantities of
water, are particularly valued in areas like drug delivery, tissue engineering, and
biosensor design. The controlled microenvironment of microfluidic platforms makes
them ideal for mimicking physiological conditions, such as those found in biological
tissues, enabling precise analysis of hydrogel behavior under varying conditions.

In biosensing applications, hydrogels serve as the primary matrix for embedding
biomolecules or sensors, and their ability to interact with analytes can be finely studied
using microfluidic systems. For instance, hydrogels embedded in microchannels can
be functionalized with antibodies or enzymes, allowing for the detection of specific
biomarkers in real time. This is highly advantageous in point-of-care diagnostics,
where rapid and sensitive detection is required [59]. Microfluidic systems enhance the
sensitivity and response time of these hydrogel-based biosensors by enabling efficient
mixing and controlled exposure of the hydrogel to biological samples.

Injectable hydrogels also benefit from microfluidic research, especially in the context
of minimally invasive drug delivery systems and tissue scaffolding. By studying the
flow of injectable hydrogels through microfluidic channels, researchers can optimize
their composition and mechanical properties to ensure that they can be smoothly
administered via syringes while maintaining functionality at the target site. This is
critical for applications such as wound healing, where hydrogels act as scaffolds for
cell proliferation or as carriers for controlled drug release [60]. Microfluidic devices
enable fine-tuned control over the viscosity and shear-thinning behaviour of these
materials, which is crucial for their success as injectable therapies.

Moreover, the microfluidic environment allows for the observation of how hydrogels
react to various mechanical and chemical stimuli, such as changes in pH or
temperature. This is particularly important for hydrogels designed for "smart" drug
delivery, where the material must release its contents in response to specific
conditions. The ability to closely monitor these interactions within microfluidic
channels provides valuable insights into optimizing hydrogel formulations for real-
world applications [61].
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1.3.4. Understanding Hydrogels: Comparison between Microfluidic
Setups and Rheology

While rheology has provided valuable insights into the mechanical properties and
tlow behavior of hydrogels, microfluidic setups complement these measurements by
offering a comprehensive and nuanced understanding of their behavior at the
microscale. Preliminary experiments in a rheometer showed that the hydrogels exhibit
shear-thinning behavior up to a certain shear rate, which is expected for this class of
gels. Beyond this shear rate, their viscosity drops by several orders of magnitude,
leading to a solid-like extrusion from the instrument. This phenomenon appears to be
entirely novel and has not been reported in the literature. To further investigate this
behavior, we constructed a microfluidic setup that allows for imaging the gel flowing
through a channel. In this setup, we successfully reproduced the phenomenon
observed in the rheometer.

Rheological measurements are particularly valuable for assessing bulk mechanical
properties and flow behavior under controlled conditions, providing quantitative data
on parameters such as shear stress and shear rate. However, they often overlook
spatial heterogeneity and dynamic interactions within hydrogel networks. In contrast,
microfluidic systems excel at probing localized phenomena, offering precise control
over environmental conditions such as fluid velocity and enabling the direct
visualization of hydrogel behavior in real-time. These advantages allow microfluidics
to explore aspects of hydrogel behavior that are challenging to capture with traditional
rheometry, such as the diffusion of solutes, the kinetics of gel formation, and the
interaction of hydrogels with cells or other biomaterials under biologically relevant
conditions [62], [63].

Rather than viewing these techniques as competing methods, they are best seen as
complementary tools. Rheology provides a broad understanding of bulk material
properties, while microfluidics offers detailed insights at the microscale and under
complex conditions. Together, they provide a more holistic understanding of hydrogel
behavior, making it possible to investigate both bulk and localized phenomena that
are critical for applications such as drug delivery, tissue engineering, and regenerative
medicine [64]. By leveraging the strengths of both approaches, researchers can gain a
deeper and more comprehensive understanding of these versatile materials.

1.4. Hydrogels as Injectable Materials

Hydrogels have gained considerable attention in biomedical applications due to their
high water content, biocompatibility, and ability to mimic the natural extracellular
matrix. Traditional hydrogels, such as those formed through physical crosslinking or
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irreversible chemical reactions, have been widely utilized in drug delivery systems,
wound dressings, and tissue engineering scaffolds. However, these conventional
hydrogels often lack the ability to respond dynamically to environmental changes,

leading to limitations in their functionality and performance over time ([65], [27])
hydrogels: permanently crosslinked networks.

Among all types of drug delivery models, hydrogels have attracted a lot of attention
over the past decade, hydrogels have been exploited as drug depots to protect, store,
and release various therapeutics including gene therapies and drugs for tissue
regeneration [64], see Figure 14. Hydrogels are three-dimensional, cross-linked
hydrophilic networks that, upon exposure to water, swell but do not fall apart in the
short term [64]. Hydrogels can be formed into slabs, microparticles, nanoparticles,
coatings, and films, that are widely employed in clinical practice and experimental
medicine for a variety of applications such as biosensors, tissue engineering and
regenerative medicine, separation of biomolecules or cells, and barrier materials to
govern biological adhesions [66], [67].

Hydrogels offer protective capabilities for drug delivery, shielding drugs from hostile
environments such as enzyme-rich, low-pH conditions in the stomach. Their nano
porosity enables efficient drug loading within the gel matrix and allows for controlled
drug release at a predetermined rate. Additionally, hydrogels can adjust drug release
by modifying their structure in response to external stimuli, including pH [26],
temperature, ionic strength, and electric fields [60]. These adaptable, "smart" drug
delivery systems are promising vehicles for targeting medications to specific areas and
regulating release kinetics. Environmental cues—enzymatic, hydrolytic, or other—
often suffice to trigger hydrogel restructuring, allowing for drug release at the desired
location [29], [68].

However, challenges remain. A primary limitation is the hydrophilicity of hydrogel
polymers, which may be incompatible with the hydrophobic nature of many
therapeutic drugs, potentially compromising effective loading and release.
Additionally, the relatively low tensile strength of some hydrogels can lead to
premature drug release, both spatially and temporally. Issues such as weak
degradability and limited shape fidelity can further hinder consistent drug release
during therapy. Research is actively addressing these drawbacks, with innovations
aimed at enhancing hydrogel properties [28], [69], [70].

In some applications, permanently crosslinked hydrogels are employed, utilizing
various crosslinking chemistries to form stable structures. New approaches include
radical-based crosslinking initiated by light [71], [72], as well as temperature and pH-
sensitive crosslinking [73], [74]. These covalently crosslinked hydrogels exhibit solid-
like, viscoelastic properties due to the irreversibility of their crosslinks. Such scaffolds
often require surgical implantation or ingestion. Consequently, the field is also
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advancing techniques to develop injectable hydrogel scaffolds, enabling minimally
invasive drug delivery methods [75], [66], [76].
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Figure 14: This figure illustrates the diverse applications of hydrogels across various fields,
including drug and gene delivery, tissue engineering, regenerative medicine, biosensors,
contrast agents, and implants. Each segment highlights specific uses, such as scaffolds for

tissue engineering, glucose-responsive biosensors, and hydrogel-containing
chemotherapeutics, demonstrating the versatility of hydrogels in biomedical and industrial
contexts. Adapted from [4].

1.4.1.1. Dynamic Covalent Networks (DCvNs) & injectable properties

Dynamic Covalent Networks (DCvNs) represent a significant advancement in
hydrogel technology, offering exceptional potential as injectable materials for
biomedical applications. DCvNSs leverage reversible covalent bonds that allow these
hydrogels to respond dynamically to external stimuli, enabling them to adapt their
mechanical properties, swelling behavior, and degradation rates in real time. These
unique features make DCvNs particularly well-suited for injectable systems, where
their ability to form hydrogels in situ upon injection facilitates minimally invasive
procedures and precise material placement. For instance, in injectable drug delivery
systems, DCvNs can transition from a liquid to a gel state under physiological
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conditions, encapsulating therapeutic agents and releasing them in response to
environmental cues, such as pH changes or the presence of specific biomolecules [24].

This stimuli-responsive behavior is especially advantageous in applications like
tumor-targeted therapies, where DCvNs can release anticancer drugs in response to
the acidic microenvironment of tumors, ensuring localized treatment while
minimizing systemic side effects. Beyond controlled drug release, DCvNs' injectable
properties are highly valuable in wound healing, where bioactive molecules such as
growth factors can be incorporated and released in response to inflammatory signals,
promoting tissue repair directly at the injury site. The self-healing capabilities of
DCvNs also enhance their functionality in injectable wound dressings, maintaining
structural integrity post-injection and throughout the healing process [24].

In tissue engineering, injectable DCvINs serve as dynamic scaffolds that emulate the
extracellular matrix, supporting cell adhesion, proliferation, and differentiation. Their
tunable mechanical properties and degradation rates allow them to adapt to the
requirements of specific tissues, making them particularly effective in cartilage and
bone repair applications. Furthermore, the ability to encapsulate cells within an
injectable hydrogel matrix provides a minimally invasive means of delivering cells to
target sites. These hydrogels not only create a supportive microenvironment for cell
survival but can also release signaling molecules in response to physiological stimuli,
promoting tissue regeneration post-transplantation [13].

Injectable DCvNs also hold promise in diagnostics and biosensing. Their
responsiveness to environmental conditions, such as pH or specific biomolecules,
enables their use as biosensors for real-time monitoring of disease-related markers,
facilitating early detection and treatment interventions [43]. The versatility,
adaptability, and ease of use of injectable DCvNs position them as superior candidates
for next-generation materials in drug delivery, wound healing, and tissue engineering.
By overcoming the limitations of traditional hydrogels and leveraging their injectable
properties, DCvNs pave the way for innovative and effective treatments in the
biomedical field.

1.4.2. Hydrogels: In situ-forming hydrogels

In situ-forming hydrogels have emerged as promising materials that address several
clinical and pharmacological limitations of existing systems due to their
biocompatibility, ease of preparation, and versatile mechanical and biochemical
properties. These materials start in a liquid state, enabling them to flow through
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narrow syringes and be injected into irregularly shaped or hard-to-reach sites. After
injection, they solidify in situ, acquiring mechanical stability while conforming to the
shape of the defect or tissue into which they are introduced. This feature makes them
ideal for minimally invasive applications. Injectable hydrogels have been successfully
used for delivering small molecules, biologics, and mammalian cells for treatments
including inflammation and infection mitigation, as well as tissue repair and
regeneration.

Dynamic Covalent Networks (DCvNSs) represent an advanced class of hydrogels that
build upon the capabilities of in situ-forming systems. DCvNs leverage reversible
covalent bonds, which allow them to respond dynamically to external stimuli by
adjusting their mechanical properties, swelling behavior, and degradation rates in real
time. This adaptability is particularly advantageous in drug delivery applications,
where DCvNs can release therapeutic agents in response to environmental cues, such
as pH changes or specific biomolecules, ensuring sustained and tunable release [77].

Beyond controlled release, DCvNs also offer self-healing properties, enabling them to
recover from mechanical damage and maintain functionality —features that
conventional hydrogels often lack. These properties are particularly beneficial in tissue
engineering, where hydrogels must preserve their structural integrity after
implantation to support cell growth and tissue regeneration [74]. For example, in
injectable drug delivery systems, DCvNs solidify upon injection, forming stable
scaffolds while also responding to physiological conditions. This makes them ideal for
applications like tumor-targeted therapy, where drugs can be released specifically in
acidic tumor environments, maximizing therapeutic efficacy and minimizing side
effects [24].

DCvNs also excel in wound healing, where they can incorporate bioactive molecules
like growth factors that are released in response to inflammation. This controlled
release promotes tissue repair while their self-healing properties ensure mechanical
stability throughout the healing process [78]. In tissue engineering, DCvNs act as
scaffolds that mimic the extracellular matrix, supporting cell adhesion, growth, and
differentiation. Their dynamic crosslinking capabilities allow precise tuning of
mechanical and degradation properties to match the requirements of specific tissues,
such as cartilage or bone[79]. Furthermore, their ability to encapsulate cells within a
minimally invasive, injectable framework ensures cell viability and function, while
enabling the release of signaling molecules to enhance regeneration [64].

In diagnostics, DCvNs show potential as biosensors for real-time detection of
biomolecules or pathogens. Their pH-responsive properties are particularly useful for
identifying disease markers, enabling early intervention and treatment [80]. Overall,
the combination of injectable properties, stimuli responsiveness, and self-healing
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capabilities makes DCvNs a groundbreaking tool in biomedical applications. By
overcoming the limitations of traditional hydrogels, DCvNs pave the way for
innovative treatments in drug delivery, wound healing, tissue engineering, and

beyond.
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2 Materials & Methods

2.1. Chemical and Reagents

In the following section, the detailed preparation methods for these hydrogels are
presented. A unique naming convention for the hydrogel probes is employed
throughout this paper for clarity and consistency. The chemical composition of these

molecules is illustrated in Table 1.

Table 1: Chemical and reagents.

Abbreviation: Description Chemical name:

PEG 4-arm macromer poly(ethylene glycol)

GL functional group gluconolactone

PBA functional group phenylboronic acid

APBA functional group ortho-
aminomethylphenylboronic acid

Hepes pH 8 buffer (ﬁl.—(Z—hyfirocyethyI)-l— o
piperazineethanesulfonic acid

P pH 7.5 buffer phosphate

Rhodamine B (R6626-25G) was used as a fluorescent dye to enhance contrast under
fluorescence, while silver-coated glass microbeads (1-7 um) (SLGMS-AG-3.3) were
introduced for visualizing flow profiles within the microfluidic chip. Detailed
information on the dyes and particles is summarized in Table 2.

Table 2: Materials enhancing visibility.

Component Description Purpose

Contrast enhancement
under fluorescence

Rhodamine B Fluorescent dye
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Microbeads Silver-coated glass Flow profile visualization
microspheres (1-7 pm) in microfluidic chip

2.2. Materials synthesis: Poly(ethylene glycol) (PEG) in
Hydrogel Formation

2.2.1. Synthesis of PEG-APBA Hydrogels

The synthesis of PEG-APBA hydrogels was initiated by preparing a solution of the 4-
arm PEG macromer. APBA was conjugated to the terminal reactive groups on the PEG
backbone through amine or ester linkages, depending on the reactive end groups
present on the PEG. The PEG-APBA conjugate was then dissolved in a buffer solution
(Hepes buffer, pH 8.0) to facilitate the formation of boronate ester bonds. In the
aqueous environment, the boronic acid groups of APBA interacted with diol-
containing compounds, resulting in the formation of a dynamic and reversible
hydrogel network. The tunability of the hydrogel properties was controlled by
adjusting the concentration of APBA, the pH of the solution, and the presence of
competing diols.

2.2.2. Synthesis of PEG-GL Hydrogels

The synthesis of PEG-GL hydrogels was initiated by dissolving 4-arm PEG in
deionized water. Once the PEG was fully dissolved, gluconolactone was added to the
PEG solution in a stoichiometric ratio. GL underwent slow hydrolysis, producing
gluconic acid, which reacted with the hydroxyl groups on the PEG backbone to form
ester bonds. These ester bonds, while stable, were hydrolyzable and contributed to the
degradation profile of the hydrogel. The crosslinking process was controlled by
adjusting the concentration of gluconolactone and the temperature of the reaction.

The reaction proceeds as follows:
PEG-OH + GL — PEG-0-GL + H,0 (7)

In this reaction, gluconolactone reacts with the hydroxyl groups of PEG, forming ester
linkages that contribute to the overall structure of the hydrogel. This crosslinking
process can be controlled by adjusting the concentration of gluconolactone and the
temperature of the reaction.
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2.2.3. Synthesis of PEG-PBA Hydrogels

The synthesis of PEG-PBA hydrogels was carried out by functionalizing a 4-arm PEG
macromer with phenylboronic acid (PBA) groups, allowing crosslinking with diol-
containing molecules through the formation of reversible boronate ester bonds. This
functionalization was achieved by reacting the terminal hydroxyl groups of PEG with
a reactive PBA derivative, such as phenylboronic acid chloride or NHS-PBA ester,
resulting in PEG chains terminated with PBA groups. Crosslinking occurred via
interactions between the boronic acid groups of PBA and vicinal diols, forming pH-
sensitive boronate ester bonds. At a basic pH (around pH 8.0) in the presence of a
buffer such as Hepes, these bonds were stabilized due to the deprotonation of the
boronic acid groups, leading to the formation of a robust hydrogel network. The
mechanical properties of the hydrogel, including swelling behavior and elasticity,
were adjusted by varying the PEG molecular weight, the degree of PBA
functionalization, and the concentration of diol crosslinkers.

2.3. Butfer Preparation

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) was used as the primary
buffering agent in this study due to its stability and effectiveness in maintaining pH
within the physiological range.

To prepare the buffer solution, HEPES was dissolved in distilled water, and the pH
was carefully adjusted (Figure 15) to fall within the range of 7.7 to 8.0 using NaOH.
HEPES was selected for its high buffering capacity and minimal dependency on
temperature and ionic strength, allowing it to maintain stable pH conditions during
the experiments. The buffer was used to provide consistent pH conditions within the
microchannels during the flow and transport of hydrogel samples.

Figure 15: Equipment used for pH balancing in buffer solutions, including a pH probe in a
beaker and a cork stopper to maintain stability during measurement.
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2.3.1. Equipment and tools

Table 3: Used tools.

Tool / Device Description

Vortex Ensures homogeneous
mixing of solutions

Centrifuge Used to remove air

bubbles and compact
solution

Milli-Q DI-water
dispenser

Provides deionized water
for buffer preparation

Milligram Scale

Accurate mass
measurement for
components

37

Figure 16: Ingredients and utensils for hydrogel synthesis, featuring PEG-APBA (1), PEG-
PBA (2), PEG-GL (3), Hepes pH 8 (4), P pH 7.5 (5), Rhodamine B (6), microbeads (7), Pipette
(20-200 [uL]) (8), Pipette tips (9), Plastic spatula (10), Eppendorf tubes of various sizes (11),

pH paper (pH 6-10) (12).
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Figure 17: Devices in use: vortex and centrifuge.

2.4. Hydrogels Formation

To synthesize a specified volume, X [uL], of PBA-GL at a concentration of Y [wt%], it
is necessary to prepare two separate solutions of equal volume. The required volume
for each solution is calculated as follows:

X [uL]
Vsol,PEG—PBA[p-L] = TM (8)

After determining the required solution volume, the optimal mass of PEG-PBA can be
calculated using the following expression:

Migear,pEG-rBalMYl = Viorprg-ppalil] - Y [wt%] 9)

For practical purposes, it is advisable to measure slightly more PEG-PBA than the
calculated amount to facilitate accurate pipetting and handling. Once the PEG-PBA
has been transferred to an Eppendorf tube, the precise mass is recorded and labeled
accordingly.
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To ensure the hydrogel mixture achieves the desired weight percentage, it is essential
to balance the amount of PEG-PBA with an appropriate quantity of buffer. This
balance allows for precise control over the hydrogel’s final composition, supporting
optimal structural integrity and functionality. The buffer mass needed to dilute the
PEG-PBA to the target weight percentage can be calculated with the following
formula:

1—Y[wt%]

Y[wt%] (10

Mpusrer [mg] = Myeql,PEG-PBA [mg] =

Here, mreal, reG-PBA TEpresents the actual mass of PEG-PBA that was previously weighed
and recorded, while Y denotes the target weight percentage.

Once the precise buffer mass has been determined, it must be converted into a volume
to facilitate accurate addition to the PEG-PBA solution. This conversion is essential
because laboratory pipetting typically measures liquids in terms of volume rather than
mass. To determine the volume of buffer required, the calculated buffer mass is
directly equated to volume in microliters:

Vbuffer [uL] = Mpuffer [mg] (11)

This measured volume of buffer is then pipetted into the first Eppendorf tube
containing the PEG-PBA. To ensure thorough mixing and homogeneity, the tube is
sealed, vortexed, and then centrifuged to eliminate any air bubbles.

The steps outlined above (Steps 2 through 4) are then repeated with PEG-GL,
substituting it for PEG-PBA. This parallel preparation ensures that both PEG
derivatives are prepared consistently, allowing them to combine smoothly and form a
stable hydrogel network. By following these steps precisely, each component is
balanced, enabling the hydrogel to exhibit the desired structural and chemical
properties during experimentation.

In the final stage of hydrogel preparation, the pre-measured volumes of PEG and
buffer solutions are combined carefully to initiate the formation of the hydrogel
network. Using a pipette, the solutions are precisely transferred into a single container,
and a small amount of microbeads and Rhodamine dye are added to enhance flow
visualization and fluorescence contrast. The mixture is then immediately vortexed to
ensure thorough homogenization, facilitating the formation of a stable and uniform
network while preventing any premature settling of the microbeads or Rhodamine. To
further enhance the consistency of the hydrogel structure, the combined solution is
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briefly centrifuged, removing any air bubbles that could otherwise disrupt the
network's uniformity. This final step results in a well-prepared hydrogel, ready for
application in experimental setups.

Table 4: Gel formulation.

Compounds PEG APBA/PBA [mg] | APBA/PBA solvent [pL] | GL [mg]
2.50% 2.40 93.60 2.50
3.00% 3.20 103.36 3.32
3.50% 3.60 99.20 3.70
4.00% 4.02 96.48 4.51
4.50% 4.55 96.56 4.70
5.00% 5.12 97.28 5.20

2.5. Microfluidic Setup Configuration & Loading

The microfluidic apparatus was equipped with an Elve Flow pressure pump
controlled by an OB1 controller, allowing precise control over the applied pressure
throughout the experiment. Dual pressure sensors were attached to the pump to
continuously monitor and maintain flow stability. The system operated at a maximum
pressure of 6000 mbar, supporting a range of experimental conditions, from initial flow
phases to the transition of the gel from a liquid-like to a solid-like state.

Figure 18: Pressure Pump.
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The setup included two main reservoirs: one for purified water and the other for the
prepared gel (e.g., APBA/GL gel at a specified concentration). Flexible tubing
connected each reservoir to the system to ensure a smooth and continuous flow of
fluids into the microchip. Before each experiment, the gel was prepared following
established protocols to achieve the required concentration and to eliminate air
bubbles, which helped maintain consistent flow conditions.

Figure 19: Reservoir.

The microfluidic chip, fabricated from polydimethylsiloxane (PDMS), featured two
inlets: one for water and one for the gel. The water inlet was connected to the water
reservoir, while the gel inlet was connected to the gel reservoir. This dual-inlet design
allowed for independent control of both fluid streams to observe the gel’s behavior
under varying pressures and flow rates.
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Figure 20: Chip.

Figure 21: Scheme of the PDMS chip.

2.5.1. Protocol for Gel Loading and Flow Establishment

42

The process of introducing the gel into the system was achieved by incrementally and
selectively increasing the pressure within the reservoir containing the gel, based on
experimental requirements as indicated in the table below. This pressure adjustment
continued until the desired flow rate within the microchip was reached. Once the flow
was initiated, the pressure was maintained at a constant level to ensure a uniform
transition of the gel from a liquid-like to a solid-like state, in accordance with the
experimental objectives. The applied pressure, although selected specifically for each
trial, was carefully monitored to observe any changes in the gel’s response, such as

variations in viscosity or phase transitions.

Table 5: Chosen values of pressure.

700mba

750mba

800mba

850mba

900mba

950mba

1000mba

1100mba

1150mba
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2.5.1.1. Real-Time Monitoring and Data Acquisition

Throughout the experiment, the behavior of the gel within the microchip was
monitored in real-time using pressure sensors and imaging techniques. Tracers, such
as rhodamine and microbeads, were incorporated to enhance the visibility of the flow,
allowing for the identification of instabilities or rheological phenomena, including
shear-thinning and shear-thickening. The data collected during these observations
were analyzed to determine the relationship between applied pressure, gel
concentration, and the material's response within the microfluidic environment. Each
experiment was conducted multiple times under identical conditions (gel
concentration, temperature, and pressure) to confirm reproducibility. The microfluidic
setup was inspected before each trial to prevent systematic deviations and ensure data
consistency. After each experimental session, the sensors were calibrated using a
certified reference device to ensure the accuracy of the readings. Calibration was
performed by comparing the measured pressure values with those from the reference
device and applying any necessary corrections. This process helped to reduce
discrepancies in pressure readings, thereby improving measurement precision during
the experiments.

P
" i —
A\ -

. L
= =1
Addition of

Gel Formation . | Microfluidic Analysing
Rhodamine & Microbeads Setup Observations

L > 2

Figure 22: General scheme of the procedure.

2.5.1.2. Post-processing data

For post-processing the experimental data, a MATLAB code was implemented to
analyze the videos recorded from the microfluidic setup. The code was designed to
track particle motion within the gel, and the particle velocities were determined based
on the tracked positions. These velocities were then compared with a model equation
for non-Newtonian fluids [34] to assess the rheological behavior of the gel, identifying
whether it exhibited Newtonian, shear-thickening, or shear-thinning characteristics.

The equation was articulated as follows:
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1

" [h("“)/" - Iyl(n+1)/n] (12)

n |G
n+1

u(y) = —

In this equation, u(y) represents the streamwise velocity, n is the power-law index
indicating the flow behavior (shear-thinning or shear-thickening), G=-dp/dx is the
pressure gradient, and m is the consistency coefficient, which characterizes the fluid’s
resistance to flow. The fitting process involves adjusting these parameters to match the
observed velocity profile within the microfluidic setup, allowing the identification of
the gel’s flow behavior under different experimental conditions.

2.6. Cell-material interaction

To test the biocompatibility of the materials, it was planned to evaluate the response
of the 3T3 cell line to the gels formed. For this purpose, a well plate was used, where
two different gels were prepared at different weight percentages: one at 3.5 wt% and
the other at 4.5 wt%. Subsequently, various coatings were applied, as described below,
to facilitate cell adhesion to the formed gels. All procedures were conducted under
sterile conditions.

2.6.1. Gel Formation

The gel formulations were prepared under a sterile laminar flow hood to maintain
sterility. PEG APBA and PEG GL powders were weighed outside the hood using an
analytical balance. The resulting solutions were prepared as outlined below, with the
corresponding values added. After preparation, the solutions were filtered using
sterile filters to preserve the sterility of the compounds. For the preparation of the gels,
PEG APBA for the 3.5 wt% gel: 1.75 g of PEG APBA were dissolved in 50 mL of HEPES
buffer, PEG APBA for the 4.5 wt% gel: 2.25 g of PEG APBA were dissolved in 50 mL
of HEPES buffer, PEG GL for the 3.5 wt% gel: 3.50 mg of PEG GL were dissolved in 10
mL of HEPES buffer, PEG GL for the 4.5 wt% gel: 3.77 mg of PEG GL were dissolved
in 10 mL of HEPES buffer. The pH of the solutions was adjusted to 7.4 to replicate the
cellular environment. From each solution, 100 uL of PEG APBA + buffer and 100 uL of
PEG GL + buffer were transferred into a 96-well plate. Subsequently, the plate was
centrifuged at 3200 RCF for 5 minutes. In the end, some PBS was added to the wells.
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Figure 23: Gel Formation.

2.6.2. Coating Formation

2.6.2.1. Coating with gelatin

Gelatin was dissolved in mQ water at two different values: 1% w/v and 0.2%w/v,
autoclaved, and filtered using a 0.22 um PES vacuum filter. The well plate was covered
with sterile gelatin for at least 6 hours before cell seeding.

2.6.2.2. Coating with fibronectin

Fibronectin was dissolved in PBS at a concentration of 10 pg/mL, filtered using a 0.22
pum PES vacuum filter, and sterilized. The well plate was coated with sterile fibronectin
for at least 1 hour at room temperature before cell seeding. This allows the fibronectin
to adsorb to the surface, providing a suitable substrate for cell adhesion. After coating,
the wells were rinsed with PBS to remove any unbound fibronectin before proceeding
with cell seeding.

2.6.3. Cells seeding

For cell seeding, a 96-well plate with a well area of 0.33 cm? was used (Table 6), aiming
for a seeding density of 5000 cells per cm?2. The required cell concentration was
calculated to be 3.1 x 10¢ cells/mL, based on the target number of 1650 cells per well
(5000 cells/cm? x 0.33 cm?). To achieve this concentration, the cell stock solution was
diluted, and the necessary volume of cell suspension was calculated using the formula
CiVi = CfVf, where Ci is the initial concentration, Vi is the initial volume, Cf is the final
concentration, and Vf is the final volume. To seed each well, 21.2 pL of the
concentrated cell stock was added, and the volume was adjusted to 1000 uL with 978.8
uL of culture medium. After preparing the cell suspension, it was dispensed into the
wells, and the plate was incubated under standard conditions to allow cell attachment
and growth.
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Table 6 : Experimental flow.

1 2 3
Gel & Cells Gel & Cells Gel & Cells
Gel on plastic Gel on plastic Gel on plastic

E2-N Cells on plastic Cell on plastic Cells on plastic
Commercial gel & | Commercial gel & | Commercial gel &
cells cells cells

2.6.4. Test of cytotoxicity

The cytotoxicity test was performed using a 96-well plate containing the experimental
conditions: 3.5wt% of gel PEG APBA and GL, coated by 1% gelatin and cells on top,
gel only and cells only as a third control. In each well, 100 pL of Phenol-Free
Media was added, and after a 30-minute incubation, the HIDEX reader was used to
measure the background reference. Subsequently, 100 uL of a solution composed
of Phenol-Free Media and Alamar Blue (prepared at a total volume of 1000 pL) was
added to each well. Finally, the HIDEX reader was used again to carry out the
experimental measurements.

2.6.5. Test of attachment: cells adhesion

The cell adhesion test was performed under three experimental conditions. The first
condition involved cells and a 3.5 wt% gel prepared using a transwell system, where
the gel was placed in suspension relative to the cells. The second condition included
only cells as a control, while the third condition used cells in combination with a
commercial gel (Matrigen) as a comparative reference. Subsequently, cell viability was
assessed using the Hidex instrument after treatment with phenol red-free medium.
Specifically, after 45 minutes, the phenol red-free medium was aspirated, and a
solution of 750 uL of AlamarBlue and 7.5 mL of phenol red-free medium was
prepared. For the wells containing the commercial gel, 1.5 mL of this solution was
added per well, while 500 uL was added per well for the 6-well plate condition. After
an incubation period of 2 hours, the Hidex measurement was repeated to evaluate cell
viability.
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Figure 24: Alamar Blue Test.

2.6.6. Fixation and immunostaining

The fixation of cells was performed by first removing the culture medium from the
well plate under a chemical hood. Subsequently, 100 uL of 4% paraformaldehyde
(PFA) solution was added to each well, ensuring the surface was fully covered. The
plate was incubated for 15 minutes at room temperature to allow for effective fixation.
Following this, the wells were washed three times with phosphate-buffered saline
(PBS) under the chemical hood, and PBS was left in the wells after the fourth wash.

A staining solution was prepared by diluting DAPI stock solution (1:1000, 1 uL) and
phalloidin 555 (1:1000, 1 pL) in 998 uL of 5 wt% bovine serum albumin (BSA) solution.
Following removal of the PBS, 100 uL of this staining solution was added to each well.
The cells were incubated with the staining solution for 30 minutes at room temperature
in the dark. After staining, the cells were washed three to five times with PBS.

Table 7: Fluorescent staining dilutions and buffer.

Nuclear stain to )
DAPI 1:1000 BSA 5 wt% in PBS
visualize DNA

Phalloidin 555 Actin filament stain 1:1000 BSA 5 wt% in PBS

Finally, the stained cells were imaged at 20X magnification using the THUNDER
microscope system (Leica).
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3 Discussion & Results

3.1. Microfluidic characterization

3.1.1. Concentration-Dependent Pressure Response in APBA/PBA-GL
Gels

Several gels were prepared as described in the Materials and Methods section and
loaded into a microfluidic setup designed for this experiment. A variable pressure,
ranging from 600 mbar to 4000 mbar, was applied to investigate whether a transition
in behavior from liquid-like to solid-like could be observed. This approach allowed for
the systematic evaluation of the mechanical properties of the gels as a function of
applied pressure and concentration, providing insights into the critical conditions
required for this transition.

The transition from liquid-like to solid-like behavior is a fascinating phenomenon, as
it is rarely observed in most systems. In typical materials, the state of matter remains
consistent unless influenced by extreme conditions, such as temperature or chemical
composition. However, in specific systems like the one explored here, the application
of pressure can trigger a remarkable change in the gel's rheological properties. This
transition, where the gel shifts from a liquid-like to a solid-like state, is of significant
interest because it challenges conventional material behavior and can offer new
insights into the fundamental mechanics of soft materials. Understanding the
conditions under which this transition occurs could reveal potential applications in
areas like biomaterials, drug delivery, and responsive materials, where tunable
mechanical properties are highly desirable.

The results provide preliminary insights into the transition from liquid-like to solid-
like behavior in APBA-GL gels as a function of concentration and applied pressure,
supported by data presented in Figures 25 and 26 At lower concentrations, such as 3.0-
3.5 wt%, the gels exhibit liquid-like behavior, where particles move independently
within a sparse and loosely connected network. This is visualized in the plots as a
lower-pressure response, with liquid-like behavior persisting until higher pressures
are applied.

Figure 25 shows the behavior of PBA-GL gels, where solid-like behavior emerges at
higher pressures as concentration increases. The transition point between liquid-like
and solid-like behavior becomes more pronounced compared to APBA-GL gels with
higher concentrations resulting in a lower critical pressure required to achieve solid-
like properties. Similarly, Figure 26 illustrates this trend for APBA-GL gels, where a
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comparable shift occurs. However, the critical pressure for APBA-GL gels is
consistently lower than that of PBA-GL gels at the same concentrations, suggesting
that APBA-GL gels may form a more robust network under similar conditions. This
could be due to differences in the chemical composition or the specific interactions
within the network that allow APBA-GL gels to respond to pressure more readily.
While a lower critical pressure may seem counterintuitive in relation to network
strength, it is possible that the APBA-GL gels undergo a more efficient transition at
lower pressures due to the specific nature of their molecular interactions or network
structure. Therefore, while PBA-GL gels may require a higher pressure to transition,
the behavior of APBA-GL gels suggests that their network might be able to adapt and
respond to external stress in a different way, potentially forming a more stable
structure at lower pressures.

These observations underline how concentration influences the mechanical behavior
of the gels. Higher concentrations reduce the critical pressure needed for the transition,
as seen in the plots, emphasizing the role of network cohesion and the density of
crosslinks. While these findings highlight significant trends, they remain preliminary
due to the limited number of data points and the absence of reproducibility tests.
Further studies should expand the dataset and confirm these trends across multiple
trials to strengthen the conclusions.

This transition is captured in the graphs (Figure 25, 26), where the critical pressure
required to achieve solid-like behavior rises with increasing concentration.
Specifically, the red crosses,indicating solid behavior, (Figure 25, 26)shift upward
along the pressure axis as the concentration increases, reflecting when the transition
from liquid-like to solid-like occurs. At 3.0 wt%, the gel requires a relatively low
pressure to transition, whereas at 4.5 wt%, the critical pressure increases significantly,
highlighting the nonlinear response of the system to both concentration and pressure.
The blue circles (Figure 25, 26), which correspond to liquid-like behavior, remain at
lower pressures across all concentrations, supporting the hypothesis that the gel
exhibits fluid-like properties until the applied force exceeds the critical threshold for
network deformation.

The comparison between the two systems, PBA-GL and APBA-GL, further reveals
subtle differences in their mechanical responses. The APBA-GL gel consistently
transitions to solid-like behavior at lower pressures than PBA-GL, as shown in the
right graph.

This behavior may be associated to the fact that they are viscoelastic materials, where
the interplay between network density, crosslinking, and applied force determines the
macroscopic response. The results not only provide valuable insights into the
mechanics of APBA-GL gels but also establish a relationship between gel
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concentration, pressure, and phase behavior, paving the way for their application in
pressure-sensitive or mechanically tunable systems.
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Figure 25: Effect of concentration on the critical pressure required for the transition from
liquid-like to solid-like behavior in PBA-GL gels. The red crosses represent solid-like
behavior and the blue circles represent liquid-like behavior.
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Figure 26: Effect of concentration on the critical pressure required for the transition from
liquid-like to solid-like behavior in APBA-GL gels.

3.1.2. Tracking particles analyses

The previous analysis provides qualitative insights into particle behavior during
liquid-to-solid transitions but lacks the precision necessary for quantitative evaluation.
To address this limitation, a microfluidic setup was utilized to observe particle flows
under controlled conditions, focusing on key events during the transition. This setup
allowed for the visualization of particle dynamics as pressure and gel concentration
varied, with the analysis supplemented by video recordings.

Figure 27: Micrograph of the analyzed sample, showing particles in the channel. The scale
bar represents 50 um. The particles in this channel will be detected and analyzed using the
implemented MATLAB code.
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The particle tracking analysis was implemented to obtain precise and quantitative
information about particle flow dynamics under varying pressures and gel
concentrations. While video analysis provided qualitative insights into the liquid-to-
solid transition, tracking allowed for the extraction of particle velocities and the
identification of flow profiles across the channel. To achieve this, a MATLAB-based
code was employed, assigning a red marker (red asterisk) to each particle in
consecutive video frames. Video frames were processed sequentially to detect and
track particles over time. Initially, each frame was converted to grayscale, rotated for
alignment based on a specified angle, and then cropped to focus on a region of interest.
The detectParticles function was used to identify particles within the cropped frame,
and their positions were stored for further analysis. A red asterisk marker was
assigned to each detected particle in consecutive video frames, allowing for clear
visualization. The displacement of each particle, Ax, between consecutive frames was
calculated along with the time interval, At, to determine the particle velocity using the
equation:

A 1) -
Dy areicts = x(frame(n +1) frame(n) (13)

frame rate

These velocity calculations were stored for each particle, and the particle positions
were visualized by overlaying the positions on the frames. For each unique y-position,
the mean particle velocity was also computed, providing insights into flow profiles
across the channel.

The tracking code operates with a high degree of precision for the majority of particles.
However, limitations arise in cases where artifacts are introduced, particularly due to
overlapping particles, poor image contrast, or noise in the imaging system. These
issues can cause the algorithm to misidentify particle positions, leading to an
overestimation of tracked points compared to what is visually observed in the raw
video data. This artifact likely contributes to the noise observed in the velocity plots
(Figure 28), especially in regions where the velocity is minimal, making errors in
position more pronounced relative to the particle movement (Figure 29).
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Figure 28: Particle tracking.
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Figure 29: Particle’s velocity depending on the Y coordinate of 3.5wt%.

By zooming into specific regions of the velocity plot (Figure 29), clearer patterns
emerge, revealing the expected flow behavior of the particles. Despite this noise, the
overall trends in the data remain consistent and interpretable(Figure 30).
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Figure 30: Zoomed-in view of particle velocities.

To extract a clear pattern of particle flow behavior, the channel was analyzed by
dividing the data into specific regions for velocity analysis. The goal was to account
for variations in flow dynamics across the channel and obtain a more detailed
understanding of how particle velocities change in different parts of the channel.
Rather than physically splitting the channel, the data was divided into distinct vertical
(y-axis) sections. For each of these sections, a representative velocity was extracted,
allowing for a streamlined evaluation of the flow profiles. This approach provided a
clearer representation of the flow patterns without the need for physical segmentation
of the channel, enabling a more focused analysis of the velocity distribution across the
region of interest.

The division was carefully designed to address the curvature effects observed in the
flow. The lateral regions near the channel boundaries, corresponding to 5% of the
width on each side, were isolated due to the significant velocity gradient and
pronounced changes in particle behavior in these areas. The central region, where the
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flow appeared more uniform, was divided into sections spanning 10% of the channel
width. For each section, the velocities of all tracked particles were grouped and
analyzed in intervals, as shown in the formula:

Vinterval = 1846 - (n —1);8.46 - n] (14)
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Figure 31: Visualization of channel segmentation for velocity analysis. The channel is
divided into vertical sections along the y-axis, with lateral regions (5% of the width
on each side) isolated to account for significant velocity gradients. The central
regions are segmented into sections spanning 10% of the channel width to evaluate
uniform flow behavior. Each section provides a representative particle velocity to
reduce noise and enhance the precision of the analysis.
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This approach resulted in a clear distribution of velocities, as illustrated in the
histogram (Figure 32), which highlights the frequency of particle velocities within
specific intervals. The refined segmentation allowed for a more accurate
representation of velocity trends across the channel, capturing the expected behavior:
higher velocities in the center due to reduced shear stress and lower velocities near the
boundaries where shear effects dominate. This method ensured that variations in
velocity profiles, particularly near the curved boundary regions, were properly
accounted for, offering a more robust analysis of particle flow dynamics.
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Figure 32: Velocity distribution.

The histogram displayed in Figure 32 presents the distribution of particle velocities
obtained from the tracking data, including all recorded velocities for a single position
in the channel. The x-axis represents discrete velocity intervals, while the y-axis
indicates the corresponding number of tracked particles within each interval. It is
important to note that the histogram reflects raw tracking data, including outliers, and
does not directly represent the gel’s flow behavior.

The distribution reveals a peak at intermediate velocity intervals (around interval 11—
12), where the majority of particles are found, but also displays a long tail extending
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toward higher velocities. This long tail indicates the presence of outliers or particles
subject to localized accelerations, which do not contribute to the analysis of the gel’s
behavior. Low-velocity data near the histogram's start likely corresponds to particles
near the channel walls, where shear effects dominate, and mobility is minimal. The
velocity distribution for the section, we identify the velocity associated with the
highest number of particles as the mode of the distribution. The mode is the value
where the particle density is the greatest and, therefore, serves as the most
representative velocity for the section. Although the mean or median could also be
used, they can be biased by the presence of high-velocity outliers. The mode, being
directly observed from the peak of the distribution, provides the most accurate
reflection of the particle behavior in this section.

In contrast, the processed flow profile (Figure 32), derived after removing outliers and
reducing the data to one representative velocity per channel position, provides
meaningful information about the gel’s behavior. The flow profile allows for the
evaluation of trends such as higher velocities in the central regions of the channel,
where shear stress is lower, and reduced velocities near the boundaries due to
frictional effects. This distinction between the raw tracking data (represented in the
histogram) and the processed flow profile is critical for accurately interpreting the gel’s
mechanical behavior.

However, the presence of noise or tracking inaccuracies could account for minor
outliers in the lower and upper extremes of the distribution. These deviations are
expected in complex viscoelastic systems [21], where minor variations in particle
trajectories or tracking artifacts can occur.

The most representative velocity, defined as the velocity with the highest occurrence
of tracked particles, was identified and compared across the sections. This approach
significantly reduces the impact of tracking artifacts and highlights the non-
Newtonian flow behavior of the gels. Specifically, higher velocities were observed in
the central region of the channel, where shear stress is minimal, while lower velocities
occurred near the boundaries due to frictional interactions, as expected for a
viscoelastic material.
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Figure 33: Velocity distribution histogram focusing on the most represented velocity value
(93.06 um/s). The histogram highlights the frequency of particle velocities across intervals,
with the peak corresponding to the most representative velocity. This value was determined
after extracting and analyzing velocities across all channel sections, emphasizing the
dominant flow behavior in the central region.

Once the most representative velocities were extracted across all sections (Figure 33),
the resulting trend was plotted for the entire channel. The red curve displayed in
Figure 34 highlights this trend, which reflects the particle velocity profile across the Y-
coordinate of the channel. As expected, the velocity is highest in the central region of
the channel, where shear stress is minimal, and progressively decreases toward the
boundaries due to frictional effects and shear interactions. This behavior is
characteristic of non-Newtonian fluids, such as viscoelastic gels, where flow resistance
increases near the walls.
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Figure 34: Distribution of particle velocities across the channel with the most representative
velocity for each section highlighted (red dots). The red markers illustrate the trend of the
most representative velocities extracted from each channel section.

The alignment of the experimental red velocity trend with the expected trend further
supports the reliability of the particle tracking methodology. This suggested the
reliability of identifying representative velocities to capture the overall flow behavior
accurately, bridging the gap between experimental observations and theoretical
predictions. Such refined analysis provides deeper insight into the liquid-to-solid
transition and the mechanical response of these complex gel systems under varying
conditions.

Overall, the results highlight a well-defined velocity distribution that corroborates the
non-Newtonian flow characteristics of the gel. The majority of particles exhibit
velocities within a specific range, consistent with the balance between shear stress and
network resistance across the channel. This analysis provides a robust foundation for
understanding the mechanical response of the gel and further validates the precision
of the particle tracking methodology.
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3.1.3. Fitting flow profile results

The particle tracking results were analyzed to determine the flow behavior of the gel
systems under varying applied pressures by fitting the experimental velocity profiles
to the Power Law Model, which describes the relationship between shear stress (o)
and shear rate (y") [81]:

o=k " (15)

In this model, k represents the consistency coefficient, providing a measure of the
material's viscosity magnitude, and nis the flow index that determines the flow
behavior: n < 1indicates shear-thinning behavior, where viscosity decreases as the
shear rate increases;n > 1 describes shear-thickening behavior, where viscosity
increases with shear rate; and n =1 corresponds to Newtonian fluids, where viscosity
remains constant regardless of the applied shear. These distinctions are crucial in
understanding the mechanical response of the gel under different stress conditions
and identifying whether the system approaches a solid-like state.

To extract the parameter n, the experimental velocity profiles obtained from particle
tracking were fitted using the theoretical velocity distribution for a non-Newtonian
fluid in a channel. This is mathematically described by the equation [81]:

1
n [ n+1 n+1]

ue) = —— | [ (16)

n+1 m

m

where u(y) represents the particle velocity as a function of the Y-coordinate, G/m is a
constant dependent on the applied pressure and the geometry of the system, n is the
flow index to be determined, h is the half-width of the channel, and y represents the
position along the channel width (y = + h). This equation accounts for the non-linear
distribution of velocity across the channel, which is characteristic of non-Newtonian
fluids, and enables the quantitative extraction of the flow index nbased on
experimental data. The fitting process was performed across different applied
pressures, allowing for the analysis of how the flow behavior evolves under increasing
stress.

The fitting results demonstrate a very high quality of the fit and clear dependence of
the flow index n on the applied pressure. At a lower pressure of P =850 mbar, the flow
index n is relatively low, with a value of n = 0.2136, indicating pronounced shear-
thinning behavior.As the applied pressure increases to P = 1560 mbar, P = 3000 mbar,
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and P = 5000 mbar, the flow index progressively increases to n =0.665, n = 0.680, and n
= 0.7924, respectively. This gradual increase inn signifies a reduction in shear-
thinning behavior, suggesting that the gel's internal structure becomes more resistant
to deformation and shear under higher pressures. As the flow index approaches n=1,
the material transitions closer to Newtonian behavior, which is characteristic of ideal
liquids. This behavior reflects a state where the system exhibits reduced shear
dependence, but it does not necessarily indicate a shift toward solid-like behavior.
Instead, it highlights a balance between the gel's structural network and the applied
stress.
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Figure 35: Fitting of experimental data at P = 850 mbar.
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Figure 36: Fitting of experimental data at P = 1560 mbar.
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Figure 37: Fitting of experimental data at P = 3000 mbar.
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Figure 38: Fitting of experimental data at P = 5000 mbar.

The velocity profiles obtained from the experimental data further validate these
observations. At lower pressures, the profiles display a pronounced curvature near the
edges of the channel, consistent with significant shear-thinning effects caused by the
strong dependence of viscosity on the local shear rate. In contrast, as the pressure
increases, the material becomes less shear thinning reflecting more uniform flow and
reduced shear dependence. This flattening behavior highlights the gel's reduced
sensitivity to shear and a gradual stiffening of the network structure. The good
agreement between the theoretical fits and the experimental data suggests the
reliability of the Power Law Model and the extracted flow index values in
characterizing the gel's flow behavior.

The observed trend, where increasing pressure leads to a higher flow index and
reduced shear-thinning behavior, provides insight into the mechanical response of the
gel. At lower pressures, the gel exhibits a more fluid-like behavior, consistent with a
liquid-like state where the network structure deforms easily, and particle motion
occurs independently. As the pressure increases, the gel network strengthens,
restricting particle motion and reducing the shear-thinning effect. Importantly, a
reduction in shear-thinning behavior does not imply that the system becomes "more
liquid" than Newtonian; in fact, one could argue the opposite, as shear-thinning is itself
a hallmark of complex, structured fluids. Instead, this behavior suggests that the
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material's response to stress becomes less dependent on shear rate, reflecting a shift in
how the gel’s internal structure accommodates deformation under increasing
pressure.

In conclusion, fitting the experimental velocity profiles using the Power Law Model
reveals a clear correlation between the applied pressure and the flow behavior of the
gel system. The flow index increases with pressure, reflecting a progressive transition
from strong shear-thinning behavior toward a more solid-like response. This analysis
provides a comprehensive and quantitative understanding of the gel's flow properties
under varying stress conditions, bridging the gap between the experimental particle
tracking data and the theoretical description of non-Newtonian flow in viscoelastic
systems.

3.1.4. Comparison between flow profile through the microfluidic set up
vs existing data from rheology

The microfluidic setup allows us to associate pressure increases with shear rate
increases, offering a direct method to investigate the flow behavior of the material. By
comparing the data obtained from the microfluidic setup (Figure 39) with the
rheometer results (Figure 40), a clear shear-thinning behavior is observed in both cases,
as highlighted within the yellow box in the rheometer plot. This qualitative alignment
suggests that the microfluidic measurements accurately capture the material’s flow
behavior under shear, especially in the shear-thinning regime (n <1).

Notably, the microfluidic setup extends the range of measurable shear rates beyond
what is typically achievable with a rheometer. While the rheometer data indicates a
Newtonian plateau (n=1) and ultimately transitions to a n=0, the microfluidic setup
can access higher shear rates where the rheometer would likely indicate gel failure, as
the material might exceed its structural stability under such high stresses.

Furthermore, the microfluidic setup provides a unique advantage by enabling
measurements at specific pressure values, allowing for a controlled investigation of
the gel's response under applied stress. This level of precision is particularly valuable
for studying materials that exhibit complex behavior, such as shear thinning or other
stress-dependent properties. While the rheometer data and microfluidic results align
qualitatively, they serve distinct purposes, with each method offering benefits and
complementing one another in key ways.

The rheometer remains the gold standard for acquiring precise rheological data over
a wide range of shear rates and stresses, as it provides highly accurate and
reproducible measurements essential for characterizing the overall rheological profile
of the material. The rheometer excels in capturing the material's behavior under
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uniform and controlled shear conditions, offering a comprehensive understanding of
the gel’s viscoelastic properties.

On the other hand, the microfluidic setup allows for the investigation of flow behavior
under pressure-controlled conditions, providing localized insights into particle
dynamics and flow profiles at specific points within the channel (Figure 42). While it
does not measure shear rate or stress directly, it enables the observation of material
behavior in regimes that may not be directly accessible with the rheometer. For
example, the microfluidic setup is well-suited for studying particle interactions,
velocity profiles, and pressure-dependent transitions.

Together, these methods are complementary. The rheometer provides robust and
precise rheological data over a wide range of conditions, which serves as the baseline
for understanding the gel's properties. The microfluidic setup complements this by
offering additional insights into localized behavior under pressure variations,
enabling the study of dynamic flow behavior and transitions that cannot be easily
accessed with the rheometer. By combining these approaches, a more comprehensive
understanding of the gel’s mechanical and flow properties is achieved, leveraging the
strengths of each technique while addressing their respective limitations.
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Figure 39: Microfluidic results showing the relationship between applied pressure (mbar)
and the flow index nn. The data illustrates how increasing pressure corresponds to a higher
flow index.
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Figure 40: Rheological results obtained using a rheometer. The plot shows the relationship
between shear stress (Pa) and shear rate (1/s), highlighting three distinct regimes: Newtonian
behavior (n=1) in the linear region, solid-like behavior (n=0) at the plateau, and shear-
thinning behavior in between. These regimes provide a comprehensive overview of the

material's rheological properties.
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3.2. Cytocompatibility characterization

After characterizing the hydrogels from a microfluidic perspective, we now turn our
focus to exploring their potential as biocompatible materials for cell-based
applications. In this section, we will discuss the various steps taken to evaluate the
suitability of these hydrogels for use in cell cultures, highlighting the key
considerations and experimental approaches.

The hydrogel was successfully formed under sterile conditions without applying any
shear forces during the process. This precaution ensured the integrity and viability of
the embedded 3T3 cells, preventing mechanical damage that could arise from
excessive stress during gelation. A stiffness of 12 kPa was selected for the hydrogel,
matching that of the commercial gel used as a reference. This stiffness was chosen
because it closely mimics the mechanical properties of natural extracellular matrices,
providing an optimal environment for cell adhesion, proliferation, and function.
Moreover, using the same stiffness as the commercial gel enabled a more meaningful
comparison between the two systems in subsequent experiments.

The gel was prepared within a pH range of 7.4 to 7.7, ensuring compatibility with
physiological conditions and avoiding potential pH-induced cellular stress or damage.
The 3.5 wt% hydrogel concentration was chosen as it allowed for consistent gel
formation within this pH range.This optimal concentration also maintained the
desired balance between mechanical properties and biocompatibility.

The successful formation of the hydrogel under these conditions demonstrates its
suitability as a potential biomaterial. In the subsequent sections (3.2.1, 3.2.2), the
cytotoxicity and adhesiveness of the hydrogel will be explored to further evaluate its
biocompatibility and performance in biological systems.

3.2.1. Cytotoxicity Assessment of the 3.5 wt% Hydrogel Using Alamar
Blue Assay

The cytotoxicity of the 3.5 wt% hydrogel was assessed using the Alamar Blue assay,
with data derived from three independent replicates. The results, presented in the
figure 41, indicate that the hydrogel does not induce significant toxicity in 3T3 cells, as
cell viability remains above 75%. Specifically, the cells cultured in the hydrogel
displayed a slightly lower viability compared to the control group (cells alone), but
still within acceptable thresholds for biocompatibility (>70%, as defined by ISO 10993-
5 standards). When compared to a commercial gel, the viability of cells in the hydrogel
was comparable, suggesting that the hydrogel supports cytocompatibility to similar
extent.
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Figure 41: Cell viability assessment after 48 hours for different conditions. The graph
compares the viability of cells alone (positive control on TCPS), cells embedded in the
developed gel, and cells embedded in a commercial gel. Viability was normalized to the the
positive control (cells on TCPS), and background fluorescence was subtracted.

The error bars for the hydrogel and the commercial gel are slightly wider than those
for the control, which might be attributed to variability in cell behavior within the gel
matrix. This could be influenced by factors such as heterogeneity in cell distribution,
nutrient diffusion limitations, or the physical properties of the hydrogel, such as its
stiffness or porosity. Nonetheless, the overall viability remaining above 75% confirms
that the hydrogel does not exert significant cytotoxic effects and supports the survival
of 3T3 cells, underscoring its potential as a biocompatible material.

The results indicate high cell viability across all conditions, demonstrating the
biocompatibility of the developed gel compared to the commercial counterpart.

This minor variability might also reflect interactions between the cells and the dynamic
covalent bonds within the hydrogel network. Such interactions could introduce subtle
mechanical stresses or influence cellular metabolic activity, leading to slight deviations
in cell viability. Despite this, the similarity in results between the hydrogel and the
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commercial gel reinforces the potential of the 3.5 wt% hydrogel as a safe and effective
biomaterial.

3.2.2. Evaluation of Cell Adhesion Using Gelatin-Coated and Uncoated
Hydrogel

In this section, the adhesion of 3T3 cells to various coating materials is being evaluated,
and several coatings have been tested to determine the optimal conditions for cell
attachment and viability.

The bar plot (Figure 41) shows cell viability as an indicator of 3T3 cell adhesion under
three experimental conditions. Prior to selecting the final coating, various coating
materials were tested, including gelatin at 1% and 5% concentrations, as well as
fibronectin. Among these, 1% gelatin was chosen as the optimal coating due to its
superior performance in promoting cell adhesion and viability. The 1% concentration
provided a more favorable balance between sufficient coating density and the ability
to support cell attachment, while higher concentrations (5% gelatin) did not
significantly improve adhesion and may have led to excessive rigidity, potentially
hindering cell spreading. On the other hand, fibronectin, although known for its strong
cell-binding properties, did not perform as well as 1% gelatin, possibly due to
differences in how the cells interact with the fibronectin-coated surface, which may
have been less conducive to long-term cell attachment and viability in this specific
system.

The experiment analyzed the hydrogel after its formation, focusing on the selected
coating (1% gelatin) and the behavior of 3T3 cells cultured under three conditions: cells
cultured on gelatin-coated hydrogel ("Cells + gel"), uncoated hydrogel ("Gel"), and a
control group with cells alone ("Cells"). Data obtained from three independent
replicates reveal significant differences in adhesion and viability between these
conditions. The comparison highlights the effectiveness of the gelatin coating in
supporting cell adhesion and viability relative to both the uncoated gel and the control

group.
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Figure 42: Cell viability assessment comparing cells cultured on gelatin-coated hydrogel

("Cells + gel"), uncoated hydrogel ("Gel"), and a control group of cells alone ("Cells"). The

"Gel" data serves as a control to account for the fluorescence of the gel itself, with no cells
present in this experience.

The results (Figure 42) highlight the significant improvement in cell viability with the
gelatin coating, likely due to its extracellular matrix (ECM)-mimicking properties,
which promote integrin-mediated cell adhesion. Error bars represent standard
deviations from three independent replicates.

Cells cultured on the gelatin-coated hydrogel exhibit a marked improvement in
viability compared to the uncoated hydrogel. The gelatin coating likely mimics
extracellular matrix (ECM) properties by introducing functional groups, such as
arginine-glycine-aspartic acid (RGD) sequences, which are critical for integrin-
mediated cell adhesion. This enhanced interaction promotes cytoskeletal
reorganization and stronger attachment, resulting in higher viability levels.
Conversely, the uncoated hydrogel shows significantly lower viability, indicating poor
cell adhesion. This may be due to the synthetic hydrogel's lack of biochemical cues and
its potential to create a microenvironment with suboptimal mechanical properties or
surface chemistry for cell attachment.

The control group, where cells are cultured without any hydrogel, demonstrates the
highest viability, reflecting the optimal conditions of a natural microenvironment. This
result emphasizes the importance of providing biochemical and mechanical cues for
successful cell-material interactions. The relatively wide standard deviation in the
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uncoated hydrogel condition highlights variability in cell adhesion, which could stem
from uneven surface properties or inconsistent cell distribution across the hydrogel.

Given that adhesion is being tested here, visual observations were also taken into
account to complement the viability results. The lower viability in the uncoated
hydrogel condition could be attributed to fewer cells attaching to the hydrogel surface,
as observed microscopically. Alternatively, for those cells that did attach, their
viability appeared compromised, possibly due to the lack of supportive biochemical
and mechanical cues. These findings confirm that gelatin coating significantly
enhances the bio-interface of the hydrogel, making it more suitable for biomedical
applications where cell adhesion and viability are critical.

3.2.3. Cell morphology

To evaluate the interaction between 3T3 cells and the hydrogels, immunostaining was
performed using DAPI to stain the nuclei (blue) and phalloidin to label actin filaments
within the cytoskeleton (green). The images reveal key insights into cell morphology,
attachment, and cytoskeletal organization under three conditions: cells alone, cells
seeded on the 3.5 wt% PEG hydrogel (with gelatin coating), and cells on a commercial
gel (polyacrylamide-based, also with gelatin coating). These observations provide both
morphological and biological interpretations of cell behavior in response to the
different environments.

In the control condition with cells alone (Figure 43), the cells exhibit an elongated,
spindle-like morphology, characteristic of healthy, adherent fibroblasts. The actin
cytoskeleton is well-organized, with prominent stress fibers extending throughout the
cytoplasm. This morphology and cytoskeletal arrangement reflect robust attachment
to the substrate and optimal cell spreading, suggesting that the environment in this
condition provides the necessary biochemical and mechanical cues for cellular
homeostasis.

In the commercial gel condition (Figure 45), the cells display a similarly elongated and
well-spread morphology, comparable to the control. The actin filaments are clearly
visible, forming defined stress fibers that span the cell body. This indicates that the
commercial polyacrylamide-based gel, which was coated with gelatin (a protein rich
in extracellular matrix [ECM] motifs such as RGD sequences), successfully mimics the
native cellular environment. The gelatin coating enables effective adhesion, spreading,
and cytoskeletal organization. However, it is important to note that the commercial gel
itself is synthetic and not inherently bioactive, with its ECM-like properties arising
from the applied coating. These features support cell survival and function, as
evidenced by the alignment of actin filaments and the maintenance of typical fibroblast
morphology.
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In contrast, the 3.5 wt% PEG hydrogel (Figure 44) shows a notable difference in cell
morphology. While the hydrogel was also coated with gelatin, the cells appear less
spread, adopting a more rounded shape with reduced cytoskeletal organization. The
actin filaments are shorter, less defined, and lack the alignment observed in the other
conditions. This morphological change suggests weaker adhesion to the hydrogel
surface, potentially due to differences in how well the gelatin coating is adsorbed or
attached to the PEG hydrogel backbone compared to the commercial gel. The rounded
morphology might also indicate mechanical stress or suboptimal interactions between
the hydrogel and the integrins on the cell surface, leading to impaired focal adhesion
formation and disrupted cytoskeletal dynamics. Additionally, differences in
mechanical properties between the PEG and polyacrylamide gels may play a role in
cell behavior under these conditions. To further investigate these hypotheses,
additional experiments could be performed to assess the gelatin coating's adsorption
efficiency, the mechanical properties of the hydrogels, and the integrin-mediated
interactions at the cell surface. For example, techniques like surface plasmon resonance
or contact angle measurements could help determine the strength of gelatin
adsorption, while atomic force microscopy (AFM) could be used to compare the
mechanical stiffness of the hydrogels. Finally, immunofluorescence staining for
integrin markers could provide insights into how the cells interact with the hydrogel
surfaces, helping to clarify the underlying mechanisms contributing to the observed
differences.

Biologically, these observations highlight the importance of substrate properties in
influencing cell behavior. While the gelatin coating on the commercial polyacrylamide
gel creates a supportive microenvironment for cellular adhesion and cytoskeletal
arrangement, the same coating on the PEG hydrogel appears less stable or strongly
attached, resulting in suboptimal cell spreading and cytoskeletal organization. This
variability could stem from differences in the chemical or mechanical properties of the
gel backbones, affecting the adsorption and retention of the gelatin coating. These
findings suggest that additional modifications, such as improving the stability of the
gelatin coating or incorporating ECM-mimicking peptides directly into the PEG
hydrogel matrix, could enhance its bioactivity.

Overall, the images provide valuable insights into how the physical and biochemical
properties of the substrate, including the stability and effectiveness of the coating,
affect cell morphology and cytoskeletal dynamics. However, it is important to frame
these findings within the scope of this project, which focuses on understanding how
dynamic gels flow and how well cells survive within them. This work extends in that
direction and provides meaningful insights. The observed trends highlight areas for
improvement and offer a foundation for further exploration.
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Figure 44: Gel 3.5 wt% and cells.
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Figure 45: Commercial gel and cells.

74



| Conclusion & Future Development 75

4 Conclusion & Future Development

This study highlights the potential of dynamic covalent hydrogels as versatile
biomaterials for applications in tissue engineering, injectable systems, and
regenerative medicine. By integrating microfluidic characterization and biological
evaluations, we improved the understanding of the hydrogel's mechanical and
biological performance.

From a mechanical perspective, the use of a microfluidic setup enabled the detailed
assessment of the hydrogel's viscoelastic properties under controlled conditions.
Liquid-to-solid transitions were observed under increasing pressure, suggesting the
material's adaptability. The identification of non-Newtonian flow behavior through
velocity profiling and particle tracking provided insights into the hydrogel's dual
nature, transitioning between fluid-like and solid-like states depending on the applied
forces. Importantly, the microfluidic data closely aligned with rheological findings,
validating the reliability of this approach for characterizing dynamic hydrogels.

These results contribute to a better understanding of how gels flow, providing insights
that can guide the design of gels with suitable properties for specific applications.
While it is already known that the gels exhibit self-healing and shear-thinning
behavior, this work focuses on uncovering the mechanisms behind their shear-
thinning properties. This knowledge is particularly valuable for applications requiring
mechanical resilience, such as injectable biomaterials, where precise control over flow
properties is essential for in situ delivery.

Biologically, the hydrogels demonstrated excellent cytocompatibility, with cell
viability consistently exceeding 70% in cytotoxicity tests. This confirms their safety for
biological use and their potential as cell-supportive scaffolds. Furthermore, the
successful adhesion of 3T3 cells on gelatin-coated hydrogels highlights the importance
of surface modification in enhancing cell-material interactions. While the 3.5 wt%
hydrogel supported cell viability and attachment, the natural ECM-mimicking
properties of the commercial gel provided superior support for cell spreading and
cytoskeletal organization. This underscores the need to optimize synthetic hydrogels
by incorporating biochemical cues to mimic natural microenvironments better.

The tunable properties of the hydrogels, including their ability to gel at physiological
pH (7.4-7.7) and their stiffness of 12 kPa, matching that of commercial ECM-based
gels, further demonstrate their versatility. These parameters were carefully chosen to
ensure biocompatibility while maintaining mechanical properties that are relevant for
tissue engineering. Additionally, the 3.5 wt% concentration of the hydrogel proved
optimal for gelation within the physiological pH range, whereas higher concentrations
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resulted in limited gelation under these conditions. These findings validate the
hydrogel's potential for customization to meet specific biological requirements.

An important question arises when comparing these hydrogels to commercial
alternatives. The answer lies in the opportunity to better understand and engineer
specific behaviors that may not be fully optimized in commercial gels, such as tailoring
flow dynamics, refining shear-thinning properties, or exploring more cost-effective
synthesis methods with controlled bioactivity. Further study of these hydrogels could
help identify ways to customize and adapt their properties for specific applications,
potentially complementing or expanding upon the capabilities of existing commercial
alternatives. However, it must be noted that the current commercial gel is not
injectable, which limits its use in the development of injectable, cell-laden biomaterials.
Therefore, alternative solutions need to be explored to meet these specific
requirements.

Looking ahead, as a potential future direction, it would be possible to optimize the
hydrogel formulation and to advance the characterization techniques. Expanding the
pressure range and refining particle tracking in the microfluidic setup will enable a
more comprehensive analysis of the hydrogel's behavior under diverse mechanical
conditions. Scaling up the microfluidic platform to multi-channel systems could mimic
more complex, in vivo-like environments, providing further insights into the
material's performance.

On the biological front, long-term studies will be essential to evaluate cell growth,
proliferation, and material stability over extended periods. This will allow for a deeper
understanding of the hydrogel's capacity to support tissue regeneration and cell
viability in dynamic environments. Additionally, exploring new surface
modifications, such as the incorporation of ECM-derived peptides or functional
coatings, could enhance cell adhesion and compatibility further, addressing the
limitations observed in synthetic systems.

Furthermore, it would be valuable to investigate the possibility of encapsulating cells
within the gel for 3D culture, rather than limiting studies to cell culture on the gel
surface. This approach could provide deeper insights into the gel's potential for
mimicking in vivo-like conditions and supporting tissue-like architectures.

Gel formulation optimization will also be critical for expanding the hydrogel's
applications. By fine-tuning the network's dynamic covalent crosslinks and
mechanical properties, the hydrogel can be tailored for specific biomedical uses, such
as drug delivery systems, tissue scaffolding, or injectable cell therapies. Gel
encapsulation of therapeutic agents or cells could open new avenues for localized and
controlled delivery, minimizing systemic side effects and maximizing therapeutic
efficacy.

The hydrogel's injectability stands out as a pivotal feature that merits further
exploration. Future testing under clinically relevant conditions is essential to evaluate
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its ease of injection, ensuring delivery without compromising structural integrity or
functional performance. The self-healing properties demonstrated in this study lay a
solid groundwork for such applications, enabling the hydrogel to recover its form and
sustain functionality even in dynamic environments such as contractile or pulsatile
tissues.

In conclusion, this study establishes dynamic covalent hydrogels as promising
candidates for biomedical applications. The combination of tunable mechanical
properties, cytocompatibility, and adaptability under stress makes these materials
highly versatile. By addressing the outlined challenges and opportunities, future
developments in this field have the potential to revolutionize the design and
implementation of biomaterials in tissue engineering and regenerative medicine.
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A Appendix A

A.1. Particle tracking and velocity analysis

This MATLAB script is designed to perform particle tracking and analyze the velocity
of particles in a microfluidic setup based on video data. The script processes a video
of fluid flow, detects particles in each frame, and calculates their velocity by tracking
their movement between consecutive frames. The analysis focuses on extracting
meaningful flow dynamics such as the average velocity of particles at different
positions along the y-axis of the microfluidic channel. The following is the commented
code used:

function analyze_video35()
% Parameters for the problem
h = 22e-6; % Vertical height y = h in meters (22 micrometers)
L =0.06; % Length of the channel 6 cm

% Video file name and path
video_file = '1900-190L.avi';

% Check if the video file exists
if exist(video_file, 'file') ~= 2

error('Video file not found. Check the path.');
end

% Try to read the video file
try
video = VideoReader(video_file);
catch ME
error('Error reading video file: %s', ME.message);

end
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frameRate = video.FrameRate;

% Fluid parameters

m=0.1; % Estimated consistency coefficient in Pa‘s
p_min = 850e-3; % 850 mPa = 850e-3 Pa

p_max = 1280e-3; % 1280 mPa = 1280e-3 Pa

G = (p_max — p_min) / L; % Pressure gradient

% Rotation parameters

rotation_angle = -43.75; % Rotation angle in degrees (modify as needed)

% Pre—allocate variables

max_frames = 520; % Maximum number of frames to process

crop_y_min 150; % Lower y-axis crop limit

crop_y_max 240; % Upper y-axis crop limit

crop_x_min 70; % Lower x—axis crop limit

crop_x_max 1000; % Upper x-axis crop limit

particle_positions = {}; % Cell array to store particle positions for each
particle_counts = []; % Particle count in each frame

velocities = []; % Calculated velocities

y_positions = []; % Corresponding y-positions

% Video processing for particle tracking
frameldx = 0;
while hasFrame(video) && frameIdx < max_frames
frame = readFrame(video);
frameIdx = frameldx + 1;

time = frameldx / frameRate; % Time in seconds

% Preprocessing the image

grayFrame = rgb2gray(frame);

% Rotate the frame
rotatedFrame = imrotate(grayFrame, rotation_angle, 'bilinear', 'crop');

% Crop the frame

croppedFrame = rotatedFrame(crop_y_min:crop_y_max, crop_x_min:crop_x_max,

% Particle detection
[particles, num_particles] = detectParticles(croppedFrame);

% Update particle count

particle_counts = [particle_counts; num_particles];
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% Particle tracking function
function [particles, num_particles] = detectParticles(grayFrame)

% Enhance particle detection using image processing techniques

% Filtering to reduce noise

filteredFrame = imgaussfilt(grayFrame, 1);

% Edge detection
edges = edge(filteredFrame, 'Canny');

% Detect connected regions

regions = regionprops(edges, 'Centroid', 'Area');

% Filter particles by area
minArea = 30;
particles = [];
num_particles = @;
for k = 1:1length(regions)
if regions(k).Area > minArea
particles = [particles; regions(k).Centroid];
num_particles = num_particles + 1;
end
end

end

% Function to calculate mean velocity for each unique Y value
function [y_unique, mean_velocities] = calculateMeanVelocityAtY(y_positions, vel

% Calculate the mean velocity for each unique y value

% Find unique y values
y_unique = unique(y_positions);

mean_velocities = zeros(size(y_unique));

% Calculate mean velocity for each y
for k = 1:1length(y_unique)
y_current = y_unique(k);
idx = (y_positions == y_current);
mean_velocities(k) = mean(velocities(idx));
end

end
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B Appendix B

In this section, further insights are provided on the use of the Hidex and Thunder
systems, highlighting their principles of operation and applications in various fields.

B.1. HIDEX

The HIDEX system functions based on the principle of scintillation, which involves the
emission of light when ionizing radiation interacts with a scintillator material. In the
HIDEX setup, a sample containing radioactive isotopes is introduced into a
scintillation medium. As the radioactive material undergoes decay, it emits particles
(e.g., alpha, beta, or gamma particles) which then interact with the scintillator, causing
it to release photons (light). These photons are then captured by a photomultiplier tube
(PMT), a device that converts the light into an electrical signal. The PMT amplifies this
signal to detect very low levels of radiation, providing high sensitivity.

The system analyzes the number of photons emitted, which correlates directly with
the intensity of radiation in the sample. The HIDEX can measure both the energy and
the count rate of these signals, enabling the precise quantification of radioactivity.
Additionally, the data is typically processed and displayed through a software
interface, allowing for advanced analysis, such as time-resolved measurements or
multiple sample analysis. The key advantage of HIDEX systems lies in their ability to
provide rapid, accurate measurements, often in environments requiring real-time
monitoring of radioactive substances, such as in environmental testing, medical
diagnostics, and research involving radiolabeled molecules (Wang et al., 2018; Zhao et
al., 2019).
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Figure 46: Optical Pathway of a Fluorescence Microscope adapted from Microbiologia Italia

B.2 Thunder Microscopy

The thunder system operates using a different detection principle than scintillation-
based systems, focusing on fluorescence detection. It is commonly used in biological,
chemical, and environmental studies where high sensitivity and resolution are
required for detecting specific molecules or markers within complex samples. In the
thunder system, a light source (often a laser or LED) excites fluorescent molecules in
the sample, causing them to emit light at a different wavelength. The emitted
fluorescence is then detected by a sensitive photodetector or camera system. The
intensity and wavelength of the emitted light provide information about the
concentration and specific properties of the target molecules.

A key feature of the thunder system is its ability to perform real-time imaging and
analysis with high spatial resolution, making it ideal for applications like molecular
imaging, live-cell imaging, and environmental monitoring. The system may be
equipped with various optical filters to selectively detect fluorescence from different
molecules or markers, providing multiplexing capabilities for analyzing multiple
targets simultaneously. Additionally, the THUNDER system often includes software
that allows for advanced analysis, such as signal quantification, dynamic monitoring,
and 3D imaging, depending on the configuration.
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The Thunder system is valuable in a range of fields including biomedical research,
environmental monitoring, and food safety, where it can be used to track and quantify
specific molecules, cells, or contaminants with minimal interference from the
surrounding medium (Smith et al., 2020; Liu et al., 2019). The system's capability to
provide high-resolution images combined with real-time data analysis makes it a
powerful tool for researchers needing to detect low concentrations of specific
substances in complex environments.
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Figure 47: Schematic of the optical setup showing the focus position of light passing through
different media (water, glass, and air), the LED light source (850 nm), and the light detection
system, including the prism, offset lens, and detection sensor with a slit diaphragm. It is
adapted from Leica-microsystems.com.
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