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Abstract: Within the last decade, there has been increasing interest in liquid and solid foams for
several industrial uses. In the biomedical field, liquid foams can be used as delivery systems for
dermatological treatments, for example, whereas solid foams are frequently used as scaffolds for tissue
engineering and drug screening. Most of the foam functionalities are largely correlated to their mechanical
properties and their structure, especially bubble/pore size, shape, and interconnectivity. However,
the majority of conventional foaming fabrication techniques lack pore size control which can induce
important inhomogeneities in the foams and subsequently decrease their performance. In this perspective,
new advanced technologies have been introduced, such as microfluidics, which offers a highly controlled
production, allowing for design customization of both liquid foams and solid foams obtained through
liquid-templating. This short review explores both the fabrication and the characterization of foams,
with a focus on solid polymer foams, and sheds the light on how microfluidics can overcome some
existing limitations, playing a crucial role in their production for biomedical applications, especially as
scaffolds in tissue engineering.
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1. Introduction

Foams are lightweight materials made from dispersions of gas bubbles in a continuous matrix
which can either be liquid or solid, giving birth to liquid or solid foams respectively [1]. Foams
can find a variety of applications in different industrial sectors [2] depending on their type. Liquid
foams are widely used in detergents [3–5], food [6], cosmetics [7–10], fire-fighting [11], oil recovery[12],
and pharmaceutical applications [7,13–18]. Solid foams can find applications as insulation materials [19]
and as packing and cushioning materials [20]. In general, various polymers are used in solid foams:
polyurethane (PU), polystyrene (PS), polyethylene (PE), polypropylene (PP), poly(vinyl chloride)
(PVC), polycarbonate (PC), etc. Recently, interest in solid polymer foams has soared for biomedical
applications [21] as scaffolds thanks in large part to their tunability of pore-network control and mechanical
properties. Some of these applications include tissue engineering [22,23], tissue regeneration, cell culture,
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drug delivery [7,13–18,24], bio-sensing, and diagnostics [25]. To design biomedical foams which are
biocompatible and biodegradable, biologically or synthetically-derived biomaterials [26] are privileged,
especially for soft tissue applications [27–29] due to their organic matrix. However, metals [1,23]
and ceramics [30] can also be employed for the fabrication of medical devices for hard tissues, such as
artificial prostheses [31], bone scaffolds [32], and dental implants [33]. Furthermore, composites [34]
(by combining two or more materials) are also used in order to take advantage of specific characteristics of
the individual components.

Different conventional and advanced processing techniques have been developed to fabricate liquid
and solid foams. In the biomedical field, the choice of a specific fabrication method is critical to get
biomedically-engineered foams with customized properties. In fact, one of the paramount parameters
of biomedical foams is the tuning of porosity that depends on the processing technique. Generally,
conventional fabrication methods of liquid foams include bubbling into stationary liquids, co injection of
gas and liquid, nucleation, and growth of bubbles [35]. All these techniques can lead to solid foams through
liquid-templating [36]. Additionally, solvent casting/particle leaching (SCPL), thermally-induced phase
separation, freeze-drying, gas foaming, and melt moulding [27,28] are commonly used for solid foams
fabrication. For these methods, porosity is varied by tuning different parameters such as temperature,
liquids’ viscosities and reactants’ concentrations. However, solid foams obtained by using these techniques
tend to have pores with wide distributions of size and shape. The inhomogeneity in porous texture has
caused these foams to be much less successful than their potential suggests. When such structures are
used as scaffolds in tissue engineering, previous studies reveal that high variability of the pore size creates
impediments to cell seeding and growth [37]. Furthermore, a uniform porous texture guarantees a more
homogeneous distribution of cells and an even mass transfer in all compartments of the scaffold [38].
The fine-tuning of structures, and thus their properties by liquid templating routes, is an emerging
field, which deserves to be explored [29]. Advanced structural requirements demand a manufacturing
technology capable of systematically tuning 3D scaffolds. The recent progress of technology has allowed the
development of advanced fabrication methods of scaffolds, such as electrospinning [39], 3D printing [40],
and rapid-prototyping [41]. In parallel, the emergence of microfluidics offered a new way to produce
scaffolds, increasing the achievable resolution by modulating self-assembled liquid foams’ architectures
and compositions, thereby improving their performances [12,42–45]. From that perspective, microfluidics,
by handling small quantities of fluids, can generate a monodisperse collection of bubbles that can be scaled
down to the length of a few microns, and potentially even lower [46]. Scaffolds are obtained through
solidification of these preformed liquid foams [36]. The ability to control biomaterial physico-chemical
properties down to micrometer and nanometer scales [47] has opened new routes in biomedicine for
cell transplantation [48], drug release [9,49], health monitoring [50–52], diagnostics [53], and therapeutic
treatments in situ [54,55].

This short contribution reviews the principal batch fabrication methods used to produce liquid and
solid foams, showing both their advantages and disadvantages, and then how the advent of microfluidic
approaches can overcome some limitations and bottlenecks (of batch processes) related to the production.
In relation to this, the most common techniques to fabricate microfluidic devices and relevant microfluidic
geometries for designing foams, liquid and solid respectively, are then described. Later, a special section
is dedicated to the characterization tools of the so-far described structures. Finally, we present how
microfluidics can play a crucial role in foam production for biomedical applications, particularly for
scaffolds in tissue engineering, due to the strong dependence of their biomechanical properties on pore
size, porosity, and geometry, which can all be easily tuned by microfluidics. We focused this short review
on polymeric foams because, thus far, these are the types that can be handled with microfluidics.
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2. Foam Fabrication Techniques

Generally, the generation of a liquid foam is not spontaneous but requires the input of an energy to
create the gas–liquid interface with a defined surface tension. Depending on how this energy is brought to
the system, the foaming method is either biological, chemical, or physical [35]. By adding surface-active
components, such as surfactants, to reduce the surface tension and create bubbles interfaces, physical
methods generally require the application of a mechanical force (shaking) at the fluid or phase transitions
of dissolved gases’ (nucleation and growth [56], cavitation [57]). Chemical foaming generally occurs due
to a gas-releasing chemical reaction [58], while biological methods rely most often on gas-generating
species, including yeast and bacteria (proteins influencing foam formation in wine and beer: the role of
yeast). Drenckhan et al. reported an exhaustive review about the most common techniques of liquid foam
formation, including bubbling into a stationary liquid, co-injection of gas and liquid, bubble breakup
under shear, etc. [35]

The methods described so far allow one to generate liquid foams, and solid foams (such as scaffolds) as
well, through liquid-templating, for example [36]. For such a perspective, physical methods are considered
to be the best in terms of the control allowed over the characteristics of the foams [59]. In the following,
we review most common conventional and advanced physical fabrication techniques of polymer solid
foams, highlighting their advantages and their limitations [27,28]. Conventional techniques include:

Gas foaming: A porous structure is created through the nucleation and growth of gas bubbles
dispersed throughout a polymer phase. Solid discs of a scaffold material are created using compression
molding. Then, the discs are saturated with carbon dioxide (CO2) by exposing them to high pressure of
CO2 gas for 72 h at room temperature before the solubility of the gas in the polymer gets rapidly decreased
by reducing CO2 pressure to atmospheric levels (P0 CO2). This causes the CO2 gas to clump together,
creating pores. High porosities (up to 93%) and pore size (up to 100 mm) can be obtained, but the control
over the connectivity and the pore size is not straightforward [60]. Moreover, the high pressure required
for the process is not appropriate for some bio-applications (for example, as it may be incompatible with
inclusion of cells and bioactive molecules directly into scaffolds) [32].

Solvent casting/particulate leaching: This is one of the most widely used methods for foam
generation. It involves the use of a polymer solution mixed with salt particles (generally NaCl) of a defined
size. When the solvent evaporates, it leaves behind a porous polymer matrix. This technique presents
the advantage of being relatively simple and allowing the creation of scaffolds with regular porosity,
and controlled composition and pore size—though the control of the pore shape and interconnectivity
is not guaranteed, and the achievable mechanical properties and material dimensions remain limited.
Furthermore, the use of organic solvents limits the potential bio-applications [61,62].

Thermally induced phase separation (TIPS): TIPS [63] is based on the change in temperature
to induce the de-mixing of a homogeneous polymer solution, thereby creating a multi-phase system.
The solution is quenched, producing a liquid–liquid phase separation—a polymer-rich phase and
a polymer-poor phase. The de-mixing can be solid–liquid (usually for binary polymer-solvent mixtures),
or liquid–liquid (usually for ternary polymer/solvent/non-solvent mixtures). The polymer-rich phase
solidifies and the polymer-poor phase crystallizes. The crystals are removed, leaving a highly porous
structure (more than 90%). The advantage of the phase separation technique is that the morphology of the
scaffold can be controlled by tuning parameters, such as the polymer type and concentration, the freezing
temperature, and the types of porogens [63,64].

Melt molding: Melt molding consists of heating of polymers above their glass transition temperature
or melting point, so they can assume a liquid form. The resulting polymer is then allowed to cool and
solidifies in the form of the mold. After, particle leaching is used to introduce porosity into the scaffold.
This technique avoids the use of polymer solvents, opening the way for non-toxic materials demanding
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applications. The melt molding is perfectly scalable, which makes it very advantageous for industrial
applications, though it is challenging to leave non-porous layers on the surface of the final polymer and
some porogen residuals in the scaffold, due to the difficulty of leaching out the particles [65,66].

Emulsion/freeze-drying: This method requires the formation of an emulsion first by dissolving
a polymer in a solvent, and then mixing with water to form a water/oil emulsion. Then, the mixture is
poured unto a mold and frozen before the two phases can separate. The frozen emulsion is then dried to
remove the solvent and the dispersed water, creating pores in a solidified scaffold. Thus, these obtained
pores are highly interconnected, which is appropriate for nutrient supply, metabolic waste clearance,
cellular in-growth, and vascularization in biomedical applications. Though this technique does not require
the use of solid porogens, organic solvents are used. The processing time can be long, the porosity is often
irregular, and the pore size is limited [67,68].

All the conventional methods discussed until now offer limited control over pore size, geometry,
and interconnectivity, even if large ranges can be achieved. These parameters are usually crucial for
the efficiency of the scaffolds in many applications. Several studies demonstrated that combinations of
conventional techniques may improve control over final structures [69–71]. For example, Guarino et al. [61]
showed how combinations of particulate leaching, phase separation, and gas foaming may represent a way
to obtain porous structures with tailored properties. Alternatively, additive manufacturing technologies
offer a pathway to achieving competitive scaffold quality [40], even though serious bottlenecks are
slowness, cost, and, in some cases, insufficient resolution.

In this context, the most promising techniques in terms of control over the structure and
biocompatibility are, so far, physical means, especially those relying on bubbles forming via hydrodynamic
instabilities such as microfluidics. This technique can offer a tool to study the relationship between the
porous texture and several scaffold properties, for instance, the mechanical, the insulation, and the acoustic
properties. Furthermore, in the case of cell culture, microfluidics allows correlating the influence of pore
size or inter-connectivity on the different biological responses of seeded cells.

3. The Use of Microfluidics for Production of Foams

3.1. Bubble Production Using Commonly-Used Microfluidic Geometries

Using microfluidic technologies, a high-throughput production of bubbles can be generated with
controlled dispersity [43] through an interplay of gas flow rate Qg and the liquid flow rate Ql . The transition
from isolated bubbles to foam structures can be achieved by increasing the volume fraction of the bubbles
with respect to the continuous liquid phase. Using different microchannel geometries, one can control the
design and frequency of production as the gas phase passes through an orifice or a junction [72,73] at the
intersection of an upstream liquid pressure [43]. The geometry of the junction, together with the flow rates,
channel wettability, and the physical properties of the fluids (e.g., surfactant concentration, interfacial
tension, and viscosity), determine the local flow field, which deforms the interface and eventually leads
to drop or bubble pinch off [74]. The pinch-off or break-up is a result of an instability at the junction of
two immiscible fluids. Capillary instabilities are also stabilized by the presence of walls, and thus, under
confinement, the bubble generation becomes an interplay of capillary forces and viscous friction [43,75].
The diameter of the bubble or droplet is set by a competition between the pressure due to the external
flow and viscous shear stresses on the one hand, and capillary pressure resisting deformation on the other
hand [74]. As a result, capillary numbers, Ca = ηU

γ , are typically small (Ca < 10−2) [43,76], where γ is the
interfacial tension, η is the dynamic viscosity of the fluid, and U is the velocity of the flow. The lubrication
film between the bubble and the wall also helps in the comprehension of bubble velocity as it moves
through the confinement [43,77]. The fine-tuning and comprehension of all these subtle parameters can
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produce foams of a controlled size, shape, and interconnectivity, and even improve production rate.
A detailed review on bubble mechanisms in microfluidics can be found in [35,43].

Microfluidic devices for foam production can be fabricated using standard techniques such as soft
photolithography [46], using a flexible silicon material (e.g., polydimethylsiloxane—PDMS), micro-milling
fabrication [78] using thermoplastics (e.g., polymethyl methacrylate—PMMA), and a hybrid technique
combining micromilling and gelatin-based replica molding [79]. Recently, novel protocols were developed
to fabricate reversibly bonded microfluidic chips [80,81], which simplify the recovery and characterization
of the sample. Circular glass capillary tubes have also been employed in some reported examples [82].
The most commonly used microfluidic geometries to generate bubbles for foam structures, shown in
Figure 1a, include flow-focusing, T-junctions, and co-flowing junctions. These designs allow the production
of bubbles with highly-controlled sizes ranging from few micrometers to millimeter sizes and with
polydispersity lower than 5%. As these geometries are fairly common, their characteristics and flow
dynamics have been widely discussed in literature [43]. For instance, using a flow-focusing technique
made of capillary tubes, the diameter of the resulting bubble, Db, scales with the capillary diameter, Dc,
and the ratio Qg/Ql , which also sets the gas fraction and rate of production [82]:

Db ≈ Dc

(
Qg

Ql

)1/3
. (1)

The foam final properties can be controlled by the dimension of the capillary (or channel) and the
corresponding flow rates. In microfluidics, the high control over flows of liquids of normal viscosities
comes from the fact that flow, at this scale, is dominated by viscous forces over inertia. Due to the small
dimensions of micro-channels, the Reynolds Number, Re = Uρl

η , where ρ is the density of the fluid,
η is the dynamic viscosity of the fluid, U is the velocity of the flow, and l the characteristic dimension of
the system) is usually Re << 100, often Re <1 [43]. In this regime, flow is completely laminar and no
turbulence occurs. For flow in microfluidic channels, the transition to turbulent flow generally occurs
in the range of Re ∼ 2000 [83]. Laminar flow provides a means by which fluid can be transported in
a relatively predictable manner through micro-channels where streamlines of the fluids can be controlled
by an appropriate design of the geometry of the channels. However, even at Re < 100, it is possible to
have momentum-based phenomena such as flow separation.

There is another type of geometry that has been gaining exposure. That is the microfluidic step
emulsifier (MSE) [84,85] mainly used for generating bubbles of smaller sizes, d < 5 µm, as shown in
Figure 1b. This is a step emulsification device [84–86], where a shallow channel with two co-flowing
immiscible fluids goes into a step change in the microchannel height [84,86]. This sudden change in height
allows the stream of the dispersed phase to break into droplets. This is because as the two immiscible
fluids flow side by side, they are separated by a meniscus that induces a pressure difference. However,
when arriving at the step height, the two fluids are forced to balance out their pressures, leading the
dispersed phase to move faster while the continuous phase moves more slowly. This mass conservation
forces the fluid boundary to adopt a tongue-like shape [85] that eventually thins out. A variation of the
MSE device contains practical U-turn microchannels (or “rivers”) [85] as microchannel inlets, as shown in
Figure 1c. A small fraction of the fluid imposed in this inlet flows into the nanofluidic section, all the while
preventing the risks of clogging [87,88] from unwanted dust or other larger particles [89]. Through an MSE
device, the fabrication of droplets or bubbles with d ∼ 1 µm has been reported [85]. However, generating
foam structures of sub-micrometric or nanometric pore sizes still remains the next frontier in microfluidic
foam production. Nevertheless, most foam pore sizes currently used in biomedical applications are in the
order of the size of a typical biological cell (∼µm range). In the future, if one wants to create biomedical
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foams that resemble the structure of an extracellular matrix, the challenged then is to conceive foams with
nanometric pore sizes.

Gas phase

Liquid phase

T-junction

Liquid phase

Liquid phase

Gas phase

Co-flow

Gas phase

Liquid phase

Liquid phase

Flow Focusing

a b

Gas phase

Liquid phase

Liquid phase

h1 h2

c

1mm

Liquid phase

Liquid phase

Gas 
phase

50µm
100µm

Figure 1. (a) Geometries used in the production of foams using microfluidics. In the case of flow focusing,
the liquid streams focus the gas jet through a tiny orifice. For a T-junction, the vertical branch of the
“T” stands for gas inlet, while the horizontal branch stands for the liquid stream and forming bubbles
or droplets when they meet. Inset photo from [90]. For co-flow, both phases flow along the gradients
of pressure—and in confinement by the walls of the devices. In all cases, bubble formation is obtained
thanks to the periodic pinch-off of the gas jet by the liquid stream. Photo reproduced with the permission
from [91]. (b) Illustration of a step-emulsification device where the stream meets a step change in the height
of the microchannel (from h1 to h2). (c) An example of a microfluidic step emulsification device (MSE) with
U-turn microchannels to prevent clogging of the narrow nanochannels due to unwanted dust particles.

In general, the performances of these microfluidic devices with different geometries depend on
the equilibrium of interfacial, viscous, and inertial forces during bubble formation. Each geometry has
a certain range of flow rate ratios in which it is possible to obtain monodisperse foams. In most cases,
the foaming solutions, used for the generation of solid porous polymer foams [29], are highly viscous
or have non-Newtonian flow properties. The rheological properties of the liquid phase, in the case of
a polymer liquid phase, can affect final bubble diameters. Among the characteristics to be considered are
polymer molecular weight, polymer concentration, biopolymer intermolecular interactions, and polymer-
surfactant interactions [92].

3.2. Formation of Liquid Foam Structures from Bubbles

When there is a high density of bubbles, they come into contact and nucleation occurs, thereby
forming foams in the micro-channel outlet. There are principal mechanisms involved in the formation of
foams, such as Ostwald ripening, drainage [45], and coalescence [72,93]. Describing these mechanisms
in detail is not the subject of the present paper, but can easily be found in standard literature [43,73]
and textbooks on foams [72]. In the majority of the cases where sizes are monodisperse, bubbles promptly
self-assemble in an ordered structure, whose arrangement depends on the flow. Foam structures and
various lattices, from circular bubbles to hexagonally close-packed structures, can easily be tuned by



Micromachines 2020, 11, 83 7 of 20

increasing the gas pressure [73]. Contrary to colloidal structures, gas bubbles do not require an additional
energy input for self-organization due to the absence of solid friction [82]. Foams can also rearrange,
thereby producing intermediate transition regimes that contain a mixture of structures [73,76]. Aqueous
foams, where gas bubbles are dispersed in an aqueous liquid phase, are the most common types of liquid
foams, although non-aqueous foams also exist, which are composed of gas bubbles dispersed in their
respective non-aqueous solvents [94]. Non-aqueous foams need different types of foam stabilizers and it is
the interaction between the stabilizer and the liquid phase that determines its properties.

Generally, foams destabilize due to the interplay of different aging phenomena, such as the rupture of
the films separating the bubbles (coalescence) [44,93], the decrease of the liquid volume fraction under
gravity (drainage) [45], and gas transfer between bubbles (coarsening) [95]. In the case of coalescence,
for instance, it has been recently reported that the coalescence probability is largely stochastic [93].
These destabilization effects can happen simultaneously, enhancing one another and leading to the
breaking of the foam structure [96]. To avoid these mechanisms, the use of stabilizing agents is necessary.
Usually, different chemical surfactants (such as SDS [3,4]) are used, but polymers (e.g., partially-hydrolyzed
polyacrylamide for EOR applications [5]), proteins, or particles (e.g., biopolymer-based particles [97])
can also be useful for some specific applications.

3.3. Formation of Solid Foam Structures

Solid foams are self-assembled porous structures, which are employed as scaffolds with varying
pore morphologies that cater to their clinical application [98,99] in tissue engineering. The solid porous
structure mimics the properties and functions of the extracellular matrix (ECM) by providing structural
support for cells to attach, grow, and differentiate [22]. Control of scaffold pore sizes, monodispersity,
and interconnectivity are crucial, since they directly influence cell seeding distribution efficiency [100]
and growth [99]. The conventional method for the fabrication of foam scaffolds is gas foaming [61,101],
but that methods cannot provide strict tuning of different features and functionalities of the foams,
which are uniformity, pore size control, and interconnection. In the last decade, the advent of 3D printing
has been also recently used to “print” or construct porous scaffolds [102], and in general this requires
understanding of specific visco-elastic properties. Such techniques are based on algorithms and do not
give a direct self-assembly compatible fabrication method, increasing production time and cost. In general,
these techniques have been used not just for biomedical applications but also for thermal insulation
applications. While generating bubbles is a common strategy for fabricating liquid foams, they can
also be used as an essential starting point in the fabrication of solid foams using a method called liquid
foam templating [36]. Although a number of conventional methods exist for producing solid foams
(e.g., melt molding [65,66] and gas foaming [61,101]), liquid foam templating is one example that can
be mediated with microfluidics. This is because its scaffold structure is built on the formation of liquid
foams [36,38,59], whose connectivity and bubble size can be carefully controlled with microfluidics up to
800 µm [103], as has been widely reported in the literature [38,100,103–109].

The initial formation begins with standard microfluidic techniques, often flow-focusing, where two
immiscible fluids meet at a defined orifice junction to generate bubbles exactly in the same manner as the
formation of liquid foams. The only difference is that in the latter, the foam structure (formed from bubble
nucleation) is left in its liquid state, while in the former, precursors (e.g., initiators or cross-linkers) are
mixed within the continuous phase. These are used to solidify the liquid foam once the foam has been
permitted to find its equilibrium structure. In this regard, as the name of liquid foam templating suggests,
the initial liquid foam indeed serves as a template or a mold for the eventual solidification. The fluids
used in this technique are evidently monomers in their liquid state, which polymerizes into their solid
form. These polymeric foams are often referred to as cellular solids with tunable mechanical and even
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thermal properties [110]. One example is the synthesis of polystyrene foams from the polymerization
of styrene monomer emulsions generated from microfluidic flow-focusing [111]. However, polystyrene
foams are mainly generated for insulation and packing applications. Oil-based materials are fairly
uncommon in biomedical applications due to their hydrophobic nature, although recent studies have
reported the use of oil-in-water emulsions as cell carriers for tissue engineering [105]. Another example of
the use of liquid foam templating is the fabrication of monodisperse chitosan foams or chitosan/cellulose
nanocomposites [107]; more examples include alginate-based foams [100,112]. Chitosan and aliginate are
both biocompatible, and thus their foams have potential tissue engineering applications. Solidfication of
the liquid foam template involves heating [111], freeze-drying [113,114], and/or cross-linking [103] through
the presence of photoinitiators, as in the case of gelatin methacryloyl (GM) foams [115], where generated
liquid foams from microfluidic bubbling is exposed to UV light. Recent developments have also employed
valve-based microfluidic flow-focusing (vFF), where the orifice size is controlled in real time during the
passage of two immiscible fluids, thereby allowing immediate variation of bubble sizes [106]. When vFF
techniques are incorporated with an extrusion printer, 3D structures can be fabricated with varying
yet controlled internal porous architecture as a result of bubble size variation. This is an example of
coupling microfluidic liquid foam templating techniques with other methods. It has also been reported
that microfluidics can also be incorporated with 3D bioprinting [104] and conventional techniques such
as electrospinning [116].

Despite recent advances in solid foam fabrication from liquid templates, there are still challenges to
be addressed, especially on the stability of the liquid template structure, ensuring that throughout the
solidification process, the foam structure is preserved. Solidification entails drying procedures, which can
have non-negligible influence on a foam’s morphology and its porous structure [103]. A detailed review
on the stability of liquid foam templates as routes for solid foam fabrication can be found in [36].

4. Methods of Characterization of Liquid and Solid Foams

To evaluate the suitability of a foam for a specific application, the foam morphology, structure,
and chemistry are the main properties to be analyzed [59,98].

Indeed, both liquid (Table 1) and solid foams (Table 2) can be described by morphological, structural,
and chemical parameters, such as the average bubble or pore size of liquid or solid foams respectively,
the liquid/solid fraction, the elastic modulus, or the surface chemistry.

The time evolution of a foam’s morphological characteristics gives insights about its stability. Liquid
foams can be used, as they are or as templates in the production of well-defined porous solids through
liquid templating, which in turn can find applications in the design of advanced materials with specific
properties. In this latter case, the liquid foam stability plays an important role in guaranteeing the
preserving of the structure during the templating of the foam. To study the stability of a foam (controlled
by aging phenomena), liquid foams are collected in test tubes and pictures are taken just after their
collection at different time intervals. The height of a foam is tracked with time, and the foam stability
is determined by evaluating the decay of the liquid foam height [59]. Conventional microscopy (optical
or confocal) can also be used to assess the stability of a foam. By recovering the sample on microscope
slides, 2D and 3D foam images can be analyzed by using image analysis tools (such as Matlab or ImageJ)
that detect bubbles, calculate their areas, and calculate their perimeters at different time steps. That way,
the bubble size distribution is tracked with time, giving information about the foam aging phenomena.

Computer simulations and analytical calculations play an increasing role in morphological and
structural characterizations of liquid and solid foams. For example, starting from experimental images of
2D and 3D foams, various aspects of foam behavior, such as coarsening, drainage [117], and mechanical
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behavior, can be simulated and compared with experiments using different software, such as the Surface
Evolver (SE) [118–120].

To predict overall foam stability, surface-rheological properties of its liquid phase (aqueous surfactant
solutions) can be also explored. A mechanical stress is applied to the interface by means of an oscillation
or expansion of a drop, and the change of surface or interfacial tension is measured as a reaction to the
applied mechanical stress.

Liquid and solid foams have distinctive mechanical or rheological properties qualifying them for
many applications [61,71,121]. Literature about rheology of liquid foams is wide and complex [122,123].
They can have interesting elastic, plastic, or viscous properties, and most commonly, a combination of all.
The elastic and viscous moduli, the yield stress, etc., can be measured using a rheometer, which involves
shearing foams using different geometries (two planes; cone-plane; two cylinders) under controlled
conditions (constant shear stress, shear rate, etc.) [124]. Tensile and compressive tests can be performed on
solid foams by a texturometer or an electromechanic dynamometer [125].

For a solid foam, scanning electron microscopy (SEM) can be used in order to visualize the morphology
and the pore size distribution [61]. Moreover, SEM combined with energy dispersive X-ray spectroscopy
(EDX) can give information about the elemental chemical composition of the foam by mapping selected
point locations on the sample at the same time. The EBSD (electron back scatter diffraction) technique can be
used to characterize the texture of a foam and its local crystallographic orientation [126]. X-ray diffraction
(XRD) and X-ray micro computed tomography (X-ray micro CT) are used to measure the porosity [127].
The density and the porosity values of the foams can also be estimated measuring the dimensions and
the mass [62].

To characterize a foam from a chemical point of view, thermal analysis can be conducted.
Different techniques can be used to characterize the foam materials when heated, cooled, or held
isothermally. Differential scanning calorimetry (DSC) is used for measuring the heat flow properties [98];
thermogravimetric analysis (TGA) for the determination of the weight loss properties [71];
thermomechanical analysis (TMA) for the dimensional properties; dynamic mechanical analysis (DMA)
for the characterization of the mechanical or viscoelastic properties; and gas permeation chromatography
for quantifying the molecular weight distribution [21].

Table 1. Methods of characterization of liquid foams.

Characteristics Tools

LIQUID FOAMS

Bubble size Photographs/images
Porosity SEM

Morphology Liquid Fraction Confocal microscopy
(foam architecture) Electrical conductivity Optical microscopy

Interconnectivity X-ray radioscopy
Ageing phenomena Conductivity meter

Simulations (e.g., Surface Evolver)

Surface Tension Tensiometer
Mechanical Behavior Viscosity Viscometer
(foam performance) Elastic modulus Rheometer

Viscous Modulus Simulations
Yield Stress

Thermal Analysis DLS
Chemistry Surface Energy TGA

(foam composition) Chemistry charge TMA
Interface adherence
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Table 2. Methods of characterization of solid foams.

Characteristics Tools

SOLID FOAMS

Photographs/images
SEM/TEM

Pore size Confocal microscopy
Morphology Porosity Optical microscopy

(foam architecture) Microstructure X-ray diffraction
Electrical conductivity Conductivity meter

Interconnectivity Simulations (e.g., Surface Evolver)
X-ray Micro-CT

EBSD

Elastic modulus
Mechanical Behavior Flexural modulus Mechanical tests
(foam performance) Compressive Strength DMA

Tensile Strength Surface Evolver
Yield Stress

Thermal Analysis DLS
Chemistry Surface Energy TGA

(foam composition) Chemistry charge TMA
SEM-EDX

Starting from this panel of characterization tools (Tables 1 and 2 for liquid and solid foams,
respectively), specific characterization tests can be additionally performed depending on the application.
As an example, in the automotive industry where foams are used to prevent injuries, they can be exposed
to quasi-static and dynamic compression loading, to determine their energy absorption characteristics and
impact behavior [128]. For sound insulation, acoustic properties can also be measured using ultrasound
transmission [129]. If we look at the biomedical field, the main topic of this review, the use of foams for
dermatology requires the investigation of the bubble size, the texture, the stability, and the rheological
properties [13]. For a scaffold to be applied in tissue engineering, a thorough understanding of the
chemistry and physicochemical properties of the tissue to be engineered and the materials used in the
process are required. Indeed, the balance between basic requirements, including material biocompatibility
(in vitro and in vivo studies) [71] and biodegradability [101], along with morphological (porosity, pore
size, interconnectivity) and structural properties (e.g., compressive and tensile strength), is a key point to
take into account [22]. From this perspective, the engineered scaffolds must exhibit tissue-like functional
properties, including mechanical behavior comparable to the native tissues they have to substitute.
In addition, the wettability of the scaffolds can be an important feature and is evaluated in each case by
contact angle measurements [130]. The next section sheds light on the different biomedical applications of
foams and scaffolds that require the previously mentioned features.

5. Foams for Biomedical Applications

Porous materials like foams are widely used in the biomedical field due to their interesting properties,
such as lightweight structures, strong mechanical properties, porous networks, large surface areas,
potentially controlled degradation, and biocompatibility.

The main biomedical applications of liquid foams include cosmetics and dermatology treatments,
especially in the fabrication of foam baths, creams, etc. There has also been a growing number of foam
products in the pharmaceutical market; that has attracted researchers due to the potential ability of
pharmaceutical foams to enhance topical drug delivery and bioavailability [13]. Foams have also been
used as delivery vehicles for peptides [131], drugs [7,8], or cells, and provided as innovative alternatives
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to creams and ointments [8,9]. In general, the release mechanism is very process-sensitive and can be
controlled by encapsulation, tailored polymeric degradation, or attachment of signaling molecules to
the polymer surfaces of the systems [17]. This control can be achieved by adopting microfluidics as
a generation process since it allows controlled reactions between the different components. Indeed, if so far,
microfluidics has still not been extensively explored to optimize the formulations of liquid foams for such
applications, its potential to improve the controllability of materials characteristics has been confirmed by
allowing tunable fabrication of other types of drug delivery carriers, such as polymeric particles [132,133].

Microfluidics has been more used to generate solid foam-based scaffolds for cell culture and tissue
engineering. Tissue engineering is defined as “an interdisciplinary field that applies the principles of
engineering and life sciences to the development of biological substitutes that restore, maintain, or improve
tissue function or a whole organ” [134]. In general, tissue engineering comprises in vitro 3D cell culture
and in vivo tissue-induced regeneration applications, and for both, the biological cross-talk between
cells and the scaffolds is controlled by the properties of the materials and the characteristic design of the
scaffold [135]. In fact, tissue engineering aims to restore damaged human native tissues through the use
of biocompatible and biodegradable structures which become integrated into the body. In the last few
years, this field has been advancing and exploring almost every tissue and organ of the human body [22].
In tissue engineering, cells are allowed to proliferate and organize their the extracellular matrix (ECM)
in a three-dimensional scaffold to form, ex vivo, a clinically functional tissue, exhibiting histochemical,
biochemical, and biomechanical properties identical to said native tissue [136]. Recently, 3D solid foam
structures have been extensively designed as scaffolds for tissue engineering applications in order to mimic
the properties and functions of ECM by providing structural support for cells to attach, grow, migrate,
and differentiate [22].

By presenting an alternative to using in vivo animal models for testing, 3D cell culture systems are
gradually replacing 2D ones, mainly because they represent a more realistic model of the human body.
Indeed, studies of the effect of drug dosage in both media show that cells respond differently to drugs in 2D
versus 3D, probably due to isotropy of cell growth in the latter ones [60]. Moreover, research has showed
that the microenvironment around the cells can affect different mechanisms, such as drug responses and
delivery [137]. 3D scaffolding is a critical component in tissue engineering because it provides the clues for
cell seeding, migration, growth, and expansion towards new tissue formation [62]. As mentioned earlier,
a scaffold’s excellent performance can depend not only on different factors such as the pore size [138],
surface area, porous structure, or the degree of pore interconnectivity, but also on the choice of the materials
used and their different fabrication processes. The ideal materials used for foam-based scaffold should be
biodegradable and bioabsorbable to support the replacement of new tissues. The scaffolds should also
be biocompatible to avoid inflammation reactions [101,139] and should also possess proper mechanical
properties (for example, a defined elastic modulus, flexural modulus, tensile strength, and maximum strain)
and degradation rate to support the growth of new tissues [22,140]. Natural materials (i.e., silk, collagen,
chitosan, gelatin, hyaluronic acid, alginate, and others) are favored but can sometimes lack mechanical
strength compared to the synthetic ones (PEG, PMMA, PGA, and PLGA), and thus, often, a combination
of materials is used to combine the different advantages. In some cases, nanoparticles are also introduced
into the scaffolds to improve the mechanical properties. From that perspective, an interesting study was
proposed by Boccaccini et al. [101] in which they developed poly(D,L-Lactide) (PDLLA) foams with TiO2

nanoparticles and PDLLA/TiO2-bioglass foam composites for bone tissue engineering scaffolds [32,71,101].
Materials used in this context are in most cases of polymeric origin [30]. In recent years, biodegradable

compressible foams based on a mixture of poly(lactic-co-glycolic Acid) (PLGA), polycaprolactone
(PCL), and poly(L-lactide-co-ε-caprolactone) (PLCL) for negative pressure wound therapy have been
fabricated [55]. Density graded polymer foams have also been explored for interfacial tissue engineering
and showed interesting mechanical behavior [141]. Lo et al. [142] fabricated a variety of highly porous
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biodegradable polymer (poly-L-lactide, PLLA) foams for cell transplantation devices and tissue grafts.
They demonstrated the ability for controlled delivery by studying the release of small hydrophobic and
hydrophilic molecules from these highly porous structures. Hydrogels constitute another class of attractive
materials as scaffolds for cell delivery and drug-screening applications thanks to their high water content,
their similarity to the native ECM and biocompatibility, and their easily tunable mechanical, chemical,
and physical properties [143]. Using these various materials, different kinds of porous structures can
be developed for scaffolds in tissue engineering for various types of tissues [32]. Indeed, an excellent
scaffold performance for tissue engineering lies in the strict tuning of different features and functionalities
of the foams. In this case, the pore sizes and interconnection degree are crucial elements in controlling
cell behavior and new tissue regeneration. Many studies have shown the influence of the scaffold pore
characteristics (size, pore interconnectivity, and wettability) on cell culture behavior and drug delivery.
For instance, Canal et al. [144] have reported macroporous solid foams generating a rough topography,
giving the material superhydrophobic properties that affect lipophilic active principles in drug delivery.
Moreover, depending on the scaffold pore size, different cell culture behaviors have been observed.
For instance, macroporous foams (around hundreds of microns) have been proven to promote the in vitro
cell invasion and differentiation, as well as the in vivo infiltration of the surrounding tissue, such as in
the case of bone regeneration [71,145]. Furthermore, microporous foams (pore size ranging from one to
50 microns) promoted the transport of fluids to the cell and tissue [71,145]. As a whole, nano-pores play
crucial roles in the formation of collagen fibers and ECM [146], whereas micro and macro-pores played an
important role in cell seeding, distribution, and further biomechanical properties of cells.

Different studies explored the interconnectivity control and effect on the cell culture. In 2001, Ma et al.
described the well-controlled interconnected macroporous structure of biodegradable PLLA and PLGA
polymer scaffolds obtained through a novel solvent-casting technique [62]. Griffon et al. [136] studied
the effect of pore interconnectivity on chondrocyte proliferation and function within chitosan-based
scaffolds and compared the potential of chitosan and polyglycolic acid (PGA) matrices for chondrogenesis.
They demonstrated that increasing pore interconnectivity of the chitosan scaffold resulted in the production
of constructs with more chondrocytes and matrices, thereby improving the diffusion of nutrients and cells
throughout the scaffold.

The control over a scaffold’s porous structure is process-dependent. The advancement of rapid
prototyping techniques can significantly improve the regulation of the pore network, thereby playing a role
on cell seeding and culturing [147]. From another perspective, the literature related to the fabrication of
foams as scaffolds through conventional gas foaming is quite large [61,101], even though these conventional
methods suffer from several limitations when cell culture comes into play. It has been shown, for example,
that the cell suspension follows preferential flow paths across the scaffold when cells are seeded under
perfusion on a gas-foamed scaffold. Furthermore, due to a discontinuous permeability within the scaffold,
cell proliferation, differentiation, and migration are site dependent, causing the premature failure of
scaffolds within in vivo applications [147]. All-in-all, the conventional techniques do not meet the full
requirements encountered in applications, such as uniformity, portability, and quantity.

Alternatively, foam fabrication using microfluidics supports precisely controlled mixing of
reagents and components, offering the possibility to design tailored scaffolds with tunable pore
characteristics [17,29,111]. In 2015, Costantini et al. [38] investigated the link between polymer solution
properties and the scaffold’s porous characteristics. The pore interconnectivity level was tuned through
the variation of surfactant concentration. Consequently, this affects the permeability of the materials,
a factor of key importance in flow-through applications in tissue engineering. Using microfluidics, Elsing
et al. [148] achieved introducing a defined pore size gradient in polymer foams using foamed emulsions
as templates. Recently, Andrieux et al. [59] presented a microfluidic flow-focusing study to produce
biopolymer foams with tunable pore size distributions (mono- versus polydisperse) and different pore
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organizations (ordered versus disordered). Microfluidic mediated foams applied to tissue engineering
have gained increasing interest over the years due to the described control of pore interconnectivity, which
often results in pore uniformity. Mei et al. [149] reported microfluidic based 3D cell culture scaffolds
used to repair cardiac tissue. Type I collagen and gelatin, two of the ECM molecules, were selected as
the scaffolding materials for cell seeding. Owing to a flow focusing microfluidic device, scaffolds with
variable pore sizes can be designed to adapt to various needs of different cell types. Colosi et al. [108]
have produced poly(vinyl alcohol) (PVA) foams by exploiting and comparing two different production
techniques: a microfluidic foaming technique and a traditional gas foaming technique. Results showed that
the microfluidic produced scaffold generated a much more uniform porous texture than the gas-foaming
one as witnessed by narrower pore size, interconnection, and wall thickness distributions. On the other
hand, limited production rate represents the principal disadvantage of microfluidic foaming as a scaffold
fabrication method, emphasizing the ongoing need to improve this technique.

6. Conclusions

Numerous examples of foam-based scaffolds used in the biomedical field have been fabricated using
conventional means. While many would consider these conventional means “tried-and-tested”, they do
still present glaring disadvantages. However, researchers have now increasingly recognized the potential
of using microfluidics to fabricate these foam scaffolds due to undeniable advantages, such as control of
porous structures. A growing number of papers cited in this review have reported different techniques
to improve control and design of a foam’s porous structure, not just in terms of morphology but also in
terms of its mechanical properties (stability, elasticity, etc.). In fact, the literature is abound with different
techniques on microfluidics-based foam production [90,109,111,150]. Indeed, there has been significant
progress towards the development of foams with different properties using microfluidics for a wide
variety of biomedical applications, including drug delivery. This is due to its advantages such as cost,
ease of parallelization, and highly controlled production; and precise tuning of pore structure design,
morphology, and interconnectivity. Pore structures with defined orders have been shown to influence
cell interactions, which in turn can affect cell seeding and distribution, and the release and delivery of
molecules or active principles. In this regard, microfluidics-mediated foam production is rapidly being
recognized as an alternative yet advanced tool to fabricate well-defined scaffolds for tissue engineering
and drug release applications.

Author Contributions: Conceptualization, I.M. and M.R.; data curation and review of related scientific literature, I.M.,
C.M.C., and M.R.; writing—original draft preparation, I.M., C.M.C., and M.R.; writing—review and editing, I.M.,
C.M.C., and M.R.; supervision, M.R.; project administration and funding acquisition, P.T. and J.C. All authors have
read and agreed to the published version of the manuscript.

Funding: The MICROFLUSA project receives funding from the European Union Horizon 2020 Research and
Innovation programme under grant number 664823.

Acknowledgments: This work has been supported by MICROFLUSA, ESPCI Paris, Institut Pierre Gilles de
Gennes (IPGG) (laboratoire d’excellence, “investissements d’avenir” program ANR-10-IDEX-0001-02 PSL and
ANR-10-LABX-31 and équipement d’excellence program ANR-10-EQPX-34). We also thank the support of CNRS
Chimie Biologie Innovation (CBI) UMR 8231, and the CNRS Molecular, Macromolecular Chemistry, and Materials
unit (C3M) UMR 7167. The authors also thank research groups of Microfluidics, MEMS, Nanostructures (MMN) and
the Laboratoire Chimie Moléculaire et Catalyse (CMC).

Conflicts of Interest: The authors declare no conflict of interest and the funders had no role in the design of the study;
in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results.



Micromachines 2020, 11, 83 14 of 20

References

1. Langevin, D. Aqueous foams and foam films stabilised by surfactants. Comptes Rendus Mec. 2017, 345, 47–55.
[CrossRef]

2. Fameau, A.L.; Saint-Jalmes, A.; Cousin, F.; Houssou, B.H.; Novales, B.; Navailles, L.; Nallet, F.; Gaillard, D.
Smart Foams: Switching Reversibly between Ultrastable and Unstable Foams. Angew. Chem. Int. Ed. 2011,
50, 8264–8269. [CrossRef] [PubMed]

3. Osei-bonsu, K.; Grassia, P.; Shokri, N. Relationship between bulk foam stability, surfactant formulation and oil
displacement efficiency in porous media. Fuel 2017, 203, 403–410. [CrossRef]

4. Korat, L.; Ducman, V. The influence of the stabilizing agent SDS on porosity development in alkali-activated
fly-ash based foams. Cem. Concr. Compos. 2017, 80, 168–174. [CrossRef]

5. Wang, D.; Hou, Q.; Luo, Y.; Zhu, Y.; Fan, H. Stability Comparison Between Particles-Stabilized Foams and
Polymer-Stabilized Foams. J. Dispers. Sci. Technol. 2014, 36, 268–273.

6. Rybak, O. Some aspects of the formation of emulsions and foams in food industry. Ukr. J. Food Sci. 2013, 1, 41–49.
7. Arzhavitina, A.; Steckel, H. Foams for pharmaceutical and cosmetic application. Int. J. Pharm. 2010, 394, 1–17.
8. Tamarkin, D. Foam: A unique topical drug delivery system. Adv. Dermatol. Sci. 2017, 6, 189–206. [CrossRef]
9. Purdon, C.H.; Haigh, J.M.; Surber, C.; Smith, E.W. Foam Drug Delivery in Dermatology. Am. J. Drug Deliv. 2003,

1, 71–75. [CrossRef]
10. Shemer, A.; Sakka, N.; Tamarkin, D. Betamethasone valerate foam: A look at the clinical data. Clin. Investig.

2014, 4, 259–267. [CrossRef]
11. Clark, W.E. Firefighting Principles and Practices; PennWell Books: Saddle Brook, NJ, USA, 1991.
12. Quennouz, N.; Ryba, M.; Argilier, J.F.; Herzhaft, B.; Peysson, Y.; Pannacci, N. Microfluidic Study of Foams Flow

for Enhanced Oil Recovery (EOR). Oil Gas Sci. Technol. Rev. IFP Energies Nouv. 2014, 69, 457–466. [CrossRef]
13. Kamble, M.S.; Sutar, S.P.; Shinde, S.A.; Chaudhuri, P.D.; Bhosale, A.V.; Nanjwade, B.K. Development of

Pharmaceutical Foam Based Topical Drug Delivery System. J. Biopharm. Sci. 2017, 1, 5–9.
14. Makadia, H.K.; Siegel, S.J. Poly Lactic-co-Glycolic Acid (PLGA) as Biodegradable Controlled Drug Delivery

Carrier. Polymers 2011, 3, 1377–1397. [CrossRef] [PubMed]
15. SShinde, N.G.; Aloorkar, N.H.; Bangar, B.; Deshmukh, S.M.; Shirke, M.V.; Birudev, B.K. Pharmaceutical Foam

Drug Delivery System: General Considerations. Indo Am. J. Pharm. Res. 2013, 3, 1322–1327.
16. Tan, M.X.L.; Danquah, M.K. Drug and Protein Encapsulation by Emulsification: Technology Enhancement Using

Foam Formulations. Chem. Eng. Technol. 2012, 35, 618–626.
17. Xu, Y.; Kim, C.S.; Saylor, D.M.; Koo, D. Polymer degradation and drug delivery in PLGA-based drug-polymer

applications: A review of experiments and theories. J. Biomed. Mater. Res. Part B Appl. Biomater. 2017,
105B, 1692–1716.

18. Zhao, Y.; Jones, S.A.; Brown, M.B. Dynamic foams in topical drug delivery. J. Pharm. Pharmacol. 2010, 62, 678–684.
[CrossRef]

19. Seymour, R.B.; Kauffman, G.B. Polyurethanes: A Class of Modern Versatile Materials. J. Chem. Educ. 1992,
61, 909.

20. Yam, K.L., Ed. The Wiley Encyclopedia of Packaging Technology, 3rd ed.; John Wiley and Sons, Inc.: Hoboken,
NJ, USA, 2009.

21. Netti, P.A. Biomedical Foams for Tissue Engineering Applications; Elsevier: Amsterdam, The Netherlands, 2014.
22. Dhandayuthapani, B.; Yoshida, Y.; Maekawa, T.; Kumar, D.S. Polymeric Scaffolds in Tissue Engineering

Application: A Review. Int. J. Polym. Sci. 2011, 2011, 290602. [CrossRef]
23. Singh, R.; Lee, P.D.; Dashwood, J.; Lindley, T.C. Titanium foams for biomedical applications: A review.

Mater. Technol. 2010, 25, 127–136. [CrossRef]
24. Langer, R.; Peppas, N.A. Advances in Biomaterials, Drug Delivery, and Bionanotechnology. AlChE J. 2003,

49, 2990–3006. [CrossRef]
25. Duraiswamy, S.; Khan, S.A. Plasmonic Nanoshell Synthesis in Microfluidic Composite Foams. Nano Lett. 2010,

10, 3757–3763. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.crme.2016.10.009
http://dx.doi.org/10.1002/anie.201102115
http://www.ncbi.nlm.nih.gov/pubmed/21780260
http://dx.doi.org/10.1016/j.fuel.2017.04.114
http://dx.doi.org/10.1016/j.cemconcomp.2017.03.010
http://dx.doi.org/10.4172/2169-0138-C1-018
http://dx.doi.org/10.2165/00137696-200301010-00006
http://dx.doi.org/10.4155/cli.14.13
http://dx.doi.org/10.2516/ogst/2014017
http://dx.doi.org/10.3390/polym3031377
http://www.ncbi.nlm.nih.gov/pubmed/22577513
http://dx.doi.org/10.1211/jpp.62.06.0003
http://dx.doi.org/10.1155/2011/290602
http://dx.doi.org/10.1179/175355510X12744412709403
http://dx.doi.org/10.1002/aic.690491202
http://dx.doi.org/10.1021/nl102478q
http://www.ncbi.nlm.nih.gov/pubmed/20731386


Micromachines 2020, 11, 83 15 of 20

26. Schoichet, M. Polymer Scaffolds for Biomaterials Applications. Macromolecules 2010, 43, 581–591. [CrossRef]
27. Aram, E.; Mehdipour-Ataei, S. A Review on the Microfluidic and Nanoporous Polymeric Foams: Preparation

and Properties. Int. J. Polyemric Mater. Polymeric Biomater. 2015, 65, 358–375. [CrossRef]
28. Janik, H.; Marzec, M. A review: Fabrication of porous polyurethane scaffolds. Mater. Sci. Eng. C 2015, 49, 586–591.

[CrossRef]
29. Stubenrauch, C.; Menner, A.; Bismarck, A.; Drenckhan, W. Emulsion and Foam Templating - Promising Routes

to Tailor-Made Porous Polymers. Angew. Chem. Int. Ed. 2018, 57, 10024–10032. [CrossRef]
30. Montanaro, L.; Jorand, Y.; Fantozzi, G.; Negro, A. Ceramic foams by powder processing. J. Eur. Ceram. Soc. 1998,

18, 1339–1350. [CrossRef]
31. Holter, W.; Echterhoff, M.; Blomer, A.; Verfurden, H. The management of amputations of the leg using a new

rigid foam plaster for prosthetic fitting. Int. Orthop. 1980, 4, 73–77. [CrossRef]
32. Guarino, V.; Causa, F.; Netti, P.A.; Ciapetti, G.; Pagani, S.; Martini, D.; Baldini, N.; Ambrosio, L. The Role of

Hydroxyapatite as Solid Signal on Performance of PCL Porous Scaffolds for Bone Tissue Regeneration. J. Biomed.
Mater. Res. Part B Appl. Biomater. 2008, 86, 548–557. [CrossRef]

33. Niinomi, M. Recent research and development in Titanium alloys for biomedical applications and healthcare
goods. Sci. Technol. Adv. Mater. 2003, 4, 445. [CrossRef]

34. Wang, H.; Li, T.T.; Wu, L.; Lou, C.W.; Lin, J.H. Multifunctional, Polyurethane-Based Foam Composites Reinforced
by a Fabric Structure: Preparation, Mechanical, Acoustic, and EMI Shielding Properties. Materials 2018, 11, 2085.
[CrossRef]

35. Drenckhan, W.; Saint-Jalmes, A. The science of foaming. Adv. Colloids Interface Sci. 2015, 222, 228–259. [CrossRef]
36. Andrieux, S.; Quell, A.; Stubenrauch, C.; Drenckhan, W. Liquid foam templating—A route to tailor-mad

epolymer foams. Adv. Colloids Interface Sci. 2018, 256, 276–290. [CrossRef] [PubMed]
37. Temenoff, J.S.; Mikos, A.G. Review: Tissue engineering for regeneration of articular cartilage. Biomaterials 2000,

21, 431–440. [CrossRef]
38. Costantini, M.; Colosi, C.; Jaroszewicz, J.; Tosato, A.; Swieszkowski, W.; Dentini, M.; Garstecki, P.; Barbetta, A.

Microfluidic Foaming: A Powerful Tool for Tailoring the Morphological and Permeability Properties of
Sponge-like Biopolymeric Scaffolds. ACS Appl. Mater. Interfaces 2015, 7, 23660–23671. [CrossRef]

39. Pedicini, A.; Farris, R.J. Mechnical behavior of electrospun polyurethane. Polymer 2003, 44, 6857–6862. [CrossRef]
40. Liu, J.; Yan, C. 3D printing of scaffolds for tissue engineering. In 3D Printing; IntechOpen: London, UK, 2018.
41. Lye, S.; Yeong, H.; Lee, S. An investigation into the rapid prototyping of moulds for expanded polystyrene foam.

Int. J. Adv. Manuf. Technol. 1996, 12, 87–92. [CrossRef]
42. Wang, B.; Prinsen, P.; Wang, H.; Bai, Z.; Wang, H.; Luque, R.; Xuan, J. Macroporous materials: Microfluidic

fabrication, functionalization and applications. Chem. Soc. Rev. 2017, 46, 855–914. [CrossRef]
43. Huerre, A.; Miralles, V.; Jullien, M.C. Bubbles and foams in microfluidics. Soft Matter 2014, 10, 6888–6902.

[CrossRef]
44. Rio, E.; Biance, A.L. Thermodynamic and Mechanical Timescales Involved in Foam Film Rupture and Liquid

Foam Coalescence. ChemPhysChem 2014, 15, 3692–3707. [CrossRef]
45. Yazghur, P.; Rio, E.; Rouyer, F.; Pigeonneau, F.; Salonen, A. Drainage in a rising foam. Soft Matter 2016, 12, 905–913.

[CrossRef] [PubMed]
46. Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368. [CrossRef] [PubMed]
47. Russo, M.; Bevilacqua, P.; Netti, P.A.; Torino, E. A Microfluidic Platform to design crosslinked Hyaluronic Acid

Nanoparticles (cHANPs) for enhanced MRI. Sci. Rep. 2016, 6, 37906. [CrossRef] [PubMed]
48. Ma, P.X.; Langer, R. Fabrication of biodegradable polymer foams for cell transplantation and tissue engineering.

Methods Mol. Med. 1999, 18, 47–56.
49. Maeki, M. Microfluidics for pharmaceutical applications. In Microfluidics for Pharmaceutical Applications; Elsevier:

Amsterdam, The Netherlands, 2019; pp. 101–119.
50. Bilent, S.; Dinh, T.H.N.; Martincic, E.; Joubert, P.Y. Influence of the Porosity of Polymer Foams on the Performances

of Capacitive Flexible P. Sensors 2019, 19, 1968. [CrossRef]

http://dx.doi.org/10.1021/ma901530r
http://dx.doi.org/10.1080/00914037.2015.1129948
http://dx.doi.org/10.1016/j.msec.2014.12.037
http://dx.doi.org/10.1002/anie.201801466
http://dx.doi.org/10.1016/S0955-2219(98)00063-6
http://dx.doi.org/10.1007/BF00266607
http://dx.doi.org/10.1002/jbm.b.31055
http://dx.doi.org/10.1016/j.stam.2003.09.002
http://dx.doi.org/10.3390/ma11112085
http://dx.doi.org/10.1016/j.cis.2015.04.001
http://dx.doi.org/10.1016/j.cis.2018.03.010
http://www.ncbi.nlm.nih.gov/pubmed/29728156
http://dx.doi.org/10.1016/S0142-9612(99)00213-6
http://dx.doi.org/10.1021/acsami.5b08221
http://dx.doi.org/10.1016/j.polymer.2003.08.040
http://dx.doi.org/10.1007/BF01178948
http://dx.doi.org/10.1039/C5CS00065C
http://dx.doi.org/10.1039/C4SM00595C
http://dx.doi.org/10.1002/cphc.201402195
http://dx.doi.org/10.1039/C5SM01886B
http://www.ncbi.nlm.nih.gov/pubmed/26554500
http://dx.doi.org/10.1038/nature05058
http://www.ncbi.nlm.nih.gov/pubmed/16871203
http://dx.doi.org/10.1038/srep37906
http://www.ncbi.nlm.nih.gov/pubmed/27901092
http://dx.doi.org/10.3390/s19091968


Micromachines 2020, 11, 83 16 of 20

51. Pruvost, M.; Smit, W.J.; Monteux, C.; Poulin, P.; Colin, A. Polymeric foams for flexible and highly sensitive
low-pressure capacitive sensors. npj Flex. Electron. 2019, 3, 7. [CrossRef]

52. Ha, M.; Lim, S.; Ko, H. Wearable and flexible sensors for user-interactive health-monitoring devices. J. Mater.
Chem. B 2018, 6, 4043–4064. [CrossRef]

53. Schramm, L.L. Emulsions, Foams, Suspensions, and Aerosols: Microscience and Applications; Chapter Biological and
Medical Applications; John Wiley and Sons, Inc.: Hoboken, NJ, USA, 2014.

54. van Hecke, L.K.; Haspeslagh, M.; Hermans, K.; Martens, A.M. Comparison of antibacterial effects among three
foams used with negative pressure wound therapy in an ex vivo equine perfused wound model. Am. J. Vet. Res.
2016, 77, 1325–1331. [CrossRef]

55. Warner, H.J.; Wagner, W.D. Fabrication of biodegradable foams for deep tissue negative pressure treatments.
J. Biomed. Mater. Res. Part B Appl. Biomater. 2017, 106, 1998–2007. [CrossRef]

56. Jones, S.F.; Evans, G.M.; Galvin, K.P. Bubble nucleation from gas cavities—A review. Adv. Colloids Interface Sci.
1999, 80, 27–50. [CrossRef]

57. Raut, J.S.; Stoyanov, S.D.; Duggal, C.; Pelan, E.G.; Arnaudov, L.N.; Naik, V.M. Hydrodynamic cavitation:
A bottom-up approach to liquid aeration. Soft Matter 2012, 8, 4562–4566. [CrossRef]

58. Ashida, K. Polyurethane and Related Foams: Chemistry and Technology; CRC Press: Boca Raton, FL, USA, 2006.
59. Andrieux, S.; Drenckhan, W.; Stubenrauch, C. Generation of Solid Foams with Controlled Polydispersity Using

Microfluidics. Langmuir 2018, 34, 1581–1590. [CrossRef] [PubMed]
60. Turnbull, G.; Clarke, J.; Picard, F.; Riches, P.; Jia, L.; Han, F.; Li, B.; Shu, W. 3D bioactive composite scaffolds for

bone tissue engineering. Bioact. Mater. 2018, 3, 278–314. [CrossRef] [PubMed]
61. Guarino, V.; Causa, F.; Salerno, A.; Ambrosio, L.; Netti, P.A. Design and manufacture of microporous polymeric

materials with hierarchal complex structure for biomedical application. Mater. Sci. Technol. 2008, 24, 1111–1117.
[CrossRef]

62. Ma, P.X.; Choi, J.W. Biodegradable Polymer Scaffolds with Well-Defined Interconnected Spherical Pore Network.
Tissue Eng. 2001, 7, 23–33. [CrossRef] [PubMed]

63. Vonka, M.; Nistor, A.; Rygl, A.; Toulec, M.; Kosek, J. Morphology model for polymer foams formed by thermally
induced phase separation. Chem. Eng. J. 2016, 284, 357–371. [CrossRef]

64. Nam, Y.S.; Park, T.G. Biodegradable polymeric microcellular foams by modified thermally induced phase
separation method. Biomaterials 1999, 20, 1783–1790. [CrossRef]

65. Oh, S.H.; Kang, S.G.; Kim, E.S.; Cho, S.H.; Lee, J.H. Fabrication and characterization of hydrophilic
poly(lactic-co-glycolic acid)/poly(vinyl alcohol) blend cell scaffolds by melt-molding particulate-leaching method.
Biomaterials 2003, 24, 4011–4021. [CrossRef]

66. Gorth, D.; Webster, T.J. Biomaterials for Artificial Organs. In Chapter Matrices for Tissue Engineering and Regenerative
Medicine; Woodhead Publishing: Sawston, UK, 2011; pp. 270–286.

67. Garg, T.; Singh, O.; Arora, S.; Murthy, R.S.R. Scaffold: A Novel Carrier for Cell and Drug Delivery. Crit. Rev.
Ther. Drug Carr. Syst. 2012, 29, 1–63. [CrossRef]

68. Sultana, N.; Wang, M. International Society for Biofabrication logo PHBV/PLLA-based composite scaffolds
fabricated using an emulsion freezing/freeze-drying technique for bone tissue engineering: Surface modification
and in vitro biological evaluation. Biofabrication 2012, 4, 015003. [CrossRef]

69. Reverchon, E.; Cardea, S.; Rapuano, C. A new supercritical fluid-based process to produce scaffolds for tissue
replacement. J. Supercrit. Fluid 2008, 45, 365–373. [CrossRef]

70. Wei, G.; Ma, P.X. Structure and properties of nano-hydroxyapatite/polymer composite scaffolds for bone tissue
engineering. Biomaterials 2004, 19, 4749–4757. [CrossRef] [PubMed]

71. Salerno, A.; Zeppetelli, S.; Di Maio, E.; Iannace, S.; Netti, P.A. Processing/Structure/Property Relationship of
Multi-Scaled PCL and PCL-HA Composite Scaffolds Prepared via Gas Foaming and NaCl Reverse Templating.
Biotechnol. Bioeng. 2010, 108, 963–976. [CrossRef] [PubMed]

72. Walstra, P. Foams: Physics, Chemistry and Structure; Chapter Principles of Foam Formation and Stability; Springer:
London, UK, 1989;

73. Marmottant, P.; Raven, J.P. Microfluidics with Foams. Soft Matter 2009, 5, 3385–3388. [CrossRef]

http://dx.doi.org/10.1038/s41528-019-0052-6
http://dx.doi.org/10.1039/C8TB01063C
http://dx.doi.org/10.2460/ajvr.77.12.1325
http://dx.doi.org/10.1002/jbm.b.34007
http://dx.doi.org/10.1016/S0001-8686(98)00074-8
http://dx.doi.org/10.1039/c2sm07330g
http://dx.doi.org/10.1021/acs.langmuir.7b03602
http://www.ncbi.nlm.nih.gov/pubmed/29309162
http://dx.doi.org/10.1016/j.bioactmat.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/29744467
http://dx.doi.org/10.1179/174328408X341799
http://dx.doi.org/10.1089/107632701300003269
http://www.ncbi.nlm.nih.gov/pubmed/11224921
http://dx.doi.org/10.1016/j.cej.2015.08.105
http://dx.doi.org/10.1016/S0142-9612(99)00073-3
http://dx.doi.org/10.1016/S0142-9612(03)00284-9
http://dx.doi.org/10.1615/CritRevTherDrugCarrierSyst.v29.i1.10
http://dx.doi.org/10.1088/1758-5082/4/1/015003
http://dx.doi.org/10.1016/j.supflu.2008.01.005
http://dx.doi.org/10.1016/j.biomaterials.2003.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15120521
http://dx.doi.org/10.1002/bit.23018
http://www.ncbi.nlm.nih.gov/pubmed/21404268
http://dx.doi.org/10.1039/b903276b


Micromachines 2020, 11, 83 17 of 20

74. Baroud, C.N.; Gallaire, F.; Dangla, R. Dynamics of microfluidic droplets. Lab Chip 2010, 16, 2032–2045. [CrossRef]
75. Guillot, P.; Colin, A.; Ajdari, A. Stability of a jet in confined pressure-driven biphasic flows at low Reynolds

number in various geometries. Phys. Rev. E 2008, 78, 016307. [CrossRef]
76. Garstecki, P.; Whitesides, G.M. Nonlinear dynamics of a flow-focusing bubble generator: An inverted dripping

faucet. Phys. Rev. Lett. 2005, 94, 234502. [CrossRef]
77. Bretherton, F.P. The motion of long bubbles in tubes. J. Fluid Mech. 1961, 10, 166–188. [CrossRef]
78. Guckenberger, D.J.; de Groot, T.E.; Wan, A.M.D.; Beebe, D.J.; Young, E.W.K. Micromilling: A method for

ultra-rapid prototyping of plastic microfluidic devices. Lab Chip 2015, 15, 2364. [CrossRef]
79. Vecchione, R.; Pitingolo, G.; Falanga, A.P.; Guarnieri, D.; Netti, P.A. Confined gelatin dehydration as a viable

route to go beyond micromilling resolution and miniaturize biological assays. ACS Appl. Mater. Interfaces 2016,
8, 12075–12081. [CrossRef]

80. Pitingolo, G.; Nizard, P.; Riaud, A.; Taly, V. Beyond the on/off chip trade-off: A reversibly sealed microfluidic
platform for 3D tumor microtissue analysis. Sens. Actuators B Chem. 2018, 274, 393–401. [CrossRef]

81. Pitingolo, G.; Riaud, A.; Nastruzzi, C.; Taly, V. Tunable and Reversible Gelatin-Based Bonding for Microfluidic
Cell Culture. Adv. Eng. Mater. 2019, 1900145. [CrossRef]

82. van der Net, A.; Gryson, A.; Ranft, M.; Elias, F.; Stubenrauch, C.; Drenckhan, W. Highly structured porous solids
from liquid foam templates. Colloids Surf. A Physiochem. Eng. Asp. 2009, 346, 5–10. [CrossRef]

83. Liu, D.; Garimella, S.V. Investigation of Liquid Flow in Microchannels. J. Thermophys. Heat Transf. 2004, 18, 65–72.
[CrossRef]

84. Li, Z.; Leshansky, A.; Pismen, L.M.; Tabeling, P. Step-emulsification in a microfluidic device. Lab Chip 2015,
15, 1023. [CrossRef] [PubMed]

85. Malloggi, F.; Pannacci, N.; Attia, R.; Monti, F.; Mary, P.; Willaime, H.; Tabeling, P. Monodisperse colloids
synthesized with nanofluidic technology. Langmuir 2010, 26, 2369–2373. [CrossRef]

86. Dangla, R.; Fradet, E.; Lopez, Y.; Baroud, C.N. The physical mechanisms of step emulsification. J. Phys. D
Appl. Phys. 2013, 46, 114003. [CrossRef]

87. Dressaire, E.; Sauret, A. Clogging in microfluidic channels. Soft Matter 2017, 13, 37. [CrossRef]
88. Cejas, C.M.; Maini, L.; Monti, F.; Tabeling, P. Deposition kinetics of bi- and tridisperse colloidal suspensions in

microchannels under the van der Waals regime. Soft Matter 2019, 15, 7438–7447. [CrossRef]
89. Sauret, A.; Barney, E.; Perro, A.; Villermax, E.; Stone, H.; Dressaire, E. Clogging by sieving in microchannels:

Application to the the detection of contaminants in colloidal suspensions. App. Phys. Lett. 2014, 105, 074104.
[CrossRef]

90. Testouri, A.; Honorez, C.; Barillec, A.; Langevin, D.; Drenckhan, W. Highly Structured Foams for Chitosan Gels.
Macromolecules 2010, 43, 6166–6173. [CrossRef]

91. Tran, T.M.; Lan, F.; Lance, S.T.; Abate, A.R. From tubes to drops: Droplet-based microfluidics for
ultrahigh-throughput biology. J. Phys. D Appl. Phys. 2013, 46, 114004. [CrossRef]

92. Petkova, R.; Tcholakova, S.; Denkov, N.D. Role of polymer–surfactant interactions in foams: Effects of pH
and surfactant head group for cationic polyvinylamine and anionic surfactants. Colloids Surfaces Physicochem.
Eng. Asp. 2013, 438, 174–185. [CrossRef]

93. Forel, E.; Dollet, B.; Langevin, D.; Rio, E. Coalescence in Two-Dimensional Foams: A Purely Statistical Process
Dependent on Film Area. Phys. Rev. Lett. 2019, 122, 088002. [CrossRef]

94. Fameau, A.L.; Saint-Jalmes, A. Non-aqueous foams: Current understanding on the formation and stability
mechanisms. Adv. Colloids Interface Sci. 2017, 247, 454–464. [CrossRef]

95. Hilgenfeldt, S.; Koehler, S.A.; Stone, H.A. Dynamics of coarsening foams: Accelerated and self-limiting drainage.
Phys. Rev. Lett. 2001, 86, 4704–4707. [CrossRef]

96. Varade, D.V.; Carriere, D.; Arriaga, L.; Fameau, A.L.; Rio, E.; Langevin, D.; Drenckhan, W. On the origin of the
stability of foams made from catanionic surfactant mixtures. Soft Matter 2011, 7, 6557. [CrossRef]

97. Dickinson, E. Biopolymer-based particles as stabilizing agents for emulsions and foams. Food Hydrocoll. 2017,
68, 219–231. [CrossRef]

http://dx.doi.org/10.1039/c001191f
http://dx.doi.org/10.1103/PhysRevE.78.016307
http://dx.doi.org/10.1103/PhysRevLett.94.234502
http://dx.doi.org/10.1017/S0022112061000160
http://dx.doi.org/10.1039/C5LC00234F
http://dx.doi.org/10.1021/acsami.6b04128
http://dx.doi.org/10.1016/j.snb.2018.07.166
http://dx.doi.org/10.1002/adem.201900145
http://dx.doi.org/10.1016/j.colsurfa.2009.05.010
http://dx.doi.org/10.2514/1.9124
http://dx.doi.org/10.1039/C4LC01289E
http://www.ncbi.nlm.nih.gov/pubmed/25490544
http://dx.doi.org/10.1021/la9028047
http://dx.doi.org/10.1088/0022-3727/46/11/114003
http://dx.doi.org/10.1039/C6SM01879C
http://dx.doi.org/10.1039/C9SM01098J
http://dx.doi.org/10.1063/1.4893459
http://dx.doi.org/10.1021/ma100819j
http://dx.doi.org/10.1088/0022-3727/46/11/114004
http://dx.doi.org/10.1016/j.colsurfa.2013.01.021
http://dx.doi.org/10.1103/PhysRevLett.122.088002
http://dx.doi.org/10.1016/j.cis.2017.02.007
http://dx.doi.org/10.1103/PhysRevLett.86.4704
http://dx.doi.org/10.1039/c1sm05374d
http://dx.doi.org/10.1016/j.foodhyd.2016.06.024


Micromachines 2020, 11, 83 18 of 20

98. Kmetty, A.; Litauszki, K.; Reti, D. Characterization of Different Chemical Blowing Agents and Their Applicability
to Produce Poly(Lactic Acid ) Foams by Extrusion. Appl. Sci. 2018, 8, 1960. [CrossRef]

99. Chen, G.; Kawazoe, N. Biomaterials Nanoarchitectonics; Chapter Preparation of Polymer Scaffolds by Ice Particulate
Method for Tissue Engineering; Elsevier: Amsterdam, The Netherlands, 2016; pp. 77–95.

100. Costantini, M.; Colosi, C.; Mozetic, P.; Jaroszewicz, J.; Tosato, A.; Rainer, A.; Trombetta, M.; Swieszkowski, W.;
Dentini, M.; Barbetta, A. Correlation between porous texture and cell seeding efficieny of gas foaming and
microfluidic foaming scaffolds. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 62, 668–677. [CrossRef]

101. Boccaccini, A.R.; Blaker, J.J.; Maquet, V.; Chung, W.; Jerome, R.; Nazhat, S.N. Poly(D,L-lactide) (PDLLA) foams
in TiO2 nanoparticles and PDLLA-TiO2-Bioglass foam composites for tissue engineering. J. Mater. Sci. 2006,
41, 3999–4008. [CrossRef]

102. Colosi, C.; Costantini, M.; Barbetta, A.; Dentini, M. MIcrofluidic Bioprinting of Heterogenous 3D Tissue Scaffolds;
Humana Press, Inc.: Totowa, NJ, USA, 2017; pp. 369–380.

103. Andrieux, S.; Drenckhan, W.; Stubenrauch, C. Highly ordered biobased scaffolds: From liquid to solid foams.
Polymer 2017, 126, 425–431. [CrossRef]

104. Costantini, M.; Testa, S.; Mozetic, P.; Barbetta, A.; Fuoco, C.; Fornetti, E.; Tamiro, F.; Bernardini, S.; Jaroszewicz, J.;
Swieszkowski, W.; et al. Microfluidic-enhance 3D bioprinting of alogned myoblast-lasden hydrogels leds to
functionally organized myofibers in vitro and in vivo. Biomaterials 2017, 131, 98–110. [CrossRef] [PubMed]

105. Costantini, M.; Guzowski, J.; Zuk, P.J.M.P.; de Panfilis, S.; Jaroszewicz, J.; Heljak, M.; Massimi, M.; Pierron, M.;
Trombetta, M.; Dentini, M.; et al. Electric Field Assisted Microfluidic Platform for Generation of Tailorable
Microbeads as Cell Carriers for Tissue Engineering. Adv. Funct. Mater. 2018, 28, 1800874. [CrossRef]

106. Costantini, M.; Jaroszewicz, J.; Kozon, L.; Szlazak, K.; Swieszkowski, W.; Garstecki, P.; Stubenrauch, C.; Barbetta,
A.; Guzowski, J. 3D-Printing of Functionally Graded Porous Materials Using On-Demand Reconfigurable
Microfluidics. Angew. Chem. Int. Ed. 2019, 58, 7620–7625. [CrossRef]

107. Andrieux, S.; Medina, L.; Herbst, M.; Berglund, L.A.; Stubenrauch, C. Monodisperse highly ordered
chitosan/cellulose nanocomposite foams. Compos. Part A Appl. Sci. Manuf. 2019, 125, 105516. [CrossRef]

108. Colosi, C.; Costantini, M.; Barbetta, A.; Pecci, R.; Bedini, R.; Dentini, M. Morphological Comparison of PVA
Scaffolds Obtained by Gas Foaming and Microfluidic Foaming Techniques. Langmuir 2013, 29, 82–91. [CrossRef]
[PubMed]

109. Chung, K.Y.; Mishra, N.C.; Wang, C.C.; Lin, F.H.; Lin, K.H. Fabricating scaffolds by microfluidics. Biomicrofluidics
2009, 3, 022403. [CrossRef] [PubMed]

110. Gibson, A. Cellular Solids: Structure and Properties; Cambridge University Press: Cambridge, UK, 1999.
111. Quell, A.; Elsing, J. anbd Drenckhan, W.; Stubenrauch, C. Monodisperse Polystyrene Foams via Microfluidics—A

Novel Templating Route. Adv. Eng. Mater. 2015, 17, 604–609. [CrossRef]
112. Wang, C.C.; Yang, K.C.; Lin, K.H.; Liu, Y.L.; Liu, H.C.; Lin, F.H. Cartilage regeneration of SCID mice using a

highly organized three-dimensional alginate scaffold. Biomaterials 2012, 33, 120–127. [CrossRef]
113. Barbetta, A.; Carrino, A.; Costantini, M.; Dentini, M. Polysaccharide based scaffolds obtained by freezing the

external phase of gas-in-liquid foams. Soft Matter 2010, 6, 5213–5224. [CrossRef]
114. Cianciosi, A.; Costantini, M.; Bergamasco, S.; Testa, S.; Fornetti, E.; Jaroszewicz, J.; Baldi, J.; Latini, A.; Choinska,

E.; Heljak, M.; et al. Engineering Human-Scale Artificial Bone Grafts for Treating Critical-Size Bone Defects. ACS
Appl. Bio Mater. 2019, 2, 5077–5092. [CrossRef]

115. Dehli, F.; Rebers, L.; Stubenrauch, C.; Southan, A. Highly Ordered Gelatin Methacryloyl Hydrogel Foams with
Tunable Pore Size. Biomacromolecules 2019, 20, 2666–2674. [CrossRef] [PubMed]

116. Giannitelli, S.; Costantini, M.; Basoli, F.; Trombetta, M.; Rainer, A. Electrospinning and Microfluidics: An Integrated
Approach for Tissue Engineering and Cancer; Elsevier, Inc.: Amsterdam, The Netherlands, 2018; pp. 139–155.

117. Nikkar, A.; Mighani, M. An Analytical Method to Analysis of Foam Drainage Problem. Int. J. Phys. Math. Sci.
2013, 7, 94–98.

118. Abendroth, M.; Werzner, E.; Settgast, C.; Ray, S. Mechanical Behavior of Ceramic Foams during Metal Melt
Filtration Processes. Adv. Eng. Mater. 2017, 19, 1700080. [CrossRef]

http://dx.doi.org/10.3390/app8101960
http://dx.doi.org/10.1016/j.msec.2016.02.010
http://dx.doi.org/10.1007/s10853-006-7575-7
http://dx.doi.org/10.1016/j.polymer.2017.04.031
http://dx.doi.org/10.1016/j.biomaterials.2017.03.026
http://www.ncbi.nlm.nih.gov/pubmed/28388499
http://dx.doi.org/10.1002/adfm.201800874
http://dx.doi.org/10.1002/anie.201900530
http://dx.doi.org/10.1016/j.compositesa.2019.105516
http://dx.doi.org/10.1021/la303788z
http://www.ncbi.nlm.nih.gov/pubmed/23214919
http://dx.doi.org/10.1063/1.3122665
http://www.ncbi.nlm.nih.gov/pubmed/19693338
http://dx.doi.org/10.1002/adem.201500040
http://dx.doi.org/10.1016/j.biomaterials.2011.09.042
http://dx.doi.org/10.1039/c0sm00616e
http://dx.doi.org/10.1021/acsabm.9b00756
http://dx.doi.org/10.1021/acs.biomac.9b00433
http://www.ncbi.nlm.nih.gov/pubmed/31120732
http://dx.doi.org/10.1002/adem.201700080


Micromachines 2020, 11, 83 19 of 20

119. Mancini, M.; Guene, E.M.; Lambert, J.; Delannay, R. Using Surface Evolver to measure pressures and energies of
real 2D foams submitted to quasi-static deformations. Colloids Surfaces Physicochem. Eng. Asp. 2015, 468, 193–200.
[CrossRef]

120. Phelan, R.; Weaire, D.; Brakke, K. Computation of Equilibrium Foam Structures Using the Surface Evolver.
Exp. Math. 1995, 4, 181–192. [CrossRef]

121. Drenckhan, W.; Cox, S.J.; Delaney, G.; Holste, H.; Weaire, D.; Kern, N. Rheology of ordered foams—On the way
to Discrete Microfluidics. Colloids Surf. Physiochem. Eng. Asp. 2005, 263, 52–64. [CrossRef]

122. Weaire, D.; Fortes, M.A. Stress and strain in liquid and solid foams. Adv. Phys. 1994, 43, 685–738. [CrossRef]
123. Hohler, R.; Cohen-Addad, S. Rheology of liquid foam. J. Phys. Condens. Matter 2005, 17, R1041. [CrossRef]
124. Dollet, B.; Raufaste, C. Rheology of aqueous foams. Comptes Rendus Phys. 2014, 15, 731–747. [CrossRef]
125. Sartore, L.; Pandini, S.; Bignotti, F.; Chiellini, F. PLA-based foams as scaffolds for tissue engineering applications.

AIP Conf. Proc. 2018, 1981, 020104.
126. Goussery, V.; Bienvenu, Y.; Forest, S.; Gourgues, A.F.; Colin, C.; Bartout, J.D. Grain Size Effects on the Mechanical

Behavior of Open-cell Nickel Foams. Adv. Eng. Mater. 2004, 6, 432–439. [CrossRef]
127. Maire, É.; Adrien, J.; Petit, C. Structural characterization of solid foams. Comptes Rendus Phys. 2014, 15, 674–682.

[CrossRef]
128. Avalle, M.; Belingardi, G.; Montanini, M. Characterization of polymeric structural foams under compressive

impact loading by means of energy-absorption diagram. Int. J. Impact Eng. 2001, 25, 455–472. [CrossRef]
129. Champougny, L.; Pierre, J.; Devulder, A.; Leroy, V.; Jullien, M.C. Ultrasound transmission through monodisperse

2D microfoams. Eur. Phys. J. E 2019, 42, 6. [CrossRef]
130. Ufere, S.K.J.; Sultana, N. Contact angle, conductivity and mechanical properties of polycaprolactone/

hydroxyapatite/polypyrrole scaffolds using freeze-drying technique. ARPN J. Eng. Appl. Sci. 2016, 11, 13686.
131. Ye, Q.; Asherman, J.; Stevenson, A.J.; Brownson, E.; Katre, N.V. DeepFoam technology: A vehicle for controlled

delovery of protein and peptide drugs. J. Control. Release 2000, 64, 155–166. [CrossRef]
132. He, F.; Zhang, M.J.; Wang, W.; Cai, Q.W.; Su, Y.Y.; Liu, Z.; Faraj, Y.; Ju, X.J.; Xie, R.; Chu, L.Y. Designable Polymeric

Microparticles from Droplet Microfluidics for Controlled Drug Release. Adv. Mater. Technol. 2019, 1800687.
[CrossRef]

133. Liu, D.; Zhang, H.; Fontana, F.; Hirvonen, J.T.; Santos, H.A. Microfluidic-assisted fabrication of carriers for
controlled drug delivery. Lab Chip 2017, 17, 1856–1883. [CrossRef]

134. Langer, R.; Vacanti, J.P. Tissue Engineering. Science 1993, 260, 920–926. [CrossRef]
135. Carletti, E.; Motta, A.; Migliaresi, C. 3D Cell Culture: Methods in Molecular Biology (Methods and Protocols); Chapter

Scaffolds for Tissue Engineering and 3D Cell Culture; Humana Press: Totowa, NJ, USA, 2011; Volume 695;
pp. 17–39.

136. Griffon, D.J.; Reza Sedighi, M.; Schaeffer, D.V.; Eurell, J.A.; Johnson, A.L. Chitosan scaffolds: Interconnective
Pore Size and Cartilage Engineering. Acta Biomater. 2006, 2, 313–320. [CrossRef] [PubMed]

137. Bhadriraju, K.; Chen, C.S. Engineering cellular microenvironments to improve cell-based drug testing. DDT
2002, 7, 612–620. [CrossRef]

138. O’Brien, F.J.; Harley, B.A.; Yannas, I.V.; Gibson, L.J. The effect of pore size on cell adhesion in collagen-GAG
scaffolds. Biomaterials 2005, 26, 433–441. [CrossRef] [PubMed]

139. Chaudhuri, A.A.; Vig, K.; Baganizi, D.R.; Sahu, R.; Dixit, S.; Dennis, V.; Singh, S.R.; Pillai, S.R. Future Prospects
for Scaffolding Methods and Biomaterials in Skin Tissue Engineering: A Review. Int. J. Mol. Sci. 2016, 17, 1974.
[CrossRef]

140. Chauvet, M.; Sauceau, M.; Fages, J. Extrusion assisted by supercritical CO2: A review on its application to
biopolymers. J. Supercrit. Fluids 2017, 120, 408–420. [CrossRef]

141. Shen, Q.; Xiong, Y.; Yuan, H.; Luo, G.; Liang, X. Zhang, L. The fabrication and characterization of polymeric
microcellular foams with designed gradient density. J. Phys. Conf. Ser. 2013, 419, 012009. [CrossRef]

142. Lo, H.; Ponticiello, M.S.; Leong, K.W. Fabrication of Controlled Release Biodegradable Foams by Phase Separation.
Tissue Eng. 1995, 1, 15–28. [CrossRef]

http://dx.doi.org/10.1016/j.colsurfa.2014.12.002
http://dx.doi.org/10.1080/10586458.1995.10504320
http://dx.doi.org/10.1016/j.colsurfa.2005.01.005
http://dx.doi.org/10.1080/00018739400101549
http://dx.doi.org/10.1088/0953-8984/17/41/R01
http://dx.doi.org/10.1016/j.crhy.2014.09.008
http://dx.doi.org/10.1002/adem.200405153
http://dx.doi.org/10.1016/j.crhy.2014.09.001
http://dx.doi.org/10.1016/S0734-743X(00)00060-9
http://dx.doi.org/10.1140/epje/i2019-11767-1
http://dx.doi.org/10.1016/S0168-3659(99)00146-7
http://dx.doi.org/10.1002/admt.201800687
http://dx.doi.org/10.1039/C7LC00242D
http://dx.doi.org/10.1126/science.8493529
http://dx.doi.org/10.1016/j.actbio.2005.12.007
http://www.ncbi.nlm.nih.gov/pubmed/16701890
http://dx.doi.org/10.1016/S1359-6446(02)02273-0
http://dx.doi.org/10.1016/j.biomaterials.2004.02.052
http://www.ncbi.nlm.nih.gov/pubmed/15275817
http://dx.doi.org/10.3390/ijms17121974
http://dx.doi.org/10.1016/j.supflu.2016.05.043
http://dx.doi.org/10.1088/1742-6596/419/1/012009
http://dx.doi.org/10.1089/ten.1995.1.15


Micromachines 2020, 11, 83 20 of 20

143. Slaughter, B.V.; Khurshid, S.S.; Fisher, O.Z.; Khademhosseini, A.; Peppas, N.A. Hydrogels in Regenerative
Medecine. Adv. Mater. 2009, 21, 3307–3329. [CrossRef]

144. Canal, C.; Aparicio, R.M.; Vilchez, A.; Esquena, J.; Garcia-Celma, M.J. Drug delivery properties of macroporous
polystyrene solid foams. J. Pharm. Pharm. Sci. 2012, 15, 197–207. [CrossRef]

145. Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005,
26, 5474–5491. [CrossRef] [PubMed]

146. Bruzauskaite, I.; Bironaite, D.; Bagdonas, E.; Bernotiene, E. Scaffolds and cells for tissue regeneration: Different
scaffold pore sizes-different cell effects. Cytotechnology 2016, 68, 355–369. [CrossRef] [PubMed]

147. Melchels, F.P.W.; Barradas, A.M.C.; van Blitterswijk, C.A.; de Boer, J.; Feijen, J.; Grijpma, D.W. Effects of the
architecture of tissue engineering scaffolds on cell seeding and culturing. Acta Biomater. 2010, 6, 4208–4217.
[CrossRef] [PubMed]

148. Elsing, J.; Quell, A.; Stubenrauch, C. Toward Functionally Graded Polymer Foams Using Microfluidics.
Adv. Eng. Mater. 2017, 19, 1700195. [CrossRef]

149. Mei, J.C.; Wu, A.Y.K.; Wu, P.C.; Cheng, N.C.; Tsai, W.B.; Yu, J. Three-Dimensionsal Extracellular Matrix Scaffolds
by Microfluidic Fabrication for Long-Term Spontaneously Contracted Cardiomyocyte Culture. Tissue Eng. Part A
2014, 20, 2931–2941. [CrossRef]

150. Hashimoto, M.; Garstecki, P.; Whitesides, G.M. Synthesis of Composite Emulsions and Complex Foams with the
use of MIcrofluidic Flow-Focusing Devices. Small 2007, 10, 1792–1802. [CrossRef]

c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/adma.200802106
http://dx.doi.org/10.18433/J3X884
http://dx.doi.org/10.1016/j.biomaterials.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15860204
http://dx.doi.org/10.1007/s10616-015-9895-4
http://www.ncbi.nlm.nih.gov/pubmed/26091616
http://dx.doi.org/10.1016/j.actbio.2010.06.012
http://www.ncbi.nlm.nih.gov/pubmed/20561602
http://dx.doi.org/10.1002/adem.201700195
http://dx.doi.org/10.1089/ten.tea.2013.0549
http://dx.doi.org/10.1002/smll.200700238
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Foam Fabrication Techniques
	The Use of Microfluidics for Production of Foams
	Bubble Production Using Commonly-Used Microfluidic Geometries
	Formation of Liquid Foam Structures from Bubbles
	Formation of Solid Foam Structures

	Methods of Characterization of Liquid and Solid Foams
	Foams for Biomedical Applications
	Conclusions
	References

