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Abstract: As a natural linear polysaccharide, alginate can be gelled into calcium alginate fiber and
exploited for functional material applications. Owing to its high hygroscopicity, biocompatibility,
nontoxicity and non-flammability, calcium alginate fiber has found a variety of potential applications.
This article gives a comprehensive overview of research on calcium alginate fiber, starting from the
fabrication technique of wet spinning and microfluidic spinning, followed by a detailed description
of the moisture absorption ability, biocompatibility and intrinsic fire-resistant performance of calcium
alginate fiber, and briefly introduces its corresponding applications in biomaterials, fire-retardant and
other advanced materials that have been extensively studied over the past decade. This review assists
in better design and preparation of the alginate bio-based fiber and puts forward new perspectives for
further study on alginate fiber, which can benefit the future development of the booming eco-friendly
marine biomass polysaccharide fiber.

Keywords: alginate fiber; preparation method; application properties

1. Introduction

In recent years, alginate has become one of the most preferred materials as an abundant
natural biopolymer [1]. Alginate is a linear polymer polysaccharide composed of β-D-
mannuronic acid (M block) and α-L-guluronic acid (G block) jointed by 1,4-linkages,
which is extracted from either brown algae or some genera of bacteria. The molecular
chain is arranged in an irregular blockwise pattern of varying proportions of G-G, M-G
and M-M blocks [2,3], shown in Figure 1. The percentage of M and G blocks and their
distribution has an impact on the physicochemical properties of alginate, such as alginate
of rich M units displays a flexible structure and better biocompatibility, while alginate of
enriched G units exhibits a rigid molecular structure [4]. Alginate is known to be rich in
carboxyl and hydroxyl groups distributed along the backbone, making it open to chemical
functionalization and cross-linking treatment [5]. Typically, alginate can be cross-linked
to form a hydrogel in the presence of divalent or trivalent metal cations, such as Fe3+,
Al3+, Cr3+, Cu2+, Ba2+, Sr2+, Ca2+, et al. [6]. The gelation mechanism is the coordination
between the carboxyl groups of alginate and the metal ions. Taking Ca2+ as an example,
each calcium ion forms coordination bonds with two G units of the alginate molecular
chain, which is called the egg-box structure [7,8], as shown in Figure 2.

Based on the ability to gel with metal ions, different alginate-based materials with
various morphology were developed, such as the porous scaffold [9–11], hydrogel [12,13],
fiber [14–16], nonwoven fabric [17,18], membrane [19–21], and so forth. The common
way to fabricate the alginate-based materials includes ion cross-linking [22], microfluidic
spinning technique [23], freeze-drying [24], wet spinning technology [25] and immersive
rotary/centrifugal jet spinning technique [26–28]. Recently, alginate hydrogel has been
prepared by the freeze-drying technique or ionic cross-linking method. Commonly, the
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calcium salt solution was dropped into the homogeneous alginate solution dropwise to
induce the cross-linking and form calcium alginate hydrogel. Moreover, the hydrogel can be
also endowed with freeze-drying treatment to eliminate water, and then the porous scaffold
is obtained. As displayed in Figure 3, Che et al. [11] used the alginate to cross-link with
cellulose to fabricate the alginate-based composite hydrogel, which was then lyophilized
to be the hydrogel porous scaffold. The pore diameter of the scaffold was precisely tuned
by adjusting the lyophilization process parameters such as the lyophilization temperature
and time. As well known, pores of the lyophilized scaffold can provide the oxygen and
nutrient substance for the host cell to facilitate the growth of new tissue. Moreover, the
alginate porous scaffold can be acquired without ionic cross-linking, just by the freeze-
drying technique. In order to enrich the application properties of the alginate scaffold,
some other polymers such as gelatin [29,30], chitosan [31,32] and collagen [33,34] were also
incorporated into the alginate polymer to lyophilize and form the hybrid multi-functional
lyophilized scaffold.

Figure 1. The structural schematic diagram of chain conformation and M/G block distribution of
alginate molecular chain.

Figure 2. Egg-box junctions of calcium ion and the G block of alginate.

The alginate fiber is a research hotspot in the field of textile material, but the shortage
of related reviews results in a lack of systematic reviews. Hence, this review focused on the
fabrication and application properties of alginate fiber, which relied on the coordination
between the metal ions exchanging the alkaline metal ions, usually sodium, and forming a
strong bond with the G unit to precipitate fiber. The most classic way to obtain alginate fiber
is either the microfluidic spinning or wet spinning technique [35–39], or electrospinning
for fiber with less diameter requirement. The specific preparation process is described in
the following text. The alginate nonwoven fabric can be prepared by the needle punching
technology as shown in Figure 4, where alginate fiber is firstly combed into the fiber web
and then the needled felt is obtained by the needle-punching. The alginate nonwoven
fabric has multiple applications, such as wound dressing, tissue scaffolds, or facial masks
due to its excellent hygroscopic property and water retention capacity [40].

There are several reviews on the alginate materials, which present the biomedical
application properties of alginate hydrogel or the chemical modification of alginate polymer,
but the review on alginate fibers is rare. However, the fiber has a broad application in the
field of textiles and biomedical materials. It is urgent to give comprehensive knowledge of
alginate fiber including the preparation method, the application characteristics and future
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progress, assisting researchers to better understand and develop novel alginate-based
materials. Hence, the fabrication, physicochemical performance and different application
properties of the alginate fiber are going to be introduced in detail in this review. The
physicochemical properties included its mechanical performance, moisture absorption
performance and biocompatibility, that correspond to the application.

Figure 3. Fabrication of the alginate hydrogel and its porous scaffold by combining ionic cross-linking
and freeze-drying techniques.

Figure 4. Preparation of the alginate nonwoven fabric by the acupuncture technique.

2. Preparation Method of Calcium Alginate Fiber
2.1. Wet Spinning

The wet spinning technique is a pioneering approach for preparing the alginate fiber
and its schematic diagram is exhibited in Figure 5. The homogeneous alginate spinning
solution extruded from the spinneret is introduced into a coagulation bath consisting of
calcium salt solution to induce ion cross-linking and then form the primary fiber. The
multiple draft rollers are installed in the coagulation bath to endow the primary fiber with
a proper drawing ratio, which is beneficial for the improvement of fibrous mechanical
performance. Moreover, to further enrich the application properties of alginate fiber, some
researchers combined Ca2+ with other metal ions such as Zn2+, Ba2+, Cu2+, Al3+ and so
forth to form the multi-metal ions coagulation bath [41]. There are some differences in
terms of the chelation interaction of various metal ions with alginate molecules, resulting
in various formation rates of fiber.

The wet spinning device is large and is not versatile enough for the fabrication of
alginate fiber with a special shape and function. Therefore, a modified version, mini wet
spinning device was proposed and developed by some researchers [33,34] as displayed in
Figure 6. During the fabrication, the alginate spinning dope in the syringe is extruded into
the CaCl2 solution to finish the ion exchange and then the primary fibers will be obtained
without further stretching. In addition, to enhance the mechanical performance and extend
the application properties of alginate fiber, some other functional polymers or cross-linkers
were added to the spinning dose to produce the hybrid fiber [40,42,43]. For instance,
the catechol [44], quaternary ammonium chitosan (QAC) polysaccharide polyelectrolyte
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complex (PEC) [45] and the hydrolysis compound of vinyl triethoxy silane (VTES) [46]
was incorporated in the alginate solution, respectively, to fabricate the composite fiber by
the homemade wet spinning device. The introduction of those polymers can form the
intermolecular cross-linking and thus improve the fibrous mechanical properties as well
as endowing special functions such as the photo-thermal and antibacterial performance.
Compared with the traditional wet spinning device, its modified version can realize the
variety in fibrous function and structure. However, the lack of stretching dramatically
decreased the mechanical properties of the alginate fiber.

Figure 5. Schematic diagram of wet spinning process of calcium alginate fiber.

Figure 6. A mini modified version wet spinning device, (a) schematic diagram of the fiber spinning
and (b) the formation mechanism of fiber.
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2.2. Microfluidic Spinning

Based on the development of wet-spun alginate fiber, some researchers developed the
microfluidic spinning device, which is an efficient and facile strategy to fabricate alginate
fiber. The preparation of alginate fiber by the microfluidic spinning technique (MST) has
received much attention recently, due to its eco-friendly, simple and effective implementa-
tion. That also makes MST a popular method to function as a microbioreactor, including
the bio-chip. The schematic diagram of fabricating alginate fiber by MST is illustrated
in Figure 7a,b, in which the core and sheath flows are the alginate and CaCl2 aqueous
solution, respectively. The micro-channel can be endowed with various cross sections
(Figure 7a), resulting in the generated fibers with various structures containing tubular,
porous, flat, hybrid and hollow (Figure 7c) [47,48]. Calcium cation is the most common
cation used to cross-link alginate to form fiber, but other metal cations including Ba2+,
Al3+, Cu2+ and Zn2+, et al. (Figure 7d) can also coordinate with G units of alginate to
form a fiber. Significantly, some cells with signaling molecules such as extracellular matrix
or growth factors can be added to the sample solution to fabricate the multi-functional
alginate fiber application in the tissue engineering scaffold including skin, liver, heart and
microvessel (Figure 7e) [49,50]. The micro-channel of MST is mainly composed of the
core and sheath micro-channel (Figure 8a,b), which can be made of the pulled glass tube
and the stainless steel tube. Furthermore, the channel can also be produced by using the
micro-electromechanical systems technology to engrave on the surface of the polydimethyl-
siloxane (PDMS) platform, which then creates the PDMS microfluidic spinning device with
various topological constructions (Figure 8c). The method can endow the channel with a
variety of parallel-grooved substrata with various pitches and depths, which is beneficial
for producing the orientated-microgroove structure of alginate fiber (Figure 8d) [51]. There
was a report on the tuning core-sheath flow rate to achieve the helical alginate microfiber
as well as the incorporation of Fe3O4 magnetic substance via the MST [36].

Figure 7. (a) The micro-channel device with various cross sections, (b) Overview of the microfluidic
platforms composed of coaxial core and sheath fluids, (c) Anisotropic structure of alginate fiber
fabricated by the MST, (d) Various metal cations cross-linked with alginate polymer to fabricate fiber
and (e) The cell load micro-engineered fibers as the desired biomimetic material.
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Figure 8. Schematic diagram of (a) microfluidic spinning system and (b) generating flat fibers with
micro-grooves, SEM images of (c) the slit-shaped channel and (d) alginate fiber with grooved structure.

The microfluidic spinning device not only can be used to fabricate the alginate mi-
crofiber with various structures but also offer the fiber with different functions by the addi-
tion of a bioactive small molecule substance, making it an ideal candidate for controlled
release as the biomimetic material. Some other works have incorporated the bioactive
substance such as the protein or cell in alginate solution to fabricate the multi-functional algi-
nate fiber with various micro-structures including the flat, hollow and grooved anisotropic
structure via the MST, that was used as the micro-vascular application in the field of tissue
engineering [47,52,53]. Especially, the micro-grooved flat fiber has not only been used
to guide the morphogenesis of various types of cells but also to integrate topographic
control over cell alignment with the design of scaffolds for tissue engineering purposes,
such as scaffolds for reconnecting severed muscle tissue [54]. Taken together, the MST is a
versatile and effective method to prepare the multi-structure and function of alginate fibers.
However, the mechanical performance of the primary fiber was poor because of the lack of
stretching, and it was just suitable for small batch production.

3. Physicochemical Properties of Calcium Alginate Fiber
3.1. Mechanical Performance

Calcium alginate fiber and its nonwoven fabric are ideal materials in the field of textiles
due to the abundant marine resource and being environmentally friendly. Among them,
the mechanical performance of fiber is the focal spot, which directly affects its range of
application. The well-known setback of alginate fiber fabricated by different techniques
is the formation rate is too fast to control, resulting in uneven structure in the fibers. The
prevalence of structural defects of fiber can easily cause stress concentration and lead to
fiber failure. A slower gelation and formation rate is an effective method to optimize the
fiber structure and improve mechanical performance. Based on this, some researchers
have resorted to a calcium salt composite solution with different solubility by choosing the
compound coagulation bath system to retard the formation rate of fiber [55]. That was the
original calcium chloride (CaCl2) solution combined with the indissolvable calcium salt
solution to reduce free calcium cation concentration. Some other scholars chose other metal
cations with better gelation ability to tune the ion exchange rate with alginate polymer,
which retarded the Ca–Na cross-linking rate and achieved the homogeneous structure of
metal-alginate fiber, following the order of the metal ion exchange rate: Pb2+ > Cu2+ > Cd2+

> Ba2+ > Sr2+ > Ca2+ > Co2+ ≈ Ni2+ ≈ Zn2+ > Mn2+ [56]. These works aimed to decrease
calcium ion content for prolonging the formation rate of fiber, but the longer formation
time resulted in forming a hierarchical structure in the fiber, as shown in Figure 9. The
breaking strength of alginate fiber without the hierarchical structure is larger than that of
the hierarchical structure. That was not beneficial for the improvement of the mechanical
performance of the fiber.
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Figure 9. (a) SEM images of the hierarchical structure in the alginate fiber, Breaking strength of
alginate fiber with the hierarchical structure (b) and without the hierarchical structure (c).

While the above works succeed in retarding the formation rate of fiber by reducing the
Ca–Na ion exchange rate, and decreasing the uneven structure in the fiber, the prolonged
formation time caused another problem, delamination between the core and sheath layers
of fiber. Some other researchers focused on the incorporation of reinforced materials in
the spinning solution, which helped to strengthen the cross-linking interaction between
the fiber molecular chain. The popular doping additive materials include the hydrophilic
polymers such as collagen [45,57], chitosan [58,59], cellulose nanocrystal [40,60] and its
derivative [55] or the nanoparticles including silica [61,62], hydroxyapatite [63,64] and
graphene [42,65]. These strategies introduce extra hydrogen bond, ionic bond or covalent
bond in the alginate fiber. For example, doping the hydroxypropyl methylcellulose (HPMC),
the inorganic nanoparticles (VSNP NPs) or polyacrylamide, respectively, in the solution
can improve the breaking strength and stretching performance of the fiber, as shown in
Figure 10 [43,46,66]. Though these strategies yielded an improved result that the breaking
strength of calcium alginate fiber was about 2.0 cN/dtex, a 30% increase, researchers are
still not satisfied with the processing requirement, when compared with the common cotton
or synthetic fiber.

Figure 10. Introduction of (a) ionic bond, (b) hydrogen bond and (c) covalent bond in the alginate fiber.

Hence, to eliminate the defect in fiber, it is significant to investigate and disclose the
formation mechanism of fiber. What is more, the impact of defects on fibrous mechanical
performance is also needed to be further studied. Controlling the formation rate and
improving the uniformity of fiber is the key to enhancing fibrous mechanical properties.

3.2. Moisture Absorption and Biological Compatibility Performance

Alginate is one of the most preferred biomaterials as an abundant natural biopolymer,
which was approved by the United States Food and Drugs Administration [3,67]. Calcium
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alginate fiber is nontoxic and has high hygroscopicity and biocompatibility, making it a
perfect candidate for biomaterials such as wound dressing and tissue engineering scaf-
folds [68,69]. Significantly, alginate fiber can imitate the physicochemical environment of
tissue and its degradable product in vivo can be efficiently cleared by the renal, which
is beneficial for tissue repair and regeneration. As an ideal biomaterial, the hygroscopic
properties and biocompatibility of alginate fiber have become the research focus.

The alginate fiber has excellent moisture absorption capacity, which can absorb
10 times more than its own weight of water [70,71]. Its molecular chain displays abundant
hydrophilic groups including -OH and -COOH groups and can combine a great deal of
polarized water molecules. This high absorbency can keep the wound moisture and reduce
local pain by providing a cooling effect. It does not adhere to the wound bed and the new
granulation tissue will not be affected by washing away the alginate fiber, which can form a
self-adherence process in the peri-wound area with a good cover of the infected area. There-
fore, the remarkable hygroscopicity of alginate fiber is consistent with the modern theory of
moist wound healing [28], holding the potential as a candidate for wound dressing. More-
over, biocompatibility is the other critical factor for its utilization as a biomaterial. It was
demonstrated that this fiber can degrade into small molecules including the polysaccharide
or its derivative and then be naturally excreted from the body through metabolism [52],
during which no hazardous substances remain in the human. Some researchers [15,62]
used alginate fibrous dressing to cure the simulated scratch wound, and the result is
shown in Figure 11. The simulated scratch wound formed by culturing the fibroblasts
and keratinocytes in a culture plate and then created with 20 µL micropipette tips, was
completely covered and healed after 48 h, respectively. This result proved that the dressing
facilitates the proliferation and migration of fibroblasts and keratinocytes, implying no
significant cytotoxicity of the alginate fiber dressing [62]. Furthermore, other works have
also implanted the alginate fibrous scaffold into a rat model of S. aureus bacterial infected
wound, and the histological analysis indicated that the alginate fibrous scaffold acted a
positive effect on the acceleration of wound healing [52]. The healing process involved the
overlapping phases of inflammation, cell migration and proliferation, neo-vascularization
and extracellular matrix production, all of which certified the biocompatibility of alginate
fiber. Taken together, the preferable hygroscopic and biocompatible properties of alginate
fiber make it become a hot biomaterial.

Figure 11. The migration of fibroblasts (a–d) and keratinocytes (e–h) covered on the simulated scratch
wound [15,58].

3.3. Flame Retardant Property

Alginate can cross-link with most of the divalent or trivalent metal ions such as Ca2+

by the supramolecular interaction sites to achieve outstanding inherent flame retardancy,
because of the inert metal ions during the heating. Calcium alginate fiber as a common
alginate-based material exhibited excellent intrinsic flame retardant properties due to the
presence of calcium cation and abundant oxygen atoms in its molecule, as displayed in
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Figure 12. The fiber forms calcium salt and releases the noncombustible carbon dioxide
(CO2) gas and gaseous water vapor in burning, which cover the fiber surface and then
impede the penetration of oxygen (O2) and the heat, which will effectively retard the further
combustion. Furthermore, the heat release rate, the total heat release, the smoke production
rate and the total smoke production of the calcium alginate fiber are far less than other
materials in the whole burning [72], making it an ideal candidate for the fireproof textile
and furniture construction material.

Figure 12. Schematic diagram of thermal decomposition of alginate fiber.

Xia et al. [73] and Zhu et al. [74] have demonstrated the wet spun alginate fiber to have
outstanding flame retardancy with a limiting oxygen index (LOI) as high as 48%, while that
of cotton and viscose fiber is about 18% and 20%, respectively. Moreover, the time to ignition
(TTI) of alginate is 142 s, which is much longer than any other fibers. Thus, alginate as a
kind of functional and high-value material was used to construct fire-resistant textile or as
a component and modifier of fireproof coating to reduce the flammability of textile. Driven
by this encouraging result, a number of works have investigated the pyrolysis behavior
of alginate fiber by the measurements of synchronous thermal analysis, then studied its
flame retardant properties by carrying out the vertical flame test (VFT), UL 94 and cone
calorimetry test (CCT), and finally disclosed and established the fireproof mechanism by
the combustion product analysis of Thermogravimetric Infrared Spectroscopy (TG-IR) and
Pyrolysis Gas Chromatography–Mass Spectrometry (PY-GC–MS). As exhibited in Figure 13,
all the results indicate that the alginate fiber pyrolyzes according to the decarboxylation or
esterification pathway in the burning, in which 2,3-butanedione and furfural are the main
combustion compounds [3,73,74]. There were fewer volatile combustible matter, heat and
smoke in burning, illustrating the excellent flame retardancy and environmental friendless
of alginate fiber compared with other nonflammable fiber.

Figure 13. The proposed pyrolysis pathways of alginate fiber.
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4. The Application of Calcium Alginate Fiber
4.1. Wound Dressing

The treatment of acute and chronic wounds with inflammation caused by burns, scalds
or the complications of chronic diseases, is an urgent medical need [75–77]. Traditional
wound dressing such as cotton gauze, petrolatum gauze, bandages and so forth, has
displayed a serious barrier to wound regeneration. The fibrous dressing absorbs the
wound exudates and then helps them to evaporate to keep the wound drying, which can
prevent the contamination with bacteria and pathogens [78,79]. The dressing protects the
wound from external disturbance, but the dry wound is not helpful in the proliferation
and migration of skin cells. In addition, the new granulation tissue of the dry wound can
be torn easily in the dressing replaces, which may trigger secondary damage. The dry
dressing cannot provide and maintain the needed temperature of the wound, making it
retard the wound healing. In contrast, the novel modern dressings such as alginate dressing
(e.g., hydrogel dressing, the porous scaffold, the fibrous or fabric dressing) can provide and
keep a moist wound environment, and then accelerate the migration and re-epithelialization
of epithelial cells of the wound, which was a benefit for the wound healing.

Alginate wound dressing can appear in the form of a hydrogel, fiber, nonwoven fabric,
freeze-dried scaffold and foam, all of which are prepared by Ca–Na ionic cross-linking
interaction. Calcium alginate fiber or the corresponding nonwoven fabric employed as a
kind of typical wound dressing, can absorb the wound exudates and then formed gel to
keep the wound wet. That provided a safe, sealed and physiological microenvironment,
and minimized the bacterial infection possibility around the wound. Furthermore, the
hypoxia microenvironment stimulates angiogenesis and facilitates cells to secret the growth
factor, which promotes the new granulation tissue formation and accelerated wound
healing [80]. However, the only gelation function of the original alginate fiber dressing
cannot satisfy the actual clinical needs. A variety of multi-functional and bioactive wound
dressings are an urgent clinical need.

For enriching the function of alginate fiber dressing, many works have combined algi-
nate with some special therapeutic effects of drugs [81], various growth factors [82], metal
ions [83] and polymers [84,85]. For instance, Tang et al. [86] prepared the functional algi-
nate dressing by incorporating quaternized chitosan (hydroxypropyltrimethyl ammonium
chloride chitosan) and magnesium (Mg) in the spinning solution to cure diabetic foot ulcers.
The modified chitosan and Mg metal particles can effectively eradicate methicillin-resistant
Staphylococcus aureus and methicillin-resistant Staphylococcus epidermidis, displaying an
outstanding antibacterial ability. The results of in vivo microbiological and histological
analysis illustrated that alginate dressing containing the functional addition facilitated the
migration of human dermal fibroblasts and human umbilical vein endothelial cells, which
stimulated angiogenesis and accelerated wound healing. In addition, Vieira et al. [84]
immobilized the papain on alginate fiber wound dressing to endow the dressing with
excellent wound healing ability, which was also capable of promoting the debridement of
devitalized or necrotic tissues. The added papain can stimulate the production of cytokines
to promote the local cell multiplication and narrow the wound edge, which was a benefit
for reducing the scar and assisting wound healing. In conclusion, the incorporation of
multi-functional additives in alginate fiber wound dressing has yielded good progress and
become the future development trend.

4.2. Tissue Engineering Scaffold

The other major application of calcium alginate-based fiber is tissue engineering
scaffold, as a cost-effective material for cell immobilization and encapsulation. Compared
to the wound dressing, the tissue engineering scaffold has additional requirements such as
serving as an extracellular medium matrix to support cell growth, migration, differentiation,
and eventually cell normal function. Multiple pieces of literature reported alginate hydrogel
serving as the tissue engineering scaffold, in a bulky form [87], or as an ink to be printed
into a designed form [88], while investigation on calcium alginate fiber is also underway
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extensively. The fiber provides a few features that hydrogel does not have. As the assembly
of fibers, the space between fibers allows a fast transport of nutrients and oxygen to the
regeneration site and quick release of waste [89]. Additionally, the manipulation of fiber
orientation into an aligned form mimics the physiological environment, especially for the
purpose to cue multiple cells to arrange into an aligned form, including muscle cell [90] or
neuron [91], where the pattern is crucial for the activation of normal physiological function.

There are a few challenges that remained. Though the microfluidic spinning technique
described above was used by several reports as the bioactive scaffold, the general problem
of micrometer-diameter fiber is that the space between them is too large for cells, which may
require extra time for the cell to fill the space. People turn to electrospinning to reduce the
diameter of the fiber to match the cell size. However, there are more challenges, particularly
for alginate in electrospinning. Alginate is an ionic polymer that hydrolyzes in water to
increase its conductivity, making the solution extremely difficult to electrospin because
of the risk of a power surge. Moreover, its lack of shear strength in the sodium salt form
and being too dense in the calcium salt form makes it difficult to electrospin. Additionally,
there is a very limited choice of solvents because of the hydrophilic nature of the alginate
molecule, leaving the only choice to be water with a high boiling point. Many researchers
overcome this problem by adding other water-soluble polymers to help overcome men-
tioned problems. Commonly used polymers include PCL [92], chitosan [93], collagen,
gelatin, and PEO [94] to either make electrospinning feasible or bring additional properties
needed in tissue engineering. Researchers have used these fibers for the regeneration of
bone, muscle, neuron, and skin.

As a tissue engineering fiber, the alginate was used to carry different drugs to facilitate
the regeneration speed, including small chemical drugs, nucleic acid [95] and protein [96].
Additionally, the cations in the calcium alginate fiber can be substituted with other bivalent
charge cations that have physiological functions, such as Zn2+, Mg2+ and Cu2+. Those
bivalent charge cations can replace calcium without destroying its gelation property. For
example, calcium can be replaced with copper cations [97]. A small amount of copper ions
was proven to have a profound effect in enhancing tissue sealing and repair, because of
the using angiogenesis ability of copper to help form new blood vessels, and its photo-
thermal ability to help the fiber to heat up. Additionally, the calcium in the fiber can be the
nucleation site for mineralization, which is the key step to introducing hydroxyapatite to
the scaffold and using it to enhance the osteogenesis ability [94,98].

4.3. Smart Material

With the development of smart materials, some researchers used the active groups of
alginate molecular chains such as -OH and -COOH groups to cross-link with polymers to
obtain special intelligent response performance. The covalent compounds such as poly-
acrylamide or poly (vinyl alcohol) were incorporated into the alginate molecular chain to
introduce the covalent bond for fabricating the highly stretchable fiber strain sensor utiliza-
tion as the ionic skin, wearable and implantable sensors for innovative electronics [99,100].
The concomitant ionic bond and covalent bond endowed the alginate fiber with remarkable
mechanical performance especially its high stretchability based on the energy dissipation
and deformation hysteresis [101,102]. The fiber is full of metal cations, thus the fiber can
have a desirable electrical conductivity, making it a potential platform for smart wearable
and implantable innovative electronics. In addition, other researchers used alginate fiber
to fabricate the soft actuators and robots [103], thermosensitivity [104] and pH-sensitivity
sensor [105] by the addition of some functional temperature/pH sensitive materials as
exhibited in Figure 14, which were demonstrated to achieve a preferable intelligent re-
sponse effect to the surrounding environment. Taken together, it is believed that the
alginate fiber displays the fabrication possibilities for novel components of soft actuators
and micropumps, as well as smart wearable devices for various sensors.
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Figure 14. Schematic diagram of a pH/temperature-responsive alginate microfiber with single or
double layered structure fabricated by the microfluidic system.

4.4. Fire-Resistant Material

With a tightening low-carbon policy, bio-based materials have received more attention
than petroleum-based materials. The commercial fire-resistant materials receive flameproof
treatment by using halogen or phosphorus-based flame retardants. However, the fabric
treated by the fire-retardant finishing will release some toxic volatile gaseous compounds
in the thermal degradation process, which is harmful to human health and violates the
eco-friendly concept. What is more, the flame retardancy of that fabric is not durable, de-
creasing with the increase in usage times. Therefore, the bio-based flame-resistant material
has become a research hotspot due to its sustainability, environmental friendliness and
recyclability, such as protein, chitosan, DNA, starch, phytic acid and so forth. Among
them, the abundant marine material has been widely used to prepare film [106,107], hydro-
gel [108], fiber [109–111], fabric [74,112] and aerogel [113–115] for fire prevention. Alginate
fiber as an intrinsic fireproof material has become an ideal flame-resistant textile material
application in the field of industrial and academic.

The environmentally sustainable flame retardants for textiles and inherently flame-
retardant fiber materials thereby have become mainstream. There were some reports that
illustrate that the toxic gaseous compound including CO, CO2 and smoke production
rates of the alginate fiber in burning were very little, which was in accordance with a
low carbon concept [116,117]. Recently, the alginate fibers were mixed with viscose fibers
to produce the nonflammable composite nonwoven felt by the acupuncture technology,
serving as the doll filling materials [107]. The alginate fibers and cotton fibers were twisted
into yarns at various mass ratios to fabricate the eco-friendly flame-retardant textile fabric
by the knitting or weaving technique, which can be applied in the fire-fighter uniform.
Those works have achieved the great flame retarding effect and the introduction of alginate
fiber was demonstrated to improve the flame retardancy of fabric. Although the alginate
fiber displayed an excellent flame retardant performance, it experienced a minor afterglow
phenomenon after removal from the fire, which was a drawback for its fireproof abilities.
To address this hurdle, some researchers combined the alginate fiber with some synthetic
fibers such as polyester to obtain high flame resistance materials [118]. The mixed polyester
fiber can form the molten drop in burning and then reduce the afterglow of alginate fiber.
As shown in Figure 15, SEM images of the alginate composite fibrous mat before and after
the burning, illustrated the droplet covered on the fiber to inhibit the afterglow. Facile
blending has become an effective approach to obtaining a self-extinguishing composite
alginate fibrous mat or fabric. However, the smoldering process of the original alginate
fiber has not been eliminated, and the incorporation of flammable petroleum-based fiber
decreased the fire-resistant property and produced some toxic gaseous products in burning,
which limited its application as a flame retardant protective material.

Hence, it is urgent to eliminate the smoldering combustion behavior of alginate fiber
and the simple mixture of other synthetic fibers is not a good strategy. The molecular chain
of alginate fiber displays a good deal of active groups, which can be easily modified and
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grafted with the corresponding groups to optimize the flame retardant property of alginate
fiber in the future.

Figure 15. SEM images of polyester/alginate mixed fiber (a) before and (b) after the flammability
test, and (c) EDX element mapping image (purple for carbon mainly from melt polyesters and yellow
for calcium in fibrous charred alginate).

5. Conclusions and Future

Compared to the numerous research and review articles on alginate hydrogel, a review
on fabrication, physicochemical performance and application properties of alginate fiber is
very rare, resulting in the lack of corresponding knowledge. Nevertheless, alginate fiber,
as a family of emerging advanced functional materials, has demonstrated great utility
and potential, particularly in the wound healing, tissue engineering and flame retardancy
fields. The most attractive features of alginate fiber for these applications are attributed
to its excellent moisture absorption performance, biocompatibility and intrinsic flame
retardant property. Therefore, this work mainly summarized the fabrication of alginate
fiber and compared their respective characteristics, and then analyzed the corresponding
application properties.

As a wound dressing or tissue engineering scaffold, alginate fiber has a track record of
clinical safety and was safely implanted in various hosts including the islet transplantation
for treatment of type 1 diabetes, chondrocyte transplantation for treatment of urinary
incontinence and vesicoureteral reflux, and the infected wound transplantation for healing
of the inflammatory. Although, alginate fiber is widely used in the field of biomaterials and
is likely to evolve considerably. It already plays a fairly passive role during treatment due
to a shortage of multi-functions. Future dressing or tissue scaffold will likely play a much
more active role, which requires the material itself to cure and accelerate the wound healing
or repairing impaired tissue in the host. One or more bioactive agents such as proteins,
DNA, antibiotics and other polymers that reduce inflammation and promote bone growth,
can be incorporated into the alginate fiber as a facile and efficient method to endow it with
a multi-functional design, which has been proven to be the future trend.

In addition, the alginate fiber as a burgeoning bio-based flame retardant material has
proven to be the future trend, due to the rare limited significant toxicity combustion product
and the intrinsic eco-friendly behavior. However, the decrease in its minor afterglow profile
and the enhancement of mechanical properties is an urgent need before its widespread
application in the fireproof construction and building field. As one looks to the future, the
elimination of fibrous structure irregularity is the future development. For addressing the
hurdle of the afterglow behavior of alginate fiber in burning, the grafted modification of the
alginate molecular chain is probably a new and efficient strategy. In conclusion, alginate
fiber as a novel eco-friendly bio-based material was proven to have a broad application
prospect in the biomaterial and fireproof construction fields.

Author Contributions: X.Z.: Writing—original draft. L.W.: Writing—review and editing. W.F.:
Review and editing. X.W., Y.L. and Q.W.: Collect data and Review. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the sponsorship of Research Fund for the Doctoral Program
of Xi’an Polytechnic University (grant number BS202029), The Fundamental Research Funds for Xi’an



Polymers 2022, 14, 3227 14 of 18

Jiaotong University (grant number xzy012020028) and The National Natural Science Foundation of
China (grant number 22005235).

Institutional Review Board Statement: This study did not involve and require ethical approval.

Informed Consent Statement: Not applicable.

Data Availability Statement: The study did not report any data.

Conflicts of Interest: The authors declare no potential conflict of interest with respect to the research,
authorship and/or publication of this article.

References
1. Su, H.C.; Bansal, N.; Bhandari, B. Alginate gel particles—A review of production techniques and physical properties. Crit. Rev.

Food Sci. Nutr. 2017, 57, 1133–1152.
2. Sikorski, P.; Mo, F.; Skjåk-Bræk, G.; Stokke, B.T. Evidence for Egg-Box-Compatible Interactions in Calcium−Alginate Gels from

Fiber X-ray Diffraction. Biomacromolecules 2007, 8, 2098–2103. [CrossRef]
3. Xu, Y.J.; Qu, L.Y.; Liu, Y.; Zhu, P. An overview of alginates as flame-retardant materials: Pyrolysis behaviors, flame retardancy,

and applications. Carbohydr. Polym. 2021, 260, 117827. [CrossRef]
4. Zhang, X.; Wang, L.; Weng, L.; Deng, B. Strontium ion substituted alginate-based hydrogel fibers and its coordination binding

model. J. Appl. Polym. Sci. 2020, 137, 48571. [CrossRef]
5. Benslima, A.; Sellimi, S.; Hamdi, M.; Nasri, R.; Jridi, M.; Cot, D.; Li, S.; Nasri, M.; Zouari, N. The brown seaweed Cystoseira

schiffneri as a source of sodium alginate: Chemical and structural characterization, and antioxidant activities. Food Biosci. 2020,
40, 100873. [CrossRef]

6. Bierhalz, A.C.; da Silva, M.A.; Braga, M.E.; Sousa, H.J.; Kieckbusch, T.G. Effect of calcium and/or barium crosslinking on the
physical and antimicrobial properties of natamycin-loaded alginate films. LWT Food Sci. Technol. 2014, 57, 494–501. [CrossRef]

7. Brus, J.; Urbanova, M.; Czernek, J.; Pavelkova, M.; Kubova, K.; Vyslouzil, J.; Abbrent, S.; Konefal, R.; Horský, J.; Vetchy, D.;
et al. Structure and Dynamics of Alginate Gels Cross-Linked by Polyvalent Ions Probed via Solid State NMR Spectroscopy.
Biomacromolecules 2017, 18, 2478–2488. [CrossRef] [PubMed]

8. Fang, Y.; Al-Assaf, S.; Phillips, G.O.; Nishinari, K.; Funami, T.; Williams, P.A.; Li, L. Multiple steps and critical behaviors of the
binding of calcium to alginate. J. Phys. Chem. B 2007, 111, 2456–2462. [CrossRef]

9. Vakilian, S.; Jamshidi-Adegani, F.; Yahmadi, A.A.; Al-Broumi, M.; Al-Hashmi, S. A Competitive Nature-derived Multilayered
Scaffold based on Chitosan and Alginate, for Full-thickness Wound Healing. Carbohydr. Polym. 2021, 262, 117921. [CrossRef]

10. García-Gareta, E. Poly-ε-Caprolactone/Fibrin-Alginate Scaffold: A New Pro-Angiogenic Composite Biomaterial for the Treatment
of Bone Defects. Polymers 2021, 13, 3399.

11. Zheng, Y.; Wang, L.; Bai, X.; Xiao, Y.; Che, J. Bio-inspired composite by hydroxyapatite mineralization on (bis)phosphonate-
modified cellulose-alginate scaffold for bone tissue engineering. Colloids Surf. A Physicochem. Eng. Asp. 2021, 635, 127958.
[CrossRef]

12. Kumar, A.; Bhatt, A.N.; Singh, L.; Karim, Z.; Ansari, M.S. Alginate-based hydrogels for tissue engineering. In Polysaccharide-Based
Nanocomposites for Gene Delivery and Tissue Engineering; Woodhead Publishing: Sawston, UK, 2021.

13. Gunatilake, U.B.; Garcia-Rey, S.; Ojeda, E.; Basabe-Desmonts, L.; Benito-Lopez, F. TiO2 Nanotubes Alginate Hydrogel Scaffold for
Rapid Sensing of Sweat Biomarkers: Lactate and Glucose. ACS Appl. Mater. Interfaces 2021, 13, 37734–37745. [CrossRef]

14. Dangi, Y.R.; Lin, X.; Choi, J.W.; Lim, C.R.; Song, M.H.; Han, M.; Bediako, J.K.; Cho, C.-W.; Yun, Y.-S. Polyethyleneimine
functionalized alginate composite fiber for fast recovery of gold from acidic aqueous solutions. Environ. Technol. Innov. 2022,
28, 102605. [CrossRef]

15. Weng, L.; Zhang, X.; Fan, W.; Lu, Y. Development of the inorganic nanoparticles reinforced alginate-based hybrid fiber for wound
care and healing. J. Appl. Polym. Sci. 2021, 138, 51228. [CrossRef]

16. Chen, Z.; Song, J.; Xia, Y.; Jiang, Y.; Li, Y. High strength and strain alginate fibers by a novel wheel spinning technique for knitting
stretchable and biocompatible wound-care materials. Mater. Sci. Eng. C 2021, 127, 112204. [CrossRef]

17. Li, S.-Q.; Tang, R.-C.; Yu, C.-B. Flame retardant treatment of jute fabric with chitosan and sodium alginate. Polym. Degrad. Stab.
2022, 196, 109826. [CrossRef]

18. Wang, F.; Jiang, J.; Sun, F.; Sun, L.; Li, M. Flexible wearable graphene/alginate composite non-woven fabric temperature sensor
with high sensitivity and anti-interference. Cellulose 2020, 27, 2369–2380. [CrossRef]

19. Huang, C.C. Characteristics and Preparation of Designed Alginate-Based Composite Scaffold Membranes with Decellularized
Fibrous Micro-Scaffold Structures from Porcine Skin. Polymers 2021, 13, 3464. [CrossRef]

20. Dodero, A.; Alloisio, M.; Vicini, S.; Castellano, M. Preparation of composite alginate-based electrospun membranes loaded with
ZnO nanoparticles. Carbohydr. Polym. 2019, 227, 115371. [CrossRef]

21. Anokhina, T.; Dmitrieva, E.; Volkov, A. Recovery of Model Pharmaceutical Compounds from Water and Organic Solutions with
Alginate-Based Composite Membranes. Membranes 2022, 12, 235. [CrossRef]

http://doi.org/10.1021/bm0701503
http://doi.org/10.1016/j.carbpol.2021.117827
http://doi.org/10.1002/app.48571
http://doi.org/10.1016/j.fbio.2020.100873
http://doi.org/10.1016/j.lwt.2014.02.021
http://doi.org/10.1021/acs.biomac.7b00627
http://www.ncbi.nlm.nih.gov/pubmed/28636347
http://doi.org/10.1021/jp0689870
http://doi.org/10.1016/j.carbpol.2021.117921
http://doi.org/10.1016/j.colsurfa.2021.127958
http://doi.org/10.1021/acsami.1c11446
http://doi.org/10.1016/j.eti.2022.102605
http://doi.org/10.1002/app.51228
http://doi.org/10.1016/j.msec.2021.112204
http://doi.org/10.1016/j.polymdegradstab.2022.109826
http://doi.org/10.1007/s10570-019-02951-7
http://doi.org/10.3390/polym13203464
http://doi.org/10.1016/j.carbpol.2019.115371
http://doi.org/10.3390/membranes12020235


Polymers 2022, 14, 3227 15 of 18

22. Costa, M.J.; Marques, A.M.; Pastrana, L.M.; Teixeira, J.A.; Sillankorva, S.M.; Cerqueira, M.A. Physicochemical properties of
alginate-based films: Effect of ionic crosslinking and mannuronic and guluronic acid ratio. Food Hydrocoll. 2018, 81, 442–448.
[CrossRef]

23. Cai, J.; Ye, D.; Wu, Y.; Fan, L.; Yu, H. Injectable alginate fibrous hydrogel with a three-dimensional network structure fabricated by
microfluidic spinning. Compos. Commun. 2019, 15, 1–5. [CrossRef]

24. Jamnezhad, S.; Motififard, M.; Saber-Samandari, S.; Asefnejad, A.; Khandan, A. Development and investigation of novel
alginate-hyaluronic acid bone fillers using freeze drying technique for orthopedic field. Nanomed. Res. J. 2020, 5, 306–315.

25. Zhang, X.; Chen, H.; Jin, X. Influence of K+ and Na+ ions on the degradation of wet-spun alginate fibers for tissue engineering.
J. Appl. Polym. Sci. 2017, 134, 44396. [CrossRef]

26. Gonzalez, G.M.; Macqueen, L.A.; Lind, J.U.; Fitzgibbons, S.A.; Chantre, C.O.; Huggler, I.; Golecki, H.M.; Goss, J.A.; Parker, K.K.
Production of Synthetic, Para-Aramid and Biopolymer Nanofibers by Immersion Rotary Jet-Spinning. Macromol. Mater. Eng.
2017, 302, 1600365. [CrossRef]

27. Bielanin, J. The Development and Evaluation of Alginate Nanofibers as a Neuroprotective Nano-scaffold for Amyotrophic
Lateral Sclerosis (ALS). Chemistry & Biochemistry Undergraduate Honors Theses. Bachelor’s Thesis, University of Arkansas,
Fayetteville, AR, USA, 2020.

28. Parker, A.C.; Hannah, L.; Prashanth, R.; Tara, S.; Jeffrey, L.; Kartik, B.; Ryan, T.Z. Anti-microbial alginate for wound healing
applications. Am. Chem. Soc. 2018, 256, 1155.

29. Homem, N.C.; Tavares, T.D.; Miranda, C.; Antunes, J.C.; Felgueiras, H.P. Functionalization of Crosslinked Sodium Algi-
nate/Gelatin Wet-Spun Porous Fibers with Nisin Z for the Inhibition of Staphylococcus aureus-Induced Infections. Int. J. Mol. Sci.
2021, 22, 1930. [CrossRef] [PubMed]

30. Ghanbari, M.; Salavati-Niasari, M.; Mohandes, F.; Dolatyar, B.; Zeynali, B. In vitro study of alginate–gelatin scaffolds incorporated
with silica NPs as injectable, biodegradable hydrogels. RSC Adv. 2021, 11, 16688–16697. [CrossRef]

31. Pska, B.; Np, A.; Skaa, B. Fabrication and characterization of Chrysin—A plant polyphenol loaded alginate -chitosan composite
for wound healing application. Colloids Surf. B Biointerfaces 2021, 206, 111922.

32. Zhang, M.; Wang, G.; Wang, D.; Zheng, Y.; Lee, S. Ag@MOF-loaded chitosan nanoparticle and polyvinyl alcohol/sodium
alginate/chitosan bilayer dressing for wound healing applications. Int. J. Biol. Macromol. 2021, 175, 481–494. [CrossRef] [PubMed]

33. Yan, M.; Shi, J.; Tang, S.; Liu, L.; Zhu, H.; Zhou, G.; Zeng, J.; Zhang, H.; Yu, Y.; Guo, J. Strengthening and toughening sodium
alginate fibers using a dynamically cross-linked network of inorganic nanoparticles and sodium alginate through the hydrogen
bonding strategy. New J. Chem. 2021, 45, 10362–10372. [CrossRef]

34. Kim, K.; Choi, J.H.; Shin, M. Mechanical Stabilization of Alginate Hydrogel Fiber and 3D Constructs by Mussel-Inspired Catechol
Modification. Polymers 2021, 13, 892. [CrossRef]

35. Zhang, Z.; Li, Z.; Li, Y.; Wang, Y.; Yao, M.; Zhang, K.; Chen, Z.; Yue, H.; Shi, J.; Guan, F. Sodium alginate/collagen hydrogel
loaded with human umbilical cord mesenchymal stem cells promotes wound healing and skin remodeling. Cell Tissue Res. 2021,
383, 809–821. [CrossRef]

36. Ma, S.; Zhou, J.; Huang, T.; Zhang, Z.; Xing, Q.; Zhou, X.; Zhang, K.; Yao, M.; Cheng, T.; Wang, X. Sodium algi-
nate/collagen/stromal cell-derived factor-1 neural scaffold loaded with BMSCs promotes neurological function recovery after
traumatic brain injury. Acta Biomater. 2021, 131, 185–197. [CrossRef]

37. Lim, J.; Choi, G.; Joo, K.I.; Cha, H.J.; Kim, J. Embolization of Vascular Malformations via In Situ Photocrosslinking of Mechanically
Reinforced Alginate Microfibers using an Optical-Fiber-Integrated Microfluidic Device. Adv. Mater. 2021, 33, 2006759. [CrossRef]

38. Liu, R.; Kong, B.; Chen, Y.; Liu, X.; Mi, S. Formation of helical alginate microfibers using different G/M ratios of sodium alginate
based on microfluidics. Sens. Actuators B Chem. 2020, 304, 127069. [CrossRef]

39. Sa, V.; Kornev, K.G. A method for wet spinning of alginate fibers with a high concentration of single-walled carbon nanotubes.
Carbon 2011, 49, 1859–1868. [CrossRef]

40. He, Y.; Zhang, N.; Gong, Q.; Qiu, H.; Wei, W.; Yu, L.; Gao, J. Alginate/graphene oxide fibers with enhanced mechanical strength
prepared by wet spinning. Carbohydr. Polym. 2012, 88, 1100–1108. [CrossRef]

41. Zhang, X.; Weng, L.; Liu, Q.; Li, D.; Deng, B. Facile fabrication and characterization on alginate microfibres with grooved structure
via microfluidic spinning. R. Soc. Open Sci. 2019, 6, 181928. [CrossRef]

42. Ci, M.; Liu, J.; Shang, S.; Jiang, Z.; Sui, S. The Effect of HPMC and CNC on the Structure and Properties of Alginate Fibers. Fibers
Polym. 2020, 21, 2179–2185. [CrossRef]

43. Wang, Q.; Zhang, L.; Liu, Y.; Zhang, G.; Zhu, P. Characterization and functional assessment of alginate fibers prepared by
metal-calcium ion complex coagulation bath. Carbohydr. Polym. 2020, 232, 115693. [CrossRef]

44. Fu, X.; Liang, Y.; Wu, R.; Shen, J.; Chen, Z.; Chen, Y.; Wang, Y.; Xia, Y. Conductive core-sheath calcium alginate/graphene
composite fibers with polymeric ionic liquids as an intermediate. Carbohydr. Polym. 2019, 206, 328–335. [CrossRef]

45. Ci, M.; Liu, J.; Liu, L.; Shang, S.; Sui, S. Preparation and Characterization of Hydroxypropyl Methylcellulose Modified Alginate
Fiber. J. Phys. Conf. Ser. 2021, 1790, 012073. [CrossRef]

46. Zhao, T.; Li, X.; Gong, Y.; Guo, Y.; Shi, Q. Study on polysaccharide polyelectrolyte complex and fabrication of alginate/chitosan
derivative composite fibers. Int. J. Biol. Macromol. 2021, 184, 181–187. [CrossRef]

47. Jun, Y.; Kang, E.; Chae, S.; Lee, S.H. Microfluidic spinning of micro- and nano-scale fibers for tissue engineering. Lab A Chip 2014,
14, 2145–2160. [CrossRef]

http://doi.org/10.1016/j.foodhyd.2018.03.014
http://doi.org/10.1016/j.coco.2019.06.004
http://doi.org/10.1002/app.44396
http://doi.org/10.1002/mame.201600365
http://doi.org/10.3390/ijms22041930
http://www.ncbi.nlm.nih.gov/pubmed/33669209
http://doi.org/10.1039/D1RA02744A
http://doi.org/10.1016/j.ijbiomac.2021.02.045
http://www.ncbi.nlm.nih.gov/pubmed/33571589
http://doi.org/10.1039/D1NJ01423D
http://doi.org/10.3390/polym13060892
http://doi.org/10.1007/s00441-020-03321-7
http://doi.org/10.1016/j.actbio.2021.06.038
http://doi.org/10.1002/adma.202006759
http://doi.org/10.1016/j.snb.2019.127069
http://doi.org/10.1016/j.carbon.2011.01.008
http://doi.org/10.1016/j.carbpol.2012.01.071
http://doi.org/10.1098/rsos.181928
http://doi.org/10.1007/s12221-020-1264-z
http://doi.org/10.1016/j.carbpol.2019.115693
http://doi.org/10.1016/j.carbpol.2018.11.021
http://doi.org/10.1088/1742-6596/1790/1/012073
http://doi.org/10.1016/j.ijbiomac.2021.05.150
http://doi.org/10.1039/C3LC51414E


Polymers 2022, 14, 3227 16 of 18

48. Xie, R.; Xu, P.; Liu, Y.; Li, L.; Luo, G.; Ding, M.; Liang, Q. Necklace-Like Microfibers with Variable Knots and Perfusable Channels
Fabricated by an Oil-Free Microfluidic Spinning Process. Adv. Mater. 2018, 30, e1705082. [CrossRef]

49. Hancock, M.J.; Piraino, F.; Camci-Unal, G.; Rasponi, M.; Khademhosseini, A. Anisotropic material synthesis by capillary flow in a
fluid stripe. Biomaterials 2011, 32, 6493–6504. [CrossRef]
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