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Abstract: Hydrogel droplets are biodegradable and biocompatible materials with promising ap-
plications in tissue engineering, cell encapsulation, and clinical treatments. They represent a well-
controlled microstructure to bridge the spatial divide between two-dimensional cell cultures and
three-dimensional tissues, toward the recreation of entire organs. The applications of hydrogel
droplets in regenerative medicine require a thorough understanding of microfluidic techniques,
the biocompatibility of hydrogel materials, and droplet production and manipulation mechanisms.
Although hydrogel droplets were well studied, several emerging advances promise to extend current
applications to tissue engineering and beyond. Hydrogel droplets can be designed with high surface-
to-volume ratios and a variety of matrix microstructures. Microfluidics provides precise control of
the flow patterns required for droplet generation, leading to tight distributions of particle size, shape,
matrix, and mechanical properties in the resultant microparticles. This review focuses on recent
advances in microfluidic hydrogel droplet generation. First, the theoretical principles of microfluidics,
materials used in fabrication, and new 3D fabrication techniques were discussed. Then, the hydrogels
used in droplet generation and their cell and tissue engineering applications were reviewed. Finally,
droplet generation mechanisms were addressed, such as droplet production, droplet manipulation,
and surfactants used to prevent coalescence. Lastly, we propose that microfluidic hydrogel droplets
can enable novel shear-related tissue engineering and regeneration studies.
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1. Introduction
1.1. The Promise of 3D Tissue Regeneration

The loss or failure of an organ or tissue has severe consequences for millions of people
worldwide. The transplant waiting list in the United States grows by one person every
10 min, while sadly, 8000 people perish from the list each year. This means an average
of 22 people per day and almost one person each hour passes because of the shortage of
organs [1]. Massive investment has been applied in exploring and developing an advanced
approach for repairing, regenerating, or improving dysfunctional organs or tissues [2,3].
Tissue engineering is considered one of the most advanced approaches as it uses a com-
bination of cells, biomaterials, and relevant biomolecular and physiochemical factors to
maintain or even regenerate an organ [4]. Throughout the last decade, the field of tissue
engineering has developed many advanced approaches based on micro- and nanofabri-
cation techniques [5]. Creating viable skin, bone, cartilage, bladders, and blood vessels
is the most attractive topic in current biomedical research [6]. The ultimate goal of tissue
engineering is to build large pieces of tissue to recreate entire organs to close the gap in
the transplant shortage [5]. However, creating organs and/or tissues is challenging and
requires a deep understanding of the underlying cell and biology, as well as the ability to
manipulate numerous biomolecular factors in the cells [5]. One of these challenges is to
create a vascular system in a 3D tissue structure to provide a steady flow of oxygen and
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nutrients for growth [5]. Moreover, the type of biomaterials in tissue engineering affects
biodegradability and biocompatibility and is key in providing the proper environment for
cell growth in 3D structures. These biomaterials can imitate many features of the extra-
cellular matrix (ECM) found in tissues, thereby controlling cell behavior and facilitating
the functional restoration of damaged tissues [7,8]. Shearing and biomechanical cues im-
prove angiogenesis and cell differentiation in tissue engineering by mimicking the physical
microenvironment of native tissue and promoting the formation of differentiated cells [9].
Shearing forces, generated by fluid flow or mechanical stress, stimulate cell alignment and
remodeling, leading to improved cell viability and function [10]. Biomechanical cues also
regulate cell behavior and promote tissue maturation [9]. By incorporating these cues in
tissue engineering approaches, researchers can improve the formation of functional tissues
and enhance tissue repair and regeneration.

1.2. Employing Hydrogel Droplets in Tissue Engineering

The research effort to employ hydrogels and biomaterials in tissue engineering and
biomedicine started in the early 1960s when Wichterle et al. proposed the application of
a hydrated hydroxymethyl methacrylate (HEMA) network to contact lenses [11,12]. By
that time, hydrogels known as hydrophilic materials maintained their physiochemical
properties and mimicked many characteristics of the ECM found in tissues [13-16]. Further-
more, the gelation of hydrogels is very flexible and tunable where the crosslinking happens
through different techniques such as physical, dynamic, and chemical crosslinking, which
leveraged cell encapsulation, droplet formation, and bioprinting applications [17,18]. A
deep understanding of the molecular level of hydrogels gives us detailed characteristics
and functionalities including tunable properties, excellent biocompatibility, controllable
degradability, and mechanical matching with biological issues [19,20]. The attractive fea-
tures of hydrogels make them an exceptional bridging material to regenerative medicine,
where scaffolds, droplets, and hydrogel resins are used to create 3D tissue constructs [21,22].
Conventional droplet generators are used widely to produce small droplets under con-
trolled conditions. Some common types of these generators are pressure-driven droplet
generators in which they use a pressure source to break a continuous stream of liquid
into droplets and can be further classified into devices such as nozzles, capillaries, and
needle-based systems [23]. Despite the wide usage of pressure droplet generators, their
limitations in terms of droplet size control and handling of viscous liquids led to the de-
velopment of other improved control and versatility generators [23]. Electrospray droplet
generators rely on the application of an electric field to generate droplets from a liquid in a
continuous stream; however, their sensitivity to the properties of the liquid being processed
and the need for specialized equipment limits their practicality and versatility in some
biomedical applications [24]. Pneumatic generators use compressed air to atomize a liquid
stream into droplets while sonication droplet generators use ultrasound to break a liquid
into droplets [25,26]. They share the major drawbacks of pressure droplet generators in
controlling droplet size and handling viscous liquids [23,25,26].

1.3. Studying the Interfacial Adhesivity of Hydrogels

In the aforementioned tissue engineering, droplet generation and bioprinting appli-
cations require hydrogels to interact with the different material surfaces. The abundance
of water in hydrogel matrices produces a weak boundary layer that inhibits the direct
surface contact between hydrogels and substrates and, thus, results in diminished surface
energy and adhesion strength (Figure 1A) [27,28]. Therefore, conventional hydrogels have
limited adhesive strength toward wet and dynamic biological tissues. Tissue environments
are known as complex and multitudinous, which deteriorates further the strong adhesion
strength of hydrogels [29,30]. Different unique strategies are developed to overcome these
challenges and manipulate molecular-scale interactions within hydrogel networks to pro-
duce a preferable interfacial adhesion in dynamic and turbulent environments. Zhang
et al. investigated the mussel-inspired chemistry for the rational design of adhesive hy-



Gels 2023, 9, 790

3 0f 38

drogels [31]. However, to study the adhesion between hydrogels and diverse nonporous
surfaces, Yuk et al. generated a set of powerful fabrication methods that have extremely
tough and functional adhesion [32]. The use of supramolecular interactions to construct
bioinspired underwater adhesives is discussed by Hofman et al. [28]. Therefore, for most
tissue engineering and regenerative medicine applications, the tough interfacial adhesion
between hydrogels and tissues is one of the most important factors that promise the overall
robustness and reliability of hydrogels [31,33-35]. Duan et al. leveraged a multilayered
microfluidic approach to integrate a novel oxygen gradient (0-20%) with an enhanced
hydrogel sensor to study pancreatic beta cells [36]. A hydrogel-PDMS adhesion is used
to fabricate the device and to achieve spatiotemporal detection. Evidence supporting the
current islet oscillator model is reported, in addition to presenting a new relationship
between oxygen and beta cell oscillations with an optimum oxygen level between 10 and
12% [36].

Cells attached to
A Adhesion Inhibition B scaffolds

T Hydrogel matrices Pores

No physical or chemical
interactions

Hydrogel
scaffolds

Substrate Weak boundary layer of water

Figure 1. Illustration of (A) the weak boundary layers made of water that inhibit the direct surface
between hydrogels and substrates. The presence of a significant amount of water in hydrogel matrices
creates a thin, weak boundary layer that hinders direct surface contact between the hydrogels and
substrates. Consequently, this leads to a reduction in surface energy and adhesive strength. (B) The
attachment and adhesion of cells with porous scaffolds. The surfaces and interfaces of biomateri-
als/hydrogels directly engage with cells and tissues and exert a substantial impact on various cellular
behaviors, including adhesion, spreading, proliferation, migration, and differentiation.

1.4. Microfluidic Control of Hydrogel Properties Promotes Cell Growth and Differentiation

The surfaces and interfaces of biomaterials /hydrogels interact directly with cells and
tissues (Figure 1B) and significantly influence cellular behaviors such as adhesion, spread-
ing, proliferation, migration, and differentiation, in addition to the outcomes of tissue
repair [37]. To provide the required mechanical and chemical signals, cells are seeded in a
scaffold constructed from biomaterials designed to regulate cell adhesion, proliferation,
and differentiation and are assembled into three-dimensional tissues [38]. Porous scaffolds
with three-dimensional microstructures are considered for different tissue engineering
applications, especially cartilage tissue engineering. However, preparing porous scaffolds
with uniform three-dimensional holes and high interconnectivity is difficult [37]. Different
techniques are followed for the preparation of porous scaffolds such as bioprinting [39]
and microfluidic procedures [40,41]. Recent studies have used conventional microfluidic
techniques designed and employed to fabricate scaffolds efficiently with a desirable ho-
mogenous porosity, uniform spatial structure, interconnectivity, and potential mechanical
properties [40,41]. New materials that encapsulate target cells in the small spherical porous
foam are fabricated using these microfluidic techniques, representing a novel, powerful
method for tissue engineering [40,41]. The mechanical stiffness of hydrogels can signifi-
cantly impact the differentiation of cells. MSCs, for example, are influenced directly by the
physical microenvironment of hydrogels and can differentiate into various cell types [42].
Hydrogels with high mechanical stiffness can promote the differentiation of MSCs toward
a more rigid tissue such as bone [43], while hydrogels with low mechanical stiffness can
promote the differentiation toward more flexible tissue like cartilage [42,43]. Studies have
shown that MSCs exposed to stiff hydrogels exhibit increased expression of osteogenic
markers and mineralization [44], while MSCs exposed to soft hydrogels exhibit increased
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expression of chondrogenic markers and cartilage formation [42]. Therefore, the mechanical
stiffness of hydrogels can be utilized as a tool to control MSC differentiation and promote
the formation of specific tissues for tissue engineering applications [42].

Microfluidics is considered a unique technique to prepare hydrogel microparticles
because of the ease of controlling the size and shape of microparticles [45]. Using double
emulsion techniques or photolithography, while combining different streams, composite
particles can be manufactured with high precision in control reaction and heat and mass
transport rates and control of the characteristics of the microparticles [46,47]. For tissue
engineering and regenerative medicine applications, particle fabrication can be integrated
with the sensors, heaters, coolers, and elements needed for biological experiments [48].
Shao et al. [49] conducted an extensive analysis of the production of microcarriers utilizing
droplet microfluidics and explored their utilization in the realm of biomedicine. Their
comprehensive examination primarily centered on the production of biomedical microcar-
riers derived from single-, double-, and multiple-emulsion droplets. Concurrently, Zheng
et al. [50] conducted a review encompassing the current advancements in microfluidic-
based droplet techniques for the synthesis of functional materials. Their review provided
insight into the diverse applications of these techniques in the manipulation of cell fate
and function. In contrast, our review provides a comprehensive overview of various mi-
crofluidic fabrication techniques in conjunction with the utilization of biomaterials and
hydrogels for the creation of hydrogel microparticles. Additionally, we delve into the
intricate interplay between hydrogels and microfluidic devices, while also addressing the
ramifications of shear stress on cell physiology.

2. Short Treatise on Microfluidics Principles

Here, we provide a short introduction to microfluidics in the context of hydrogel
droplet generation. Microfluidics refers to both the fundamental physics and applied
technologies to manipulate fluids at the micron scale. It is generated following the engi-
neering of the device and the physics of fluids” principles with very small footprints and
microchannels. The concept behind microfluidics is to implement operations in a single
micro-sized device, encouraging scientists to pursue the challenge of microelectronics. As
microelectronics is the science and the engineering of electronic components below the
micron scale, microfluidics is essentially a field dedicated to miniaturized flows and fluidic
manipulation [48]. However, the fundamental physics behind microfluidics changes more
rapidly with the size scale of the system, which is not the case with microelectronics. At the
nanoscale, quantum mechanical effects become more prominent and lead to changes in the
behavior of electrons compared to classical physics. In contrast, fluids inside microchannels
of microfluidic devices gain new features at this scale. One of these features is the laminar
flow regime, where viscosity-related effects are more important than inertial ones [48]. The
characteristic of this regime is that the fluids mix primarily via diffusion, a time-limited
mechanism that impedes biochemical reactions. However, this laminar regime creates a
predictable flow pattern that keeps particle generation and trajectory stable throughout
the microfluidic device. In turn, the predictability of reagent flow creates a uniform distri-
bution of size and volume for the generated hydrogel droplets that can be used in tissue
engineering.

Within a microfluidic device, several phenomena can happen simultaneously, which
complicates the physics of fluids inside these devices. To express which one of these
phenomena is dominating, Reynolds number “Re” is used, which is given by the ratio of
inertial forces over vicious ones [51]. The bodies in microfluidic devices are continuum
materials, and to better describe the motion of fluids in these devices, properties like mass
and force must be replaced with their continuum counterparts such as density () and force
(f) per unit volume [50]. The forces acting on each fluid element are due to fluid stresses
on its surface and external forces (F) exerted on the bulk of the element. In contrast, the
resulting velocity field (u) is ruled by the Navier-Stokes equation if the fluid is Newtonian,
which means the viscosity of the fluid does not change with velocity. The small size of
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microchannels would keep the flow laminar in which the velocity of the droplet hydrogel
in the fluid stream is not a random function of time. The impact of laminar flow is that two
or more streams flowing in contact with each other will not mix except by diffusion, while
under certain conditions, the height of the microchannel would cause nonuniformity in the
streams, resulting in higher inertial forces at the interference point [51]. This might cause
higher shear stress, which might affect both the volume of the droplets generated and the
cells encapsulated within hydrogels [52].

The flow regime in microchannels is affected by several parameters such as capillary
number, Weber number, and bond number. The capillary number helps determine the
dominant flow regime in microchannels, which is defined as the viscous force (dynamic
viscosity) to surface tension force in a fluid flow. A Weber number is a dimensionless
number used in fluid dynamics to characterize the relative importance of inertial forces to
surface tension forces in a fluid flow. When Ca << 1, viscous forces dominate, and the flow
is typically characterized as a viscous-dominated or creeping flow. In this regime, flow
is smooth and predominantly laminar. When Ca >> 1, surface tension forces dominate,
leading to capillary-driven flow or inertial effects. The transition between these regimes
can result in complex flow patterns. The capillary number affects the flow rate and velocity
of fluids in microchannels. At low Ca, where viscous forces dominate, flow rates are
relatively low, and velocities are slow. At high Ca, where surface tension forces dominate,
flow rates can increase significantly, leading to faster velocities. The capillary number
can also influence flow stability. In some cases, high Ca can lead to unstable flows, such
as the formation of Taylor bubbles or droplets in microchannels. These instabilities can
affect the mixing and mass transfer processes. However, when We << 1, surface tension
forces dominate, and the flow is typically smooth, with laminar behavior. When We >> 1,
inertial forces dominate, resulting in inertial or viscous inertial flow. The bond number
is another dimensionless number used to characterize the relative importance of gravi-
tational forces to surface tension forces in a fluid system. The bond number primarily
governs the capillary rise in microchannels. When the bond number is much smaller than 1
(Bo << 1), gravitational forces are negligible compared to surface tension forces. In this
regime, capillary action dominates, and fluids tend to rise or be drawn into narrow mi-
crochannels, creating capillary flow. The bond number also influences the wetting behavior
of fluids in microchannels. When Bo << 1, fluids tend to wet the channel walls, resulting in
good capillary flow and a continuous liquid front. Conversely, when Bo >> 1, gravitational
forces are stronger, and the fluid may not wet the channel walls effectively, leading to partial
or non-wetting behavior. The formulas needed to calculate these numbers are as follows:

Reynolds number: Re = (6 x v x L)/n = Inertia force/viscous force, @D

Capillary number: Ca = (1 x v)/7vy = viscous force/capillary force, 2)
Bond number: Bo = (5 x g x L?)/ y = Gravity force/capillary force, (©)]
Weber number: We = (6 x v> x L)/vy = Inertia force/ capillary force, 4)

where ¢ is the density of the flow (kg/ m3), v is the velocity of the fluid (m/ s?), L is the
characteristic length (m), 1 is the dynamic viscosity of the flow (Pa.s), v is the interfacial
tension (mN/m), and g is the gravity (m/ s?).

The physics behind droplet generation in microfluidic devices is primarily governed
by fluid dynamics, interfacial tension, and the geometry of the microfluidic channels.
Droplet generation is commonly accomplished using a flow-focusing configuration, where
a continuous phase, usually the oil phase, surrounds and constrains the dispersed phase,
usually the aqueous phase, to form droplets. This configuration involves a main channel
carrying the continuous phase and one or more side channels introducing the dispersed
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phase. The interfacial tension between the two immiscible fluids plays a crucial role in
droplet formation. The interface between the two fluids tends to minimize its area because
of capillary forces [53]. When the dispersed phase is introduced into the continuous phase
through a side channel, the interfacial tension acts to deform the interface, leading to the
formation of a droplet. Droplet size is influenced by the flow rates of both the continuous
and dispersed phases. By controlling the flow rates, one can control the size and frequency
of droplet formation. The ratio of the flow rates between the continuous and dispersed
phases, known as the flow rate ratio, determines the size of the droplets produced [54].
The dimensions and geometry of the microfluidic channels also play a role in droplet
generation. The width and height of the channels, as well as the shape of the junction where
the dispersed phase is introduced, affect the droplet size and stability. Hydrodynamic
forces, such as shear forces and pressure gradients, can help in focusing the dispersed phase
into a narrow stream and promoting droplet formation [55]. These forces arise because
of the different flow velocities and pressure profiles of the continuous and dispersed
phases. In some cases, the fluids used in microfluidic devices may exhibit viscoelastic
behavior, which can further influence droplet generation. Viscoelasticity refers to the
combined characteristics of a fluid that exhibits both elastic and viscous properties [56].
The viscoelastic behavior can affect the droplet formation dynamics and stability. Therefore,
optimizing the design and operation of microfluidic applications needs an understanding
of the underlying physics of droplet generation in microfluidic devices.

3. Substrate Materials for Microfluidics

Lab-on-a-chip microfluidics is used in a wide range of laboratory applications such as
separations [57], cell analysis [58,59], and microreactors [60]. The microfluidic fabrication
process has employed a variety of materials that have been selected on the basis of their
effects on the flow, absorptivity, biocompatibility, and function of microfluidic compo-
nents [61]. The common materials used for microfluidics are inorganic (silicon, glass, and
ceramics), rigid polymers (polyvinyl chloride and polymethyl methacrylate), and PDMS
(polydimethylsiloxane) as organic material, among others.

3.1. Inorganic Materials

The development of a microelectromechanical system or MEMS is considered the
pioneering work for subsequent fabrication techniques that include lithography, thin films,
wet/dry etching, molding, and additive methods used in microdevices [48,62]. The materi-
als selected for microfluidic device fabrication must adhere to photochemical properties,
chemical resistance, and solvent compatibility [63]. For biological applications, these mate-
rials must also be biocompatible so that they can perform their function without eliciting
toxic or injurious effects on cells and tissues. Silicon was the first material to be used in
microfluidic fabrication since it is well characterized in semiconductor manufacturing [64].
However, glass was adopted later in the fabrication techniques because of its reliable elec-
troosmotic flow, optical characteristics, resistance to organic solvents, and compatibility
with biomolecules and cells [63].

3.1.1. Silicon

Silicon is well known for its semi-conductivity properties where the surface modifi-
cation characteristics, along with chemical properties and process compatibilities, make
silicon an easy material for creating simple microfluidic devices. However, silicon has a
high elastic modulus (~150 GPa), which makes the incorporation of active components
such as valves and pumps in microfluidics much more complicated [65,66]. Furthermore,
silicon is not optically transparent, which makes its devices unsuitable for mainstream
fluorescence-based detection or direct fluid imaging [63]. The physical properties of silicon
play a major role in hydrogel droplet generation in which its resistivity acts as a hidden
key behind applying silicon in microfluidics. Silicon’s resistivity is higher than conductors
and lower than insulators; therefore, it maintains an inversely proportional relation with
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temperature (Table 1) [67]. In addition, silicon accumulates less electrical charge on its
surface and, therefore, generates weaker electrostatic forces, which make droplet generation
more challenging compared to materials with lower resistivity. High thermoconductivity,
stable electroosmotic mobility, and efficient handling of small fluid quantities are the key
roles for using silicon in droplet-generating microfluidic devices [68]. However, one key
application for hydrogel droplet generation is the encapsulation of cells, and because silicon
is not optically transparent, imaging the cells requires the bonding of another transparent
substrate and therefore diminishes its adoption. Nevertheless, silicon microfluidic devices
have been extensively used in other biological applications. Pham et al. designed a silicon
microfluidic device to accommodate solutions for immunogold silver staining by inte-
grating self-assembled fluorescent microbeads and biological receptors into the designed
device [69]. This approach enabled silver staining immunoassays with optical detection
to measure the light absorption by the formed silver film on the microbead surface with
captured antibodies.

Table 1. A comprehensive analysis of the advantages and disadvantages of silicon, glass, and
polymeric materials in microfluidics.

Advantages Disadvantages References
Surface modification and chemical properties e  High elastic modulus
Process compatibility e  Lack of optical transparency
Silicon Resistivity and temperature relationship . Weak electrostatic forces [63,65-69]
Thermoconductivity . Limited adoption
Electroosmotic mobility
Optical transparency . Harsh fabrication techniques
Low fluorescence background . High bonding temperatures
Surface stability . Limited design freedom
Chemical resistance e  Limited integration techniques
Glass Biological compatibility . Incompatibility with hybrid components [48,70-84]
Electrical insulation . High material cost
High transmittance
Processing accuracy
Hydrophilic surface
Mass productivity
Versatile material . Inherent variability
Optical transparency . Cleanroom requirements
Prototyping . UV opacity of PDMS
Polym'eric Mass production . UV transparency variability [60,85-101]
Materials Biocompatibility . Complex fabrication
Low toxicity . Limited integration techniques
Gas permeability e  Cost of glass-based PDMS devices
Easy bonding . Limited oxygen permeability control

Flexible molecular structure

3.1.2. Glass

Chromatography and electrophoresis applications used glass fabrication for microflu-
idic devices with microchannels, flow reactors, and capillaries [70]. Glass is considered one
of the most ideal device materials for bio-detection because of its optical transparency, low
fluorescence background, surface stability, chemical resistance, and biological compatibility
(Table 1) [48]. In contrast, glass fabrication techniques are not easy to implement as they
require harsh neurotoxic etchants and require high temperatures to bond, complicating
their ability to preload reagents before assembly [48]. To conduct experiments under high-
pressure-driven flow, researchers used glass microfluidics as an approach to preventing
peak dispersion. Gerhadt et al. fabricated a pressure-tolerant droplet microfluidic glass
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chip combined with gradient elusion reverse phase chromatography for that goal [71]. They
found that the separation of analyte bands eluting from the high-pressure chip column
is fractioned into numerous droplets in a continuous flowing oil phase. This approach
prevented peak dispersion and facilitated post-column-processing of chromatographic
fractions on a chip. For electrophoresis, glass chips have been used widely in microchip
electrophoresis because of the electrical insulation and optical transparent properties of
glass [72]. Mathies et al. developed integrated pneumatic valves and pumps that operate on
the nanoliter scale, microfabricated resistive heaters and temperature sensors for integrated
sample preparation, and integrated hydrogenated amorphous silicon photodiode detectors
that enable point-of-analysis devices [73]. They mentioned that the development of fully
integrated chemical and biochemical microprocessors will depend directly on the devel-
opment of facile reliable integrated sample preparation technologies, as well as detection
methods. The major outcome of their work is in providing evidence that a portable point-
of-analysis lab-on-a-chip device is feasible [73]. Creighead et al. created nano-constrictions
in fluidic channels that act as entropic barriers to DNA motion [74]. They used the size
dependence of these entropic effects to separate DNA. They found that the length region
of operation should be scalable with the choice of the constriction dimension to similarly
separate larger or smaller DNA molecular sizes. They mentioned also that these fluid
channels could be integrated with other functional devices such as in-plane optical waveg-
uides for integrated fluorescent excitation and detection [74]. To develop an approach
for the separation and detection of illicit drugs, Moreira et al. used a commercial glass
microchip electrophoresis device that contained two pairs of integrated sensing electrodes
for contactless conductivity detection [75]. It is shown that this process provided analyte
concentrations of a limit of detection down to 40 uM. Other applications use glass as a
material to generate and fabricate microfluidic devices such as femtosecond lasers [76-78],
pumps, and valves [79] and for the additive manufacturing of microdevices [80,81] and
cell analysis [82]. The advantages of using glass in microfluidics are its high transmittance,
high processing accuracy, and processing methods that offer superior mass productivity,
especially for hydrogel droplet generation. One of the superior characteristics of glass is
that it generally provides a hydrophilic surface without pretreatment [83]. However, the
major drawbacks of using glass in microfluidics are the low design freedom, difficulty in
integrating dense and complex channel networks, and limited integration techniques for
device coupling and interfaces [84].