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Mikrofluidistiikka on tekniikan ala, jonka tavoitteena on kasitella pienia maaria nesteita kaytta-
malla kanavia sisaltavia siruja. Mikrofluidistiikka hyddyntaa mikrosiruja, jotka on useimmiten val-
mistettu yhdistamalla polymeeria ja lasia happiplasman avulla. Naiden sirujen avulla voidaan tuot-
taa pienelld kokojakaumalla hydrogeelimikropisaroita, joilla on lukuisia lupaavia sovelluksia ku-
dostekniikassa ja kontrolloidussa ldadkeannostelussa. Pisaroiden muodostumiseen vaikuttavat
monet parametrit, kuten mikrokanavan geometriset ominaisuudet sekd kanavan materiaalin pin-
taominaisuudet ja virtausnopeus. Lisdksi pisaroiden muodostamiseen vaikuttaa pinta-aktiiviset
aineet ja nesteen viskositeetti. Naiden eri parametrien vaikutusta voidaan mallintaa dimensioi-
mattaman analyysin avulla.

Yksi pisaroiden muodostamiseen kaytetty materiaali on Gellan gum -hydrogeeli, joka on
bioyhteensopiva polymeeri. Gellan gum muodostaa itsedan kannattelevia rakenteita kationien
lasna ollessa. Gellan gum-hydrogeelipisarat sopivat muun muassa solujen kapselointiin, mika
saattaa tulevaisuudessa mahdollistaa 3D-elinten rakentamisen laboratoriossa tai farmaseutti-
sissa sovelluksissa laadkeaineiden kontrolloidun vapautumisen.

Tassa kandidaatin tydssa tutkittiin Gellan gum -hydrogeelipisaroiden muodostamista kol-
mella eri dispergoituneen faasin virtausnopeudella kayttden vakiovirtausnopeutta jatkuvalla faa-
silla. Lisaksi tarkoituksena oli tarkastella pisaroiden stabiilisuutta seitseman paivan inkuboinnin
jalkeen. Empiirisen osuuden tavoitteena oli arvioida virtausnopeuden vaikusta muodostuvien pi-
saroiden kokoon ja kokojakaumaan. Tulosten perusteella havaittiin, ettd pisaroiden koko kasvoi
dispergoituneen faasin virtausnopeuden kasvaessa, mika johtui Weber luvun kasvamisesta. Li-
saksi t-testin perusteella havaittiin, ettd pisaroiden koko pieneni seitseman paivan inkuboinnin
aikana dispergoituneen faasin virtausnopeuksilla 0,5 ja 3,0 yl/min. Tama osoittaa, etta pisarat
eivat sailyneet stabiileina. Tahan saattoi vaikuttaa liian alhainen pinta-aktiivisen aineen (Span80)
konsentraatio seka pisaroiden inkubointiin kaytetty valiaine, joka saattoi aiheuttaa osmoottista
painetta.

Lisdksi empiirisen osuuden suorittamisessa ilmeni haasteita, kuten ilmakuplien muodostu-
mista, kanavien vuotamista ja tukkeutumista. Empiirisen osuuden tuloksien toistettavuutta voi-
daan edelleen parantaa muun muassa optimoimalla pinta-aktiivisen aineen konsentraatiota, ris-
tisilloittaja-konsentraatiota seka vaihtamalla inkubointiin kaytetty valiaine. Rohkaisevana tulok-

sena kandidaatin ty6ssa oli se, etta hydrogeelipisaroiden muodostamisessa onnistuttiin.

Avainsanat: Gellan gum, hydrogeeli, mikrofluidistiikka, pisaran muodostus
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Microfluidics is a field of technology where the goal is to process small amounts of fluids using
chips with channels. Microfluidics utilizes microchips, which are mostly made by combining poly-
mer and glass with oxygen plasma treatment. These chips can be used to produce hydrogel
microdroplets with a small size distribution. This has numerous promising applications in tissue
engineering and controlled drug delivery. The formation of droplets is influenced by several pa-
rameters, such as the geometric properties of the microchannel and the surface properties of the
channel material and the flowrate used. In addition, the formation of droplets is influenced by
surfactants and the viscosity of the fluids. These effects of different parameters can be modeled
by using dimensionless numbers.

One material used to form the droplets is Gellan gum hydrogel, which is a biocompatible pol-
ymer. Gellan gum forms self-supporting structures in the presence of cations. Gellan gum hydro-
gel droplets are suitable, for example, for cell encapsulation, which may enable the construction
of 3D organs in the laboratory orin pharmaceutical applications the controlled release of medici-
nal substances in the future.

In this bachelor's thesis, the aim was to study the formation of Gellan gum hydrogel droplets
at three different flow rates of the dispersed phase using a constant flow rate for the continuous
phase. In addition, the purpose was to examine the stability of the droplets after seven days of
incubation. The aim of the empirical part was also to evaluate the size and size distribution of the
droplets formed. Based on the results, it was observed that the size of the droplets increased with
the increasing flow rate of the dispersed phase, which was due to the increase in the Weber
number. Furthermore, the t-test showed that droplet size decreased during seven days of incu-
bation at dispersed phase flowrates of 0,5 and 3,0 pl/min. This shows that the droplets did not
remain stable during the incubation period. This could be influenced by the too low concentration
of surfactants (Span80) and the solution used to incubate the droplets that could have caused
osmotic pressure.

In addition, some challenges were encountered during the execution of the empirical part,
such as the formation of air bubbles, leakage and clogging of the channels. The repeatability of
the results of the empirical part can be improved, for example, by optimizing the surfactant con-
centration, crosslinker concentration and by changing the solution used for incubation. The en-
couraging observation was the succeeded forming of hydrogel droplets in the empirical part.

Keywords: Gellan gum, hydrogel, microfluidic, droplet formation
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Ca Capillary number

(0} Flow rate ratio
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HEPES Roswell Park Memorial Institute 1640 medium
A Viscosity number

PBS Phosphate-buffered saline

PC Polycarbonate

PDMS Polydimethylsiloxane

PET Polyethylene terephthalate

PMMA Polymethyl methacrylate

PVC Polyvinyl chloride

Re Reynolds number

Span80 Sorbitane monooleate

SU-8 Epoxy-based negative photoresist, with 8 epoxy groups
Vmax Maximum volume

viv Volume per volume
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1.INTRODUCTION

Microfluidics is a field of technology that can be applied in many different research fields, such as
chemistry, biology, and pharmacy. In microfluidics, the aim is to process and manipulate small
amounts of fluids by using a microfluidic chip with channels. With the help of microfluidics, the
aim is to improve the accuracy of research methods and decrease the amount of reagents
needed. This enables reduce the cost of the research, and also makes it a more environmentally
friendly method. Microfluidics utilizes chips, which are mostly made of polymer and glass. The
chips enable more realistic modeling of human body conditions, providing reliable research re-

sults, and are useful for studying pharmaceuticals products and drug metabolism. [1,2]

Microfluidics can be used to produce hydrogel microdroplets, which have numerous promising
applications in tissue engineering, such as creating scaffolds for 3D cell growth [3], and controlled
drug release from the droplet [4]. With microfluidics it is possible to control the size distribution of
droplets. The conventional approaches to produce micro-droplets often results in a polydisperse
in droplets, which have inconsistent sizes and compositions. This variability limits the application
of microcapsules in many fields. In contrast, microfluidic technology offers a promising alternative,
enabling the formation of monodisperse in hydrogel droplet size. The formation of droplets is
influenced by many parameters such as microchannel dimensions and surface properties, flow
rate, surfactants and fluid viscosity. Various devices, such as flowfocusing, co-flowand crossflow,
have been developed to enhance droplet formation and improve the quality of these micro-
droplets. [5]

One of the hydrogels used in microfluidics is Gellan gum (GG), which forms self-supporting poly-
mer networks in the presence of cations. During gelation, or sol-gel transition, polymer chains are
crosslinked. Gelation improves the dynamic viscosity and elasticity of hydrogels. Hydrogel drop-
lets formed by microfluidics can be used in many applications. One example is to produce hydro-
gel droplets to encapsulate the cells to create 3D in vitro cell cultures. In this way, the in vivo
environment can be better imitated, which may in the future allow the construction of 3D organs
in a laboratory. As another application possibility, droplet microfluidics has been studied in drug
synthesis and controlled release in pharmaceutics. This makes possible rapid reactions, low risk
of contamination and controlled drug delivery. [6,7]

This bachelor's thesis studies hydrogel droplet formation in microfluidics through a literature re-
view and empirical study. The theoretical part aims to examine and understand how hydrogel
properties and different chip parameters affect the formation of the hydrogel droplets. The empir-
ical part aims to study the effect of flow rates on the Gellan gum hydrogel droplets size, size
distribution and the droplet stability after 7-day incubation. This leads to the consideration of how

the properties of hydrogel and chips affect the formation of droplets.



2. DROPLET FORMATION IN MICROFLUIDICS

Various physical forces affectthe droplet formation in microfluidic chips. Atthe micro level, surface
forces dominate gravitational forces. This is different compared to the macro level phenomena,
which can be modeled using dimensionless numbers. Thus, it is important to understand what
are microfluidic chips and the forces that affect fluid dynamics to be able to understand how drop-

lets are formed and what factors affectthe size and uniformity of the droplets that are formed. [8]
2.1 Microfluidic chip

In microchips, the aim is to process and manipulate small amounts of liquids using chip’s chan-
nels. The dimensions of these microfluidic chip’s channels can vary between 1 and 100 microm-
eters. Typically microchips contain reagent inlets, microchannels, and outlet. From the inlets, the
different phases (continuous and dispersed phases) can be injected into the channels. Flow rates
can be controlled, forexample by syringe pumps. Outlet channel is used to remove liquids that

have passed through the chip. [9,10]

Microchips can be made from many different materials such as polydimethylsiloxane (PDMS),
glass, polyethylene terephthalate (PET), polymethyl methacrylate (PMMA), polyvinyl chloride
(PVC), polycarbonate (PC) and others. PDMS is a silicone-based elastomer is generally used as
a material for microchips because of its biocompatibility, transparency and dimensional accuracy,
it is elastic, and it has good thermal and chemical stability. PDMS is usually used to make micro-
channels by replica molding or soft lithography. Often, microchannels are made of PDMS, which
are bonded to glass. This bonding of PDMS to glass can be done by an oxygen plasma treatment
(figure 1). The aim here is to remove impurities from the materials and form reactive chemical
groups capable of forming covalent bonds between the glass and the PDMS. It replaces the ter-
minal methyl groups (-CH3) in the PDMS by silanol groups (-Si-OH). These form covalent siloxane
bonds (Si-O-Si) with a similar silanol group on another activated surface, releasing the water
molecule. [11-13]

PDMS
_PDMS S L
Oxygen plasma it i
Treatment s gi—o—sl
H H Time o o + 3 H,0
» °© o — $i-0-si
S‘i O—Si )
Glass | Glass
Glass

Figure 1: Oxygen plasma treatment.



Microfluidic chips are used in biomedical applications, which is why biocompatibility is an im-
portantissue in the development of microfluidic devices. In addition to biocompatibility, the mate-

rial must be easy to fabricate, durable and chemically compatible with the reagents used. [2,14]

2.2 Dimensionless numbers

Droplet formation and their properties such as size, generation frequency, and monodispersion
depend on several different parameters. These parameters include the properties of fluid as well
as the properties of the microfluidic chip. The characteristics of the microchip include channel
geometries, flow ratio and wetting properties of the channels. On the other hand, the properties
of fluid include interfacial tension between two phases, viscosity ratio, and dimensionless num-
bers. These interactions between different forces on droplet formation can be described using
dimensionless numbers (table 1). Dimensionless numbers compare the magnitude ratio between
two different quantities, and tells which one is dominant. Often surface forces dominate volume
forces. [15,16]

Table 1: Summary of equations of dimensionless numbers that affect droplet formation
on a microchip. [1]

Dimensionless Sym- Formula Definition
number bol
Capillary number | Ca Ca = nu (1) Where n is the viscosity of continuous phase,
o u is the fluid flow rate in a chip and o is the
surface tension between the phases.
Weber number We pu’L Where p is the density of dispersed phase, u
We = o @) is the fluid flow rate in a chip, L is the device
length-scale, ois the surface tension between
the phases.
Reynolds number | Re Re = % _ p_uL 3) Where p is the density of dispersed phase, u
Ca n is the fluid flow rate in a chip, L is the device
length-scale and n is the is the viscosity of
continuous phase
Viscosity number | A 3= Na (4) Where n, is the viscosity of dispersed phase
Ne and 7, is the viscosity of continuous phase
Flow rate ratio (0} Q4 Where @, flow rate of dispersed phase and Q.
?=0. )| fiow rate of continuous phase.

Dimensionless numbers play an important role in the analysis of fluid flow and droplet formation.
Dimensionless numbers are quantitative parameters that describe physical phenomena without
specific units of measurement. They combine various physical properties into a single parameter,
making it easier to examine complex relationships of forces. There are several key dimensionless
numbers that play a significantrole in droplet formation, such as Reynolds number (Re), Capillary

number (Ca), Weber number (We), viscosity ratio and flow ratio. [16]



Ca measures the velocity of the continuous phase in relation to viscosity and interfacial tension
is also crucial in determining droplet formation. We can be used to describe the relationship be-
tween droplet inertia and capillary forces. The Re represents the effect of inertia on the force
caused by viscosity. Re determines whether the flow generated on the microchip is laminar or
turbulent. Typically, at the microscale, the flow is laminar. The ratio of flow rates between the
continuous and dispersed phases, known as the flow rate ratio, is identified as a crucial parameter

affecting droplet breakup. [1,16]

2.3 Droplet formation methods

The formation of droplets is caused by the instability of the fluid. Droplet formation occurs when
interfacial tension forces try to minimize interfacial area in accordance with the principle of mini-
mum interfacial energy. The formation of a droplet can be divided into three stages with micro-
chips. First, the fluids of the continuous and dispersed phases meet at the cross-section of the
microchip, thus forming an immiscible interface. Next, the interfacial deformation causes its insta-
bility. Finally, this unstable interface breaks up spontaneously, forming a droplet. The formation
of a droplet can occur, forexample with five different methods: squeezing, dripping, jetting, tip-

streaming, and tip-multi-breaking. [1]

The figure 2 shows the droplet formationregimes in flowfocusing device. In the squeezing regime,
shear forces are insufficient to detach droplets immediately, which results that the droplet expand
and fill the outlet channel width before detaching. In the dripping regime, the droplets are formed
near the intersection. Aftera droplet breaks off, the tip of the dispersed phase retracts back into
the intersection. In the jetting regime, the dispersed phase moves through the intersection and
extends deeply into the outlet channel of the chip. Once a droplet breaks off within the microchan-
nel, the dispersed phase remains at the channel’s outlet channel without retracting back to the
intersection. In tip streaming, droplet formation occurs at the tip of the dispersed phase, from
which small satellite droplets are detached, due to intense stretching and a flow-dominated inter-
face. In tip-multi-break droplet formation occurs at the tip of the dispersed phase, and a single
droplet further breaks up into multiple little droplets, forming a series of smaller droplets as the
surface tension and shear forces of the liquid interact. The droplet formation regime is affected

by the properties of the fluid as well as the properties of the microchip. [1,17]



Squeezing

Low capillary number and weber
number

Dripping

L . . Moderate capillary number and .
Dimensionless number high weber number — Jetting

Flow regime

Tip-streaming

Variable capillary number and
weber number

Tip-multi-break

Figure 2: Different droplet formation regimes. In the figure low capillary number for con-
tinuous phase is approximately between 0,00-0,07 and moderate is approximately between
0,07-0,1 [18]. In turn, low weber number for dispersed phase is approximately 1-10-5-2-10-3
and high is greater than 2-10-3 [19]. However, these values vary in literature depending on
how the dimensionless numbers are calculated.

Squeezing is defined by a slow and stable droplet formation regime, where the Rayleigh-Plateau
instability is the primary influencing factor causing the droplet break-up. The dripping regime oc-
curs under the dominance of viscous forces, In the jetting regime, inertial forces are dominant.
The tip-streaming and tip-multi-breaking regimes formation is influenced by intricate fluid interac-
tions. [20]

Ca and We influence droplet formation regimes. At the microscale, the viscous forces caused by
the continuous phase are significant, leading to the breakup of the dispersed phase into droplets.
Therefore, the Ca has often been used to describe the properties of the continuous phase in
microfluidics. In addition, in microfluidics, the inertia of the dispersed phase becomes significant
due to small droplet sizes and high velocities, We helps to visualize the disintegration of the dis-
persed phase into droplets. [21]



2.4 Droplet formation via passive and active methods

Droplet formation can be done by active and passive methods. With passive droplet formation
methods, a droplet can be formed by mixing two immiscible liquids . Passive methods rely on the
intersectional geometry of the microchip, along with the physical properties of fluids, such as den-
sity, surface tension, viscosity. Also, the capillary forces can be varied by changing parameters
such as flowrate or material properties of the chip, like the interactions between chip materials
and fluid. This includes for example the channel wettability that affects the droplet formation. The
surface tension has a big influence on the formation of the droplet. The passive droplet formation

methods are shown in the figure 3. [22]

Passive Techniques
channel geometries material property
T-junction
|
_ - nd Pq Pec &'
Co-flow | . I - b |
- | | 3
viscosity fluid density fluld velocity
Flaw focusing _—
S I Y
hama |
- ling
,/.-
channel wettability interfacial tension

Figure 3: Passive Techniques utilize the geometry of the channel and the properties of the
materials properties in droplet formation. The material properties include viscosity and
density of the fluid, and also the wettability of the channels. In addition to these, surface
tensions and fluid flow rate have a significant effect on droplet formation. Based on [1]

In additionto passive methods, active methods can also be used to forma droplet. Active methods
use external energy, which can be used to ease the formationof droplets onthe microchip. These
forces include, for example, electric [23], magnetic [24], acoustic [25] or laser fields [26]. With the

help of active methods, the behavior of the liquid can be manipulated precisely and effectively to



form droplets. Active droplet formation methods are necessary in some situations and applica-
tions, such as breaking liquid threads in an aqueous two-phase system where the liquids have
very low interfacial tension. Active methods are also needed in producing a drop from highly vis-

cous liquids and, for example, encapsulating cells. [1,22,27]

The distinction between passive and active methods highlights the versatility and adaptability of
droplet generation techniques. Passive methods offer simplicity, utilizing basic physical principles
to achieve droplet formation. On the other hand, active methods offer opportunities for fine-tuning
and optimization, enabling tailored droplet generation in complex scenarios. In this bachelor’s
thesis, the purpose is to form droplets using two phases and controlling the velocities of these
phases. Because of this, the aim is to form droplets using passive methods. [22]



3.DROPLET FORMATION AND MICROFLUIDIC
CHIP

The formation of droplets in microfluidics is based on shear stress and interface stress between
two different phases. The size of the droplets is the result of a number of factors such as fluid flow
rates, channel geometry, material properties of the channel and physical properties of the phases.
Flow rates and interfacial tension directly affect the droplet formation, whereas channel geometry

and materials affect flow control and droplet size. [28]

3.1 Effect of microchip material

On a small scale, the properties of the surface are dominant, which is why the choice of the
optimal material has a big impact on the properties of the microchip and further on the formation
of the hydrogel droplet. The droplets are typically formed in two-fluid systems, and different fluids
flow in channels in different ways, one being the dispersed phase while the other forms a contin-

uous phase.

The affinity of the fluid for the channel wall determines which fluid creates the continuous phase,
and which dispersed phase. This can be measured with contact angles. The contact angles tell
about the interactions between the fluid and the materials. So, this is affected by the surfaces and
fluid’s hydrophilical or hydrophobicial interactions. If the contact angle between the droplet and
the solid surface is greater than 90 degrees, the contact is said to be hydrophobic, nhon-wetting
(figure 4A). In the opposite case, when the contact angle between the droplet and the material is
less than 90 degrees, the contact is said to be hydrophilic (figure 4B). Also, the fluid can be com-
plete wetting, which causes the forming of a fluid film on the surface (figure 4C). In this case no
droplet can be formed. [12,14]
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Figure 4: Contact angle determining the hydrophilicity and hydrophobicity. In this case,
the hydrogel becomes a dispersed phase, where the surface tension makes the two liquids
form the hydrogel droplets. Based on [29]

When trying to control which fluid creates the continuous phase, the simplest way is to ensure
that the chip is made of a material with similar chemical properties to the desired continuous
phase. In this case, the wanted fluid will wet the surface of the channel. Wetting refers to fluid that
prefers to be in contact with the material of the channel and wets the surface of the material. For
example, when forming hydrogel droplets, it is better to choose a hydrophobic material so that
the oil phase wets the channel surface. In this case, the hydrophilic hydrogelbecomes adispersed
phase. When microchips are made of PDMS and glass, the different properties of the materials

affect which phase becomes continuous. [1,12]

It is also possible to modify the surface of the material if the material cannot be selected to meet
the required continuous phase physical properties. As PDMS glass micro-chips are fabricated by
bonding them with oxygen plasma. This treatment causes changes in the surface properties of
the material, which is why it has also been used as a surface modification method or as a first
step in further surface modification. In the plasma treatment, Si-OH bonds are formed on the
surface of the glass and PDMS, and this makes the surface hydrophilic. This hydrophilic surface
is transient. It is important to note that plasma treatment can also cause cracks in the surface,

which can further affect droplet formation. [1,12]

3.2 Effect of channel geometries

The geometry of the microchip channels make it possible to control droplet formation and the size
of the droplets formed. There are many different types of planar microchip geometries, but based
on the literature, the three most common chip geometries are co-flow, T-junction and flow-focus-

ing. These geometries are presented in Figure 5. [29]
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A) T-junction C) Flow focusing

_____ |
l B) Co-flow

L

Figure 5: A) T-junction geometry involves the intersection of two perpendicular flows
within a microchannel. B) In the co-flow geometry, continuous and dispersed phases flow
parallel inside a micro-channel and the other phase surrounds the other one. C) Flow-fo-
cusing geometry uses a combination of co-flow and T-junction geometries, the continuous
phase flows through a side channel perpendicular to the dispersed phase. Based on [29]

In the empirical part of this bachelor thesis, the flowfocusing geometry is used to form the droplet,
which is why the effect of its geometry is examined on the droplet formationin more detail. In a
flow-focusing microfluidic device, the breakup of the dispersed phase into droplets happens due
to interactions between the dispersed phase and the continuous phase. The continuous phase
exerts shear forces that act on the dispersed fluid, while capillary pressure resists this defor-
mation. This instability causes the dispersed phase to break into droplets. The geometry of the
microchip influences the droplet formation and characteristics such as size. In the figure 6 it is
summarized the chip geometry characteristics that effect the size of the formed droplets.

Figure 6: the flow focusing geometry characteristics that influence the size of the formed
droplets. [31,32]

If it is examined the effects of microfluidic chip size parameters on the droplet size, it can be seen

that the width, height and length of the channel as well as nozzle diameter have different effects
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or no impact. The increased channel width and increased channel height bothlead to larger drop-
lets. Respectively the decreased channel width and decreased channel bothlead to smaller drop-
lets. A wider channel creates larger droplets due to the increased volume of fluid at the breakup
point. Narrower channels restrict the flow, leading to smaller droplet formation. Taller channels
allow more fluid to accumulate, producing larger droplets. Shorter channels limit fluid volume and
reduce droplet size. On the other hand, the channel length had no direct impact on droplet size.
Nozzle diameter has an effectonthe dropletsize. Increased diameter leads to larger droplets and
decreased diameter to smaller droplets. Awider nozzle reduces the shear forces onthe dispersed
phase, leading to larger droplets. Also, larger nozzles allow more fluid to pass through, forming
bigger droplets. Narrow nozzle increases shear, causing smaller droplet formation. Also, smaller

nozzles restrict fluid flow, leading to smaller droplets.

3.3 Effect of flow rates

Microfluidic flow can be laminar or turbulent (figure 7). The flow type on the chip can be evaluated
using the Re (formula 3). This number describes the properties of the flowin relation to the inertial
forces of the flow and the viscosity. Low Re indicate laminar flow, where viscous forces dominate.
In contrast, high Re lead to turbulent flow, especially at increased flow velo cities or in systems
with obstacles. Usually the Re is so low that laminar flowis more common in microfluidic chip
than turbulent flow. [30-32]

A) laminar flow B)turbulent flow

- -

Figure 7: A) shows laminar flow and B) shows turbulent flow. The flow on the chip can be
estimated using the Re. It is affected by the flow rate and material properties, such as the
viscosity and density of liquids. [33]

Droplet formation in microfluidic chip is influenced by the fluid flow rates, which impacts both the
size and frequency of the droplet formation. The size and shape of the droplets depend on shear
stress, which is influenced by differences in the flow rates of the fluid phases (figure 8). This can
be estimated by using the Ca and We, which considers the flow rate of the fluid phases in the
chip (formulas 1 ja 2). Also, the flow type on the microchip also affects the distribution of shear

stress.
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Figure 8: Shear stress stretches the dispersed phase causing the droplet to form. This is
due to the sur-face tension minimizing the surface area of the droplet.

These Ca and We affectthe droplet detachment and the type of droplet formationinthe microchip.
Since the Ca is directly proportional to the flow rate of the continuous phase, its increase causes
a bigger shear stress in the dispersed phase. This causes a decrease in droplet size, while lower
shear stress leads to larger droplets. In small We, the surface tension energy is dominant. In this
case, droplet formation on the chip is difficult or even impossible. On the other hand, a large We,
the kinetic energy is dominated and makes droplet formation on the chip possible. In the We,

increasing flow rate of dispersed phase causes droplet formation. [29,33-35]

The ratio of the flow rates of the phases also affects the formation of the droplet and its size
(formula 5). Santos et al. (2020) the study investigated the effect of the ratio of flow rates on the
size of GG droplets [33]. Based on the research, it was found that increasing the flow rate of the
continuous phase while maintaining a constant flow rate forthe dispersed phase results in the
formation of smaller microgels. This occurs because a smaller ratio between the dispersed and
continuous phases generates greater shear force. A higher continuous phase velocity reduces
the droplet size. Increasing the flow rate of the continuous phase also increases the magnitude
of the shear stress, which causes the dispersed phase to break up into smaller droplets. On the
contrary, the average size of droplets increases when the flow rate ratio increases. This due to
higher flow rate ratio enables the dispersed phase to "fill" a larger amount of dispersed phase to

the intersection of the chip before it breaks up into a droplet as a result of shear stress. [33,36,37]
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4. DROPLET FORMATION AND HYDROGEL

In the following chapters, the aim is to examine how the properties of the hydrogel affect the
formation of a droplet on microchips. Important parameters that determine the size and shape of
the hydrogel droplets are the viscosity, which is affected by polymer concentration, and the sur-
face tension. The interactions between the hydrogel and the continuous fluid affect also to the
formation of hydrogel droplets, which is why the focus is on the rheological properties of the hy-
drogel. [27,38]

41 Gellan gum hydrogel

Hydrogel refers to a crosslinked polymer network in which the swelling agent is water. A hydrogel
is a polymer network in which the polymers can be crosslinked to each other with many different
types of bonds, such as covalent, weak bonds orionic bonds. Hydrogels are also biocompatible
materials, and they can imitate the extracellular matrix in living organisms. In addition, hydrogels
physical properties are easily adjustable. Hydrogel properties and gel formation can be controlled
by polymer and crosslinking concentration and crosslinking species. This makes hydrogels ver-

satile materials for various biotechnological applications. [39,9]

Hydrogels, like GG, have been extensively studied in medical applications. GG has many advan-
tageous properties, such as the controlled and prolonged release of the active pharmaceutical
molecules. In addition to pharmaceutical uses, the use of GG has also been studied in 3D cell
cultures. Hydrogels provide an aqueous, three-dimensional environment which is used to imitate
the biological extracellular environment and tissue structure. Because of this, hydrogels are a

unique class of biomaterials for tissue engineering purposes. [14,40,41]

GG is an anionic exopolysaccharide in which one repeating unit consists of four saccharides: L-
rhamnose, D-glucopyranose, D-glucuronic acid, and D-glucopyranose. GG exists in two primary
forms: the acetylated (high acyl) or deacetylated (low acyl) form. The high acyl form retains acetyl
groups, and forms softer and more elastic hydrogels, whereas the low acyl form, with its deacety-
lated structure, forms a firmer and more brittle hydrogels. Figure 9 shows the molecular formula
of GG. GG polymers are produced by the bacterium Sphingomonas elodea through an aerobic

process. GG hydrogels are made by cross-linking polymer chains with cationic ions. [9,40—42]
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Figure 9: Gellan gum low acyl form (A) and high acyl (B) form. Based on [9]

GG forms hydrogels via ionotropic process, which is why cations are needed to crosslink the
hydrogel and further form the hydrogel structure. The gelation process of GG begins with a dis-
ordered coil to form a double helix as the hydrogel cools. The formation of gel structure requires
further aggregation of these helixes. The presence of cations, particularly divalent cations, is es-
sential in stabilizing the gel structure through an ionotropic process that connects the double helix
chains together. As a result of chemical reactions, polymers undergo a sol-gel transition, leading
to hydrogel formation (figure 10). In the cross-linking process, divalent cations are more effective
than monovalent cations. Divalent cations enhance the thermal stability of the resulting gels, mak-
ing them more resistant to temperature variations compared to the monovalent cations. This is
due to divalent cations facilitate chemical bonding with the carboxylate groups in Gellan chains.
The advantage of such ionically crosslinked hydrogels is a simple and convenient manufacturing
technique, and the manufacturing is fast. In practice, the preparation of such a hydrogel only

requires the mixing of two components, the polymer and the crosslinker. [11,27,28]

hydrogel helix

crosslinker cation

Figure 10: Hydrogel droplet formation via external gelation. The double helices hydrogels
crosslink with present of cations. This causes the droplets become solid and self-support-
ing. [28,46]
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lonic gelation can be achieved by two different methods. In microfluidics, an internal or external
gelation mechanism is typically used. In internal gelation, gelation of the hydrogel is induced by
external factors. In this case, the crosslinker is initially in an inactive state inside the droplet, and
is only activated by an external factor, causing the crosslinking of the polymers. This external
factorcan be, forexample, a low pH value of the continuous phase. In turn, external gelation,
droplets formed from a prepolymer solution are combined with crosslinker ions that are added to
the continuous phase of the microfluidic device. The ions cause the polymer chains begin to

crosslink, and the droplet interface becomes solid. [28]

4.2 Surface tension

Passive droplet formation is particularly affected by the shear stress between two phases and the
interfacial stress between the phases. Surface interactions are crucial in forming hydrogel drop-
lets between the two fluid phases. Surface tension arises from interactions between polar and
non-polar molecules, driving the formation of droplets by minimizing the fluid surface area. Sur-
face tension is mainly determined by the different attractive forces between molecules and influ-

ences the behavior of fluids in different environments. [14,43]

The Ca is a dimensionless number related to the surface tension that affects the formation of
droplets on microchips. The Ca describes the ratio of viscosity and flow rate to surface tension
(formula 1). Droplet size can be controlled by changing the Ca, which means changing the con-
tinuous phase viscosity or flow rate or by controlling interfacial tension between two fluids. A low
Ca suggests that surface tension forces dominate dropletformation, and as the interfacial tension

increases. This causes the droplet size to increases. [36,44]

The surface tensionbetween the continuous and dispersed phase can be modified by surfactants.
The surfactant molecule, like Span80, is bipartite containing a hydrophobic tail and a hydrophilic
head. In this way, the size of the droplets formed can be influenced. Surfactants and their con-
centrations affect the formation and size of microdroplets. Increasing the surfactant concentration
leads to a reduction in droplet diameter, as the interfacial tension decreases. Typically, surfac-
tants will be added to the continuous phase (figure 11). Also, surfactants can create surface den-
sity gradients that generate Marangoni tension (pink arrows). Marangoni's stress prevents the

forming droplets from coalescing. [6,29,45-49]
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Figure 11: Surface tension and surfactant’s effect on droplet formation. Based on [54]

GG is hydrophilic and oil is hydrophobic, which is why surface tension is created between the two
phases, which is one factor that affects droplet formation. Surfactants are used to reduce the
interfacial tension between the dispersed and continuous phase, which enables the formation of
droplets and prevents the droplets from coalescence together before gelation. A commonly used
surfactant is Span80, which is non-ionic and hydrophobic. Surfactants have an effect on the size
and stability of the droplets formed. The size of the droplets decreases by increasing the concen-
tration of surfactants, but at the same time their stability decreases during static incubation [46].
This decrease in droplet stability can be caused by poorabsorptionof the surfactant on the droplet
surface and further causes the droplet's stochastic nature of the droplet coalescence. [21,49]

4.3 Viscosity

Polymer solutions such as hydrogels have high viscosity. Viscosity measures the ability of a ma-
terial to resist flow and is one factor that affects droplet formation on microfluidics chips. GG
hydrogel is a non-Newtonian and therefore its viscosity depends on the external shear rate [19].
The shear rate causes the behaviour of GG hydrogel to change to shear-thinning, which means
that its viscosity decreases as a result of shear stress. As the shear rate increases, the viscosity
of the polymer decreases, which affects droplet formation. In this case, the polymer phase may
break down into smaller droplets as a result of increased shear stress. Also, as the polymer con-
centration increases, the viscosity of the dispersed phase increases, increasing the shear stress
between the two phases. As a result of the higher shear stress of dispersed phase, the formed

droplets are bigger. [50,51]

The shear stress produced by a continuous phase is also strongly related to its viscosity. A higher
viscosity helps to increase the shear stress, which causes the dispersed phase to break up into
droplets. This leads to smaller droplet sizes. The viscosities of the continuous and dispersed

phase are often described by the viscosity ratio, which is a dimensionless number. The viscosity
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ratio can be used to estimate the shear forces in a two-phase flow system (formula 4). A high
viscosity ratio predicts that the droplets formed are biggerthan those formed with a lower viscosity
ratio. In addition to shear stress, viscosity also affects the Ca, which has an impact on the type of
droplet formation (figure 12). The Ca is directly proportional to the viscosity of the fluid. In GG
hydrogel, viscosity depends on polymer concentration due to intermolecular interactions. With
higher polymer concentration, the density of weak bonds of polymer molecules increases, en-
hancing intermolecular interactions, thereby raising solution viscosity. Additionally, crosslinker
concentration affects hydrogel viscosity; higher concentrations facilitate more efficient polymer
crosslinking, further increasing viscosity. [52-54]
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Figure 12: Surface tension and shear force effects droplet formation. Based on [6]

In addition to polymer concentration, the crosslinker concentration also affects droplet formation.
Costa et al. [6] study investigated the effect of crosslinker concentration on the diameter size of
the formed GG hydrogel droplets. The study investigated the droplet size distribution with two
crosslinker concentrations of 0.5 and 2.0%. However, the experimental results showed that a
higher crosslinker concentration had no effect on the size of the droplets formed which can be

caused in the complex interactions that affects the droplet formation.
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5. EMPIRICAL STUDY

The purpose of the empirical part is to determine the surface tension between GG hydrogel and
hexadecane. In addition to this, the effect of the dispersed flow rate on the droplet size and size

distribution are studied. Lastly, the stability of the droplets after 7 days of incubation is studied.

5.1 Fabrication of Gellan gum -hydrogel

GG hydrogel preparation began by weighing the GG powder. The desired concentration of GG in
the solutionwas 5 mg/ml. First GG powder was dissolved in 10% sucrose solution (supplemented
with 25 mM HEPES buffer). The solution was mixed by using a magnetic stirrer, and during the
mixing process the glass was covered with parafilm. Two different methods can be used to dis-
solve GG. In the first method, the solution is heated to +90°C in a water bath, in which case it can
be used already on the same day. In the second method, the solution is allowed to mix overnight

in room temperature, and its working is continued only the next day.

In the first option, the water bath is heated to +90°C and the beaker with the GG solutionis placed
in the bath by dipping it several times, for a few minutes at a time, until the GG solution has
become clear, and no particles are visible. In the second method, when the GG has been stored
overnight in the refrigerator, it is sufficient to heat it to +60°C. After dissolving the GG, the solution
is sterile filtered while hot using a Sterivex 0.22 um filter and syringe. The finished hydrogel was

stored in a refrigerator (+4°C). The finished GG was used within one month of manufacture.

For crosslinking GG hydrogel, it was used calcium chloride (CaCl2) 10 mM which was been diluted

to spermine (SPM) stock solution 1.4 mg/ml and SPD stock solution 1 mg/ml.

5.2 Surface tension measurements

Surface tension measurements were made with the Attension Theta lite, biolin contact angle
measurement equipment. The settings of the device were 10,0 s at 10% (20 FPS, and in the
materials section, Hexadecane (+20 °C) and Heavy phase water (+20 °C)) were selected. The
surface tension of the droplets was studied in hexadecane. The method used was hanging drop-
let, and the principle of the method is based on the analysis of the geometry of a suspended liquid

drop, which correlates with the surface tension (figure 13).
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Figure 13: The image shows a drop of Gellan gum and crosslinker solution hanging from
the end of the measuring device needle. The drop is in hexadecane.

First, the maximum volume of the droplet (Vmax), before falling, was determined. After that, 80%
Vmax was calculated, from which the surface tensions were determined forthe GG solution, the
crosslinker and the GG with crosslinking mixture (5:1). The measurements were repeated for
each drop of solution 10 times. The contact angle measurement equipment software calculates
automatically the surface tension based on the droplet geometry parameters, such as height,

width and volume.

5.3 Fabrication of microfluidic chips

The microfluidic chips were made of polydimethylsiloxane (PDMS) and glass. The PDMS mixture
was made of curing agent and Sylgard 184 (Dow, USA) silicon elastomer base and at 1:10 (w/w)
ratio. A patterned SU-8 molds and vacuum pump was used for the PDMS casting. The PDMS
was cured in the oven (60 °C) for 10 hours. The PDMS channels were bonded to a glass plate
using standardized oxygen plasma treatment. Before the oxygen plasma the glass and PDMS
side were first cleaned with acetone and after that with isopropanol. Then the plates were dried

with air.

After the oxygen plasma treatment chips were pressed with weight to ensure the proper bond
between the PDMS channels and the glass plate. The used chip geometry was flow focusing
(figure 14).
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Figure 14: lllustrated layout of a microfluidic chip. The picture shows the structures inside
the chip: inlets, channels and outlet. Based on [60]

The bond of the PDMS channels with the glass plate was visually inspected to check that no air

bubbles or misalignments were present for optimal chip functionality.

5.4 Hydrogel droplet formation

Hydrogel droplets were formed using a two-phase, flow-focusing microfluidic chip. The geometry
of the microfluidic chip was based on previously published designs (figure 15, including detailed

dimensions of the chip geometry).

oil inlet
expanding nozzle
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Figure 15: The cross-section of the used chip's geometry. In the image is illustrated the
dimensions of the geometry. Based on [55]

In this study, the dispersed phase was GG hydrogel. The continuous phase was Sigma-Aldrich
n-Hexadecane with 2% CaClz (v/v) as a crosslinkerand 1% Sigma Span80 as a surfactant. The

properties of the phases are summarized in Table 2.
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Table 2: Viscosities, densities of Gellan gum and n-Hexadecane and the surface tension
between these phases.

Phase Viscosity p [mPa-s] Density p [kg/m?] Surface tension o
[mN/m]

n-Hexadecane (contin- 3,03 773 3,64

uous phase)

Gellan gum (dispersed 260 800

phase)

The formation of hydrogel droplets utilized one 10 ml plastic syringe and two 5 ml plastic syringes,
along with two programmed dual syringe pumps. The syringes were connected to the chip using
three Tygon tubes with female luer lock connector (Qosina) at the syringe end and metallic con-
nectors at the chip end.

The chip was placed on a hot plate which was set to a temperature of 38°C and allowed to warm
up for 15-30 minutes while the syringes were prepared. All syringes and silicone tubes were filled
and formed air bubbles were removed. One 10 ml syringe was filled with n-Hexadecane, and two
5 ml syringes were filled with GG. The filled syringes were then attached to the syringe pumps,
and they were warmed with syringe warmers, maintaining the temperature at 38°C. It was ensured
that the diameters of the syringes matched the settings on the syringe pumps. After that all chan-
nels of the microfluidic chip were first filled with the oil phase. After ensuring the chip was com-
pletely filled and any air bubbles were removed, the GG tubs were connected to the chip’s inlets.
To the outlet was then connected to an Tygon tube to collect the hydrogel droplets. A 100 um
mesh size Pluristrainer (pluriSelect, USA) was placed at the end of the outlet’s silicone tube to
separate the formed hydrogel droplets from the waste. The waste was collected in a 50 ml Falcon

tube. The experimental setup is illustrated in figure 16.
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Figure 16: Used experimental set-up. Gellan gum hydrogel droplets were formed using n-
hexadecane as continuous phase in the chip. The droplets formed were collected in a Plu-
ristrainer. After one hour of collecting, the droplets were washed with 5 mL of PBS onto a
6-well plate. There they were imagined using a light microscopy. The 6-well plate was then
transferred to an incubator, where the droplets were incubated for 7 days, after which they
were imaged again with light microscopy.

A constant flow rate of 4 pl/min was used forthe continuous phase. Three different flow rates
were applied for the dispersed phase: 0,50 pl/min, 1,50 pl/min, and 3,00 pl/min. Each experiment
started with the highest dispersed phase flow rate and allowed the system to stabilize for 20
minutes before collecting hydrogel droplets. Hydrogel droplets were collected for one hour at each
flow rate using a 100 pm mesh size Pluristrainer, which was placed over a waste Falcon tube
(table 3). The collected droplets were first sterilized by spraying with 70% alcohol. The mesh was
then inverted over a 6-well plate, and 5 ml of PBS in DI-water was pipetted onto the opposite side
of the mesh of the Pluristrainer.
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Table 3: Used flow rates and stabilization and collection durations. The flow rate of the

dispersed phase is the sum of the flow rates of the gum channels of the two gels.

Flow rate of continu- Flow rate of dispersed | Stabilization time Collection duration
ous phase [pl/min] phase [ul/min] [min] [hour]
4 0,50 20 1
4 1,50 20 1
4 3,00 20 1

All experiments were repeated three times foreach flow rate. After each test, the silicone tubes
were cleaned with ethanol and Dl-water, then air-dried. The microfluidic chip was rinsed with DI-

water and dried with air.

5.5 Methods of analysis

The hydrogel droplets were imaged using a Zeiss microscope (20x magnification) immediately
after formation and then incubated at 37°C with 5% CO-2. After 7 days of incubation, the droplets
were imaged again using the same microscope. Images of the droplets were captured using a
Zeiss microscope, and the diameters were measured using ImageJ-win64 software. For each
replicate, diameters of 50 randomly selected droplets were measured from each droplet twice

with two directions. Based on this the mean diameter was calculated for each droplet.

From the droplet diameters of day 0 and day 7, it was used a normal distribution density function

to visualize the distribution of droplet size. For this the following equation applied:

1 —(x—p?
e 207 (6)
0\/57[

y=fxlyo) =

where the o is the standard deviation of the normal distribution, o2 is the variance of the distribu-

tion, x is the value of the variable and y is the mean of the distribution.
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6. RESULTS

6.1 Surface tension

The surface tension values of GG, CaCl, crosslinker, and a mixture of GG and crosslinker (5:1
ratio) in n-hexadecane were calculated from the average surface tension of ten droplets. Table 4

presents the surface tension values for each of these three cases.

Table 4: Surface tension with three different solutions compositions. In the table it is pre-

sented the average surface tensions and standard deviations, when n=10.

Substance Surface tension [mMN/m] Standard Deviation [mMN/m]
Gellan gum + CacCl, crosslinker 3,644 0,142
(5:1) in n-hexadecane

Gellan gum in n-hexadecane 3,626 0,273
CacCl, crosslinker in n-hexade- 3,695 0,197
cane

As seen in the table 4, the surface tension values for GG, crosslinker, and their mixture (5:1) in
n-hexadecane are similar. The minor differences in surface tension values, despite the variation
in composition. This suggests that both GG and the CaCl, crosslinker maintain similar surface-

active properties when mixed or measured separately in the non-polar solvent n-hexadecane.

6.2 Hydrogel droplet formation

Microscopicimages of the droplets were captured at two different points: immediately afterdroplet
formation (day 0) and after the seven-day incubation (day 7). The impact of flow rate on the size
of hydrogel droplets was assessed on day 0, and the changes in droplet size were studied after
a seven-day incubation period at 37°C in phosphate-buffered saline (PBS). Three replicates were

made.

This provided an average droplet size, which was used in further analyses. The images were
converted to grayscale and scaled with a reference scale bar of 100 um. The images fromdroplets
are shown in the figures 17 and 18, and the in the top row, droplets at a dispersed phase flow
rate of 3,0 yl/min, in the middle row, droplets at a dispersed phase flow rate of 1,5 pl/min. In the
bottom row, droplets at a dispersed phase flow rate of 0,5 pl/min. In each line, the flow rate of the

continuous phase is 4 pl/min.
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Figure 17: Hydrogel droplets after formation (day 0). Three technical replicates in a row.
The analyzed droplets, n=50 per replicate. The total n =150 per flow rate.



Figure 18: Hydrogel drops after 7-day incubation (day 7). Three technical replicates in a
row. The analyzed droplets, n=50 per replicate. The total n =150 per flow rate.

The relationship between flow rate of the dispersed and droplet size was visualized by making
graph (figure 19). In the graph the x-axis shows the flow rate (ul/min) and the y-axis the droplet
diameter. At the flow rate of the dispersed phase of 0,5 pl/min, the droplet diameter was 12,81 +
3,42 um, at the flowrate of 1,5 pl/min the diameter was 13,05 + 4,53 ym, and at the flow rate of
3,0 pl/min the diameter was 14,71 + 4, 05 ym. Based on the graph, it can be noticed that droplet
diameter increased with higher flow rates. However, the standard deviations at each measure-

ment point were considerable, indicating a broad size distribution of hydrogel droplets.
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Figure 19: Droplet diameters as a graph of flow rate. The diameters shown are on day 0. In
addition, the standard deviation of the droplet size is shown using error bars. The flow rate
of the continuous phase was 4 ul/min.

Based on these calculations normal distribution graphs were made (figure 20). In the graph the
x-axis shows the dropletdiameter (um) and y-axis shows the probability of occurrence of adroplet
of a certain size. Also, a statistical t-test was performed to evaluate the significant differences in

droplet size between day 0 and day 7. A p-value of less than 0,05 was considered statistically
significant.
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Figure 20: Normal distribution of droplets graphs. The flow rate of the continuous phase
is 4 ul/minin all graphs A) the flow rate of the dispersed phase is 0.5 ul/min, B) the flow
rate of the dispersed phase is 1.5 ul/min, C) the dispersed phase flow rate is 3.0 yl/min. In
each graph n=150. The light blue curve is the droplet diameter immediately after formation
(day 0). The dark blue curve is the droplet diameter after 7 days of incubation (37 °C). The
significance of the change in droplet diameters was tested using the two-way t-test as-
suming same variance. * p<0.05, ** p<0.01, ***p<0.001.

Based on the figure 20A, droplets size distribution was ranging from 8.20 um to 22.33 pm, with
the most common droplet size being around 13 ym (approximately 11% of the droplets) on day
0. After seven days of incubation, the size distribution shifted to arange of 5.39 ym to 18.71 ym,
with the most common size being around 11 pm (about 11%). The t-test indicated a statistically
significant difference in droplet diameters between day 0 and day 7 (p < 0.001), suggesting that
the incubation caused a reduction in droplet size.

As seen in the figure 20B, the initial droplet size distribution ranged from 6.05 ym to 30.48 um,
with a mostcommonssize of approximately 14 um (about 7%). Afterthe seven-day incubation, the
droplet size distribution shifted to a range of 6.63 ym to 19.39 ym, with the most common size
being around 10 um (about 13%). In this case, the t-test showed no statistically significant differ-

ence in droplet size after the incubation (p = 0,348).
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For droplets in the figure 20C, the initial size distribution ranged from 9.57 ym to 27.32 um, with
a mostcommonsize of around 11 uym (approximately 19%). Afterseven days, the size distribution
shifted to arange of 7.05 ym to 16.51 ym, with the most commonsize being around 15 ym (about
9%). The t-test showed a statistically significant reduction in droplet size after incubation (p <
0.01).

All three flow rate conditions, a general trend of decreasing droplet size was observed over the
seven-day incubation period. Also, these large standard deviations indicate great variability in
droplet sizes, indicating that the hydrogel droplet formation process produced a wide range of

droplet sizes.
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7.DISCUSSION

7.1 Surface tension

The flow rate ranges play a crucial role in determining the characteristics of formed droplets,
including their size and suitability for various applications. In this bachelor thesis the fluid proper-
ties (density, viscosity and surface tension) and the chip properties (channel geometry and sur-
face properties) were estimated as constant values, which is why the only way to affectthe droplet
formation was by changing the fluid flow rate. The relationship between flow rates and droplet
formationis complex. Surface tension measurements were utilized to estimate the flowrates nec-
essary fordroplet formation, which could be done by computational modeling based on Ca and
We, as suggested by various studies in the literature. However, the calculations involved inherent
uncertainties, leading to the decisionnot to incorporate computational modeling in this thesis. The

used flow rates are evaluated based on the article of Costa et al. [38].

7.2 Hydrogel droplet formation
7.2.1 Flow rate effect on hydrogel droplet size

Based on the empirical tests, it was found that as the flow rate of the dispersed phase increases,
the size of the droplets formed also increases. This finding supports previous studies based on
the literature. Ca and We, which describe the two-phase flow system, explain the observation of

the experimental fraction.

Ca is typically used in the literature to describe the properties of the continuous phase. In this
experimental section, it was kept constant because only the flow rate of the dispersed phase was
increased. Instead, We is typically used in the literature to describethe properties of thedispersed

phase. This makes the We a key factor when looking at changing the droplet size.

As previously stated, the We describes the relationship between shear stress and surface tension
forces and is directly proportional to the square of the dispersed phase flow rate, thus increasing
as the flow rate increases. When calculating the We, the geometry of the channel, the density of
the dispersed phase and the flow rate are taken into account and divided with the surface tension
forces between the phases. In the experimental setup, the geometry of the channel, the surface
tension between the phases (surfactant concentration) and the density of the dispersed phase
(GG concentration) were kept constant, which means that the only variable that could affect the
We was the flow rate. In the figure 21 it summarized the test set-up used in this bachelor’s thesis.
[33]
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Figure 21: The effect of properties of a microchip and a hydrogel on dimensionless num-
bers. In this bachelor thesis constant values are assumed to be hydrogel's properties and
form the chip's properties material properties and channel geometry. The only value that
can be changed is the dispersed phase flow rate.

The We indicates whether kinetic or surface tension energy dominates droplet formation. At a
higher We, the kinetic energy is dominant, which allows the droplet to grow in size. With a higher
kinetic energy, the dispersed phase flows faster, and has time to "fill" the droplet with a larger
amount of liquid before it separates from the dispersed phase due to shear stress and surface
tension. Since in the experimental setup the flow rate was the only variable that affected the We,

it can be concluded that this is one factor in controlling the droplet size. [35,56]

7.2.2 Stability and size variation of the hydrogel droplets

Based on the hydrogel droplets size can be influenced during incubation by several factors like
GG concentration, osmotic pressure, and the geometry of the droplets themselves. GG form dif-
ferent microstructures based on the rate at which calcium ions diffuse. A low gelation rate, tend
to form gel with a heterogeneous structure including regions containing uniform hydrogel network
and regions with pores. In contrast, a high gelation rate forms compact, and pore-free microstruc-
ture. These microstructure differences may affect the droplet stability during the incubation. Ad-
ditionally, the shape of the hydrogel droplets plays a role in the observed size variations. The
droplets may not be perfectly spherical due to the planar microfluidic chip environment in which
they are produced. As a result, the measured size of the droplets can vary depending on the
angle or side from which they are imagined. This irregular geometry introduces further complexity

to size measurements, making it difficult to assess the true size accurately.
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The stability of the hydrogel droplets may be influenced by the GG concentration. If the concen-
tration used is insufficient to promote enough high degree of crosslinking, it can result in unstable
microgels that shrink or degrade during incubation. Also, during incubation, the osmotic pressure
between the inside of the hydrogel droplet and the surrounding environment may trigger calcium
ion diffusion from the droplet to the surrounding PBS. This can lead to a reduction in the internal
calcium ion concentration, weakening the gel network and causing the hydrogel droplets to col-
lapse. The diffusion of ions from the droplets can also lead to the outward movement of water,

contributing to a further decrease in droplet size.

In the literature, several studies have investigated the stability of GG droplets after incubation.
Costa et al. [6] reported that Gellan microdroplets remained stable, with little to no change in size,
during a 10-day incubation. In their study, the droplets were preserved in soybean oil at 10°C.
Similarly, in the study by Santos et al. [33], Gellan microdroplets maintained stability after 15 days
when stored in water and a sodium acetate buffer solution. Based on the empirical study of this
bachelor thesis results the GG droplets size was changed after 7-day incubation almost in all
cases. These droplets were stored in PBS without ions. This may have led to the osmosis of Ca%*
ions, causing the droplets to collapse. To address this issue, future experiments could store the
droplets in PBS** solution containing calcium and magnesium ions. These ions could prevent

osmotic imbalance, potentially preserving the droplet size during incubation.

Another alternative is to maintain the hydrogel droplets in oil. Oil does not induce diffusion or
osmotic effects due to its hydrophobic nature. The hydrogel droplets would neither swell nor
shrink. This phenomenon occurs because of the immiscibility between oil and water. However,
storing hydrogel droplets in oil causes certain challenges. The hydrogel droplets must be thor-
oughly cleaned of any oil residues before being used in potential applications. Some oils are toxic
to cells, making them unsuitable for cell-related applications. In drug delivery systems, lipophilic
drugs may preferentially dissolve into the oil phase rather than the hydrogel, which could impact
drug efficacy and controlled release. The cleaning process also increases the workload, as addi-

tional washing steps are required to remove oil residues from the hydrogel droplets.

7.2.3 Device properties on hydrogel droplet formation

The formation of hydrogel droplets presents several challenges. Some of the biggest problems
were the clogging of the channel, air bubbles formation and leaking of the channels. Also, accu-
mulation of hydrogel droplets together was one problem. Figure 22 shows the main problems in

the droplet formation and with the device design.
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Figure 22: The graph shows the observations of the empirical part, which caused chal-
lenges in the formation of hydrogel droplets. Also, the graph shows how these challenges
were solved before the experiments could be performed. Lastly the graph shows how
these problems possibly affected the results obtained.

The microfluidic chip geometry was designed based on Tan et al. [55] article. However, initial
testing revealed that the original chip geometry did not support the intended hydrogel droplet
formation. The designincluded two inlets: one forthe GG and the other for the CaCl, crosslinker.
The concept was forthe hydrogel and crosslinker to meet just before the flow-focusing cross-
section, where the droplets would form due to interfacial tension with the oil phase. Contrary to
expectations, the channel became clogged due to premature gelation of the GG upon contact
with the crosslinker. Another critical observation was the flow rate imbalance between the GG
and CaCl, crosslinker phases. The original design called fora 5:1 flow rate ratio, but this caused
backflow into the crosslinker inlet due to the higher pressure exerted by the faster flowing GG

phase. This backflow not only disrupted the droplet formation process but also contributed to
channel clogging. [57]

33
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The rapid gelation was a key factorin channel blockages. Based on the literature this issue could
be addressed by adjusting the crosslinker concentration to slow down the gelling process and
prevent premature gelation in the channels. Mazutis et al. [58] study suggested an optimal cross-
linker concentration of 0.5—1%. The original crosslinker concentration in this bachelor thesis em-
pirical part was 20%. This could have been one of the reasons that caused the channel to become
blocked. By diluting the CaCl, concentration, the gelation rate of GG could be controlled more
preciesly, allowing more time for droplet formation and reducing the likelihood of clogging which
also could be solution to the flow rate ratio issue. An alternative approach, which proved effective
in this thesis work, was to add CaCl, into the oil phase instead of a separate inlet. Hydrogel

droplets were successfully formed without clogging the channels.

In addition, the outlet channel, the waste tubing or Pluristrainer caused the formed hydrogel drop-
lets to "join together" into large hydrogel piles. This accumulation of hydrogel could be due to the
Ostwald ripening effect. This coalescence of droplets could be prevented by Span80 because it
reduces the interfacial tension and forms a protective layer around the droplets to avoid coales-
cence. According to the study made by Besanjideh et al. [59], the droplets can be prevented from
joining together with surfactants. Based on the study, the span80 concentration should be at least
3% in the oil phase. However, the 1% Span80 concentration used in this work may have contrib-

uted to droplet coalescence. [21,43,60]
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8. CONCLUSIONS

The purpose of this bachelor thesis was to conduct a literature review of the factors that affect the
formation of hydrogel droplets in microfluidics. In the empirical part, the aim was to study the
formation of GG hydrogel droplets using a flow focusing microchip. GG hydrogel is a biocompat-
ible material that forms self-supporting polymer networks after sol-gel transition. This happens
through ionotropic gelation. Hydrogel droplets have many promising applications in, for example,
tissue engineering and controlled drug delivery. This is why they are actively studied in the litera-

ture.

The formation of hydrogel droplets is a complex process, which is affected by various physical
parameters, which can bedivided into the two categories: properties of the chip and the properties
of GG. Among the properties of the chip, droplet formation is influenced by, the hydrophilicity and
hydrophobicity of the chip's material, which further determines which phase becomes the contin-
uous and which phase becomes dispersed. In addition, the geometry of the chip channel and the
flowvelocities used have an effect onthe size of the droplets formed. On the other hand, hydrogel
properties include surface tension and hydrogel viscosity. The surface tension can be changed
with the help of surfactants, and the viscosity can be influenced with the help of the polymer
concentration. Effect of all of these parameters can be evaluated with dimensionless numbers.

The aim of the empirical part was to form droplets and examine the stability of the droplets during
the 7-day incubation. Furthermore, the aim was also to study the effect of the flow rate of the
dispersed phase on the diameter of the hydrogel droplets, which was studied at three different
rates: 0,5, 1,5 and 3,0 yl/min. The formation of hydrogel droplets was successful. The results
showed that the droplet size increased when the flow rate of the dispersed phase was increased.
Droplet diameters increased from 12,81 * 3,42 ym to 14,71 + 4,05 uym as the velocity of the
dispersed phase increased. During the seven-day incubation, droplet diameters were observed
to decrease almost in all velocities, which was seen as a shift of the size distribution to a smaller
range (from 6,05-30,48 um to 5,39-19,39 ym). The change in size was statistically significant at
flow rates of 0,5 pl/min and 3,0 pl/min (p < 0,001 and p < 0,01), but not at 1,5 pl/min. However,

high standard deviations indicate significant size variation in droplet formation.

Several challenges appeared in the empirical study, which affected the repeatability of the exper-
iment and the reliability of the results. Optimizing the flow rate was challenging, as the theoretical
estimates of the flow rates were based on Ca and We, which were used to predict the formation
of droplets, but due to uncertainties, computational modeling was not used. The experiments
showed that higher flow rates increased the droplet size, which was as expected, but the micro-

fluidic device showed other significant problems, such as clogging of channels, formation of air
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bubbles and leakage, which hindered the controlled production of droplets. In addition, the hydro-
gel droplets accumulated together, which weakened the stability of the formed droplets and pos-

sibly distorted the results obtained.

The reliability of the results could be improved in several ways. The technical challenges of the
equipment, such as clogging of the channels, the formation of air bubbles and leaks, could be
reduced by optimizing the concentration of Span80 and crosslinker, and by preventing the for-
mation of air bubbles. Another way would be more precise control of the flow rate and other
parameter values, for example by using a more stable syringe pump and by repeating the meas-
urements at several different flow rates and with a large number of repetitions to minimize errors.

In addition, utilization of computational modeling could be considered in the future studies.
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