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A B S T R A C T   

Algae is a renewable source of various materials that are suitable for 3D printing. Taking a step towards sus
tainability, the continuously growing industry of 3D printing calls for novel green materials/inks with stable 
mechanical properties. This paper aims to investigate the 3D printability of algae-based materials and their 
potential for 4D bioprinting. The sources, printability, and properties of algae-based synthetic polymers, natural 
hydrogels, and algae cells were reviewed. 4D printability was also explored in terms of hydrogel responsiveness 
to various types of stimuli and in terms of cell/tissue maturation, and relevant recent progress was reviewed. 
Results show that PHAs (Polyhydroxyalkanoates) from algae can replace fossil-derived PHAs because they have 
similar mechanical properties whilst being more environmentally friendly. Algae can also produce a wide range 
of hydrogel-forming polymers, of which many are already being used as 3D printing inks while others are yet to 
be developed to suit the printing specifications. Several hydrogels also demonstrate stimuli-responsiveness which 
make them suitable for 4D printing. Further research is required to overcome the mechanical instability and slow 
stimuli-responsiveness of natural hydrogels.   

1. Introduction 

The current environmental state of the earth is driving industries to 
replace the current unsustainable toxic products (e.g. fossil-based plastic 
and fuel) with green alternatives that are renewable and biodegradable. 
For example, from the energy side, the global renewable electricity 
generation increased by around 7% in 2021 [1]. Green materials are also 
gaining increasing attention. For instance, the global production of 
biodegradable bioplastics increased from ~1.2 million tonnes in 2020 to 
~1.6 million tonnes in 2021, and is expected to reach up to ~5.3 million 
tonnes by 2026 [2]. Production of non-biodegradable bioplastics is also 
increasing since it is renewable, but its disposal stage is still concerning. 

Bioplastics are typically produced from plant based sources such as 
starch or from agricultural residues and food waste. The downsides of 
these types of feedstock include the need for large areas of fertile lands 
for cultivation. Using food crops to produce bioplastics and other 
renewable materials also poses a threat to the food supply. Algae feed
stock is an alternative source that overcomes the aforementioned limi
tations. Algae finds its applications in many fields owing to its natural 
production of various classes of materials including lipids, proteins, and 
carbohydrates [3–5]. Each class of these materials can be converted to 

several types of end products. For example, lipids can be converted to 
biofuels such as biodiesel and bioethanol [6]. Among all algae-sourced 
products, biofuel has been the main focus of research until the 
concept of algae-based biorefinery started emerging. Valorizing other 
types of products from algae such as proteins and polysaccharides not 
only yields higher economic value, but also helps supply the increasing 
demand for renewable materials. Fig. 1 shows general fields and cate
gories of applications of algae-based materials, and the corresponding 
Sustainable Development Goals which they serve. 

One of the growing industries that have started utilizing algae-based 
materials is the 3D printing industry [7–9]. 3D printing makes detailed 
prototyping easier and faster [10,11], makes printing precise scaffolds 
for tissue regeneration possible [12,13], aids in drug delivery and other 
biomedical applications [14–16], facilities fabricating customized water 
nanofilters and adsorption systems [17], and many more. Each appli
cation requires the printing material (ink) to have a specific combination 
of mechanical and biological properties, therefore, a wide range of novel 
materials are continuously being developed. Typically used inks include 
polymers [18], metals [19,20], ceramic [21,22], and biomaterials 
[23–25]. Smart and responsive materials are also gaining increasing 
interest as inks for 4D printing [26,27]. 4D printing functional materials 
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serves biomedical applications, smart devices and biosensors, smart 
packaging, etc. [28,29]. However, the nature of most available printing 
materials imposes a trade-off between mechanical integrity and bio
logical compatibility. On the other hand, algae-based materials are 
renewable, biodegradable, and have various favorable mechanical 
properties. 

This paper explores the 3D and 4D printability of algae-based ma
terials and algae cells. It starts with discussing the general categories of 
3D printing technologies available in the industry and highlighting the 
ones suitable for printing algae-based materials, according to the liter
ature. Then, algae-based synthetic polymers, natural hydrogels, and 
algae cells are discussed in terms of structure, mechanical and biological 
properties, printability, and applications. Finally, the potential of algae- 
based materials to be used in 4D bioprinting is highlighted. 

2. General description of 3D printing processes and materials 

This section describes the 3D printing technologies commonly used 
in the industry and specifies the ones that can be suitable for printing 
algae-based materials, according to the available literature. It also 
highlights the favorable mechanical and biological properties which the 
printing ink should possess. The terms 3D printing, 3D bioprinting, 4D 
printing, 4D bioprinting, ink, bioink, and hydrogel will be used ac
cording to the following definitions.  

(1) 3D printing: precise layer-by-layer deposition of a material to 
form a previously designed three-dimensional digital model. Also 
called: additive manufacturing [30]. 

(2) 3D bioprinting: precise layer-by-layer deposition of a biocom
patible material that contains living cells to form a previously 
designed three-dimensional digital model. Also called: biological 
printing [31].  

(3) 4D printing: three-dimensional printing using smart or responsive 
materials which have the ability to change shape or property over 
time under certain stimuli. 

(4) 4D bioprinting: three-dimensional printing of responsive mate
rials containing living cells and have the ability to change shape 
or property in a controlled way under certain stimuli.  

(5) Ink: any material suitable for three-dimensional printing.  
(6) Bioink: any material suitable for bioprinting.  

(7) Hydrogel: a network of hydrophilic polymers that can hold their 
3D shape due to different types of crosslinking [32,33]. Not all 
hydrogels can form bioinks. 

2.1. 3D printing processes 

Fig. 2 shows the seven categories of 3D printing technologies as per 
the ISO/ASTM 2021 classification. According to the standard defini
tions, both binder jetting and powder bed fusion start with a powder 
bed, after which the former uses liquid as a binding agent to fuse the 
powder into desired shapes while the latter uses a thermal source as a 
binding agent. Selective laser sintering is one type of powder bed fusion 
in which a laser beam is used to fuse powdered materials such as poly
mers [34]. Direct energy deposition is another 3D printing technique 

Fig. 1. Applications of algae-based materials and their respective Sustainable Development Goals.  

Fig. 2. 3D printing categories according to the ISO/ASTM International Stan
dards 2021. 
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which uses a thermal source to melt materials and fuse them into the 
desired shape. Sheet lamination fuses thin sheets of material together to 
form a print. Since most of the aforementioned techniques are not 
commonly used in printing biomaterials they are not described in detail 
here. Refer to Ref. [35] for more on the description of each process. 

The four categories highlighted in yellow in Fig. 2 and summarized 
in Table 1 are among the most commonly used methods for printing 
biomaterials. Material extrusion dispenses material in a continuous line 
while material jetting dispenses drops of the material. Using material 
extrusion, thermoplastic, viscoelastic, or viscoplastic material goes 
through a nozzle in which it is melted and printed as required, once it is 
printed it rapidly solidifies. Sometimes additional postreatment using a 
thermal source is applied to enhance the mechanical stability of the print 
[34]. A wide variety of materials are compatible with extrusion printing, 
including thermoplastic polymers (e.g. PLA, PC, PET, etc), thermoset 
polymers (e.g. epoxy-based materials) hydrogels (e.g. alginate, nano
cellulose, etc), cell-laden material, nanocomposites, etc [34,36]. Ad
vantages of material extrusion include affordability, possibility of using 
nano-fillers, and ability to control parameters such as printing angle, 
layer thickness, etc [37]. Disadvantages include nozzle being prone to 
blockage, printed structure requiring support, and material viscosity 
should be around the high range of 30 × 107 to 6 × 107 mPa s [34,38]. 

On the other hand, material jetting, also called inkjet printing, re
quires lower viscosities of around 1–300 mPa s, which can be achieved 
by heating the ink [36,38]. Low viscosity cell-laden hydrogels can also 
be used with inkjet printing [31]. In this method, drops can either be 
dispensed through pressure in a continuous line or discontinuously in a 
drop-on-demand manner. Each layer of drops should solidify or be cured 
before the next layer is dispensed [39]. Inkjet printing is affordable and 
readily available but the technology that allows bioprinting various cell 
fabrications is limited. High heat and/or pressure also impacts the cell 
life and functionality. Like with extrusion printing, inkjet printing noz
zles are also prone to clogging [39]. 

Vat photopolymerization and powder bed fusion, unlike extrusion 
and inkjet, do not involve the use of heat or pressure that damages living 
cells. Vat photopolymerization uses radiation sources such as laser or 
ultraviolet light to selectively solidify parts of a liquid photopolymer to 
form the desired shape, while powder bed fusion uses the same energy 
source to fuse the powder ink to form the desired shape. Although the 
accuracy of vat photopolymerization prints can reach up to 1.2 μm, 
mechanical properties are relatively low and liquid materials compat
ible with this process are mainly limited to thermoset polymers such as 
resin-based or acrylic-based materials. Similarly, powder bed fusion 
yields high accuracy but is costly and polymers, steel, or ceramic to be in 

a powder form only [34,40]. 

2.2. Inks and bioinks: materials and properties 

The main determinant of the desired print properties and printing 
technology to be utilized is the application of the final product. For 
example, degradability is favored for a piece that will be used inside a 
human body for medical purposes while it is irrelevant in the textile or 
food industry. Generally, factors that define the final quality of a 3D 
print include the accuracy of the printing technology and the consis
tency of the printing ink. Consistency is a result of surface tension and 
rheological properties such as viscosity [41]. Thermophysical properties 
such as density and thermoplasticity are also crucial for the selection of 
the most suitable printing technology for a certain material. Favorable 
mechanical properties involve shear thinning, viscoelasticity, and shape 
fidelity [41,42]. Materials that are suitable for 3D printing include but 
are not limited to polymers, metals, ceramic, and biomaterials. Polymers 
are commonly used as 3D printing ink because of their high adaptability, 
strength, and lightness. Biopolymers from plant and algae sources can 
also be used as inks. They are more environmentally friendly but their 
mechanical properties are lower than those of polymers [36]. To 
enhance the properties of biopolymers, they can be reinforced with 
fillers such as carbon-fillers. Fillers can also enhance thermal and elec
tric conductivities [43]. Section 4 will discuss the 3D printability of 
biopolymers which can be extracted from algae. 

In addition to the mechanical properties required for regular 3D 
printing inks, bioinks should meet additional biological requirements. A 
good bioink should have high cell viability meaning cells are able to 
function properly inside the bioink medium. To be used for biomedical 
purposes, bioinks should be biocompatible. They should not cause 
damage to the host cells or alterations to the DNA. They should also 
exhibit desirable cell proliferation and mimic real tissues. In addition, 
they should prove controlled degradability that does not release toxic 
byproducts [40,44]. For food applications, bioink should be edible, has 
stable thermal properties, and has a low tendency for agglomeration. For 
textile products, flexibility is a key property. 

Algae are powerful microorganisms that can produce a wide variety 
of materials, including lipids, proteins, and carbohydrates. 3D printing 
algae-based materials can be divided into three types as shown in Fig. 3. 

The first type (3D printing bioplastics) is mainly aided with bacteria 
to produce plastic-like materials suitable for 3D printing such as PLA and 
PHAs while the second type (3D printing hydrogels) involves a natural 
process in which algae produce biomaterials that can form hydrogels 
suitable for 3D printing such as alginate, carrageenan, etc. The third type 

Table 1 
Summary of 3D printing techniques suitable for algae-based materials.   

Material extrusion Material jetting Vat photopolymerization Powder bed fusion 

Mechanism Nozzle-based continuous material 
dispensing 

Nozzle-based drop-by-drop material 
dispensing 

Radiation used to solidify the 
printing ink. 

Radiation used to fuse the 
powder ink. 

Common types Fused deposition modeling (FDM), direct 
ink writing (DIW), fused filament 
fabrication (FFF). 

Drop on demand (DOD). Stereolithography (SLA), digital 
light processing (DLP). 

Selective laser sintering 
(SLS), electron beam 
melting (EBM). 

Materials Thermoplastic, thermoset, thermoelastic, 
viscoplastic, hydrogels, nanocomposites, 
etc. 

Low viscosity materials and hydrogels. Thermoset polymers (e.g. resin- 
based or acrylic-based) 

Polymers, steel, ceramic in 
powder form. 

Required 
viscosity 

30 × 107 to 6 × 107 mPa s 1–300 mPa s Not of utmost importance as these 
techniques are nozzle-free. 

Not of utmost importance as 
these techniques are nozzle- 
free. 

Resolution Mm up to 5 μm ~50 μm High (micro scale) 
Printing speed Slow Fast (up to 10,000 droplets per second Medium to fast 
Cell density High Low (106 cell/ml and below) Medium 
Cell viability Medium (up to 85–90%) High (up to 95%) 
Advantages Affordability, small-scale accuracy, ability 

to change many printing parameters. 
Affordability. High accuracy, no nozzle issues. High accuracy, no nozzle 

issues. 
Disadvantages Nozzle clogging, need for material 

support, high viscosity requirement. 
Nozzle clogging, limited bioprinting techs, 
high temperature/pressure impacts cell 
viability, low speed. 

Limited compatible inks, 
expensive. 

Expensive, slow.  
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involves printing algae cells in biocompatible hydrogels not necessarily 
from an algae-based source. The following sections will discuss the 
suitable materials for each type. 

3. Printability of algae-based bioplastics 

3.1. Algae-derived PHAs 

Polyhydroxyalkanoates, known as PHAs, is a family of polymers, 
specifically polyesters that are produced from renewable bio-based 
sources. Unlike some biobased plastics which are not biodegradable, 
PHAs have the ability to degrade through depolymerization in an in
terval of three to nine months [45,46]. The structure of PHAs is very 
diverse as this polymer can be made of 150 different monomers, which 
results in different properties. The most commonly used types of PHAs 
from algae are poly(3-hydroxybutyrate) and Poly(3-hydroxybutyr
ate-co-3-hydroxyvalerate), also known as PHB and PHBV, respectively. 
Fig. 4 shows the structures of PHB, PHV, and PHBV. 

Algae species that have high carbohydrates content are a suitable 
source of carbon which can be fermented by bacteria into PHAs. Studies 
have investigated the potential of red algae (Gelidium amansii [48,49], 
Corallina mediterranea [50], Pterocladia capillaceais [50]), green algae 
(Chlorella [51,52], ulva [53], Botryococcus braunii [54]), brown algae 
(Laminaria japonica [55]), and cyanobacteria [52,56,57] in combination 
with various marine bacteria to produce PHAs. Fig. 5 shows the types of 
algae and cyanobacteria that are suitable for PHA production. A study 

also explored the use of a mixed culture of different bacteria and algae 
strains and were able to produce up to 20% PHA content in the form of 
PHB [58]. Another study obtained a similar result of 17%–27% dry cell 
weight content of PHB from red algae [48]. Specific structure and 
properties of the obtained PHA is determined by factors such as algae 
and bacteria species, carbon content, dissolved oxygen and nitrogen 
content, pH, etc [45,52,59,60]. 

In addition to being biodegradable, PHAs were proven to be highly 
biocompatible when tested on the skin and muscles of mice [61,62]. 
PHAs have mechanical properties similar to their petroleum-based 
counterparts. For example, PHB have properties (i.e. Young’s modulus 
and tensile strength) similar to polypropylene while PHBV have prop
erties similar to low density polyethylene [45,63]. Study [45] reports 
mechanical properties of different PHA structures. Although PHAs in 
general are semi-crystalline, their crystallinity varies depending on their 
structure. PHBV are less crystalline than PHB and PHAs with short side 
chains are more crystalline and brittle than PHAs with long side chains 
which tend to be elastic [45]. 

PHAs can be 3D printed through extrusion-based techniques such as 
fused deposition modeling (FDM). Pure PHA prints have excellent 
biodegradability and biocompatibility but have relatively average me
chanical properties. Composites of PHA and other materials such as 

Fig. 3. Overview of 3D printing algae-based materials.  

Fig. 4. Structures of different type of PHA [47].  

Fig. 5. Sources of PHAs from algae and cyanobacteria and the suitable 3D 
printing techniques. 
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palm fibers, wood flour, lignin, PLA, cellulose nanocrystals and nano
fibrils, etc are typically used to enhance the mechanical properties of the 
prints [45]. PHAs can also be printed through laser-assisted techniques 
such as stereolithography and selective laser sintering, which give 
higher quality results that can be used as biomedical scaffolds and im
plants, among other uses [45]. Fig. 6 shows scaffolds made of PHBV 
nanocomposites printed through selective laser sintering [64]. Table 2 
summarizes the key points of algae-based PHAs printability. 

3.2. Algae-based PLA 

Polylactic acid, also known as PLA, is a bio-based polyester polymer 
produced by fermenting crops with high sugar content such as corn, 
potato, sugarcane, and beet. PLA production process produces lactic acid 
first, then lactide, and finally polylactic acid (PLA) [44,74]. As far as the 
authors know, there are no experimental studies proving the ability of 
fermenting PLA from algae. However, a few studies theoretically 
mention the possibility of fermenting PLA from algal biomass with very 
limited details [46,75]. 

PLA has favorable mechanical properties which make it a popular ink 
in the 3D printing industry. It has a reasonable price and a low melting 
temperature which facilitates the printing process. 3D printing using 
PLA results in relatively less carbon emissions because this material does 
not produce toxic fumes when heated [36]. PLA can be used for end 
products and applications that require different degrees of transparency 
because of their transparent structure. High rigidity is another advan
tage of PLA as it makes the print/scaffold hold its shape for a long time 
and under various load conditions. However, in addition to having a 
semi-crystalline and a brittle structure, PLA has low biodegradability 
[76]. 

To strengthen the weak points of PLA, the polymer matrix is often 
reinforced with filler materials such as natural fibers that have proper
ties which PLA lacks. Studies investigated the use of algae as a filler to 
make PLA-algae composites and found that algae has good adhesion to 
the PLA polymer matrix and the end material demonstrates enhanced 
properties [76,77]. Adding algae biomass to PLA increases its biode
gradability as proven by Ref. [78]. Faster degradation was explained by 
the high nitrogen content available in the algal biomass. Young’s 
modulus can also be increased by adding algae to pure PLA, however 
sacrificing tensile strength [76]. 

Reinforcing PLA using algae fillers results in a composite with 
properties that are suitable for biomedical applications. A study [79] 
investigated the cytocompatibility of various PLA-algae composites and 
established positive cell viability and proliferation results. 

PLA composites are typically more economically attractive than pure 
PLA because of their low processing costs. PLA-algae composites are 
compatible with many processing technologies including the most 
common extrusion and nozzle-based 3D printing [36,80]. 3D printing 
makes customized scaffold fabrication easier. PLA composites can be 
used to repair and replace torn meniscus parts or be used as tools 
(screws, pins, needles, etc) for biomedical purposes. They can also be 
used for packaging and other applications that would otherwise use 
petroleum-based plastics [36,63,81]. 

4. Printability of algae-based hydrogels 

Algae naturally produce various types of hydrogel-forming materials 
that have diverse properties and applications. This section presents an 
overview of the materials that can be extracted from algae and have 
shown a potential for 3D printing, highlighting their properties, print
ability, and applications. 

4.1. Alginate 

Alginate is one of the most used biomaterials produced by algae. It is 
typically extracted from the cell walls of brown seaweed. It can also be 
extracted from red and green algae [7]. According to their chemical 
structure, alginates are classified as natural polysaccharide polymers. 
The monomers of the alginate polymer are G-blocks, M-blocks, and 
GM-blocks, arranged in linear chains, as shown in Fig. 7. The arrange
ment and percentages of these blocks result in alginates with different 
properties such as different molecular weights and viscosities [82,83]. 

Since alginates are negatively charged (anionic), their gelation 
mechanism is activated in the presence of cations such as calcium ions 
(Ca2+) made possible by immersion in calcium chloride (CaCl2) which is 
often used as a crosslinking agent with alginates such as Na-alginate. 
The process of cations binding to the anionic alginate is called ionic 
crosslinking and is the typical method of producing alginate hydrogels 
[82]. Fig. 8 illustrates how the cations tend to bind to the G-blocks more 
than the M-blocks and GM-blocks. Alginate gelling can be achieved 
through other mechanisms such as covalent crosslinking, 
photo-crosslinking, and thermal crosslinking which are discussed in 
detail in Ref. [82]. Crosslinking duration has the ability to alter the 
properties of the hydrogel. For example, a study [85] demonstrated a 
significant increase in the elastic modulus of the hydrogel when the 

Fig. 6. PHBV nanocomposites printed using selective laser sintering technol
ogy [64]. 

Table 2 
3D printability of algae-based PHAs.   

Properties/examples Details Refs 

Examples of 
suitable 
sources 

Red algae  [48,49] 
Green algae [51–54] 
Brown algae [55] 
Cyanobacteria [52,56, 

57] 
Mixed cultures of 
algae and bacteria 

[58] 

Biological 
properties 

Biodegradable Aerobic and anaerobic 
degradation 

[65] 

Biocompatible  [61,62] 
Mechanical 

properties 
Young’s modulus 0.008–3.5 GPa [45] 
Tensile strength 9–43 MPa [45] 
Semi-crystalline   

Common 
composites 

Palm fibers  [66] 
Wood flour [67] 
Lignin [68] 
PLA [69] 
Cellulose 
nanocrystals and 
nanofibrils 

[70,71] 

Suitable 
printing 
techniques 

Extrusion-based FDM [67,70, 
71] 

Laser-assisted Stereolithography 
Selective laser sintering 

[72,73]  
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crosslinking time was increased. Slow and controlled crosslinking also 
results in better mechanical properties [86]. 

Alginate hydrogels have high biocompatibility and low cytotoxicity 

[88] which make them suitable hosts to encapsulate living cells. They 
are also biodegradable, but ionic crosslinking slows their degradability 
[40]. It is preferred that degradation occurs at the rate at which the 

Fig. 7. Monomer blocks of the alginate polymer [84].  

Fig. 8. Calcium ions binding to the G-blocks of alginates [87].  

Fig. 9. Printability of alginates. Numbers to the left show crosslinking ratios [90]. Available under a CC-BY license.  
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extracellular matrices of cells are rebuilt [31]. In addition to favorable 
biological properties, alginates have good mechanical/rheological 
properties. Alginates have a wide range of viscosities depending on their 
molecular weight, composition, pH, temperature, among other factors 
[31,82]. Fig. 9 shows viscosities of alginates with different molecular 
weights and crosslinkers. Although alginates undergo shear thinning 
under high shear rates, at no shear rate their viscosities are too low to 
print 3D scaffolds. Another drawback of pure alginate hydrogels is that 
they cannot hold their shape for a long time. Properties of alginates can 
be enhanced by combining them with other materials such as gelatin, 
chitosan, and nanocellulose or by nanocoating [36]. Alginate compos
ites were reviewed elsewhere [89]. 

Since alginates have a wide range of viscosities, they can be bio
printed using various 3D printing technologies. Shear thinning and rapid 
gelation properties make alginates suitable for nozzle-based techniques 
such as extrusion bioprinting. However, shape retention is the main 
challenge associated with alginate printing through extrusion. Addi
tionally, heat and pressure used in this method decrease the viability of 
the cells encapsulated within the hydrogel. Inkjet bioprinting has higher 
cell viability and laser assisted methods have the highest cell viability 
percentages of 95% and above [36,83]. Alginates are used for biomed
ical applications such as bone and tissue regeneration, wound dressing, 
and drug delivery [82,91]. Edible alginates are also used in the food 
industry. Alginates can also act as adsorbents to treat water by removing 
metal ions and dyes [92]. Table 3 summarizes the 3D printability of 
alginate. 

4.2. Agarose 

Agar consists of agarose and agaropectin, which are shown in Fig. 10. 
Agarose is the purified form of agar that has the gelling ability while 
agaropectin is more complex and only contributes to the viscosity of 
agar. Like alginate, agarose is a linear polysaccharide made of repeating 
monomers. However, one of agarose’s different characteristics is its 
charge neutrality [39,44]. Agarose has self-gelation ability due to the 
presence of hydrogen bonds between the chains of agarose. This prop
erty can be controlled using heat and shear [104] and it eliminates the 
need for crosslinking agents. However, cells encapsulated within an 
agarose hydrogel can interfere with the functions of hydrogen bonds and 
disrupt the mechanical stability of the gel [31,105]. Agarose is typically 
extracted from the cell walls of red algae. Common algae types that 
produce agarose include Gelidium and Gracilaria species [106]. 

Generally, agarose has favorable and stable mechanical and rheo
logical properties. However, the gel’s properties vary significantly 

depending on the agarose concentration and source. For example, 
agarose gels are known to be elastic yet according to various studies, 
their Young’s modulus can range anywhere between 5.6 kPa and 3000 
kPa [31]. Although agarose is highly viscous even at high shear rates, it 
demonstrates shear-thinning behavior which makes it suitable for 
extrusion-based printing to some extent [31,104]. Agarose hydrogels are 
thermoreversible, thus the printed hydrogel scaffold should not be 
exposed to high temperatures to avoid returning to the solution state. 
Also, an above-atmospheric temperature (~37 ◦C) is required to prevent 
the solution from gelling in an uncontrolled manner. Agarose hydrogels 
are responsive to pH. This property makes them suitable for 
pH-controlled drug delivery applications [108] and perhaps opens the 
door for 4D bioprinting. 

The biological properties of agarose hydrogels are less attractive 
than their physical properties. Their biocompatibility is limited by the 
interference of cells with the hydrogen bonds that hold the gel together, 
as mentioned earlier. It is also limited by the poor cell adhesion that is 
provided by the agarose hydrogel matrix [39]. Despite these challenges, 
researchers are attempting to develop agarose-based materials that have 
suitable properties for biomedical applications [109]. In addition to 
limited biocompatibility, agarose tends to demonstrate uncontrolled and 
very limited biodegradation. It can only be degraded by agarolytic en
zymes which are produced by limited sources [110,111]. To enhance the 
properties of agarose hydrogels, they are typically coupled with other 
materials that have the biological properties which agarose lacks. For 
example, a composite of agarose and hyaluronic acid showed no cyto
toxicity and had an improved degradation time of 4–8 weeks [112]. 
Agarose can also be combined with chitosan, cellulose, and other 
biocompatible materials. Table 4 summarizes the 3D printability of 
agarose. 

Agarose can be 3D printed mainly through nozzle-based methods. 
For example, a study printed an enhanced bioink made of carboxylated 
agarose through a nozzle-based printer using low shear stress [115]. 
Another study prepared a functionalized carboxylated agarose hydrogel 
which can be extruded [116]. Fig. 11 shows another example of a 3D 
printed scaffold made of an agarose ink coupled with gelatin and algi
nate [117]. Applications of agarose-based prints include cartilage repair 
and other biomedical applications [115,118]. They can also be used as a 
plant growth medium because of their excellent water retention capa
bility which acts as a continuous water supply for the plant [119]. 

4.3. Carrageenan 

Carrageenan is a linear anionic polysaccharide produced by red 
algae species such as Chondrus, Gigartina, Eucheuma, and Kappaphycus 
[32,39]. Properties of carrageenans vary slightly depending on the 
number and places of sulfate groups in the monomer unit. Out of six 
main types, kappa-carrageenan, iota-carrageenan, and 
lambda-carrageenan are the most used types [40]. Fig. 12 shows their 
structures. κ-Carrageenan and ɩ-carrageenan form brittle and soft 
hydrogels, respectively while λ-carrageenan is mainly used as a creamy 
thickener. 

Carrageenan can easily undergo thermoreversible gelation at low 
temperatures and ionic gelation at low salt concentrations. Some types 
of modified carrageenan can also undergo gelation under ultraviolet 
radiation with or without the presence of ions [40]. Examples of ions 
used to crosslink carrageenan chains are calcium (Ca2+) and potassium 
(K+) ions [121]. 

Carrageenan (esp. κ-carrageenan) forms a brittle hydrogel with high 
viscosity and shape fidelity. However, viscosity and other rheological 
and mechanical properties of carrageenan hydrogels depend on their 
chemical structure, concentration in the solution, crosslinking agent, 
temperature, and other factors [32,122]. Ionic crosslinking gives 
carrageenan hydrogels properties similar to alginate. Carrageenans also 
have favorable biological characteristics such as antitumor and antiox
idant properties [123]. They are nontoxic and biocompatible [7,124]. 

Table 3 
Summary of 3D printability of alginate.   

Properties/examples Refs 

Examples of suitable 
sources 

Cell walls of brown seaweed 
Red algae 
Green algae 

[93–96] 

Biological properties High biocompatibility [88,97, 
98] Low cytotoxicity 

Biodegradability 
Mechanical properties Elastic modulus increases by increasing 

crosslinking time 
[85] 

Wide range of viscosities 
Shear thinning under high shear rate 
Low viscosity at under zero shear rate 
Poor shape fidelity 

Common composites Gelatin [89] 
Chitosan 
Nanocellulose 
Nanocoating 

Suitable printing 
techniques 

Nozzle-based (Commonly used) [99,100] 
Inkjet bioprinting (Higher cell viability) [101] 
Laser-assisted (Highest cell viability 
<95%) 

[102, 
103]  
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Mihaila et al. [125] created a carrageenan-based hydrogel that was able 
to host cells for up to 3 weeks with a cell viability of around ~75%. 
Additionally, carrageenans have tunable biodegradability. For example, 
Martiny et al. [126] created a carrageenan-based biodegradable film 
which can be used for food packaging purposes. 

Carrageenan can be modified using hydroxyl/sulfate to improve the 
hydrogel’s physiochemical properties and printability [39,40]. It can 
also be coupled with materials such as gelatin, chitosan, cellulose, and 
alginate to enhance the properties that are required for the targeted 
application [123,127,128]. Another technique used to improve the 
printability of carrageenan scaffold is employing multilayered structures 
typically consisting of alternating layers of carrageenan (which is 
anionic) and another cationic hydrogel such as gelatin and nanosilicates 
[129,130]. Fig. 13 illustrates the process of 3D printing layered structure 
of carrageenan and gelatin. The strong bonds between the layers result 
in an improved structural integrity. Interlayers can also consist of ma
terials that have favorable biological properties to enhance the biolog
ical applicability of the carrageenan-based hydrogel, such as calcium 
phosphate which was used as a biological binder in Ref. [131]. 

Although various carrageenan-based hydrogels are studied, the 
literature available on 3D printing those hydrogels is limited. However, 
their properties suggest that they can be printed using nozzle-based 
techniques like agarose. Another possible 3D printing technique for 

carrageenan-based hydrogels is stereolithography in which the hydrogel 
is photocrosslinked to produce a solidified scaffold [40]. Carrageenan 
prints can be used in regenerative medicine, tissue engineering, drug 
delivery [121,123,124]. The food-grade version of carrageenan is 
widely used as a thickener and a gelling agent in the food industry. It can 
also be used in pharmaceuticals and cosmetics [39,123]. Table 5 sum
marizes the 3D printability of carrageenan. 

4.4. Fucoidan 

Fucoidan is another group of anionic sulfated polysaccharides, which 
are particularly rich in fucose. They are typically produced by brown 
algae such as Fucus, Sargassum, and Laminaria in response to dryness. 
The structure diversity of fucoidans depends on the algae type, har
vesting season, and extraction method [135]. Fig. 14 shows a general 
structure of fucoidan. Although limited literature is available on the 
gelation mechanism and hydrogel formation of fucoidans, it is believed 
to act similar to carrageenan since their structures are very similar 
[136]. 

Fucoidan is typically combined with mechanically stable gels such as 
alginate, gelatin, or chitosan to enhance the biological and pharmaco
logical properties of the final composite. Fucoidan is cytocompatible and 
nontoxic. Studies show that adding fucoidan to a hydrogel composite 
increases its cell proliferation ability [137]. Additionally, bioactive 
properties of fucoidan include being antioxidant, antibacterial, anti
cancer, antiinflammatory, anticoagulant, etc. [138,139]. 

This cluster of favorable properties allows fucoidan to be used for 
various biomedical and nanomedical applications such as cancer ther
apy [140,141], wound healing, bone tissue engineering, and drug de
livery [142]. Fucoidan is also used in the cosmetic industry because of 
the protection and soothing that it provides for the skin [143]. It is also 
used in the food industry [144]. 

Although there is not enough literature about 3D printability of 
fucoidan, its structure similarity to carrageenan makes it seem prom
ising. Also, it demonstrates viscoelastic and shear-thinning properties at 
room temperature and low concentrations [145]. Table 6 pinpoints the 
key characteristics that make fucoidan printable. 

4.5. Chitosan 

Chitosan is derived from chitin which is the most abundant 

Fig. 10. Structures of agarose and agaropectin [107].  

Table 4 
Summary of 3D printability of agarose.   

Properties/examples Refs 

Examples of 
suitable sources 

Cell walls of red algae [106] 

Biological 
properties 

pH-responsive [108] 
Limited biocompatibility [39] 
Uncontrolled biodegradation [110,111] 

Mechanical 
properties 

Depend on the agarose concentration and 
source 

[31] 

Young’s modulus (5.6 kPa–3000 kPa) 
Shear thinning 
Thermoreversible 

Common 
composites 

Materials with favorable biological properties 
such as hyaluronic acid, chitosan, and 
nanocellulose 

[112–114] 

Suitable printing 
techniques 

Extrusion-based [115–117]  

Fig. 11. 3D printed gelatin/alginate/agarose composite [117]. Available under a CC-BY license.  
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polysaccharide in nature after cellulose. Fig. 15 shows the chemical 
structures of chitin and chitosan. Although chitin is mostly obtained 
from fungi and from shells of crabs, shrimps, and some insects, some 
studies suggest that it can be extracted from some types of algae as well. 
These types include coralline algae [149], diatoms [150], green and 
brown algae [151]. Chitosan nanofibrils from microalgae were also 
studied [152]. Chitosan is unique because unlike other hydrogel forming 
polysaccharides, it is cationic [44]. 

Chitosan can form a printable hydrogel through physical or chemical 
crosslinking. Physical crosslinking occurs through hydrogen bonds, 
electrostatic forces, and/or ionic interactions and is activated by 
changes in pH, temperature, magnetic fields, and/or the addition of 
ions. Although this type of crosslinking is reversible and nontoxic, it 
yields relatively low mechanical strengths. On the other hand, chemical 
crosslinking through covalent bonding forms hydrogels that are more 
stable and less prone to dissolution which happens due to interactions 
with ions. However, chemically crosslinked hydrogels are potentially 
cytotoxic. Photocrosslinking also enhances the shape retention of the 
hydrogel [154,155]. 

In addition to being abundant in nature, chitosan has many favorable 
biological properties. It is one of the most used biomaterials in 
biomedical applications such as drug delivery. Its biocompatibility and 
noncytotoxicity allow it to be widely adopted as a matrix forming 
hydrogel [156]. It is also anti-inflammatory, anti-oxidant, and antimi
crobial [154]. Additionally, chitosan has been widely explored for the 
production of antimicrobial packaging films because of its excellent 
biodegradability [157,158]. Chitosan-based materials are also used as 
adsorbents and flocculants in the wastewater industry [151,159]. Be
sides, they have applications in the biomedical, agricultural, and 

cosmetics industries [151,152,160]. Chitosan composites for various 
applications are widely explored and reviewed elsewhere [161–164]. 

Chitosan-based materials can be printed using various 3D printing 
techniques. They demonstrate shear thinning behavior which facilitates 

Fig. 12. Structures of kappa-carrageenan, iota-carrageenan, and lambda- 
carrageenan [120]. 

Fig. 13. Process of 3D printing a layered structure of carrageenan and 
gelatin [132]. 

Table 5 
Summary of 3D printability of carrageenan.   

Properties/examples Refs 

Examples of suitable sources Red algae [32,39] 
Biological properties Antioxidation Antitumor [123] 

Biocompatible [7,124] 
High cell viability (up to 75%) [125] 
Tunable biodegradability [126] 

Mechanical properties Brittle hydrogel [133] 
High viscosity 
High shape fidelity 

Common composites Gelatin [123,129,130] 
Chitosan 
Cellulose 
Alginate 
Multilayered composites 

Suitable printing techniques Nozzle-based [131,134] 
Laser assisted [40]  
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nozzle- and micronozzle-based printing. Upon the deposition of the 
chitosan ink, the solvent evaporates leaving the hydrogel to solidify 
[165]. Specific 3D printing techniques applicable for chitosan-based 
bioinks include extrusion-based methods [165–169], inkjet printing 
[170], binder jetting [171], and laser-based printing [172–176]. Fig. 16 

shows flexible scaffolds made of chitosan/nanocellulose inks. Pictures of 
stretchable chitosan scaffolds can also be viewed in Ref. [165]. Table 7 
summarizes the key points of chitosan 3D printability. 

Since chitosan-based materials are sensitive to changes in factors 
such as pH, temperature, and magnetic fields, they can be developed for 
4D printing. More on the development of chitosan smart inks and bio
inks for 4D will be discussed in Section 6. 

4.6. Nanocellulose 

Nanocellulose is another linear polysaccharide that mainly comes 
from plants in abundant amounts. However, studies show that it can also 
be extracted from some types of algae. One study [182] reported the 
average cellulose content on a dry basis to be 9.67% in green algae, 
7.88% in brown algae, and 4.75% in red algae. Nanocellulose can also be 
extracted from brown algae residue after alginate extraction [183]. 

Algal nanocellulose comes in the forms of cellulose nanocrystals and 
cellulose nanofibers, wherein nanofibers have better printability than 
nanocrystals [184,185]. The process of producing nanocellulose from 
cellulose typically starts with purifying cellulose, yielding amorphous 
nanocellulose. Then, depending on the desired end product, cellulose 
fibers can either be further processed under high shear to obtain cellu
lose nanofibers or it can be treated with acid hydrolysis to give cellulose 
nanocrystals [184,186]. 

Compared to cellulose from lignocellulosic crops, algal cellulose is 
easier to extract because of the absence of lignin and other components 
that require additional purification steps. Purity and in turn crystallinity 
of cellulose decreases going from microalgae up to macroalgae and then 
to higher plants [186,187]. The high crystallinity of algal cellulose is 
defined by the rigid network of hydrogen bonds that holds the chains 
together. Although this crystalline nature does not facilitate hydrogel 

Fig. 14. Structure of fucoidan [120].  

Table 6 
Key points of 3D printability of fucoidan.   

Properties/examples Refs 

Examples of suitable sources Brown algae [146–148] 
Biological properties Biocompatible [137]  

Antioxidation [138,139] 
Antibacterial 
Anti-inflammation 

Mechanical properties Properties similar to carrageenan  
Viscoelastic and shear thinning [145] 
Shear thinning [145] 

Suitable printing techniques Limited literature available   

Fig. 15. Structures of chitin and chitosan [153]. Available under a 
CC-BY license. 

Fig. 16. Flexibility of 3D printed chitosan structures [181]. Available under a CC-BY license.  

Table 7 
3D printability of chitosan.   

Properties/examples Refs 

Examples of suitable sources Coralline algae [149] 
Diatoms [150] 
Green algae [151] 
Brown algae [151] 

Biological properties Biocompatibility [156] 
Antioxidation [154] 
Antimacrobial 
Anti-inflammation 
Biodegradability [157,158] 

Mechanical properties Shear thinning  
Tensile strength (<18 MPa) [177–179] 

Common composites Cellulose [161–164,180] 
Gelatin 
PVA 
Titanium dioxide 

Suitable printing techniques Extrusion-based [165–169] 
Inkjet printing [170] 
Binder jetting [171] 
Laser-assisted [172–176]  
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ink formation, the availability of many hydroxyl groups suitable for 
functionalization allows plenty of room for modification and develop
ment of nanocellulose composites capable of forming hydrogels. Fig. 17 
shows scaffolds made of pure nanocellulose versus functionalized 
nanocellulose. Ionic and chemical gelation can also be used to enhance 
nanocellulose gelation [8]. 

The properties of algal nanocellulose are highly affected by many 
factors. The extraction and preparation methods play a huge role in 
shaping the mechanical, rheological, and biological properties of the 
end product [184]. The aspect ratio is also critical in determining the 
rheological properties of the nanocellulose [185]. Generally, cellulose 
nanocrystals have a lower aspect ratio than cellulose nanofibers and thus 
are less viscous [185]. The concentration of nanocellulose in the mixture 
also impacts its properties. Low concentrations typically form fluids 
while high concentrations are capable of forming gels. Unlike other 
hydrogel forming polysaccharides, nanocellulose is insoluble in water. 
Therefore, crosslinking agents are typically used to aid its gelation 
process [189]. 

Nanocellulose-based inks have favorable rheological properties such 
as thixotropy. They are viscous at no shear while when high shear rate is 
applied, their hydrogen bonds break resulting in a shear thinning 
behavior [190]. Additionally, nanocellulose has good mechanical and 
thermal stability [191]. Although the mechanical properties (e.g. crys
talinity, tensile strength, Young’s modulus, etc.) of nanocellulose vary 
depending on many factors, cellulose nanocrystals are generally known 
to be stiff while cellulose nanofibers are more flexible [184]. Nano
cellulose is also lightweight (Fig. 18), biodegradable, and biocompatible 
[192]. 

Cell viability of the nanocellulose hydrogel can be enhanced by 
combining it with alginate [194] or other biomaterials that have 
favorable biological properties [195]. Nanocellulose can also be coupled 
with other materials such as nanocarbons, conducting polymers, metals, 
and organic polymers for various applications [196,197]. Applications 
of nanocellulose span a wide variety of domains, including biomedicine 
[189], energy storage [198], electronics and sensors [198], water 
filtration [199], packaging films [200,201], etc. Its thixotropic and 
shear thinning properties make it attractive for 3D printing applications. 
3D printing of nanocellulose-based materials is reported using several 
3D printing techniques such as extrusion-based methods (e.g. fused 
deposition modeling FDM [202,203], and direct ink writing DIW [204]), 
inkjet printing [205], stereolithography SLA [206], and digital light 
processing DLP [207–209]. Nanocellulose-based inks are also being 
investigated for 4D printing because of their responsiveness to several 

types of stimuli such as pH, illumination, and magnetism (discussed in 
Section 6) [204,210]. It is worth noting that most of the literature 
available about nanocellulose, its applications, and printability is about 
nanocellulose from plants and crop residues. Although there is limited 
literature exploring algal cellulose, it is believed to have similar char
acteristics to nanocellulose from higher plants, as mentioned earlier. 
Table 8 summarizes the 3D printability of nanocellulose. 

5. 3D printability of algae-laden hydrogels 

Algae-laden hydrogels are scaffolds made of hydrogels loaded with 
living algae cells. The hydrogel can be from a non-algae source, but it 
should be fully biocompatible with the algae cells to allow cell growth 
and proliferation. It should also be mechanically stable to serve the 
intended application and be rheologically printable. Although immo
bilization of mammalian cells is widely studied, immobilization and 
bioprinting of plant cells are still in their early stages [211–213]. Former 
literature reports immobilizing algae cells in hydrogel beads [214–216]. 
Only recently, bioprinting algae-laden hydrogels started emerging. 
Studies show that bioprinted cells are more efficient in many applica
tions than beads which are in turn more efficient than suspended cells 
[217]. 

Although there are limited studies about 3D printing algae-laden 
hydrogels, they show a promising potential to be used in various 
fields. For example, they can replace suspended cultures which are used 
in photobioreactors to produce biofuels and other high value products 
because immobilized algae cells are easier to control and harvest [218]. 
Cell-laden printed hydrogels also allow organized coculturing. In the 
biomedical field, algae-laden scaffolds have shown the potential to be a 
sustainable supply of O2 to encapsulated human cells [211]. However, 
more research is required to prove and develop this concept. 

Additionally, algae-laden printed structures can replace open algae 
wastewater treatment to avoid uncontrolled invasion of the algae 
blooms into the water bodies and to facilitate the collection of algae 
colonies posttreatment [217]. Also, printing algae-laden hydrogels and 
observing their proliferation and response to the environment builds 
knowledge blocks for the advancements of soilless plant cultivation 
[219]. Since algae has a faster growth rate yet a similar behavior to 
plants, it is more convenient to experiment with algae cells before 
applying the same techniques to higher plants. Fig. 19 summarizes the 
potential applications of 3D printed algae-laden hydrogels. 

Preparation of algae-laden scaffolds can be done by two ways. 

Fig. 17. Structure fidelity of cellulose nanofibers (left) and acetylated cellulose nanofibers (right), undried (top) and dried (bottom) [188]. Available under a 
CC-BY license. 
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(1) Seeding algae cells into a printed hydrogel scaffold.  
(2) Bioprinting ink loaded with algae cells (bioink). 

Our focus will be on the recent advancements regarding the second 
way, which are shown on a timeline in Fig. 20. A summary of the 
printing details is also presented in Table 9. The earliest 3D bioprinting 
of algae cells was reported in 2015 by Lode et al. [211]. They used a 
bioink consisting of algae cells loaded in a hydrogel made of alginate and 
methylcellulose to bioprint a simple 3D scaffold. Pictures of the scaffold 
can be viewed in Ref. [211]. Printing was performed at room tempera
ture using a bioprinter with a nozzle diameter of 250 μm, pressure of 0.8 
bar, and printing speed of 10 mm/s. Scaffolds were crosslinked using 
CaCl2 post-printing. The encapsulated algae cells were able to grow and 
proliferate changing the scaffold’s color from colorless to green, mean
ing the hydrogel and the printing process are biocompatible with algae 
cells. The same team also utilized the multichannel feature of the bio
printer to print a scaffold containing an organized coculture of algae 
cells and human cells. Although the oxygen production rate of algae cells 
reached up to 0.25 mg/L.h, the cell viability of the human cells 
decreased gradually. More studies are required to optimize this process 
and facilitate the human cells’ consumption of oxygen produced by 

algae cells inside a confined environment. 
Although alginate was successfully used in the aforementioned 

study, Zhao et al. [220] highlight the constraints of 
natural-polysaccharide-based hydrogels such as alginate as a hosting 
environment for algae living cells. To overcome the instability of algi
nate in wet environments, they used a protein-based polymer to host the 
cells. Protein-based polymers are typically mechanically weak, but silk 
in particular showed favorable properties. They used a bioink consisting 
of a silk solution (silk and hydroxypropyl methylcellulose) and algae 
cells to bioprint scaffolds through a 0.5 mm nozzle into an H2O2 solution 
which induced hydrogel crosslinking. After crosslinking, the scaffold 
was moved to a medium suitable for cultivating algae cells. The pro
posed hydrogel was proven biocompatible as it supported cell prolifer
ation for up to 4 weeks and cell viability for up to 3 months. Also, the 
algae culture produced around 3–8 mg/L of oxygen every 3 days. 
However, the behavior of the scaffold and the encapsulated algae cul
ture independent from the culturing solution was not reported. 

Another hydrogel that proved good compatibility and protection for 
the hosted algae culture is Pluronic F127-bisurethane methacrylate 
(F127-BUM) [221]. In their study, Johnston et al. studied the biological 
behavior of not only algae cells, but bacteria and yeast as well. They 
prepared three versions of ink, each containing the special hydrogel 
loaded with one of the aforementioned types of cells, and printed them 
in layers creating a 3D scaffold. A picture of the structure can be viewed 
at [221]. The 3D printing technique used was direct ink writing (DIW) 
through a 0.41 mm nozzle and a 5 mm/s printing speed. The print was 
cured with UV for 3 min post-printing to avoid uncontrolled degrada
tion. Results show that the used hydrogel has a high biocompatibility 
with the three types of cells, characterized by cell viabilities which 
stayed around 90% for a week. Interestingly, despite the inks of different 
cultures being in touch, no significant cell contamination occurred. This 
protective feature of the hydrogel makes it a suitable choice for 
co-culturing colonies of different types of cells in a controlled way. 

Another study [218] investigated the 3D printability of algae cells in 
a set of hydrogels made of alginate and different types of viscosity 
modifiers such as methylcellulose and carrageenan. Alginate combined 
with methylcellulose showed the best printability and biocompatibility 
with algae cells. This supports the work of Lode et al. [211] mentioned 
above. In this study, Malik et al. [218], 3D-printed a multilayered 
structure that replicates the branched structure of a plant leaf to facili
tate water flow, as shown in Fig. 21. The layers have different concen
trations of algae cells and were printed through nozzle diameters 
between 2 and 7 mm. The extrusion pressure was maintained between 2 
and 4 bar. CaCl2 was used to crosslink each layer independently not later 
than 10 min post-printing, and the whole structure was later immersed 
in the crosslinking solution as well. The hydrogels maintained cell 
growth for at least 14 days and cell viability was not affected by the 
printing process. 

Fig. 18. Flexible and lightweight 3D printed cellulose [193].  

Table 8 
3D printability of nanocellulose.   

Properties/examples Details Refs 

Examples of 
suitable 
sources 

Green algae 1.5–34% dry weight [182] 
Brown algae 2.2–10.2% dry weight 
Red algae 0.85–18% dry weight 

Biological 
properties 

Cell viability Enhanced by coupling 
with biologically 
favorable materials 

[194] 

Physical 
properties 

Crystallinity High, but hydroxyl 
groups allow 
functionalization to 
decrease rigidity 

[191] 

Gel formation High concentration 
required 

Solubility Insoluble in water 
Thixotropic  
Shear thinning  
Thermal stability Depends on algae source 

Common 
composites 

Alginate  [194,195] 
Nanocarbons, 
conducting polymers, 
metals, and organic 
polymers 

[196,197] 

Suitable 
printing 
techniques 

Extrusion-based FDM [202,203] 
DIW [204] 

Inkjet printing  [205] 
Laser-assisted SLA [206] 

DLP [207–209]  
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Similarly, Thakare et al. [217,222] printed algae cells loaded in a 
hydrogel made of alginate and methylcellulose for the purpose of 
filtering copper from water. The square algae-laden hydrogel filters 
were printed through a 30-gauge needle with 6 mm/s printing speed and 
95 psi pressure. Several filters were placed on top of each other, sepa
rated by a custom-made platform. Pictures of the platform can be viewed 
in Ref. [217]. The algae-laden hydrogel filters showed a copper reduc
tion efficiency of 83% as compared to the pure hydrogel efficiency of 
50%. It is also more efficient than adsorption using suspended algae. 
Further studies are required to optimize the parameters of this filtration 
process to enhance its efficiency and make it applicable for other types of 
metals and contaminants. 

6. Pathway towards 4D bioprinting 

Since the literature does not provide experimental examples of 4D 

bioprinting algae-based materials specifically, the studies available on 
printing biomaterials discussed in Section 4 will be taken as a guide in 
this section, regardless of the source of the material used in each study. 
For example, studies mentioning alginate will be considered regardless 
of the actual source of alginate in the study. 

4D bioprinting is an emerging technology that has a wide range of 
applications in the biomedical field and other areas. The key feature of 
4D bioprinting is the ability to induce a controlled change over time in 
the shape or properties of a 3D printed structure containing living cells. 
Fig. 22 shows the two categories of 4D bioprinting. The change in the 
printed structure can be induced by (1) utilizing smart materials or 
responsive hydrogels or (2) harnessing the natural maturation of living 
cells. 

Fig. 19. Applications of 3D printed algae-laden hydrogels.  

Fig. 20. Highlights of the recent advancements in 3D printing algae-laden hydrogels (Data as per March 2023).  
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6.1. Responsive hydrogels 

Responsive hydrogels are attractive in 4D bioprinting because they 
have the ability to respond in specific ways (bend, twist, swell, etc.) to 
certain types of stimuli such as change in temperature, moisture, or 
other factors that are discussed below. The functionality of structures 
made of responsive hydrogels is typically shaped by combining the 
material’s smart properties with smart design. Responsive hydrogels are 
also called dynamic hydrogels [223] and are used as actuators in soft 
robots and devices [224,225]. 

6.1.1. Moisture responsiveness 
Although the responsiveness of hydrogels to moisture is not consid

ered a “smart” property, it can be tailored to serve specific functions in 
4D printing. Swelling mismatch in the printed structure makes certain 
parts bend or twist when they absorb or desorb specific solutions. 
Different degrees of swelling are achieved by inhomogeneous cross
linking, hybrid hydrogel composites, or other means [226]. 

6.1.2. Temperature responsiveness 
Temperature change is widely used to trigger responsive behavior 

from smart hydrogels. When polymers are exposed to a high tempera
ture, they release water out of their matrices resulting in a shrinking 
size. On the other hand, when they are exposed to a low temperature, the 
polymeric matrix takes in water molecules resulting in an expanded size. 
Various types of polymers have different critical temperatures at which 
the phase transition occurs. For example, PNIPAm, Poly(N- 
isopropylacrylamide), is commonly used because its lower critical so
lution temperature is safe for the human body (32 ◦C) [227,228]. 
Coupling PNIPAm with alginate results in enhanced mechanical prop
erties while maintaining the thermal responsiveness of PNIPAm. For 
example, Bakarich et al. [229] used a PNIPAm/alginate hydrogel to 
fabricate a valve that responds to low and high water temperatures by 
opening and closing, respectively. Agarose is another thermoresponsive 
hydrogel that can be extracted from algae. Guo et al. [230] used an 
agarose-based hydrogel to 4D-print octopus- and whale-like shapes that 
are soft and deformable at high temperatures and hard at temperatures 
below 35 ◦C. They proved the reversibility of the responsiveness by 
deforming the structures at high temperatures and then cooling them. 
The structures maintained their deformed shape until they were heated 
again, upon which they restored their original shapes. Other bio
materials that can be extracted from algae and were investigated for 

Table 9 
Summary of the details of recent work on 3D-printing algae-laden hydrogels.  

Authors & Ref. Lode et al. [211] Zhao et al. [220] Malik et al. [218] Johnston et al. [221] Thakare et al. [217] 

Year 2015 2019 2020 2020 2021 
Cell type Algae & human cells Algae cells Algae cells Algae, bacteria, & yeast 

cells 
Algae 

Hydrogel Alginate/methylcellulose Silk/hydroxypropyl 
methylcellulose 

Alginate/ 
methylcelluloseb 

Pluronic F127-BUM Alginate/methylcellulose 

Crosslinking agent CaCl2 H2O2 CaCl2 UV curing CaCl2 

Printing 
specifications 

DN = 250 μm 
P = 0.8 bar 
S = 10 mm/s 

DN = 0.5 mm DN = 2–7 mm 
P = 2–4 bar 

DN = 0.41 mm 
P =
S = 5 mm/s 

DN = 30-gauge 
P = 95 psi 
S = 6 mm/s 

Reported cell 
viability 

12 daysa 3 months 21 days 90% viability for a weeka Not mentioned 

Potential 
applications 

Biotechnology/ 
biomedicine 

Various applications Photobiore- 
actors 

Controlled coculturing Copper removal from 
water 

DN: nozzle diameter, P: printing pressure, S: printing speed. 
a Period of the study. 
b Other hydrogels were tested but alginate/methylcellulose showed the best results. 

Fig. 21. 3D-printed multilayered algae-laden hydrogels with different concentrations [218]. Available under a CC-BY license.  
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thermoresponsiveness are chitosan [231], carrageenan [232], and 
nanocellulose [233]. 

6.1.3. Chemical responsiveness (pH, ion concentration) 
Changes in pH and ion concentration are other commonly used 

stimuli to trigger controlled change in chemically responsive hydrogels. 
The presence of ions or change in the pH of the scaffold’s environment 
impacts the crosslinking of the polymer chains and thus alters the 
properties of the structure. pH-responsive hydrogels are particularly 
important in controlled drug delivery applications. For example, several 
studies fabricated alginate-based hydrogels that are capable of releasing 
certain drugs such as diclofenac sodium only at high pH levels [234, 
235]. This means the drug capsule can pass by the acidic environment of 
the stomach without releasing anything until it reaches the high-pH 
intestinal environment where it starts releasing the drug. 

Immersing hydrogels in ionic solutions can also evoke certain re
sponses. For example, Kirillova et al. [236] 4D-printed an alginate based 
hydrogel that folds and unfolds in response to changing Ca2+ ion con
centration in the solution. They used green light to create a gradient in 
the crosslinking of the hydrogel, which aids in shape morphing once the 
stimulus is applied. This crosslinking difference causes swelling 
mismatch in the scaffold and thus makes the flat structure fold to 
become a hollow tube. Similarly, Fig. 23 show scaffolds made of algi
nate/methylcellulose printed in different designs to evoke various 
folding patterns when immersed in CaCl2 solution. 

Other biomaterials that can be extracted from algae (e.g. carra
geenan [237], chitosan [238], agarose [239]) are also used to make 
chemically responsive hydrogel composites. 

6.1.4. Light responsiveness 
The response to light typically comes not from the hydrogel itself but 

from photosensitive particles such as carbon- or graphene-based parti
cles that are embedded inside the hydrogel, or inside parts of it. Unlike 
most of the aforementioned responsive properties which require the 
hydrogel to be immersed in a fluid and are governed by the diffusion 
rate, response to light is noninvasive and can be instantly triggered in 
partial sections of the scaffold. Light responsiveness can also be coupled 

with thermoresponsive materials to achieve localized temperature sen
sitive response through the conversion of light energy to heat [226,241]. 
Among algae-based materials, nanocellulose [242], chitosan [231], 
carrageenan [243], agarose [244,245], and alginate [246–248] were 
used to fabricate photosensitive composites. However, photoresponsive 
particles limit the use of the hydrogels in biomedical applications 
because of their toxicity. 

6.1.5. Electrical responsiveness 
Electrical responsiveness is another attractive property in 4D print

ing which can be activated in a noninvasive and noncontact way. 
Applying an electric field around an electroactive hydrogel stimulates a 
bending response towards the positively charged electrode. Bending of 
thin rods/flat pieces is explained by the rearrangement of ions on the 
two halves of the scaffold and consequent shrinking on one side and 
swelling on the other side. An advantage of this method is that it works 
with homogeneously crosslinked structures. Fig. 24 (a) shows the 
bending of an alginate-based specimen under an electric field strength of 
500 v/mm, (b) shows another example using an agarose-based hydrogel, 
and (c) using a carrageenan hydrogel. 

6.1.6. Magnetic responsiveness 
As with light responsiveness, magnetic responsiveness is achieved by 

embedding magnetic materials such as ferromagnetic particles inside 
the hydrogel. This property allows controlling the hydrogel remotely 
and without changing its properties. McCracken et al. [252] 4D-printed 
alginate-based structures (loaded with Fe3O4 nanoparticles) that mimic 
aquatic organisms in shape and certain behaviors under external stimuli 
such as magnetic fields. Pictures of the printed hydrogels can be viewed 
in Ref. [252]. Chitosan was also used in another study in combination 
with magnetite nanoparticles for controlled drug delivery applications 
[253]. Limited information is available on using other algae-based ma
terials in magnetic responsive hydrogel composites. Table 10 puts 
together the algae-based responsive hydrogels according to the available 
studies. 

6.2. Cell/tissue maturation 

In addition to the use of smart polymers and responsive hydrogels, 
harnessing the living cells’ natural dynamic activity is another path 
towards 4D bioprinting. Naturally, after the living cells are bioprinted 
into a specific structure, they mature, fuse, and adjust to form grafts that 
are as similar as possible to real tissues. One example of cell maturation 
over time (4D) is the proliferation of cells that are bioprinted into a 
biocompatible matrix. Ideally, the cell culture should proliferate at the 
same rate at which the hydrogel matrix decomposes. Anticipating and 
controlling those rates are aspects of 4D bioprinting that are currently 
under development. Another example of 4D bioprinting using cell 
maturation is the process of self-organization (or self-assembly) which 
the bioprinted cells go through postprinting. Fig. 25 shows two examples 
of bioprinted cells before and after they adjust and fill the gaps to form a 
stable tissue-like structure. Fig. 26 also shows the self-assembly of cells 
printed in an agarose scaffold. Making this process directed aids in 4D 
bioprinting [254]. 

Although there are other methods to control cell maturation such as 
cell coating for vascularization and vessels grafting [255], the majority 
of the related literature that is available to date is on human and 
mammalian cells. The domain of bioprinting plant/algae cells is still in 
its infancy. However, as demonstrated in Section 5, algae bioprinting is 
gaining more attention recently, and 4D bioprinting techniques devel
oped on mammalian cells are being tested and applied to plant cells. 
Algae-based hydrogels serve as sustainable biomaterials to make 
biocompatible scaffolds. Algae cells are also suitable for experimenting 
purposes because of their availability and high proliferation rate. 

Fig. 22. 4D Bioprinting categories.  
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7. Conclusion 

Since the demand for sustainable and environmentally friendly ma
terials is increasing, it is important to explore untapped renewable 
feedstocks. Algae naturally produce a wide variety of materials that can 
help make the 3D printing industry ‘greener’. The aim of this paper was 
to investigate the 3D and 4D printability of algae-based materials. This 
was achieved by reviewing the literature available on algae-based syn
thetic polymers (PHAs, PLA), natural hydrogels (alginate, agarose, 
carrageenan, chitosan, fucoidan, nanocellulose), and algae cells. 

PHAs can be fermented from algae by bacteria and have shown 
mechanical properties similar to fossil-based PHAs, as discussed earlier. 
Although PLA from various sources is frequently blended with algae 
powder to increase the filament’s degradability, there is no 

experimental proof that algae can be a source of PLA. From the algae- 
derived hydrogels, alginate, agarose, carrageenan, chitosan, nano
cellulose, and their composites are already used in the 3D printing in
dustry for various uses of which biomedical applications are the most 
common. The printability of fucoidan was not experimentally proven yet 
its properties suggest that it is printable. Recent progress in printing 
living algae cells was also reviewed. It is noticed that the most used 
printing techniques for algae-based materials are extrusion-based tech
niques, after which come inkjet techniques and laser-assisted 
techniques. 

The path towards 4D printing using algae-based materials starts with 
the controlled responsiveness of certain hydrogels and the cell matura
tion of printed algae cells. Different types of stimuli that can be used to 
trigger anticipated hydrogel response were reviewed. Several algae- 

Fig. 23. Alginate/methylcellulose scaffolds 4D-printed in various designs and patterns. Folding responses are activated when immersed in CaCl2 solution [240].  
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based hydrogels have shown the potential to be used in 4D printing. For 
example, alginate swells and shrinks when the ion concentration 
changes, agarose demonstrates reversible deformation when tempera
ture is changed, and carrageenan can bend when an electric field is 
applied. There is limited information on harnessing cell and tissue 
maturation to 4D-print algae cells in particular. However, the relevant 
progress on 4D-printing mammalian cells using that way is reviewed, for 
the sake of setting a potential model to follow and to investigate its 
applicability on algae cells in future research. 

It is typically difficult to find natural hydrogels that combine good 
printability, stable mechanical properties, and favorable biological 
compatibility. To overcome this limitation, different algae-based 
hydrogels can be combined with each other to enhance the overall 

properties of the final inks. They can also be coupled with materials from 
other sources when required. It is worth highlighting that when select
ing a material to incorporate in a ‘green’ ink, one should take into 
consideration that not all bio-based materials are biodegradable. More 
research is required to explore and discover printable materials from 
algae, and to develop the properties of the existing materials. Algae- 
based materials are very diverse and have a huge potential but their 
properties need to be tailored and improved to serve specific applica
tions. Further investigation is also needed to tackle the challenge of the 
slow response to the stimuli in 4D bioprinting of hydrogels and living 
cells. 
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Fig. 24. Electrical responsiveness of hydrogels made of (a) alginate [249] (b) agarose [250] and (c) carrageenan [251].  

Table 10 
Summary of algae-based responsive hydrogels.  

Property Hydrogel Ref. 

Moisture 
responsiveness 

Swelling is an inherent property of 
hydrogels.  

Temperature 
responsiveness 

Alginate/PNIPAm [229] 
Agarose [230] 
Chitosan [231] 
Carrageenan [232] 
Nanocellulose [233] 

Chemical 
responsiveness 

Alginate [234–236] 
Carrageenan [237] 
Chitosan [238] 
Agarose [239] 

Light responsiveness Composites of photosensitive particles (e.g. 
carbon or graphene based) and:  
- Nanocellulose  
- Chitosan  
- Carrageenan  
- Agarose  
- Alginate 

[242] 
[231] 
[243] 
[244,245] 
[246–248] 

Electrical 
responsiveness 

Alginate 
Agarose 
Carrageenan 

[249] 
[250] 
[251] 

Magnetic 
responsiveness 

Composites of magnetic materials (e.g. 
ferromagnetic particles) and:  
- Alginate  
- Chitosan 

[252] 
[253]  

Fig. 25. 4D-bioprinted structures before and after cell maturation [254].  
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