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Abstract
Alginate, which can be extracted from various brown seaweed species, is a 
sustainable biomaterial with several potential biomedical applications because of 
its biocompatibility and biodegradability. While alginate hydrogels are traditionally 
ionically crosslinked with divalent cations, this approach often produces hydrogels 
with low mechanical strength and poorly controlled degradation kinetics, limiting 
their suitability for biomedical applications. The chemical modification of alginate via 
methacrylation to produce alginate methacrylate (ALMA) allows the fabrication of 
photocrosslinkable hydrogels under ultraviolet (UV) light irradiation. This approach 
enables the fabrication of alginate-based hydrogels with superior physicochemical 
properties that can be tailored for specific biomedical areas. However, there is a 
relative lack of research related to the performance of ALMA bioinks in 3D printing 
using digital light processing (DLP). The research conducted to date indicates a 
connection between the choice of alginate source, methacrylation chemistry, and 
printing outcomes. This review directly addresses this topic by considering alginate 
extraction from brown seaweed, ALMA synthesis methods, and the biomedical 
applications of ALMA as a 3D hydrogel using DLP.  For this purpose, the focus has 
been on how each step in the process affects the performance of the materials used 
in final biomedical applications. The goal of this review is to provide researchers 
with a framework for optimizing ALMA-based bioinks for DLP-based biomedical 
fabrication.
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1. Introduction
Marine-derived biopolymers have attracted attention from the research community 
for their potential use across a wide range of applications, including food packaging, 
water treatment, energy storage, drug delivery, and tissue engineering.1-4 The increased 
interest in these materials can be attributed to their superior characteristics, including 
biocompatibility, biodegradability, availability, and sustainability.5 Alginate is a key 
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component in this category, which is sourced from various 
brown seaweed species, including Laminaria digitata, 
Laminaria hyperborea, Macrocystis pyrifera, Sargassum 
spp., and Ascophyllum nodosum.6 It is one of the most 
thoroughly studied marine biomaterials in the scientific 
literature. Structurally, the polymer is built from β-D-
mannuronic acid (M) and α-L-guluronic acid (G) units 
joined by 1→4 glycosidic bonds, and it can constitute 
up to 40% of the dry weight of brown seaweed.7,8 The 
chemical and physical characteristics of alginate, including 
molecular weight, viscosity, and M/G ratio, depend on the 
brown seaweed species, harvesting time, and geographical 
region.7,9,10 Alginate can form gels via ionic crosslinking 
with divalent cations, a property that has generated 
significant interest in this material for biomedical research. 
However, this crosslinking mechanism is also a major 
limitation of alginate. Hydrogels formed by this approach 
often exhibit poor mechanical strength and unpredictable 
degradation kinetics, limiting their utility in mechanically 
demanding or in situ applications.11 To bridge this 
gap, several chemical functionalization strategies have 
emerged, and methacrylation has proven to be one of 
the most effective strategies. When methacrylate groups 
are added to the alginate backbone, the resulting alginate 
methacrylate (ALMA) becomes photocurable. Exposure to 
ultraviolet (UV) light triggers free radical polymerization 
and forms covalent crosslinks in place of the relatively 
fragile ionic bonds.12,13 

The mechanical properties, pore size, swelling, and 
degradation properties of ALMA hydrogels can be 
controlled by adjusting the degree of substitution (DS), 
photoinitiator, UV exposure time, and rheological 
properties; this approach allows for significant 
modification of hydrogel properties to meet application-
specific requirements.14 In addition to the ability to adjust 
and improve these properties, in situ gel formation is also 
possible via the methacrylation process. Thus, ALMA 
hydrogels can be utilized in biomedical applications such 
as cell encapsulation, injectable therapeutics, and surgical 
procedures.15 

The photocrosslinkable characteristics of ALMA 
make it compatible with high-resolution additive 
manufacturing. Because crosslinking can be performed 
layer-by-layer with UV light via three-dimensional (3D) 
printing based on digital light processing (DLP), this 
approach is considered appropriate for building complex 
ALMA hydrogel designs. Although the use of DLP for 
biomaterial fabrication is not new, its application to 
ALMA bioinks has not been examined systematically. This 
review addresses this underexplored topic. This review 
considers alginate extraction from brown seaweed and 

the physicochemical characteristics of the material. It also 
considers methacrylation strategies and mechanisms for 
converting alginate into photocrosslinkable bioinks. This 
review also describes bioink optimization and DLP-based 
3D printing of ALMA hydrogels. It subsequently considers 
the biomedical applications enabled by the combination 
of these materials and methods. This review concludes by 
evaluating the current state of the field and future efforts 
to enhance the functionality of alginate-based hydrogel 
systems.

2. Alginate extraction methods
Alginate is produced from several brown seaweed species 
that are harvested from a variety of marine habitats. Within 
the cell walls of brown seaweed, alginate is not present in a 
free form. It exists as insoluble salts of calcium, magnesium, 
sodium, and potassium; these must be removed and 
the material purified before the polymer can be used.8 
Extraction approaches fall broadly into two categories: 
conventional chemical protocols and a growing array of 
green alternatives, including extrusion-based, microwave-
assisted, and ultrasound-assisted techniques.8,16-19 
Although the most well-known and widely used method 
is the conventional chemical method, it requires large 
amounts of water and chemicals for extraction. Therefore, 
interest in green alternatives with fewer byproducts and 
higher yields has increased.20 The extraction technique and 
synthesis parameters significantly influence the chemical 
structure and physicochemical properties of alginate. 
These attributes determine the degree of substitution (DS) 
achievable during subsequent methacrylation and, in turn, 
the rheological behavior of the final ALMA hydrogel.

2.1. Conventional extraction

Among all extraction strategies, the conventional chemical 
method remains the most extensively employed at both 
laboratory and industrial scales. This method requires 
a lengthy amount of time as well as the use of significant 
amounts of water and chemicals.8,21 By optimizing the 
synthesis parameters, the extraction yield of the alginate 
and its physicochemical properties such as molecular 
weight, intrinsic viscosity, and M/G ratio (mannuronic acid 
to guluronic acid ratio) can be adjusted. In this process, the 
alginate in the brown seaweed cell walls is first converted 
into its soluble sodium salt form, and the resulting solution 
is then purified through sequential acid and alkaline 
treatments. In practice, the seaweed is first exposed to 
hydrochloric acid (HCl) or calcium chloride (CaCl₂), 
which disrupts the cell wall structure; this step is followed 
by alkaline extraction with sodium carbonate (Na₂CO₃).22 
The alginate is ultimately recovered by precipitation with 
an alcohol such as ethanol or isopropanol.22 
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Brown seaweed can be pretreated with a formaldehyde 
solution to improve the purity of the extract. In this step, 
the phenolic compounds present in seaweed react with 
formaldehyde to form insoluble residues, which are then 
removed during acid treatment.8 Phenolic components 
can reduce the intrinsic viscosity of alginate; adding a 
formaldehyde step to bind these phenolics increases the 
intrinsic viscosity of the extracted polymer.23 Therefore, 
pretreatment with formaldehyde is an important step for 
adjusting the intrinsic viscosity of alginate.

In the step of forming alginate salts with acid, HCl or 
CaCl₂ is used to form alginic acid or calcium alginate. In 
general, precipitation with CaCl₂ is preferred because it is 
rapid and yields a fibrous structure. However, an additional 
process, such as an acid bath, is required to remove 
calcium. This process can lead to the breaking of polymer 
chains, resulting in lower molecular weight and viscosity.24 
While using HCl for direct precipitation can be performed 
in one step, it usually results in lower yields than the CaCl₂ 
method because of material loss in the gel structure.9,25 

Alkaline extraction is an important step that transfers 
alginate to the solution and is typically performed 
using Na₂CO₃, which raises the pH to the extraction 
conditions.25 In this step, the pH of the medium should 
be approximately 10 to prevent damage to the alginate 
polymer chains. An excessive increase in pH can cleave the 
β-glycosidic bonds in alginate molecules, leading to the 
formation of monocarboxylic and dicarboxylic acids.9 The 
damaged polymer chains significantly reduce extraction 

efficiency. As such, if more than 5% Na₂CO₃ is used during 
alkaline extraction, the efficiency may decrease.26 The final 
step in alginate extraction is alcohol precipitation, in which 
ethanol or isopropanol is added to the sodium alginate 
solution to precipitate alginate as a fibrous structure. The 
final alginate is obtained by washing and drying (Figure 1).

2.2. Green extraction

There is a growing interest in developing more 
sustainable methods for extracting alginate from seaweed, 
characterized by reduced energy, water, and chemical 
consumption, as well as shorter reaction times. To address 
this issue, new production methods, such as extrusion-, 
microwave-, and ultrasound-assisted alginate extraction, 
have been developed, as shown in Figure 2. 

The extrusion-assisted method, developed as an 
alternative to conventional batch extraction, facilitates 
continuous alginate extraction, significantly reducing the 
extraction time from hours to minutes and halving the 
requirements for reactants and water.27,28 In this method, 
large-scale alginate extraction is achieved using a twin-
screw extruder; the screw speed, flow rate, and mold shape 
can be adjusted.28,29 Research involving Laminaria digitata 
has demonstrated that alginate extraction via an extruder 
results in a 7% increase in yield compared to the batch 
reaction method. Additionally, this approach requires 
2.5 times less reactants and water than the conventional 
method.27 However, the equipment costs and energy 
consumption are higher than those of traditional methods, 

Figure 1. Conventional method steps for sodium alginate extraction from brown seaweed. Schematic created with BioRender. İlgar, M. (2026) https://
BioRender.com/tlur1pt
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and this method has not been tested on different types of 
brown seaweed. 

Ultrasound-assisted extraction is a sustainable method 
that requires minimal solvents, chemicals, and energy, is 
straightforward to use, and provides rapid results.8,30 High-
intensity ultrasound physically breaks down the cell walls 
of plant tissue within seconds through the generation of 
acoustic cavitation. This cavitation allows polysaccharides 
to be released and dissolved in the cell wall of brown 
seaweed. Therefore, the extraction efficiency and speed 
are significantly improved compared to conventional 
methods. Ultrasound-assisted extraction can preserve 
the molecular integrity of polymers under optimal 
conditions.30 This method enables alginate recovery from 
the waste seaweed mass remaining after the extraction of 
other biomolecules such as fucoidan. The alginate yield 
depends on ultrasound frequency, amplitude, temperature, 
extraction time, and liquid-solid properties.19 In a study 
conducted on Laminaria digitata, combining conventional 
alginate extraction with a 30-minute ultrasound-assisted 
HCl pretreatment yielded a 30.9% efficiency.31 Another 
study found that Sargassum binderi and Turbinaria ornata 
produced a yield of 55% of their dry weight within 15 to 30 

minutes, whereas traditional extraction methods resulted 
in a 27% yield after 2 hours.32 Although this method 
allows for the high-yield production of alginate with 
short extraction times, ultrasonic waves tend to reduce 
the molecular weight of the alginate. Sonication can break 
glycosidic bonds in the middle of the chain, leading to a 
decrease in molecular weight.33 Sonication time plays 
an important role in shaping the molar mass, block 
structure, and rheological behavior of alginate. Compared 
to conventional and other green extraction techniques, 
ultrasonically extracted alginate consistently exhibits 
lower molecular weight and viscosity.16,33 This is a desirable 
outcome when a low-viscosity alginate formulation is 
required; however, it remains a limitation for applications 
in which high viscosity is required.

In addition to ultrasound-based approaches, 
microwave-assisted extraction of alginate from brown 
seaweed enhances the reaction process by facilitating the 
rapid and efficient heating of solvents, thereby reducing 
the need for chemical solutions. The thermal energy 
produced by microwaves causes the evaporation of water 
within seaweed cells, leading to increased pressure on 
the cell walls. This pressure effectively ruptures the cell 

Figure 2. Alginate extraction from brown seaweed using green extraction methods. Schematic created with BioRender. İlgar, M. (2026) https://BioRender.
com/fzhe9ic
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walls, thereby releasing intracellular compounds into 
the extraction solvent.34 Several factors influence the 
efficiency of microwave-assisted extraction, including 
microwave power and frequency, extraction duration, 
solvent concentration, matrix characteristics, solid-liquid 
ratio, pressure, extraction cycles, solvent properties, and 
temperature.35 In a study on the extraction of alginate 
from Undaria pinnatifida, microwave-assisted extraction 
was performed at 91.86 °C for 15 minutes, resulting in a 
yield of 38.41%.36 In another study, alginate was obtained 
from the brown seaweed species Sargassum cristaefolium 
with a yield of 40.6% under synthesis conditions of 80 °C 
for 20 minutes.37 Compared to extraction protocols that 

require hours, microwave treatment is significantly faster, 
uses less energy, and is more cost-effective. However, rapid 
microwave-alkali extraction has not been systematically 
compared across a broader range of brown seaweed species; 
most optimization studies to date have focused narrowly on 
a single species.36 Nevertheless, green alginate extraction 
techniques are promising in terms of yield, short extraction 
time, as well as reduced solvent and chemical use compared 
to traditional methods. Table 1 summarizes the reported 
representative yield, molecular weight, and M/G ratio 
values for alginate obtained from various brown seaweed 
species using conventional, ultrasonic, microwave, and 
extrusion-based methods, and demonstrates how species 

Table 1. Physicochemical properties of alginate material that was extracted from brown seaweed species in various marine regions

Species Region Extraction 
method Extraction conditions Yield (%) Average molecular 

weight (kDa) M/G ratio Ref.

Sargassum 
latifolium

Egypt, Red Sea 
Coast Conventional

1.5% (w/v) seaweed in 
3% Na₂CO₃; 1–3 hours at 
25–45°C

18–40 141–213 0.94–2.70 10

Sargassum 
muticum

Praia da 
Mourisca, 
Pontevedra, Spain

Ultrasound
20:1 liquid-to-solid ratio; 
150 W, 40 Hz; 5–30 minutes 
at 25°C

5.7–15 80–112 0.33–0.64 16

Cystoseira barbata
Mangalia, 
Romanian Black 
Sea

Conventional 3% (w/v) Na₂CO₃; 25 g 
seaweed; 2 hours at 60 °C 19 126.6 0.64 21

Laminaria 
digitata

Portsall, Brittany, 
France Extrusion

4% (w/w) Na₂CO₃; twin-
screw extruder (12 cm 
diameter, 4-cm magnetic 
stirrer); 30 minutes

39 105 N/R 27

Laminaria 
digitata

Ozon Way, 
Belgrade, Serbia Ultrasound

HCl pretreatment (40 kHz, 
150 W ultrasound) + 3% 
(w/v) Na₂CO₃, 20 mL/g 
liquid/ solid ratio for 2 hours 
at 60 °C  

30.9 N/R 1.08 31

Undaria 
pinnatifida

Seoul, Republic 
of Korea 
(commercial)

Microwave
Solid/liquid ratio 13.27 g/L; 
2.51% (w/v) Na₂CO₃; 200 W; 
91.86 °C; 15 minutes

38.41 N/R N/R 36

Zonaria sp., 
Chnoospora sp., 
Spatoglossum sp., 
Sargassum sp., 
and Sargassum sp.

Madagascar 
Coast Conventional 1 M Na₂CO₃; 2 hours at 60 °C 23.6 / 26.6 113–420.5 0.41–1.09 38

Sargassum vulgare
Lebanese 
Mediterranean 
coast, Tripoli

Conventional 0.5 M Na₂CO₃ (1 L per 100 g 
seaweed); 3 hours at 50 °C 40 110 0.785 39

(Cont’d...)
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Table 1. (Continued)

Species Region Extraction method Extraction conditions Yield (%) Average molecular 
weight (kDa) M/G ratio Ref.

Nizamuddinia 
zanardini

Oman Sea, south 
of Iran Conventional 3% (w/v) Na₂CO₃; 25 g 

seaweed; 2.5 hours at 60 °C 24 103 1.11 40

Sargassum 
cristaefolium

Poteran Island, 
Sumenep, 
Madura, 
Indonesia

Extrusion

1%–10% (w/v) Na₂CO₃; 
twin-screw extruder 
(capacity 7 kg/h; die 8 mm; 
screw 0-180 rpm; feed 0–35 
rpm)

34.96 211.93 0.29 41

Sargassum spp. Caribbean Region Conventional

1%–10% (w/v) Na₂CO₃; 
5–15 mL Na₂CO₃ per 1 g 
dried seaweed; 0.5–6 hours 
at 22–80 °C

28.16 314 0.45 42

Sargassum 
cymosum C. 
Agardh

Ubatuba, São 
Paulo, Brazil

Ultrasound 2% (w/v) Na₂CO₃; 20 kHz; 
120–180 W; 5–15 min 10-54 94.28–203.26 0.74 43

Macrocystis 
pyrifera

British Columbia 
Coastline, 
Canada

Conventional

Three protocols 
compared; 1% CaCl2 + 
HCl pretreatment + 0.5% 
Na₂CO₃ alkaline extraction 
at 45 °C, 30 minutes / 70% 
ethanol + HCl pretreatment 
+ 3% Na₂CO₃ alkaline 
extraction at 60 °C, 2 hours 
/ 0.2 M chelate treatment, 
16 hours

24.3 / 22.3 
/ 26.7 241 / 228 / 59.5 1.23 / 1.53 

/ 0.63 44

Nizamuddinia 
zanardini

Chabahar, Sistan-
Baluchistan, Iran

Conventional 
/ ultrasound 
/ microwave / 
ultrasound and 
microwave  

Four protocols compared in 
10 g of seaweed in 3% (w/v) 
Na₂CO₃; 6 hours at 65 °C / 
20 kHz, 200 W at 55 °C for 
15 minutes / 700 W at 90 °C 
for 15 minutes / ultrasound 
at 55 °C for 15 minutes and 
microwave at 90 °C for 15 
minutes 

11.88 
/12.87 
/15.36 
/13.99

3021 / 2362 /3015 
/ 2608 N/R 45

Note: N/R: Not reported in the source study.

and extraction conditions determine the physicochemical 
profile of the resulting polymer.

From a DLP bioprinting perspective, the extraction 
stage is not only a raw material production step but also 
a step that affects the bioink performance. The molecular 
weight, viscosity, and M/G ratio influence the rheological 
behavior of ALMA, DS yield, and printing accuracy of 
the final bioink. As such, optimizing alginate extraction 
is an important step for obtaining high-resolution and 

dimensionally accurate 3D structures via DLP bioprinting.

3. Chemical structure of alginate
Alginate is a linear, anionic polysaccharide composed of 
two uronic acid monomers, which are β-D-mannuronic 
acid (M) and α-L-guluronic acid (G), joined by 1→4 
glycosidic linkages, as illustrated in Figure 3. These 
monomers are organized into stretches of consecutive M 
units (MM blocks), stretches of consecutive G units (GG 

https://doi.org/10.36922/IJB026330354


Sustainable ALMA from seaweed for DLP printing

Volume X Issue X (2026)	 7� doi: 10.36922/IJB026330354

International Journal of BioprintingInternational Journal of Bioprinting

blocks), and mixed alternating sequences (MG or GM 
blocks), with the proportions of each block type varying 
considerably across alginate sources, harvest regions, and 
time.7,8 The block-level architecture significantly affects 
material properties, with the M/G ratio being a key factor 
influencing intrinsic viscosity, gel strength, and the overall 
elasticity of the hydrogel that is produced.46 Alginate 
characterized by a high M/G ratio tends to have a softer 
chain, attributed to its lower molecular weight and viscosity, 
resulting from a greater presence of flexible MM content. 
Conversely, a lower M/G ratio coupled with increased 
GG content leads to a more rigid chain structure.10,47 The 
flexibility of the chains and the overall performance of the 
polymer are significantly influenced by the arrangement of 
the MM and GG sites and their density within the alginate 
polymer structure. Therefore, the precise arrangement of 
MM and GG sequences along the backbone is not merely a 
structural detail but instead a functional determinant that 
governs chain flexibility, crosslinking behavior, and the 
physicochemical and biological properties exhibited by the 
final material.

The M/G arrangement of alginate is an important 
property for DLP printing of ALMA-based bioinks. The 
differences in the arrangements and M/G ratio affect 
the yield of DS resulting from ALMA synthesis, thereby 
influencing the crosslinking behavior of ALMA under 
the UV-visible light. As such, the molecular structure of 
alginate contributes to the overall printing properties of 
the DLP-produced hydrogels.

4. Ionically crosslinked alginate 
Alginate is a biopolymer with carboxyl and hydroxyl 
groups that can form hydrogels via ionic crosslinking 
with ions such as Ca²⁺, Ba²⁺, and Sr²⁺.46 In the alginate 
chain structure, M monomer blocks form weaker bonds 
with divalent cations, whereas G monomer blocks create 
an egg-box model that enables the formation of junction 
regions.48 This process results in the formation of a stable 
hydrogel network with pore sizes of 5–200 nm and high 
porosity in the alginate containing high G-blocks.49,50 
Upon exposure to water, hydrogels swell via their pores; 
this characteristic is exploited in biomedical applications 
(e.g., drug delivery and tissue engineering).51 The solubility 
and gelation characteristics of alginate are influenced by 
pH levels. A decrease in pH results in the protonation of 
carboxyl groups, rendering alginate insoluble in acidic 
environments.52 The pH sensitivity of alginate is beneficial, 
especially in drug delivery systems, as a high pH promotes 
rapid release, whereas a low pH inhibits rapid release.41,53 
The gel-forming, pH-sensitive, and swelling properties 
of alginate, along with its biocompatibility, make it 
a widely used material in biomedical applications.35 
However, ionically crosslinked alginate hydrogels exhibit 
poor mechanical properties and limited in vivo stability. 
Therefore, chemical modification of alginate is necessary 
to produce mechanically robust, geometrically defined 
constructs, which are preformed in vitro before in vivo 
use.13 These shortcomings become more pronounced in 
DLP-based manufacturing; in this approach, the material 

Figure 3. The chemical structure of alginate. Schematic created by the authors using PowerPoint and Gemini
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must maintain its geometry throughout the layer-by-
layer photopolymerization process. Because this is not 
possible for hydrogels via ionic crosslinking alone, 3D 
structures with structural integrity can be produced with 
DLP through the chemical modification of alginate. The 
ionic and covalent crosslinking of alginate is schematically 
illustrated in Figure 4.

5. Alginate methacrylate (ALMA)
5.1. Synthesis methods of ALMA 

Although ionically crosslinked alginate is naturally 
biocompatible, exhibits low toxicity, and is widely used, it 

lacks sufficient structural stability for many applications. 
This limitation can be overcome by covalently crosslinking 
alginate, which forms a permanent network that is more 
stable than ionic crosslinking and less susceptible to 
degradation under physiological conditions.54 Because 
alginate contains carboxyl (-COOH) and hydroxyl 
(-OH) groups, it is compatible with various covalent 
modifications, such as esterification, amidation, 
oxidation, succinylation, and acetylation.55 Among these 
modification techniques, methacrylation is the most used 
method for alginate modification via esterification or 
amidation. In the synthesis of ALMA, UV-curable ALMA 

Figure 4. Ionic and covalent strategies for alginate hydrogels. (a) Ionically crosslinked alginate microbeads, and (b) 3D ALMA hydrogel fabrication using 
a 3D DLP printer. 
Abbreviations: ALMA: alginate methacrylate; DLP: Digital light processing; MAA: Methacrylic anhydride; PI: Photoinitiator. Schematic created by the 
authors using PowerPoint and Gemini.

hydrogels are formed by incorporating methacrylate 
groups into the alginate chain backbone. The DS value 
of ALMA represents the number of methacrylate groups 
in the alginate backbone.14 As DS directly affects swelling 
behavior, elastic modulus, and degradation rate, its precise 
adjustment during synthesis is an important parameter.56 
In DLP 3D printing, the DS value determines the print 
resolution, layer adhesion, and mechanical properties of 
the final hydrogel. Therefore, careful adjustment of the DS 
value is essential during the design stage.

The DS value of ALMA can be controlled by 
synthesis conditions such as reaction time, temperature, 

concentration, pH, and modification method. The 
toxicity, biodegradability, and mechanical properties of 
the resulting materials can be effectively controlled by 
adjusting these parameters. In the most reported route, 
MAA reacts with alginate in a single-step esterification 
to introduce methacryloyl groups; the resulting carbon-
carbon double bonds subsequently enable radical-initiated 
photocrosslinking.57 MAA reacts with the hydroxyl groups 
of alginate via esterification.58 Methacrylation of alginate 
using MAA, as illustrated in Figure 5, involves the addition 
of MAA to alginate in a phosphate-buffered saline (PBS) 
solution at room temperature (RT); the pH value is 
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adjusted with sodium hydroxide (NaOH). The reaction 
is allowed to proceed for 8–24 hours, after which the 
product is precipitated with ethanol or acetone, dialyzed, 
and freeze-dried.15 During methacrylation, the hydrolysis 
of MAA leads to the formation of methacrylic acid as a 
byproduct, causing a rapid decrease in pH; therefore, 
maintaining an alkaline pH throughout the synthesis 
process is essential. Moreover, variables such as the rate at 
which MAA is added, reaction temperature, pH, and other 
mixing conditions can significantly affect the homogeneity 
and quality of the reaction, ultimately influencing the DS 
value of ALMA.58,59 

In the 2-aminoethyl methacrylate (AEMA) modification 
process, the carboxyl groups of alginate are first activated 
with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
hydrochloride (EDC)/N-hydroxysuccinimide (NHS), after 
which AEMA reacts with the activated carboxyl groups to 
form amide bonds.56 The reaction is carried out in a buffered 
solution, such as 2-(N-morpholino)ethanesulfonic acid 
(MES), at room temperature for 24 hours, after which 
the product is precipitated with an organic solvent, such 
as acetone, dialyzed, and freeze-dried.60 Despite this 
complexity, AEMA remains attractive because the DS 
value can be precisely controlled by adjusting the amount 
of AEMA added to the reaction. If the DS is increased, 
the elastic modulus of the resulting hydrogel increases, 
while the pore size decreases. Another advantage is that 

some carboxyl groups remain unreacted and are therefore 
available for further functionalization (e.g., with RGD 
peptides to promote cell adhesion).59 The approach does, 
however, present challenges, such as a complex procedure 
(e.g., the EDC/NHS activation step) and high cost.59 

Glycidyl methacrylate (GMA) exhibits its own, 
sometimes unpredictable, reaction chemistry. The 
reagent can modify alginate through two pathways: 
transesterification at hydroxyl sites or epoxide ring-opening 
at carboxyl sites; controlling the dominant pathway is not 
always straightforward.59 The synthesis is accomplished 
by adding GMA to an alginate solution adjusted to 
approximately pH 10, allowing the reaction to proceed 
at approximately 60 °C for 4–6 hours, and then purifying 
the product by ethanol precipitation and lyophilization.13 
ALMA produced by this method can undergo thermal 
polymerization at body temperature when used with 
suitable initiators (e.g., ammonium persulfate [APS] and 
tetramethylethylenediamine [TEMED]). Thus, hydrogels 
that can form gels at physiological temperatures can be 
produced. In this context, ALMA, which is injected directly 
into the target area, offers a practical solution for surgical 
applications by rapidly gelling at body temperature.13 
Although GMA is an economical solution that can be 
thermally cured, the fact that the reaction proceeds in two 
different ways limits the reproducibility and controlled 
production of the final product.59 Figure 6 shows ALMA 

Figure 5. ALMA synthesis steps with MAA 
Abbreviations: ALMA: alginate methacrylate; MAA: Methacrylic anhydride. Schematic created with BioRender. İlgar, M. (2026) https://BioRender.com/
fzhe9ic
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synthesis reactions using MAA, AEMA, and GMA, each of 
which offers distinct advantages.

When comparing the three approaches, the MAA 
method stands out for its procedural simplicity; it is the 
most widely used method. Although GMA-modified 
alginate can be crosslinked in situ, which is advantageous 
for certain applications, its dual reaction pathway yields 
an inconsistent DS and therefore poses a reproducibility 
problem. AEMA falls between the two in terms of cost and 
complexity, but it is a more stable and tunable synthesis 
method than the other methods. However, these three 
methods have not been compared in a comprehensive 
manner. A systematic comparison would help demonstrate 
which method is most suitable for a given biomedical 
application.

5.2. Properties of ALMA

Due to its covalent network structure, ALMA forms a 
more stable structure than the egg-box ionic structure of 
alginate, resulting in more stable mechanical properties.61 
While ionic crosslinked alginate can undergo shape loss 

due to ion diffusion, in ALMA, the gelation time via 
photopolymerization can be adjusted by UV exposure 
time, allowing for the production of the desired geometry 
and subsequent preservation of the printing geometry.58,61,62 
Additionally, by varying the DS and crosslinking density, 
the degradation rate of the hydrogel, which is an important 
parameter for drug delivery and tissue engineering, 
can be controlled.61 However, ALMA synthesis 
requires further purification and nuclear magnetic 
resonance (NMR) characterization since it involves the 
modification of alginate with methacrylate groups.61,62 
The chemical materials required for methacrylation, a 
suitable photoinitiator, a UV light system, and additional 
characterization are more expensive than those required 
for ionic crosslinked alginate.61-63 

The primary characteristics that set ALMA apart from 
other photocurable biomaterials are its notable advantages 
in terms of sustainability and functional versatility. ALMA 
can easily form double networks or interpenetrating 
polymer networks (IPNs) with other photopolymers such 
as gelatin methacryloyl (GelMA), polyethylene glycol 

Figure 6. ALMA synthesis using MAA, AEMA, and GMA 
Abbreviations: AEMA: 2-aminoethyl methacrylate; ALMA: alginate methacrylate; GMA: Glycidyl methacrylate; MAA: Methacrylic anhydride. Schematic 
created by the authors using Mind the Graph and PowerPoint. 
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diacrylate (PEGDA), and hyaluronic acid methacrylate 
(HAMA); these combinations enhance the mechanical 
properties and biological performance of the resulting 
materials. This strategy is particularly advantageous 
because each of these biomaterials has intrinsic limitations 
when used alone. Despite its excellent biocompatibility 
and bioactivity, GelMA has been reported to have lower 
toughness than hybrid biopolymers made with ALMA.64 
PEGDA, a synthetic polymer, possesses high mechanical 
strength, but it lacks inherent bioactivity and must be 
further modified to achieve it.65 HAMA, despite its 
similarity to the extracellular matrix (ECM) and high 
biocompatibility, has poor mechanical properties and 
limited cell adhesion, resulting in low 3D print quality and 
high cost when used alone.66

ALMA, unlike other commonly used photocrosslinkable 
biomaterials, has the advantage of being able to doubly 
crosslink with divalent cations even after methacrylation 
of the G blocks in its polysaccharide backbone. This double 
crosslinking is achieved by first applying rapid ionic gelation, 
followed by a stable covalent photocrosslinking step. As a 
result, ionic bonds coexist with a stable covalent backbone 
through a double-network mechanism, producing 
hydrogels with greater toughness and tunable stiffness 
than fully covalently crosslinked biomaterials.67 Alginate is 
a low-cost and abundant marine-derived polysaccharide. 
Unlike gelatin, it is not of animal origin and has a low 
immunogenicity profile.59 However, it has a lower DS than 
GelMA because methacrylation can only be applied to the 
G units of alginate, resulting in weaker crosslinking and 
consequently lower mechanical properties.68 Furthermore, 

alginate cannot be enzymatically degraded in mammals 
due to the absence of alginase, leading to uncontrolled 
calcium ion release.69 This parameter should be considered 
for applications where predictable degradation is required. 
Alginate polysaccharide exhibits poor cell adhesion, which 
is why ALMA-based inks often need to be mixed with an 
adhesive polymer such as GelMA or functionalized with 
RGD peptides to support strong cell adhesion.59 ALMA 
has been used in tissue engineering for various functions 
beyond its utility as a scaffold. The dual crosslinking feature 
of ALMA has enabled the creation of microfibers and 
microgels that maintain mechanical stability and retain 
their 3D structure in physiological conditions, while also 
supporting tissue growth.67

ALMA has also been used as a vehicle for growth 
factors and drug delivery. A wound dressing with 
sustained release due to degradation has been developed 
by covalently binding vascular endothelial growth factor 
(VEGF) to a methacryloyl-alginate/chondroitin sulfate 
patch.70 ALMA is a multifunctional biomaterial capable 
of contributing to mechanical reinforcement, controlled 
biodegradation, and localized delivery of bioactive 
molecules in hydrogel systems. Most ALMA-based 
systems have been manufactured through extrusion 
rather than vat photopolymerization. The development 
of composite formulations that are compatible with DLP, 
while maintaining their mechanical properties, remains 
largely unexplored and necessitates further research.

Table 2 provides a comparative overview of how the 
choice of methacrylate agent, initiator, and concentration 
affect the DS, cell viability, and mechanical properties. 

Table 2. Summary of ALMA hydrogel properties

Methacrylate 
agent DS

Hydrogels 
concentration 

(% w/v)

Crosslinking 
method / 

Photoinitiator
Fabrication Mechanical 

properties 
Cell type / 
Viability Application Ref.

GMA 25.8 1 APS + TEMED 
(Thermal, 37 °C) N/R N/R HUVEC; >80%

Potential tissue 
engineering 
scaffold 
applications

13

GMA /
AEMA /
MAA

31.39 
/28.03 
/32.35

2 /1 /2 Irgacure 2959  
(UV; 365 nm) Mold casting 15 kPa  (Young’s 

modulus) N/R N/R 14

MAA 21 /33 2 VA-086  
(UV, 365 nm) Mold casting

2.63 /13.16 
kPa  (Young’s 
modulus)

N/R
UV-based 
bioprinting 
applications

15

AEMA 4.15-25.23 1 Irgacure 2959  
(UV, 365 nm) Mold casting

34.29-174 .77 
kPa (Elastic 
modulus)

Bovine 
chondrocytes; 
>80%

Potential cell 
transplantation 
and drug 
delivery

56

(Cont’d...)
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Table 2. (Continued)

Methacrylate 
agent DS

Hydrogels 
concentration 

(% w/v)

Crosslinking 
method / 

Photoinitiator
Fabrication Mechanical 

properties 
Cell type / 
Viability Application Ref.

MAA 10-33 3 CaCl2 (Ionic) + LAP 
(UV, 365 nm) 

Mold casting 0.27-0.87 
MPa (Young’s 
modulus)

N/R Smart hydrogels 
for 4D-printing 58

MAA 61.31 1-5
CaCl2 (Ionic) + 
Irgacure 2959  
(UV, 360-480 nm) 

Microfluidic 
fabrication 

≈6 MPa  
(tensile stress) HUVEC; >85%

Cell-
encapsulated 
microfibers-
based scaffolds

67

MAA 8.77 8
LAP  
(UV, 405 nm)  Extrusion 3D 

printing 

From 1.6 to 
2.0–2.6 kPa  
(Young’s 
modulus)

N/R

Potential in the 
biomedicine, 
tissue 
engineering, and 
food fields

71

MAA 2.5 /5 
/7.5 2 /3 Irgacure 2959  

(UV, 368 nm) Mold casting

0.5850– 
8.824 kPa 
(Young’s 
modulus)

Nucleus 
pulposus cells; 
high viability

Potential 
cartilaginous 
tissue 
engineering

72

MAA N/R 2 Eosin Y (Argon ion 
laser, 514 nm) Mold casting N/R MCF-7 cancer 

cells Drug delivery 73

MAA - 1 / 3 CaCl2 (Ionic) + EY 
(green light) Mold casting

16–60 kPa 
(Elastic 
modulus)

C2C12 
myoblasts; high 
viability

Hydrogel 
scaffolds 74

OMA
15.8 
/21.5 

/28.13
4 /6 CaCl2 (Ionic) + EY 

(475 nm) Mold casting
4.85–21.02  
kPa (Elastic 
modulus) 

 L-929 
fibroblast cells; 
>80%

Potential tissue 
engineering 
applications

75

MAA 23.4– 
53.5 3 Electron beam 

ALMA + PEGDA
Mold casting N/R N/R Potential wound 

dressing 76

MAA N/R 0.5 EY; ALMA + gelatin 
+ silk fibroin

Extrusion 3D 
bioprinting N/R 

MG-63   
human 
osteosarcoma 
cell line, 
high cell 
proliferation

Cell-laden 
scaffolds 77

GMA 30-55 2-4 Irgacure 2959; (UV, 
312 nm)

Electrospun in 
the PEO fiber 
matrix

109 MPa 
(Young’s 
modulus)

N/R

Potential 
scaffolds 
for tissue 
engineering

78

MAA 11.5  5

Irgacure 2959  
(UV at 365 nm) 
ALMA + EGDA/
EGDMA/TEGDMA

Mold casting

10–50 (kPa 
Young’s 
modulus)

Human skin 
fibroblasts; 
high viability

Potential wound 
healing 79

Abbreviations: AEMA, 2-Aminoethyl methacrylate; APS: Ammonium persulfate; DS: Degree of substitution; EGDA: Ethylene glycol diacrylate; 
EGDMA: Ethylene glycol dimethacrylate; EY: Eosin Y; GelMA: Gelatin methacryloyl; GMA: Glycidyl methacrylate; HUVEC: Human umbilical vein 
endothelial cell; Irgacure 2959: 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone; LAP: Lithium phenyl-2,4,6-trimethylbenzoylphosphinate; 
MAA: Methacrylic anhydride; N/R: Not reported; PEGDA: Polyethylene glycol diacrylate; OMA: Oxidized methacrylate alginate; TEGDMA: Triethylene 
glycol dimethacrylate; TEMED: Tetramethylethylenediamine; VA-086: 2,2’-Azobis[2-methyl-N-(2-hydroxyethyl)propionamide.
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5.3. ALMA hydrogels for DLP printing 

According to the ISO/ASTM 52900 standard, additive 
manufacturing is divided into categories such as material 
extrusion, material jetting, binder jetting, powder bed 
fusion, directed energy deposition, sheet lamination, and 
vat photopolymerization.80,81 Material extrusion is the 
most commonly used alternative for soft tissue bioprinting 
because of its ability to operate over a wide viscosity range 
at a relatively low cost. However, the shear forces generated 
as the bioink passes through the nozzle can reduce cell 
viability, and resolution is limited, restricting the production 
of fine structures for vascular or neural applications.81 
Powder bed fusion, binder spraying, sheet lamination, 
and directed energy deposition methods have been 
developed for processing metals, ceramics, thermoplastics, 
and polymers. Because the techniques operate at high 
temperatures, they are generally more suitable for cell-free 
scaffolds and rigid tissue implants.81 The material spraying 
method can deposit bioink droplets with good positional 
accuracy; however, the low viscosity required to prevent 
nozzle clogging narrows the range of formulations that 
can be printed.81 In contrast, vat photopolymerization 
is particularly important for producing cell-compatible 
hydrogels because it is associated with the production of 
high-resolution structures, rapid layer formation, and the 
ability to create complex internal geometries with relatively 

low mechanical stress, especially in hydrogel structures 
with living cells.82,83 It fundamentally involves curing a 
photosensitive resin with UV light to construct a 3D scaffold 
incrementally, layer by layer, from a resin-filled tank.84 
Owing to its biocompatibility and suitability for chemical 
modification, alginate can be used in tissue engineering to 
produce complex and cell-loaded 3D structures with high 
resolution via vat photopolymerization-based printing.83 

DLP is an additive manufacturing technique that allows 
for the creation of complex, tailor-made 3D structures. 
In DLP-based systems, a digital light source, such as 
UV, blue, visible, or near-infrared (NIR) light, triggers 
localized free-radical photopolymerization, converting 
photocrosslinkable liquid resins into solid 3D constructs 
in a layer-by-layer manner.85,86 At the molecular level, 
this process involves the crosslinking of low-molecular-
weight monomers and oligomers to ultimately form high-
molecular-weight solid-polymer networks.87 A typical 
DLP printer comprises several core components: a moving 
platform, a digital micromirror device (DMD), a UV light 
source system, a lens assembly, a cuvette for holding the 
bioink, a high-precision z-axis motion tool, and control 
software, as shown in Figure 7.88 Together with its relative 
ease of use, lower cost than many alternatives, and high-
resolution printing, these features make DLP an attractive 
platform for biomedical manufacturing.85

Figure 7. Working principle of DLP 3D printer 
Abbreviations: PDMS: Polydimethylsiloxane. Schematic created with BioRender. İlgar, M. (2026) https://BioRender.com/fzhe9ic

https://doi.org/10.36922/IJB026330354


Sustainable ALMA from seaweed for DLP printing

Volume X Issue X (2026)	 14� doi: 10.36922/IJB026330354

International Journal of BioprintingInternational Journal of Bioprinting

Compared with other bioprinting strategies, DLP plays 
an important role in vat polymerization applications by 
offering finer control of mechanical properties, lower costs, 
and excellent cell viability. In contrast to point laser scanning 
systems, DLP employs a digital micromirror device (DMD) 
to cure an entire layer using a single light projection. 
This approach significantly reduces manufacturing time; 
in addition, it limits the external exposure and stress 
experienced by the cells.89 Consequently, DLP effectively 
converts alginate-based structures into micrometer-scale 
tissue scaffolds with a resolution scalable to approximately 
1 µm, making it a highly attractive platform for biomedical 
manufacturing.85,89

To produce DLP-printed hydrogels with the desired 
mechanical properties and biocompatibility, a suitable 
photocrosslinkable bioink is required. A variety of 
DLP bioinks have been developed by functionalizing 
polymers, including chitosan, silk fibroin, polyethylene 
glycol, polyvinyl alcohol, and gelatin, with acrylamide 
and/or methacrylamide groups.85,89-92 Although ALMA-
based bioinks have been applied in extrusion, inkjet, and 
microfluidic bioprinting to fabricate spherical, vascular, 
and microfluidic fiber scaffolds, their application in 
DLP bioprinting remains limited.93 Previous studies 
have demonstrated the feasibility of DLP printing 
using ALMA-based formulations combined with other 
photocrosslinkable polymers. For example, ALMA was 
co-synthesized with GelMA, and hydroxyapatite was 
incorporated to fabricate high-resolution scaffolds with 
complex designs. Rapid UV-induced crosslinking produced 
stable hydrogels with excellent shape fidelity, which were 
suitable for microporous and macro-channeled bone 
tissue scaffolds that facilitate cell migration and nutrient 
transport.94 Similarly, in pancreatic organoid models, a 
GelMA/ALMA hydrogel functionalized with the laminin-
derived AG73 peptide successfully reproduced native 
tissue stiffness while maintaining structural integrity 
throughout long-term culture, owing to the mechanical 
support of ALMA and the cell-adhesive properties of 
GelMA. Therefore, the adaptation of ALMA-based hybrid 
hydrogels for DLP bioprinting represents a promising 
strategy for combining high-resolution fabrication with 
the mechanical stability and cytocompatibility required for 
biomedical applications.95

The success of these studies depends not only on material 
selection but also on the optimization of the underlying 
bioink formulations and printing parameters. The 
following section examines these parameters individually, 
explaining how they affect the printing capability, solubility, 
and biological performance of ALMA-based DLP bioinks.

5.4. Bioink formulation and printing parameters

3D structures are built by iteratively repeating the 

photopolymerization process across successive two-
dimensional layers, allowing very fine feature resolution.96 
The ability to print ALMA hydrogels with desired 
properties at high resolution via DLP depends on the type 
and concentration of the photoinitiator, UV exposure 
time, and the rheological properties of the ALMA bioink. 
Therefore, optimizing these parameters is an important 
consideration for preparing structures with appropriate 
swelling, degradation, mechanical, and biological 
performance for the intended application.

5.4.1. Photoinitiators

Photoinitiators play an important role in DLP-based 
photopolymerization systems. They absorb incident 
light and convert it into reactive free radicals or ionic 
species that initiate and propagate chain polymerization 
throughout the bioink resin.97 They are divided into 
two main classes: radical and cationic compounds. For 
biomedical applications, radical photoinitiators are the 
standard choice, as cationic systems produce cytotoxic 
proton species and are therefore largely unsuitable.98,99

Radical photoinitiators are further distinguished by their 
mechanism of radical generation. As illustrated in Figure 
8, radical photoinitiators are divided into type I (single-
molecule) and type II (two-molecule) systems.100 Type I 
systems, which are also known as unimolecular initiators, 
absorb a photon and undergo rapid, direct homolytic bond 
cleavage from the excited triplet state, generating two radical 
fragments that immediately react with methacrylate groups 
to initiate crosslinking.99,100 The most widely utilized type I 
compounds in hydrogel research are 2,2’-azobis[2-methyl-
N-(2-hydroxyethyl)propionamide (VA-086), 2-hydroxy-
4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 
2959), 2,4,6-trimethylbenzoyl diphenyl phosphine oxide 
(TPO), germanium-based photoinitiator, and lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP). Due 
to its low cytotoxicity and non-immunogenicity, Irgacure 
2959 is used in many UV-cured hydrogels. However, its 
applicability is limited due to its low solubility. In contrast, 
LAP is highly soluble in water and can be activated even 
under visible-light irradiation (405 nm). This photoinitiator 
enables the fabrication of hydrogel constructs with high 
cell viability.98

Type II systems operate via a fundamentally different 
bimolecular pathway. Rather than undergoing direct 
cleavage, the excited initiator reacts with a co-initiator 
molecule (e.g., a tertiary amine, thiol, or alcohol) by hydrogen 
abstraction or electron transfer, yielding an active initiating 
radical on the co-initiator and a non-initiating ketyl radical 
on the photoinitiator.100 This bimolecular mechanism is 
inherently slower and less efficient than type I cleavage. 
Furthermore, the presence of co-initiators introduces 
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additional concerns related to the cytotoxicity and surface 
migration of unreacted species.100,101 Nevertheless, type 
II systems can be designed for activation at visible-light 
wavelengths, making them more compatible with living 
cells and applicable to pigmented or optically complex 
media, in which UV penetration is limited. Riboflavin 
(vitamin B2), eosin Y (EY), boron dipyrromethene 
(BODIPY), and tris(2,2-bipyridyl) dichlororuthenium (II) 
hexahydrate (Ru(bpy)₃²⁺) are representative visible-light 
photosensitizers used in such systems, all noted for high 
biocompatibility.98 Vitamin B2, an endogenous molecule 
in the body, can initiate polymerization by generating 
free radicals under blue light (444 nm). Its advantage is 
high cytocompatibility and low toxicity; however, its slow 
curing time has prevented widespread use in bioprinting.102 
Eosin Y (EY), while not fast enough alone to generate free 
radicals for bioprinting, is water-soluble and absorbs green 
light (515 nm). However, when used with co-initiators such 
as triethanolamine (TEA), it can provide a faster reaction 
and higher cell viability. Previous studies have shown that 
it forms tighter crosslinked networks than UV-activated 
initiators.102,103 Similarly, rose bengal activated by green light 
(520–550 nm) is regarded as a cell-friendly photoinitiator 
because of its low toxicity and responsiveness to visible-

light irradiation.82 Ru(bpy)₃Cl₂ activated at 452 nm visible-
light reacts with sodium persulfate (SPS) to generate sulfate 
radicals that initiate free-radical chain polymerization 
or thiol-ene photocrosslinking.82,102 Overall, type II 
photoinitiators are attractive for bioprinting because of 
their efficient activation under visible-light irradiation 
and generally superior biocompatibility compared with 
conventional UV-activated systems.82

To further improve the safety and performance of 
biomedical DLP bioprinting, photoinitiators with higher 
initiation efficiency, capable of operating under visible 
light, lower reactive oxygen species (ROS) production, 
and lower cytotoxicity, are continuously being developed. 
Therefore, research efforts have recently focused on 
the development of novel photoinitiators. Among the 
currently available systems, LAP, eosin Y, riboflavin 
(vitamin B2), and Ru(bpy)₃²⁺ are the most widely 
investigated photoinitiators for bioprinting. In addition, 
boron dipyrromethene (BODIPY), 2,4,6-trimethylbenzoyl 
diphenyl phosphine oxide (TPO), and germanium-based 
photoinitiator derivatives have emerged as promising 
candidates for future clinical applications.104-106 BODIPY 
photoinitiators are activated at low light intensities with 
a high molar extinction coefficient in a wide wavelength 

Figure 8. General reaction mechanisms of type I and type II photoinitiators. Type I initiators undergo direct α-cleavage from the excited triplet state (T₁) 
to generate two reactive radicals (R₁• and R₂•). Type II initiators require a co-initiator (D-H), and the T₁ state abstracts a hydrogen atom or undergoes 
electron transfer to yield a non-initiating ketyl radical (PI-H•) and an active initiating radical (D•). 
Abbreviations: hν: Incident photon energy; S₀: Ground state; S₁: First excited singlet state; T₁: First excited triplet state. Created by the authors using 
PowerPoint. 
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range of 300–650 nm. Their activation under long-
wavelength irradiation rather than UV irradiation makes 
them promising alternatives for cell-laden hydrogels, as 
they minimize photodamage to cells and biomolecules.105 
TPO is a highly appropriate photoinitiator for DLP 
printing, as it offers high quantum efficiency and facilitates 
rapid polymerization within the 365–405 nm light range.106 
Germanium derivatives have low toxicity and are activated 
in the 405–450 nm visible-light region. They provide high 
radical generation efficiency and deep light penetration, 
thereby improving the resolution and printing efficiency of 
DLP bioprinting through rapid curing.104 However, despite 
their considerable potential, these photoinitiators remain 
expensive and are still largely confined to laboratory 
research, requiring further evaluation of long-term 
cytocompatibility, scalable manufacturing, and regulatory 
approval before clinical translation. Therefore, selecting 
an appropriate photoinitiator is a key step in developing 
ALMA bioinks for DLP applications.

5.4.2. UV exposure time

The UV exposure time is an important parameter in the 
photopolymerization process of ALMA curing, directly 
affecting the degree of crosslinking of methacrylate 
groups and, in turn, the mechanical properties and pore 
structure.71 The relationship between light exposure and 
curing depth is commonly described with Jacobs’ curing 
equation. Jacobs’ curing equation is Cd=Dp ln(E0/Ec), in 
which Cd is the cure depth, Dp is the penetration depth, 
E0 is the surface exposure energy, and Ec is the critical 
exposure energy.107 As the exposure dose is raised, the 
curing depth also rises until the intended polymer network 
is achieved. Although the Jacobs’ equation estimates 
curing depth based on exposure energy, it does not predict 
cell viability. A more comprehensive dose-response model 
has been proposed for photoactive hydrogels. This model 
links irradiation wavelength, intensity, and duration to the 
creation of hydrogel networks and, in turn, cell survival. It 
offers a flexible basis for predicting cell viability in ALMA-
based DLP systems, minimizing the need for extensive 
testing of every parameter combination.108

UV exposure must be carefully optimized because 
insufficient UV exposure leads to incomplete crosslinking 
of the network, whereas excessive exposure can cause 
undesirable results, such as over-hardening, increased 
brittleness, and cell damage. Experimental evidence has 
shown this relationship in systems involving photocurable 
hydrogels. For example, in PVAMA microneedles, 
extending the exposure duration from 30 s to 50 and 
then to 70 s led to a gradual enhancement in both the 
compressive strength and hardness. This change alters 
the polymer network from a flexible, viscoelastic form to 

a stiff, glass-like structure that can penetrate the human 
skin.109 Similarly, the ALMA hydrogels exhibited an 
increase in stiffness with extended UV exposure. However, 
the viability and proliferation of cells progressively 
decreased with increased irradiation time.110 In another 
study, mesenchymal stem cells within a photocrosslinked 
GelMA hydrogel maintained approximately 75% viability 
after 4 minutes of irradiation. Viability decreased slightly 
to approximately 72% after 10 minutes, demonstrating 
a gradual reduction in cell survival as the exposure time 
increased.111 On the other hand, the presence of unreacted 
substances after polymerization, particularly residual 
monomers, photoinitiators, and additives, can increase the 
cytotoxicity of the material. When curing is insufficient, 
these unreacted harmful monomers and photoinitiators 
may leak into the surrounding environment, greatly 
undermining biocompatibility.112,113 In wells fabricated 
from PEGDA containing A549 lung epithelial cells, cell 
viability was influenced by residual unreacted products. 
This finding underscores the need for extensive curing to 
improve the cytocompatibility.112 However, prolonged UV 
exposure is not ideal because it can directly damage the 
encapsulated cells.

The UV wavelength also influences the mechanical 
properties; for example, UV-A (390 nm) light produces 
a softer and more flexible structure, whereas UV-C (260 
nm) light contributes to the formation of a more rigid 
network.114 In parallel, it has been reported that bioink 
formulations containing ALMA and PEGDA can achieve 
maximum photocrosslinking with gelation times of less 
than 2 minutes. This result indicates that incorporating 
a co-crosslinker such as PEGDA can markedly shorten 
gelation time relative to ALMA alone.71 These findings 
indicate that, in ALMA hydrogel systems, UV exposure 
time and wavelength should be optimized to achieve the 
desired structural and biological properties.

5.4.3. Rheological properties

In ALMA hydrogel development, the rheological properties 
of the bioink are important parameters that affect both the 
physical and biological characteristics of the hydrogel. 
These properties help determine the viscoelastic behavior 
and gelation kinetics of the bioink during printing and 
predict its printability.77 The viscoelastic characteristics of 
the material are quantified by storage modulus (G’) and 
the loss modulus (G’’), which correspond to solid- and 
liquid-like behaviors, respectively. When G’ is higher than 
G’’, the material exhibits the elastic characteristics of the 
developing structure.77,115 The point at which the loss and 
storage moduli intersect is commonly used to identify the 
sol-gel transition.77 Identifying this crossover is essential 
for optimizing the light exposure time required to crosslink 
hydrogels under UV illumination.15 
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In DLP-based 3D printing, it is important for ALMA 
bioinks to maintain adequate fluidity at elevated shear rates. 
An excessively viscous bioink results in an excessively rigid 
structure, whereas an insufficiently viscous bioink fails to 
retain its shape after printing. The attainment of shear-
thinning characteristics also decreases the mechanical 
stress imposed on cells during cell printing, thereby aiding 
in the preservation of cell viability.15,77 Alginate-based 
systems exhibit shear-thinning behavior, in which their 
viscosity decreases as the applied shear rate increases. 
This attribute enables the bioink to flow smoothly through 
narrow needles at low pressures.15,116 In addition to shear-
thinning properties, ALMA should exhibit a yield stress to 
maintain its structural integrity and prevent deformation 
under the weight of layers applied during printing.116 
However, alginate-based bioinks have some disadvantages, 
such as low-resolution printing and low viscosity. Owing 
to their viscous flow behavior, which causes printed 
structures to spread, alginate solutions alone cannot 
form stable 3D structures.117 Although alginate solutions 
prepared at high concentrations can achieve sufficient 
viscosity, this characteristic leads to nozzle clogging in 
extrusion-based 3D printers. To overcome this problem, 
pre-crosslinking has been applied to low-concentration 
alginate solutions using ionic crosslinking.61 This parameter 
increases the viscosity of the alginate and improves its 
structural integrity. In addition, a hydrogel microparticle 
(HMP)-based pre-crosslinking approach has been shown 
to improve the print quality of ALMA-based inks.118 
Furthermore, blending ALMA with biopolymers such as 
GelMA, silk fibroin, collagen, and carboxymethylcellulose 
(CMC) has been reported to improve print quality and 
structural stability.77,119,120 Higher concentrations can be 
used for 3D DLP printing because of the absence of nozzle 
clogging problems, whereas post-printing settling occurs 
at lower concentrations. To work at lower concentrations, 
DS optimization, binary crosslinking strategies, and 
blending strategies with other biopolymers can be applied 
to improve structural stability and print quality. Studies on 
successful 3D DLP printing have not reported standard 
rheological properties. This is because the printing 
capability of DLP depends not only on the viscosity and 
rheological properties, but also on the light duration, 
penetration, and photoinitiator activity. Reliable printing 
can be achieved with a relatively low-viscosity formulation 
with shallow light penetration and high photoinitiator 
efficiency, similar to a high-viscosity formulation with slow 
curing kinetics. Therefore, it is not possible to determine 
the optimum rheological properties of a formulation 
without considering all the aforementioned parameters. 

6. Biomedical applications of ALMA 
hydrogels
The derivation of ALMA from seaweed offers both lower 
cost and environmental sustainability advantages compared 
to many hydrogels, especially in terms of clinical scaling. 
ALMA hydrogels exhibit an adjustable DS ratio and the 
ability to regulate features such as swelling, degradation, 
and mechanical properties to suit the intended application. 
These materials have been considered for use in several 
biomedical applications (e.g., wound healing, drug delivery, 
and tissue engineering). The most important condition for 
these applications is that the materials are biocompatible. 
ALMA hydrogel can be produced as a cell-free scaffold, or, 
depending on the intended application, cells can be added 
to the ALMA ink before printing to produce hydrogels. 
Tissue engineering and vascular and neural applications 
often rely on the production of cell-embedded biomaterials, 
in which the cells are homogeneously distributed in the 
bioink and photoencapsulated during DLP printing. For 
drug delivery and wound healing applications, ALMA is 
printed in a cell-free manner. Biological activity is derived 
from either the encapsulated therapeutic agent or the host 
tissue, rather than from the printed cells.

6.1. Tissue engineering

ALMA provides multidimensional contributions to tissue 
engineering as a 3D scaffold material. By conjugating 
RGD peptides, heparin analogs, or cell-binding ligands 
to ALMA chains, the materials can be transformed into 
biointeractive structures that support cell proliferation 
and differentiation. Tissue engineering enables the 
production of cell-loaded 3D biomaterials that closely 
replicate native tissue architecture and environment.121 For 
tissue engineering applications, cells are homogeneously 
dispersed into ALMA ink prepared in the dark to form the 
hydrogel. These biocompatible systems have been used to 
create 3D models of several organs, including the heart, 
kidneys, lungs, nerves, muscles, cartilage, skin, and liver. 
Compared with two-dimensional systems, these structures 
possess superior geometry and exhibit biomimetic behavior 
that more closely matches that of living tissues.121,122 

ALMA functions as a biomimetic ECM-like material that 
supports cell adhesion, proliferation, and differentiation. 
Its mechanical versatility makes it suitable for a range of 
applications, from soft to hard tissues.14 Photocrosslinked 
alginate hydrogels exhibit mechanical properties up 
to seven times those of their ionically crosslinked 
counterparts, while more faithfully replicating ECM-like 
microenvironments.11 Dual-crosslinked AEMA-modified 
alginate microbeads have demonstrated significantly 
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enhanced in vivo stability, maintaining structural integrity 
for three weeks in rat implantation models, whereas 
unmodified alginate constructs deteriorated within the 
first week.60 However, photocrosslinked alginate hydrogels 
degrade more slowly in vivo than in vitro, which may limit 
certain applications.123 

The self-healing limitations associated with the 
avascular nature of cartilage make ALMA-based hydrogels 
an attractive option for cartilage repair.124 ALMA can be 
tuned to balance stiffness and elasticity, producing scaffolds 
that withstand cyclic loading in a joint environment.59 

6.2. Vascular and neural applications

The integration of ALMA with microfluidic platforms 
and 3D bioprinting provides opportunities for in vitro 
modeling of vascular channels and complex neural 
networks. In vascular tissue engineering, ALMA 
microfibers fabricated using coaxial pressure nozzles create 
permeable microchannels. These microchannels enable 
the transport of oxygen and nutrients to the tissues.49,67 
ALMA hydrogels are considered biomaterials that support 
neural cell adhesion and orientation because of their 
tunable mechanical features and capability to be produced 
at the microscale with high resolution. Optimizing the 
surface and structural properties of ALMA hydrogels can 
improve neural cell interactions and facilitate the use of the 
materials for nerve tissue engineering applications.59 

6.3. Drug delivery

UV curable and covalently bonded 3D ALMA hydrogels 
can be modified to provide controlled release functionality 
for drug delivery applications. For example, the drug release 
properties of doxorubicin-loaded ALMA hydrogels and 
dual crosslinked ALMA hydrogels with CaCl2 have been 
investigated. Single ALMA hydrogels loaded with a higher 
amount of drugs were associated with a faster release; in 
contrast, double-crosslinked ALMA hydrogels loaded with 
fewer drugs were associated with slower release kinetics.125 
This finding suggests that the drug release properties of 
ALMA can be modified to suit the targeted treatment 
by adjusting crosslinking density. In another study, 
doxorubicin-loaded ALMA hydrogels were evaluated in a 
cancer-mimicking microenvironment; the release of 85% 
of the encapsulated drug over six days was reported [73]. 
ALMA hydrogels can adapt to and respond to stimuli in 
biological media. For orally administered medications that 
need protection from the gastric environment, ALMA 
hydrogels are noted to constrict in the gastric environment 
to protect the drug during delivery to the intestine and 
then expand again at intestinal pH to enable the release of 
the drug.126 

6.4. Wound healing

ALMA hydrogels maintain a moist wound environment, 
facilitating cell adhesion and promoting tissue regeneration 
during wound healing. Additionally, these hydrogels 
enable the controlled release of medications at the wound 
region and can be employed alongside antibacterial agents 
to mitigate the risk of infection.127,128 Furthermore, ALMA 
can be used effectively for sutureless wound closure. For 
this purpose, a mixture of ALMA and a photoinitiator 
liquid solution, prepared in a dark environment, rapidly 
forms a gel when injected into the wound under appropriate 
conditions and exposed to UV light. The use of ALMA in 
combination with an argon laser can shorten surgery time 
and reduce the risk of complications. Additionally, ALMA 
hydrogels exhibit over 80% light transmittance, allowing 
for the noninvasive monitoring of wound healing, thus 
preserving the integrity of the newly formed tissue.76 

7. Current challenges and future 
perspectives
Efforts involving ALMA-based DLP bioinks are currently 
focused on the optimization phase of bioink formulation 
and printing parameters. These laboratory-scale studies 
must be reproducible and clinically validated before 
large-scale production. The sensitivity of ALMA bioinks 
to processing conditions poses a significant challenge. 
Variations in alginate type, methacrylation method, DS, 
photoinitiator type, and light exposure can affect the 
printing capability and final mechanical and biological 
properties of the structure. Therefore, the standardization 
of material preparation and printing conditions is 
important to improve repeatability. To overcome 
these challenges, predictive systems such as artificial 
intelligence (AI) and machine learning (ML) have begun 
to replace trial-and-error approaches. In the design 
phase of materials, such as artificial organs and tissues, 
ML can predict structural performance under different 
conditions by optimizing material geometry. In addition, 
mechanically enhanced structures are printed by saving 
material through the optimization of design geometry.129 
For example, in a DLP-based 3D printer working with 
the vat polymerization principle, the problem of pixel-
induced jagged edges during printing is minimized by 
applying hybrid ML.82,130 In the realm of bioprinting, AI 
enhances the quality of prints by optimizing the process, 
enabling real-time monitoring, and employing predictive 
modeling to increase efficiency129 and the print time is 
shortened without compromising quality.82 While the 
limited interpretability of many ML models remains a 
challenge for clinical translation, AI-driven approaches are 
becoming important for developing autonomous, efficient, 
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and reliable bioprinting systems.129 The application of 
these predictive strategies to DLP formulations that 
utilize ALMA requires further exploration in future 
studies. Beyond advances in AI, standardization is equally 
important for comparing the results of different studies and 
facilitating their translation into clinical practice. Future 
studies should develop standardized protocols for material 
characterization, printing performance, mechanical testing, 
cytocompatibility, and reproducibility in accordance with 
ASTM and ISO guidelines. In 2024, the ASTM published 
bioink guidelines offering recommendations for cell-based 
or cell-free bioinks.131 However, these guidelines address 
only extrusion-based bioprinting, and an equivalent 
standard specifically covering vat photopolymerization 
processes has not yet been established. In addition to 
technical standardization, regulatory considerations are 
a significant challenge. From a regulatory perspective, 
photocurable bioinks are evaluated as part of the final 
medical device rather than as stand-alone biomaterials. To 
date, no photocrosslinkable bioink, including ALMA, has 
received FDA approval for cell-laden applications in the 
biomedical field.132,133 Instead, the FDA assesses the safety 
and performance of the completed device in its intended 
clinical application.81,133 Although photocurable resins 
have been approved for applications such as dental devices 
and surgical guides, no comparable regulatory pathway 
currently exists for soft cell-encapsulating bioinks. As 
such, advancing ALMA-based bioinks for preclinical and 
clinical use will require comprehensive quality assurance 
throughout the entire manufacturing workflow, including 
alginate extraction, chemical modification, sterilization, 
photo-curing, and post-printing biological evaluation.

8. Conclusions 
The fabrication of ALMA hydrogels via DLP involves 
three distinct stages: seaweed-based alginate extraction, 
methacrylation, and light-driven 3D printing, each 
introducing variables that influence the properties of 
the final product. The molecular weight, viscosity, and 
the M/G ratio of alginate are not inherent constants of 
the material; they result from various biological and 
processing choices, such as brown seaweed species, 
location, harvest season, and the extraction technique 
used. These variables affect the methacrylation efficiency 
and, ultimately, the mechanical and degradation properties 
of the 3D DLP-printed ALMA hydrogel. Methacrylation 
with different agents provides researchers with meaningful 
control over crosslink density, swelling, and stiffness. DLP 
printing enhances the capabilities of ALMA systems. 
Its ability to achieve high spatial resolution and in situ 
curing is challenging to replicate using extrusion or ionic 
gelation techniques. However, even minor changes in 

the rheological properties of the bioink or photoinitiator 
concentration can compromise layer adhesion or introduce 
cytotoxic residues. Previous studies have confirmed 
the utility of individual bioink components without 
rigorously examining their interactions. Addressing this 
gap is a critical priority for future research on the 3D DLP 
fabrication of ALMA hydrogels. Establishing protocols 
that carefully monitor a single batch from the initial 
extraction of alginate through methacrylation to the final 
DLP printing output, while assessing the impact of each 
procedural step, will considerably improve bioink design. 
From a biological perspective, the differences between the 
in vitro and in vivo degradation rates of photocrosslinked 
ALMA remain poorly understood, limiting the reliable 
translation of scaffold designs to animal and clinical models. 
Future efforts in this area will involve treating extraction, 
methacrylation, and DLP fabrication as a cohesive process, 
in which each choice is linked to a biological or mechanical 
outcome rather than as separate stages. 
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