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a b s t r a c t 

Alginate methacrylate (ALMA) hydrogels have been prevalently used in various biomedical applications, 

mainly due to their photocrosslinking ability. Not only this feature allows the formation of cell-laden 

hydrogels, but it also facilitates the fine-tuning of hydrogels’ physical attributes such as mechanical prop- 

erties, pore size distribution, and degradation rate. In the past decade, various modifications were applied 

to ALMA hydrogels to amend their physiochemical and biological properties to enhance their perfor- 

mance in tissue engineering applications. Moreover, the advent of microfabrication technologies further 

expanded the horizon of ALMA hydrogels by facilitating the fabrication of microstructures with controlled 

architecture. Remarkably, these improvements opened up new avenues in biomedical research to study 

cell-cell interactions and cell morphogenesis in response to microstructural cues. Aside from that, ALMA 

hydrogels were successfully used for the regeneration of multiple tissues, including bone, cartilage, and 

muscle, among others. Given the current state of research on ALMA hydrogels, it is timely to map the 

evolution of these hydrogels and review the collective work on this topic. Herein, we have provided an 

extensive review of ALMA-based hydrogels covering a broad spectrum of issues on this topic, including 

synthesis methods, tuning of physical properties, organic/inorganic composites, microfabrication, and tis- 

sue engineering applications. Lastly, future directions regarding the application of ALMA-based hydrogels 

in developing advanced materials and technologies are discussed. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

In 1987 Stevenson & Sefton grafted hydroxyethyl methacrylate 

nto an alginate backbone via γ -radiation and used this for micro- 

ncapsulation of red blood cells [1] . This work was the beginning 

f a new era in which alginate became the forefront of hydrogels 

or biomedical applications. As a matter of fact, alginate has been 

ong known for its excellent biocompatibility and its capability to 
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o under crosslinking in the presence of divalent cations [2–6] . Yet, 

espite all its glory, ionically crosslinked alginate hydrogels suf- 

ered from some major drawbacks that were detrimental to their 

nsuing biomedical application. For example, gelation of alginate 

ith divalent cations is a poorly controlled interaction that could 

ield hydrogels with an inhomogeneous pore size distribution [7] . 

oreover, these hydrogels have limited long-term stability in phys- 

ological conditions due to the release of divalent cations into the 

urrounding media [8] . This prompted researchers to introduce al- 

ernative crosslinking mechanisms to produce alginate hydrogels, 

ainly with the purpose of obtaining a level of spatiotemporal 

ontrol. In the beginning, graft polymerization of vinyl monomers 

such as methyl acrylate, methyl methacrylate, hydroxyethyl 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.apmt.2021.101150
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
http://creativecommons.org/licenses/by/4.0/
mailto:meme@mek.dtu.dk
https://doi.org/10.1016/j.apmt.2021.101150
http://creativecommons.org/licenses/by/4.0/


M. Hasany, S. Talebian, S. Sadat et al. Applied Materials Today 24 (2021) 101150 

Fig. 1. Schematic illustration shows ALMA-based hydrogels’ preparation process 

that provides a tunable platform for diverse tissue engineering applications. 
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ethacrylate, dimethylaminoethyl acrylate) onto the alginate back- 

one was exercised. This approach relied on the implementation 

f an oxidizing agent or γ -irradiation to create a chain scission on 

he alginate backbone, which can be subsequently used as an an- 

horing point for graft polymerization on vinyl monomers [9] . Even 

hough this technique allowed covalent crosslinking of alginate, it 

roduced a high level of vinyl homopolymers that inevitably added 

xtensive dialysis and purification steps to the procedure. Also, the 

hain scission of the alginate backbone deteriorated the mechani- 

al properties of the resultant. Consequently, the second generation 

f alginate hydrogels was introduced, which could achieve gelation 

pon argon-ion laser or ultraviolet irradiation [10] . This work tar- 

eted methacrylate substitution for the secondary alcohols in algi- 

ate via anhydride chemistry. This allowed for the in-situ forma- 

ion of alginate hydrogels upon photopolymerization in the pres- 

nce of a photo-initiator. Remarkably, this technique conferred spa- 

iotemporal control over gelation of alginate hydrogel, made possi- 

le by adjusting the incident beam coordinate, intensity, and ex- 

osure duration [11 , 12] . Despite the evaluation of this approach 

o the formation of alginate methacrylate, limited control over the 

ate of biodegradation and brittleness remained issues [13] . As a 

esult, the third generation of alginate hydrogels that involves the 

ddition of secondary polymers or nanomaterials to the hydrogel 

atrix has been developed ( Fig. 1 ) [14–16] . Concomitantly, the ad- 

ent of microfabrication and 3D bioprinting technologies has fur- 

her propelled the application of these hydrogels in the field of 

issue engineering [17 , 18] . 

Clearly, remarkable progress has been made in ALMA hydro- 

els throughout the past couple of decades. Thus it is essential 

o scrutinize a series of pertinent questions to gauge the evolu- 

ion of these hydrogels. Particularly, one might question (i) what 

re the common approaches for synthesis and characterization of 

LMA hydrogels?, (ii) how to fine-tune degradation and mechani- 

al properties of ALMA hydrogels?, (iii) what are microfabrication 

echniques that have been applied to ALMA hydrogels?, and lastly 

iv) what are some of the biomedical applications of ALMA hydro- 

els? Herein, we provide a comprehensive review of the literature 

n ALMA hydrogels to provide answers to the above questions and 

mphasize the importance of this hydrogel in the future develop- 

ent of artificially engineered tissues. 
2 
. Synthesis and characterization of methacrylated alginate 

Alginates are linear polysaccharides that contain β-d- 

annuronic acid (M-blocks) and α-l-guluronic acid (G-blocks) 

esidues linked via 1,4-glycosidic bonds to form polymeric chains 

 Fig. 2 ). These anionic polysaccharides are commonly derived from 

eaweed or bacterial biosynthesis using gram-negative bacteria 

Azotobacter and Pseudomonas sp.) [19] . Alginate hydrogels can 

orm through ionic crosslinks between the carboxylic acid moieties 

nd divalent cations such as Ca 2 + . The physical and mechanical 

roperties can tune by changing the cation concentration and 

xposure time. However, ionically cross-linked alginate hydrogels 

an be toxic to cells at high Ca 2 + concentrations and have limited 

obustness due to low elasticity and brittleness. Additionally, 

t is not easy to control the swelling and degradation rate of 

onically cross-linked alginate systems that are crucial parameters 

ontrolling tissue ingrowth and cell migration [20 , 21] . Alginate 

ethacrylate (ALMA), which is also frequently referred to as 

ethacrylated alginate and alginate methacrylamide in literature 

y different authors, has been widely used to produce gels for 

se in biomedical fields [21 , 22] . In general, methacrylated algi- 

ate is synthesized by chemical modification of its carboxyl or 

ydroxyl groups with methacrylate groups ( Fig. 2 ) [21–24] . ALMA 

ydrogel is then formed through free radical polymerization of 

he methacrylate groups with the addition of a photoinitiator and 

ow-level ultraviolet light [21] . Overall, different chemicals and 

ethods have been used for the synthesis, preparation, and char- 

cterization of ALMA, which we will summarize in the following 

ections. 

.1. Modification with 2-aminoethyl methacrylate 

Currently, the most widely employed method for the 

unctionalization of alginate with methacrylate groups is to 

ctivate the carboxyl groups of alginate with 1-ethyl-3-(3- 

imethyl aminopropyl)-carbodiimide hydrochloride (EDC)/N- 

ydroxysuccinimide (NHS) with subsequent conjugation with 

-Aminoethyl methacrylate hydrochloride (AEMA) ( Fig. 2 a) 

20 , 21 , 25] . An advantage of this functionalization strategy is that 

ifferent degrees of methacrylation can be obtained by adjusting 

he quantity of AEMA to the reaction mixture, ultimately resulting 

n ALMA with different physical and mechanical properties [21] . 

he methacrylation degree is defined according to the percentage 

f the carboxyl groups in alginate substituted with methacrylate 

roups [21] . It can be determined using proton nuclear mag- 

etic resonance ( 1 H NMR) spectroscopy. For example, Jeon et al. 

21] synthesized ALMA hydrogels from starting materials with 

ifferent degrees of substitution (4.15, 7.60, 13.82, and 25.23%) 

sing various amounts of AEMA. The resultant hydrogels have 

ifferent physical and mechanical properties, with a higher degree 

f methacrylation ( ∼25.23%) in a higher compressive modulus ( ∼
74.77 KPa), slower swelling kinetics, and smaller pore sizes[21]. 

he mechanical properties can therefore be regulated according 

o the target tissue. Additionally, ALMA hydrogels’ physical and 

echanical properties can be fine-tuned by simply altering the 

LMA mass/volume fraction, photoinitiator concentration, and UV 

xposure time or intensity. This approach can also be applied 

o methacrylate oxidized alginate via chemical modification of 

arboxyl groups on the chains of oxidized alginate for further 

uning biophysical and mechanical properties of these hydrogels 

25] . Also noteworthy, with this approach remaining carboxylic 

cid functional groups along the methacrylated alginate or oxi- 

ized methacrylated alginate (OMA) backbone allows for covalent 

inding of cell adhesive moieties, for example, the RGD peptide 

hrough carbodiimide chemistry [20 , 26] . Although this method 

as shown promise in the synthesis of methacrylate alginates, the 
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Fig. 2. Overview of different methods of ALMA p reparation. (a) Modification with 2-aminoethyl methacrylate, (b) Modification with methacrylic anhydride, and (c) Modifi- 

cation with glycidyl methacrylate. 
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hemicals used in this synthesis method are relatively expensive 

han other modification methods. 

.2. Modification with methacrylic anhydride 

Modification with methacrylic anhydride is one of the most 

ommon, simple, and cost-effective methods for incorporating 

ethacrylate groups in various biopolymers. Indeed, methacrylic 

nhydride can be simply polymerized or grafted because its molec- 

lar structure has a carbon-carbon double bond, enabling it to un- 

ergo radical-initiated addition reactions [27] . As shown in Fig. 2 b, 

ydroxyl groups in the alginate structure make it easy to di- 

ectly attach the methacryloyl groups from methacrylic anhydride 

o these hydroxyl groups. As an example of this possibility, Chou 

t al. synthesized ALMA via the direct reaction of alginate with 

ethacrylic anhydride in deionized water with a pH 8 at 4 °C [22] .

o increase the reaction efficiency, this process is typically per- 

ormed in a slightly alkaline environment. It is noteworthy that the 

H should not be so high as to induce hydrolysis of the ester [28] .

fter 24 h of mixing, the product solution needs to be dialyzed for 

–3 days to remove unreacted methacrylic anhydride. Then, The 

nal product is obtained by the lyophilization process. 

Different methacrylation degrees can accomplish this approach 

y adjusting the amount of methacrylic anhydride in the reaction 

ixture [22] . Moreover, the rate of methacrylic anhydride addition, 

gitation speed, reaction temperature, pH, and other mixing condi- 
3 
ions may have some particular effects on the dispersion and reac- 

ion quality and, therefore, on the methacrylation degree in the fi- 

al product. However, the maximum achieved degree of methacry- 

ation and the mechanical properties of the final product when us- 

ng methacrylic anhydride is lower than 2-aminoethyl methacry- 

ate. Noteworthy, free carboxyl groups on ALMA, which are unused 

n this method, enable various chemical functionalization schemes 

or further downstream applications. 

.3. Other modification methods 

Carboxyl or hydroxyl groups on alginate can also be substi- 

uted with methacryloyl groups by reacting alginate with glycidyl 

ethacrylate (GMA) or methacryloyl chloride [24 , 29 , 30] . In gen- 

ral, two reaction mechanisms can be expected to occur through 

he modification of alginate with GMA ( Fig. 2 c): (i) reversible 

ransesterification through the hydroxyl groups of the alginate and 

ii) irreversible epoxide ring-opening mechanisms through the car- 

oxylic acid groups [24 , 31] . Both mechanisms depend on pH, reac- 

ion time, and the chemical nature of the solvent. Typically, when 

he reaction is processed in the alkaline solution with a short re- 

ction time, a transesterification reaction can be performed. Since 

his reaction’s stability is highly pH-sensitive, hydrogels’ physical 

nd mechanical properties obtained by such a reaction might be 

herefore sensitive to pH variations. In an acidic solution with pro- 

onged reaction times, the epoxide ring-opening mechanism would 
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Fig. 3. The most common strategies employed to improve the physical properties 

of hydrogel structures. These manipulations that are applied before making a hy- 

drogel network often impact their final chemical and biological characteristics. For 

example, ALMA pregel can be crosslinked dually using UV irradiation and divalent 

ions, which improves the hydrogel mechanical properties and affect cellular behav- 

ior. Red and blue dots represent crosslinking sites created using different crosslink- 

ers. Blue lines show polymeric chains of a new polymer that can be added to the 

primary pregel rendering a biocomposite. Line segments in purple represent chem- 

ically modified monomers. Orange disks demonstrate nanoparticles, for example, 

laponite as a 2D nanomaterial (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.). 
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e predominant over the transesterification mechanism. Notably, 

oth reaction mechanisms may coincide if reaction time and pH 

re not controlled [31] . Though there have been some studies on 

ynthesized ALMA hydrogels with GMA, the mechanisms underly- 

ng this process and the effect of different mixing conditions on 

he properties of the resulting ALMA hydrogels have not been in- 

estigated in detail, which may be considered in further optimiza- 

ion studies. 

. Tuning degradation rate and mechanical properties of ALMA 

ydrogels 

To be employed in a wide range of biomedical applications, it 

s required for biomaterials to be tailorable in many aspects. Phys- 

cal properties, including degradability, swelling rate, and mechan- 

cal strength, are important to line up a biomaterial for a particu- 

ar application in the biomedical field. Physical properties of many 

iopolymers can be fine-tuned for the desired purpose by changing 

heir molecular weight [32] , crosslinking density [21 , 22 , 25 , 33 , 34] ,

repolymer concentration [22 , 25 , 33] , as well as manipulation of 

heir monomers [25 , 33] , using biodegradable crosslinkers or com- 

lementary biopolymers, and nanomaterials [15 , 21 , 34–38] . Fig. 3 

hows a schematic of the most common strategies used to improve 

ydrogel physical properties. In a similar vein, for methacrylated 

lginate-based hydrogels, a handful of strategies has been offered 

o fine-tune their physical properties. 

Among the strategies applied on ALMA networks, the most 

ommonly used one is to oxidize a number of ALMA monomers 

r simply mix oxidized alginate with unmodified ALMA hydrogels. 

nother method that relies solely on ALMA polymeric network 

s to employ divalent ions to form a dually crosslinked hydrogel. 

hese two strategies are discussed in the 3.1 and 3.2 sections. An- 

ther approach includes incorporating other biopolymers to intro- 

uce new bonds and biological activities to the pristine hydrogel 
4 
etwork, which creates a hydrogel system with new functionali- 

ies and properties. These auxiliary bondings, along with the pho- 

ocrosslinking and ionic bonds, are illustrated in Fig. 4 . These poly- 

ers and the effect of introducing new bondings on ALMA-based 

ydrogels are discussed in the following sections. Then, the stud- 

es that investigated the incorporation of nanomaterials into ALMA 

olymeric networks will be reviewed. 

.1. Oxidized methacrylated alginate 

One of the common approaches to change saccharide-based 

iopolymers’ physical properties is to oxidize their monomers to 

he required extent. For example, unmodified alginate hydrogel 

resents a very low degradation rate in vivo −ranging from months 

o years for its total degradation). It may not be suitable for many 

iomedical applications [25] . Since this unfit trait of alginate is at- 

ributed to the fact that its structural unit can not be degraded 

nzymatically in vivo . Therefore, some studies have tried to con- 

rol the degradation rate of the alginate backbone via the oxida- 

ion of uronate residues to dialdehyde groups before crosslinking 

39 , 40] . Similarly, for ALMA hydrogels, the Alsberg group reported 

hat 44% oxidation of ALMA caused a 90% higher mass loss over 

2 h when compared with a sample with 9% oxidation [25] . This 

egradation tunability was employed to control the mechanical 

roperties and degradation rate of other methacrylated biopoly- 

ers [41] . The introduction of aldehyde groups was also shown 

o offer more swellable ALMA hydrogels, albeit before the weight 

oss rate surpassed water uptake [25] . As expected, this modifica- 

ion made ALMA hydrogels mechanically less robust so that storage 

odulus decreased by about 80% when the degree of percentage 

xidation was increased from 9 to 20% [25] . 

Although these observations have been attributed to the higher 

ydrolytic and enzymatic degradation of the oxidized groups 

42 , 43] , it should be noted that these properties changes are also 

trongly related to the decreased molecular weight of polymeric 

tructures caused by chemical modifications; which can be prob- 

ematic in some cases. For example, the extensive chemical modi- 

cations needed for alginate oxidation lower the molecular weight 

nd reduce its rheological properties than that of intact alginate 

43] . Of the rheological characteristics of a biomaterial, a prepoly- 

er solution’s viscosity is of high importance as it plays a primary 

ut essential role in many biomedical applications, ranging from 

he low viscosity needed for injectable materials to the moderate 

iscosity required for surgical glue and bioinks. These properties 

ave been shown to be fairly recovered upon making a compos- 

te from different percentages of ALMA and its oxidized form. A 

0% oxidized ALMA’s viscosity increased from less than 0.01 Pa.s 

o about 0.3 Pa.s (30 folds) when mixed with ALMA (50:50). In a 

imilar vein, a 30% oxidized-methacrylated alginate’s storage mod- 

lus increased from 0.01 to 235 Pa when combined with ALMA. 

side from controlling the swelling ratio and degradation rate of 

LMA through its oxidization, this modification can bestow the fi- 

al hydrogel with adhesive properties toward different tissue parts 

43] . This adhesion property is created from the imine and hydro- 

en bonds between the aldehyde groups of the biomacromolecules 

nd the amine groups existing on tissue surfaces [34 , 43] . Accord- 

ngly, the degree of oxidation can be altered to reach the intended 

dhesion properties [44] . An adhesive tissue sealant was developed 

n a study from the blending of oxidized and methacrylated algi- 

ates (50:50), where its adhesion property on collagen substrates 

as evaluated. It was shown that the mode of adhesion failure 

as changed from delamination failure (due to loss of adhesion 

trength) to rupture failure (due to loss of mechanical strength) 

hen the samples contained the oxidized alginate ( Fig. 5 a) [43] . 

Another approach to provide ALMA hydrogels with desired 

roperties is to further modify the oxidized alginate backbone 
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Fig. 4. A schematic demonstration of various bondings in ALMA-based hydrogels. (a) photocrosslinked bonds in ALMA hydrogels, as well as the auxiliary bonding arising 

from (b) ionic crosslinking, (c) Michael addition, and (d) Schiff base reactions. These bondings can be created using UV-Vis light and divalent ions and other additives and 

biopolymers that add other covalent crosslinking to the hydrogel polymeric network. 
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ith functional molecules. For example, for hydrogels developed 

or treating periodontal diseases, it is vital to adhere to a wet en- 

ironment and stay in place during the alveolar bone regeneration. 

o achieve this, in a study aimed at craniofacial bone tissue re- 

eneration, oxidated ALMA hydrogels were further modified with 

opamine and collagen-mimicking RGD peptide [16] . Bestowed by 

opamine molecules decorated on alginate chains, the engineered 

lginate-based hydrogel could firmly adhere to different tissues 

hrough hydrogen bonding even in the presence of saliva and 

lood. Besides the superior control on the hydrogel physiochemical 

roperties such as swelling ratio, degradation rate, and mechanical 

roperties, its adhesion strength on different tissues was demon- 

trated to be tunable through various degrees of dopamine conju- 

ation on oxidized ALMA backbone so that its maximum reached 

bout 120 kPa when tested on porcine skin ( Fig. 5 c) [16] . 

To improve ALMA hydrogels’ mechanical strength and adhesion 

roperties, one of the most prevalent directions is to benefit from 

ther crosslinking methods. Up to now, ionic crosslinking [45 , 46] 

nd Schiff base [34 , 44 , 47 , 48] , and Michael addition [45] reactions

ave been considered to bring about the auxiliary bonds along the 

ovalent methacrylate-network ( Fig. 4 ). 

In the following section, we will review the ALMA hydro- 

els which benefit from ionic crosslinking. Further crosslinking in 

hich other polymers are required to be blended with ALMA form- 

ng a biocomposite will be discussed in the next section. 

.2. Dual-crosslinked methacrylated alginate 

The only studied bonds that can accompany methacrylated 

rosslinking without the addition of any other polymers can 

e formed by ionic crosslinking. The ionic crosslinking is easily 

ormed on the intact portion of guluronate blocks on the ALMA 

ackbone using divalent ions such as CaCl 2 , MgCl 2, or SrCl 2 after 

r before [45 , 46 , 49] . In a recent study, microgels with two sizes

f 7 and 409 μm in diameter, as a supporting bath for 3D bio- 
5 
rinting of scaffold-free bio-inks, were developed from oxidized 

LMA. These microgels showing self-healing property after ionic 

rosslinking allowed free movement of printer nozzle and deposi- 

ion of cell-only bio-inks in a predefined 3D structure. Given that 

LMA-based hydrogels can be dually crosslinked, these microgels 

ere photocrosslinked by the end of bioprinting to support fur- 

her the mechanical stability of 3D bioprinted structures for long- 

erm culture and self-assembly of printed constructs for prospec- 

ive evaluations [49] . 

Given that further crosslinking more inhibits polymeric chains’ 

ovement, it can change several properties of ALMA hydrogels. 

t has been reported that the compressive moduli of the pho- 

ocrosslinked hydrogels were enhanced by about seven kPa after 

urther crosslinking with SrCl 2 [45] . It has also been shown that 

onic crosslinking has a significant impact on elevating shear stor- 

ge and loss moduli of ALMA hydrogels [12] . A lower degradation 

ate and swelling ratio were expected after the ionic crosslinking 

12 , 50] . For example, it has been shown that the ionic crosslink- 

ng of chemically crosslinked ALMA-based hydrogels substantially 

ecreased its swelling ratio (from about 40% to below 10%) [51] . 

owever, cryogels made of ALMA showed lower shrinkage after 

xposure to calcium chloride. This observation has been attributed 

o the limited capacity of highly crosslinked cryogels in accepting 

ore crosslinking [51] . Different types of ALMA-based cryogels and 

heir characteristics and application are discussed in the next sec- 

ions. 

. Polymeric ALMA composites 

As mentioned previously, a common route used to improve dif- 

erent properties of hydrogels is to mix them with other poly- 

ers/fillers to form composites that possess the required func- 

ions. Thus far, several studies have examined ALMA hybrids con- 

aining gelatin, PEG, and other polysaccharides derivatives for dif- 

erent purposes, including the tuning of physical properties and 
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Fig. 5. (a) The observed change in the mode of adhesion failure after using a composite made of oxidized and methacrylated alginates versus ALMA hydrogel alone. This 

adhesion property has been created from the imine and hydrogen bonds between the aldehyde groups of the biomacromolecules and the amine groups existing on tissue 

surfaces. Adapted with permission [43] . Copyright 2016, Elsevier Ltd. (b) Comparing in vitro degradation between the alginate-based hydrogels with/without dopamine and 

methacrylate groups through their incubation in PBS or human saliva. (c) The adhesive properties of methacrylated alginate hydrogels with different degrees of dopamine 

conjunction. Adapted with permission [16] . Copyright 2020, American Association for the Advancement of Science. (d) The comparison of adhesive strength among single- 

crosslinked (without photocrosslinked bonds) and dual-crosslinked (with photocrosslinked bonds) hydrogels versus the commercial glue of fibrin. Adapted with permission 

[34] . Copyright 2013, Elsevier Ltd. (e) Schematic demonstration of how the coacervate microdroplets are formed from mixing oxidized methacrylated alginate and GelMA. 

(f) Fluorescent images of a coacervate microdroplet: (1) red channel and (2) blue channel showing the core made of GelMA and the shell made of oxidized methacrylated 

alginate respectively, and (3) merged image. Scale bars = 50 μm. Adapted with permission [47] . Copyright 2015, WILEY-VCH (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.). 
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iological activity of the primitive hydrogel. In most of these stud- 

es, chemically active polymers have been employed to enhance 

he mechanical properties of ALMA hydrogels through the inser- 

ion of secondary crosslinking. In this approach, the formation of 

uxiliary bondings usually relied on the use of other polymers rich 

n amine groups such as PEG-Amine [34 , 48] , methacrylated gelatin 

GelMA) [47] , and amino gelatin [44] in which the imine bonds 

re formed through Schiff base reaction between the aldehyde and 

mine groups present on different polymers ( Fig. 4 d) [34 , 52 , 53] .

hese imine bonds next to photocrosslinking not only form more 

obust hydrogels but also bestows them with adhesive properties 

oward various tissue parts [42 , 43 , 54] . In this section, we will re-

iew these ALMA hybrid hydrogels and their regulated properties. 

.1. Polyethylene glycol 

Polyethylene glycol (PEG), an FDA-approved synthetic polymer, 

as been employed in various applications in the biomedical field 

55] . The popularity of this polymer is due to its biocompatibil- 

ty, hydrophilicity, transparency, solubility, and availability in mod- 

fied forms with various functional groups [55] . Nevertheless, same 

s many other polymers, there is an intricate interdependency be- 

ween different properties of PEG that does not allow refined con- 

rol over a specific trait of PEG [33 , 41] . For example, to have a

ore mechanically robust hydrogel, a higher crosslinking density 

ay be proposed, which also causes a significant decrease in hy- 
6 
rogel permeability, limiting hydrogel porosity and the swelling ra- 

io [33] . Incorporating methacrylated alginate in PEG derivatives 

olved this problem to a great extent [26 , 33 , 41] . The addition of

.5% methacrylated alginate to 10% Poly(ethylene glycol) diacrylate 

PEGDA) increased the elastic modulus from less than 100 kPa to 

00 kPa [33] . Owing to the introduction of the ALMA network, 

t also became feasible to study the cellular interactions and mi- 

roenvironments in complex tissues through stereolithography of 

D spatially patterned co-culture of multiple cell types in a hy- 

rid system made of a blend of methacrylated PEG (PEGMA) and 

xidized ALMA [26] . In another study, oxidized ALMA was intro- 

uced as a crosslinking spot in PEGMA and poly(Nhydroxymethyl 

crylamide) polymeric networks, and consequently, it improved 

heir toughness and rigidity when compared to a short molecule 

rosslinker. Remarkably, while maintaining the composite mechan- 

cal properties, altering the oxidation degree of ALMA was shown 

s a regulator for the composite biodegradation rate [41] . 

The mentioned studies solely used ALMA as a complementary 

art to improve the physical properties of PEG, while some tried to 

reate a secondary crosslinking by adding specific PEG derivatives 

o ALMA-based hydrogels [34 , 48] . In this manner, imine bonds are 

ormed through the Schiff base reaction between aldehyde and 

mine groups presented on oxidated ALMA and PEG-Amine, re- 

pectively. A double-crosslinked bioadhesive hydrogel was obtained 

y simple mixing of oxidized ALMA and 8-arm poly(ethylene gly- 

ol) amine [34] . The rheological studies showed that the higher 
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he oxidation degree of ALMA is, the faster gel formation occurs, 

nd also, the higher mechanical strength is achieved as a result 

f the denser crosslinked network [34] . This approach allows ma- 

ipulation of gelling time and mechanical strength as essential pa- 

ameters in many biomedical applications. The degree of oxida- 

ion and photocrosslinking can significantly affect the swelling ra- 

io and degradation rate [34 , 48] . It was shown that an increase

n the degree of oxidation of a single crosslinked hydrogel (no 

hotocrosslinking) from 9 to 20% caused the hydrogels to with- 

tand five days more before full degradation. This observation re- 

ulted from more aldehyde groups per PEG-Amine when using 

0% oxidized ALMA and subsequent denser crosslinking. However, 

he secondary crosslinking by irradiation reverses this observation 

s aldehyde groups are more susceptible to hydrolysis, which re- 

ulted in 9, and 14% oxidized ALMA to outlast more than 30 days 

75% degradation) while 20% oxidized ALMA fully degraded after 

1 days. These observations suggest that imine bonds are more un- 

table than ester bonds, and the hydrolysis process outpaces the 

reaking down of main alginate chains and ester bonds, which 

esults in faster degradation of highly oxidized ALMA composites 

34] . Interestingly, the oxidation degree of alginate exhibited a sig- 

ificant effect on the composite ability to absorb water, resulted 

n about a two-fold increase in swelling ratio when the oxidation 

egree was changed from 9 to 20% [48] . Proving the potential of 

tructurally reinforced ALMA hydrogels, the dual-crosslinked hy- 

rogel showed a tissue adhesion of 5 times higher than commer- 

ial surgical fibrin glue [34] . 

.2. Gelatin 

Hydrolytic degradation of native collagen yields single-stranded 

roteins called gelatin [56 , 57] . This protein and its derivatives 

ave been found of tremendous interest in biomedical applica- 

ions due to their excellent bioactivity and physical properties [58–

0] . The amine groups in gelatin are amenable to crosslinking 

hrough a Schiff base reaction when mixed with oxidized poly- 

ers [44 , 47] . To improve crosslinking density, the methacrylated 

orm known as GelMA can be used along with other methacrylated 

olymers [28 , 47] . In this direction, the Alsberg group [47] devel- 

ped coacervate-laden photo-crosslinked hydrogels based on ox- 

dized ALMA and GelMA as novel platforms for bone tissue en- 

ineering. It was shown that the degree of oxidation should be 

ore than 17.5% to reach homogeneous spherical coacervates af- 

er mixing with GelMA. This implies that a high crosslinking den- 

ity resulting from a higher oxidation level is required to ensure 

he physical stability of spherical microdroplets. The innate ten- 

ency of gelatin for hydrophobic aggregation as well as the ampli- 

cation of its hydrophobicity by methacrylate modification caused 

he GelMA chains to first aggregate as a core of coacervate, after 

hich they were surrounded by oxidized ALMA. It was suggested 

hat the coacervates were formed via imine bonds between the al- 

inate aldehyde groups and the amine groups presented on GelMA. 

hen, a system of micrometer-scale coacervate-laden hydrogel was 

ormed via UV crosslinking. The results from in vitro studies con- 

rmed that this platform could be easily employed at physiolog- 

cal conditions for efficient 3D encapsulation, culture, and differ- 

ntiation of stem cells, as well as loading of bioactive molecules 

o control and direct cell functions [47] . The imine bonds in these 

ystems can be improved through modification of gelatin with ad- 

itional amino groups; however, photocrosslinking has been shown 

s a necessity to achieve ideal mechanical properties of these hy- 

rogels. For example, the single crosslinked hydrogel made of only 

mine bonds (between amino gelatin and ALMA) showed fracture 

tress of 15 kPa while it reached as high as 2500 kPa after pho-

ocrosslinking that rendered a double crosslinked system [44] . In 

his study, contrary to other ones, higher oxidation of ALMA and 
7 
ristine alginate chains showed slower degradation whose reasons 

hould be more probed in future studies. 

One of the main reasons for developing composite structures 

s improving the respected properties above and beyond the con- 

tituent materials [36 , 37 , 61] . In this way, ALMA in different con-

entrations was hybridized with GelMA (20% w/v) to improve me- 

hanical properties ( Fig. 6 a) [36] . In this system, the covalent bonds

etween vinyl groups maintained the layout of the hydrogels while 

he egg-box-like structures within the ionically crosslinked ALMA 

ontributed to energy dissipation and protected the hydrogel in- 

egrity from permanent mechanical damage. The tensile testing 

howed that adding only 2–3% w/v ALMA doubles the failure strain 

nd triples the hydrogel toughness ( Fig. 6 b). However, the fur- 

her increase of ALMA incorporation compromised the hydrogels’ 

tretchability that is attributed to the ALMA brittle nature and 

igher crosslinking density that decreases polymer chain length 

etween bonding nodes. In a similar vein, applying compression 

orce resulted in significant mechanical damage to GelMA, whereas 

he hybrid hydrogel comprising 2% ALMA resisted up to 5 times 

igher force before breakage ( ≈70% strain) ( Fig. 6 c). 

Unzipping the ionically crosslinked G blocks of ALMA in the ef- 

ect of applying force plays a crucial role in damping energy and 

aintaining the integrity of the hydrogel [36] . As previously ex- 

lained, ALMA can intervene in the adhesion property of hydrogels 

o that the adhesion failure can result from either hydrogel me- 

hanical rupture or its delamination from tissue surface [36 , 43] . It 

as been demonstrated that the ALMA addition (3% w/v) to GelMA 

nd their crosslinking by visible light and calcium ions improves 

he mechanical strength of hydrogel to the point that it withstands 

ore than two times pressure before delamination in comparison 

o pure GelMA that ruptures at about 20 kPa ( Fig. 6 d–e). The in-

roduction of ALMA chains in GelMA hydrogel also caused an in- 

rease in swelling ratio and decreased degradation rate [36] . 

.3. Polysaccharides 

Polysaccharides are naturally derived biopolymers that have at- 

racted great interest in biomedical applications [ 62–65] . Up to 

ow, some biocomposites made of ALMA and other polysaccha- 

ides such as hyaluronic acid [ 66–68] and heparin [35] have been 

nvestigated. Given that hyaluronic acid comprises a huge part of 

he cartilage extracellular matrix, its incorporation in the ALMA hy- 

rogel increased the expression of chondrogenic gene markers [67] . 

n order to make a stronger bonding, methacrylated hyaluronic 

cid has been blended with ALMA hydrogels [ 66 , 68] . 

Heparin is a polysaccharide whose composite with ALMA hy- 

rogels has been examined. As a highly sulfated glycosamino- 

lycan, Heparin has shown many unique properties, including a 

trong interaction with a range of growth factors and proteins 

hat stems from its high electrostatic charge [ 62 , 68] . In a study

y the Alsberg group [35] , it was shown that the incorporation 

f methacrylated heparin into ALMA hydrogel prevented the burst 

elease of the loaded bioactive factors so that the affinity bond- 

ng between heparin and the bioactive factors permitted their re- 

ease through the hydrolytic degradation of the alginate and hep- 

rin chains as well as their dissociation from heparin. This allowed 

he sustained release of VEGF and BMP-2 over three weeks, and 

n vitro tests assured their bioactivity for at least two weeks [35] . 

uture studies can be focused on using other polysaccharides with 

pecific properties as a complementary component to ALMA hy- 

rogels. More to the above-mentioned polymers helping ALMA hy- 

rogel with its physiochemical properties, natural-based biomateri- 

ls enhance the mechanical properties of the pristine hydrogel and 

nduce stem cell growth and direct them toward specific tissue-like 

tructures. In this regard, we expect that the thiol-modified gelatin 

an be used along with ALMA in future studies to introduce bioac- 
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Fig. 6. (a) The schematic demonstrating formation of double-bonded hydrogels from GelMA and ALMA. (b) The images showing the enhancement of hydrogels’ tensile 

properties by the addition of methacrylated alginate. (c) The images showing the enhancement of hydrogels’ compressive properties by the addition of methacrylated 

alginate. (d) Representative pressure-time curves from the burst pressure testing on the hydrogels. (e) Representative stress-strain curves from the tensile testing on the 

hydrogels. Adapted with permission [36] . Copyright 2020, WILEY-VCH. 
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ivity, controlling, and tuning the mechanical properties of ALMA 

ydrogels [69] . 

.4. Others 

Collagen is another biomaterial that has been hybridized with 

LMA in the interest of providing a biocompatible composite hy- 

rogel with both higher mechanical strength and more cell an- 

horage sites required for cell proliferation, spreading, and differ- 

ntiation [70] . It has been demonstrated that the mixing of ALMA 

nd type I collagen provides a biocomposite hydrogel in which 

he properties of the other constituent screen the disadvantages of 

ach component. The self-assembly of collagen fibrils within the 

hotocrosslinked ALMA chains contributed to higher mechanical 

trength so that the addition of 5 mg/ml of type I collagen in- 

reased the compressive modulus up to 7 fold compared to ALMA 

ingle crosslinked hydrogel. Interestingly, due to the higher density 

f the entangled polymeric network caused by collagen incorpora- 

ion, the swelling rate and ratio were significantly decreased [70] . 

Besides the common crosslinking associated with ions and ir- 

adiation, free radical polymerization has been employed to pre- 

are ALMA hydrogels through bridging between acrylate func- 

ional groups [ 71 , 72] . It also provides the opportunity of prepar-

ng ALMA cryogels, which presents remarkable mechanical recov- 

ry and shape memory characteristics [72] . Although these hydro- 

els can be infiltrated by cells following a 2D cell culture [72] , it

s impossible to culture cells as encapsulated in these systems be- 

ause of the fatal nature of free radical polymerization [73] . 

Michael addition is another reaction through which auxiliary 

onds along the covalent methacrylate network can improve the 

echanical strength of ALMA hydrogels. It has been demonstrated 

hat the addition of small molecules rich in thiol groups initi- 

tes the thiol-Michael addition reaction between the thiol and 

ethacrylate groups (known as a step-growth reaction) [ 45 , 74] . For 

nstance, the introduction of dithiothreitol, which contains thiol 

roups into an ALMA prepolymer solution, resulted in reinforced 

LMA hydrogels ( Fig. 4 c) [45] . More this, degassing the prepoly- 

er solution before photocrosslinking rendered a more dense so- 
8 
ution and removed the inhibitory effect of oxygen that yielded 

tiffer ALMA hydrogels (known as chain growth reaction) [ 45 , 75] . 

 mixed-mode of these two reactions has also provided more re- 

nforced hydrogel than their counterparts [45] . 

These findings paved the way for employing physically tunable 

LMA-based composites in a wide range of biomedical applica- 

ions, whether as surgical glues or engineering of injectable plat- 

orms for different tissue parts that require different mechanical 

tability, swelling ratio, and degradation rate. 

. ALMA nanocomposites 

The successful and unique properties of nanomaterials certainly 

ead to their crossroads with biology and regenerative medicine. In 

ecent years, they have received significant attention in the forma- 

ion of nanocomposite hydrogels for different biomedical applica- 

ions [ 76 , 77] . Generally, the nanocomposite hydrogels are formed 

y crosslinking polymer chains through either physical or cova- 

ent approaches with nanomaterials [15] . A wide range of nano- 

aterials, such as carbon-based (graphene, carbon nanotube, etc.), 

ineral-based (nanoclay, silicate, ceramic, etc.), and metal-based, 

ave been successfully integrated into the hydrogels matrix to gen- 

rate multifunctional hydrogels with unique mechanical and bio- 

ogical properties, which were previously unattainable [ 15 , 78–81] . 

t has also been shown that even small concentrations of nanopar- 

icles into the ALMA hydrogel systems could enhance mechanical 

nd biological properties and functionalities. However, the rein- 

orcement mechanisms can vary depending on the nanoparticle- 

pecific surface area, shape, size, elemental composition, and sur- 

ace chemistry. For instance, a recent study has demonstrated 

hat incorporating modified hydroxyapatite (HAp) nanoparticles 

nto ALMA hydrogel could result in mechanical enhancement, to- 

ether with improved osteogenic properties [82] . To prevent the 

e-bonding and maintain the uniform dispersion of HAp nanopar- 

icles into the ALMA matrix, the HAp nanoparticles were modified 

sing mercaptopropionic acid (MPA) followed by grafting polymer- 

zation of ethylene glycol methacrylate phosphate (EGMP). The re- 

ulting functionalized HAp nanoparticles were mixed in ALMA so- 
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Fig. 7. Schematic illustration of different techniques that have been used to pro- 

cess ALMA-based hydrogels into various shapes and architectures as cell-laden or 

acellular structures. 
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ution containing photoinitiator and then cross-linked using UV for 

p to 10 min to yield the paste. This system was further com- 

ined with bone morphogenetic protein 2 (BMP-2) to enhance 

he osteogenic potential of the system. Consequently, in vitro tests 

howed a slower and sustained release of BMP-2 for up to 21 days. 

n another study, silica (SiO 2 ) nanoparticles were incorporated into 

he ALMA/GelMA hybrid hydrogel system by simple mixing to en- 

ance the mineralization rate [28] . Furthermore, they have demon- 

trated that it is possible to tune the mechanical and physical 

roperties of the ALMA/GelMA hydrogel system by changing the 

oncentration of silica, which yields a tunable cellular response. 

Silica-reinforced ALMA hydrogel has also been shown as a 

romising candidate for drug delivery and immunotherapy pur- 

oses, but few studies have been reported on these applications 

83 , 84] . Indeed, in our opinion, such systems need much future 

ttention to open up the development of more advanced multi- 

unctional hydrogels fully. Moreover, we believed it would be in- 

eresting to introduce other nanomaterials such as conductive and 

agnetic nanoparticles into the ALMA hydrogel system for differ- 

nt biomedical applications. 

. Microfabrication of ALMA 

Native tissues are composed of highly organized components at 

he microscale, which makes these inherent features an integral 

art of creating effective biomimetic tissue structures [85] . Conse- 

uently, many effort s have been made to exploit fabrication tech- 

ologies that allow the creation of micro-features in engineered 

caffolds in a controlled manner. These included technologies such 

s microfluidics (either for fiber spinning or droplet production), 

lectrospinning, micromolding, photopatterning, and lastly, 3D bio- 

rinting ( Fig. 7 ). In this section, we have highlighted studies in 

hich these microfabrication technologies were applied to ALMA 

ydrogels to fabricate micro-engineered scaffolds. 

.1. ALMA hydrogels in bioprinting 

As one of the most promising approaches in the domain of 

egenerative medicine and tissue engineering, 3D bioprinting has 

een used widely for the fabrication of 3D constructs such as scaf- 

olds and hydrogels [ 86 , 87] . This unique and well-trusted tech- 
9 
ique allows for precise positioning of biomaterials and living cells 

n a layer-by-layer additive manufacturing style and spatial con- 

rol and functionality adjustment of components [ 88–90] . Stere- 

lithography (SL) is one of the mask-less printing approaches ca- 

able of producing 3D components using computer-aided design 

CAD) [90] . 

Along similar lines, a hydrogel blend composed of oxidized 

LMA functionalized with RGD and poly(ethylene glycol) methyl 

ther methacrylate (PEGMA) was implemented for the fabrication 

f 3D multicellular constructs using SL apparatus [26] . Square- 

haped islands of cell-encapsulating (MCs; skeletal muscle my- 

blast cells, and HNs; primary hippocampus neurons) oxidized 

LMA-PEGMA hydrogels were constructed, and the interstitial area 

as sequentially filled with a PEGDA hydrogel containing adipose- 

erived stem cells (ASCs). The spatial organization was shown to 

e stable, and no significant mixing during the culture was ob- 

erved. Additionally, oxidized ALMA-PEGMA hydrogel was used to 

rint a toroid of MCs, and subsequently, prepolymer with HNs was 

laced in the middle and polymerized. Due to the extensive via- 

ility and spreading of cells, MCs formed a tube-shaped structure 

uring the 14-day culture period. Ultimately, a significant enhance- 

ent in the functionality of HNs was observed through the 3D co- 

ulture of MCs and HNs [26] . 

Long-term storage of cells for their on-demand application in 

D bio-printed hydrogels is highly beneficial, and this could be 

ccomplished through cryopreservation. An innovative bottom-up 

D bio-printing strategy called “free-from reversible embedding of 

uspended hydrogel” (FRESH) was employed to direct assembly of 

ouble crosslinked hMSC-laden oxidized ALMA micro-gels before 

nd after cryopreservation [91] . After recovery from liquid nitro- 

en (4 weeks), the encapsulated cells displayed no significant de- 

iation from freshly processed stem cells with almost equivalent 

iability and cell functionality. The DNA content of both groups in- 

reased significantly over the period of 4 weeks in osteogenic dif- 

erentiation media, with no significant difference between the DNA 

ontent of the two groups. Lastly, great shear-thinning, along with 

hear-yielding properties of these hMSC-laden micro-gels, make 

hem potential bio-inks suitable for the FRESH 3D printing ap- 

roach. 

To mimic vascularized tissue, embedded microchannels can be 

ormed within the hydrogels using sacrificial inks. While micro- 

hannels and porous structures have been engineered via vari- 

us methods, 3D printing offers distinct advantages. For instance, 

he shape and location of channels can be tuned easily via 3D 

omputer modeling, and channel size can be precisely controlled 

nd modified for a better understanding of vascularization. Along 

imilar lines, Different compositions of ALMA and methacrylated 

yaluronic acid (MeHA) were selected for a recent study with 

he help of Pluronic (40% (W/V)) as the sacrificial ink [92] . To 

orm micro-channels at a desirable thickness, sacrificial ink was di- 

ectly printed within layers of photo-curable hydrogel before par- 

ial crosslinking via brief exposure to light (for seconds). After full 

rosslinking, the sacrificial hydrogel was washed away from the 

onstruct. Increasing polymer concentration resulted in a signif- 

cant rise in ink viscosity of ALMA compared to that of MeHA. 

oreover, ALMA showed a higher degree of shear thinning. Low- 

ring the printing speed or increasing the pressure proved inte- 

ral in achieving larger sacrificial lines (channels) within the ma- 

rix construct. Furthermore, human umbilical vein endothelial cells 

HUVECs) were seeded inside the micro-channels for nine days. Af- 

er attaching circumferentially inside the micro-channels, HUVECs 

ormed confluent layers. 

Many challenges still remain regarding biomaterial-based scaf- 

olds, including complexity involved with cell-cell interactions and 

iomaterial used to fabricate scaffolds, relative degradation rate 

etween newly formed tissue and scaffold material, and low 
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Fig. 8. (a) Schematic of 3D printing of cells within the alginate microgel supporting medium. OMA microgels in the supporting medium fluidize via their shear-thinning 

properties when stress is applied by motion of the printing needle and cell-only bioink (shear-thinning region) and rapidly fill in after the needle passes by self-healing 

properties (self-healing region) without creating crevasses. (b) Captured images at different times during bioprinting of the letter “C” using living stem cell-only bioink into 

the alginate microgel supporting medium. Scale bars indicate 5 mm. (c) a letter “C”, a cube, letters comprising the acronym “CWRU”, and a femur in alginate microgel 

supporting medium. Scale bars indicate 5 mm. (d & e) Live/dead staining and diameter distribution of 3D hMSC filaments bioprinted in a straight line, a corner and a curve 

under different circumstances. Smaller alginate microgels bath lead to higher resolution printing by limiting diffusion of cells into the pores of the microgel bath. Scale bars 

indicate 600 μm. (f) Digital images (top row) and photographs of osteogenically differentiated 3D printed individual hMSC-only bioink construct morphology before (middle 

row) and after (bottom row) Alizarin red S staining. (g) Alizarin Red S stained construct sections. Scale bars indicate 200 μm. (h) Digital images (top row) and photographs 

of chondrogenically differentiated 3D printed hMSC construct morphology before (middle row) and after (bottom row) Toluidine blue O staining. (i) Toluidine blue O stained 

construct sections. Scale bars indicate 200 μm. Adapted with permission [49] . Copyright 2019, The Royal Society of Chemistry (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.). 
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ensity seeded cells. By creating multicellular building blocks into 

ggregates and other geometrical shapes, scaffold-free tissue engi- 

eering has emerged as an innovative approach within the realm 

f biomedical engineering. For instance, newly generated tissue 

hat has been assembled directly from stem cells in the pres- 

nce of a photo-curable liquid-like environment of oxidized ALMA 

as studied by Jeon et al. [49] ( Fig. 8 ). In this landmark study,

uman bone marrow-derived mesenchymal stem cells (hMSCs) 

ere directly printed into oxidized ALMA (microgel supporting 

edium) and then photo-crosslinked afterward for mechanical sta- 

ility. With the aid of a calcium crosslinked oxidized ALMA sup- 

orting medium, hMSCs were directly printed as a bio-ink to shape 

he 3D construct ( Fig. 8 a). Insertion and rapid movement of nee- 

les in this process were possible owing to low shear stress ap- 

lied to self-healable and shear-thinning oxidized ALMA medium. 

lginate micro-gels then swiftly self-healed and formed a stable 

eometry when the shear stress produced by needle movement 

nd extruded inks were removed. The 3D construct was well- 

reserved during four weeks of culture, showing no evidence of 

eformation. 

.2. Photopatterned, micro-molding and four-Dimensional (4D) 

LMA-based hydrogel systems 

Micro-patterning is a powerful technology enabling scientists to 

ontrol the cellular micro-environment better and understand cel- 

ular behavior in such environments to facilitate further the mi- 

ration and proliferation of cells [93] . Moreover, desirable patterns 

or crosslinked hydrogels are attainable with the aid of photomasks 
10 
 93 , 94] . Using the micro-patterning strategy, alginate hydrogels 

isplayed a higher stiffness level than those crosslinked only via 

V [12] . Dual-crosslinked hydrogels were also found to swell less 

han the other two groups. After seven days of culture, MC3T3 os- 

eoblast precursor cells seeded on hydrogel with a dual-crosslinked 

echanism exhibited significant proliferation as well as aligned 

ell structure on (250 μm) micro-patterned stripes. However, cells 

eeded on single- or dual-crosslinked hydrogels with no pattern 

isplayed no visible alignment after identical culture time. Fur- 

hermore, the area covered by cells in the dual-crosslinked hydro- 

el was more than double that in the calcium-crosslinked counter- 

arts (15.8% and 6.7%, respectively). Regardless, very little is known 

bout the influence of size in micro-pattern areas and the corre- 

ponding cell response. In a recent study, the proliferation rate of 

uman adipose-derived stem cells (hASCs) was shown to be signif- 

cantly influenced by the micro-pattern size of photo-encapsulated 

xidized ALMA/PEG-amine hydrogels [95] . In dual-crosslinked ar- 

as, photo-encapsulated hASCs formed cell clusters with dimen- 

ions proportional to micro-patterned channels’ size (varying from 

5 to 200 μm). Also, evaluation of hASC proliferation rate and ALP 

ctivity confirmed improved osteogenic differentiation. Similarly, 

ncreasing the micro-pattern size aided the proliferation of hASC in 

hondrogenic media for four weeks as determined by rises in both 

NA and GAG content. Cell-cell interactions of hASCs in oxidized 

LMA/PEG hydrogels with micro-pattern sizes of 50, 10 0, and 20 0 

m were markedly higher than those without micro-patterning or 

ith 25 μm patterns. 

As mentioned, micro-patterning has a significant influence on 

he differentiation and alignment of encapsulated cells in the 
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lginate hydrogels and is therefore considered a desirable tech- 

ique in tissue engineering. Along these lines, in the context of 

icro-patenting, the role of other factors in developing new tis- 

ues is vital and must be carefully assessed. For instance, bio- 

ctive molecules such as growth factors (GFs) are potent stim- 

li to control cell function; yet, the 3D micro-patterning of struc- 

ures containing GFs has not been addressed sufficiently in the lit- 

rature. Most recently, 3D growth factor-containing micro-pattern 

ydrogels were fabricated from a mixture of oxidized ALMA and 

ethacrylated heparin [96] . As a negatively charged polysaccha- 

ide, Heparin is commonly used to assist the exposure of heparin- 

inding growth factors to cells. In this study, Fibroblast growth 

actor-2 (FGF-2) encapsulated in micro-patterned dual-crosslinked 

ydrogel (ionic- and photo-crosslinking) showed high cell viability 

hrough observation of relatively uniform hMSCs clusters. Further- 

ore, ensuing hMSCs encapsulation into BMP-2 micro-patterned 

ydrogels and culturing them in an osteogenic media (for 28 days), 

n increase in the DNA content, indicating proliferation, was ob- 

erved. Retention of BMP-2 in the fabricated hydrogels also in- 

uced osteogenic differentiation of encapsulated cells in terms of 

oth enhanced ALP activity and calcium deposition. The differ- 

ntiation level was higher for dual-crosslinked no pattern hydro- 

els compared with both dual-micro pattern and control groups. 

his was assumed to be correlated to a higher level of BMP-2 

mmobilization in dual-crosslinked no pattern hydrogels. Further- 

ore, intense mineralization was observed across hydrogels with 

o pattern; however, BMP-2 micro-patterned hydrogels indicated 

he spatial location of hMSC mineralization. 

In tissue engineering, a scaffold is not merely considered as 

tructural support. For example, the degradation rate of hydrogels 

n a ‘cell-demanded’ fashion as a feature of the scaffold can be very 

dvantageous. Along these lines, matrix metalloproteinase (MMP)- 

ensitive hydrogel systems have been specifically studied to sup- 

ort the re-modeling of scaffolds and their infiltration by encapsu- 

ated cells. For instance, a dual-cross-linkable hydrogel containing 

GD-modified ALMA and MMP-sensitive peptide (with thiol ends) 

rovided a 3D cell culture platform for constructing biomimetic 

ulticellular complex tissues with specific shapes and microar- 

hitectures [97] . Of interest, the micro-molding patterning tech- 

ique allowed the fabrication of osteon-like double-ring micro- 

els, whereby osteoblasts and endothelial cells were spatially dis- 

ributed and maintained high cell viability after being cultured for 

ne day. Additionally, immunofluorescence results indicated that 

steogenesis and vascularization initially occurred in the osteon- 

ike structure, which suggested that this technique could be used 

o achieve implant integration and vascularization in bone tissue 

ngineering. 

Fabrication of multicellular spheroids could be an attractive tac- 

ic for the production of hydrogels since 3D spheroid culture has 

een shown to enhance the differentiation of stem cells. How- 

ver, the traditional spheroid fabrication methods, such as the 

anging drop method, are often labor-intensive and do not pro- 

ide precise control over the spheroid size. Alternatively, micro- 

ell systems offer a facile strategy to enhance throughput and 

lso yield better control over size- and shape. Accordingly, using 

hoto-patterning, a hydrogel-based micro-well platform was built 

rom a mixture of oxidized ALMA and 8-arm PEG-amine [95] . The 

ize of hydrogel micro-wells can be easily controlled via altering 

he micro-pattern size. Relatively uniform size of fabricated multi- 

ellular spheroids was achieved in addition to high cell viability 

hen micro-wells were seeded with hASCs. Furthermore, differ- 

ntiation in osteogenic media for hASC spheroids displayed rapid 

ineralization as a result of delivering BMP-2 from the hydrogel 

icro-wells. 

Spatiotemporal changes in tissue geometry, transformations 

n the spatial distribution of the cells, and extracellular matrix 
11 
re essential for its evolution into functional tissue. Along these 

ines, 4D materials, 3D materials capable of geometric changes, 

ay have the potential to recreate the aforementioned biologi- 

al phenomenon. However, most reported 4D materials are non- 

egradable and/or not biocompatible, limiting their application in 

egenerative medicine. To this end, using photo-patterning, se- 

uential photocrosslinking of OMA and GelMA was achieved, form- 

ng bilayered hydrogels capable of controllable geometric changes 

ithout any external stimuli [98] . Such attribute was caused by 

emporal differences in swelling rates between the two materi- 

ls that drove structural deformations. Furthermore, fibroblasts and 

uman adipose-derived stem cells (ASCs) were encapsulated in the 

D constructs, and controllable shape changes are achieved in con- 

ert with ASCs differentiated down chondrogenic and osteogenic 

ineages. 

Based on similar principles, this group also fabricated multi- 

ayer more complex structures that were capable of multiple dif- 

erent and/or reversible distinct shape changes over time via either 

reprogrammed design or user-controlled environmental condition 

lternations [99] . For instance, a trilayer consists of two outer OMA 

ayers with different swelling ratios and degradation rates, and a 

elMA layer was fabricated. In another example, by using pho- 

opatterning, OMA-patterned GelMA hydrogel disks showing par- 

llel OMA strips on both surfaces and perpendicular patterns were 

abricated. While each design showed a different shape transfor- 

ation pattern consisting of multiple-shape stages, the timing of 

ach of these stages could been further controlled by changing 

he composition of the layer components to regulate their rela- 

ive swelling and degradation rates. Ultimately, the hydrogel actua- 

ors encapsulating cells facilitated defined self-folding and/or user- 

egulated, on-demand-folding into specific 3D architectures under 

hysiological conditions, with the capability to partially bioemulate 

omplex developmental processes such as branching morphogen- 

sis. Noteworthy, the external “on-demand” control over construct 

hape change was achieved by using ionically crosslinked OMA lay- 

rs (via Ca 2 + ) which were susceptible to the presence of chelating 

gents such as ethylene diamine tetraacetic acid (EDTA). The hy- 

rogel actuator systems can be utilized as novel platforms for in- 

estigating the effect of programmed multiple-step and reversible 

hape morphing on cellular behaviors in a 3D extracellular matrix. 

.3. Microfluidic ALMA hydrogels 

Microfluidic systems have been employed to produce multi- 

unctional microfibers and micro-particles as cell-laden structures 

or tissue engineering applications [100] . Accordingly, cell-laden 

icrofibers have been fabricated earlier by photolithography us- 

ng PDMS chips; nevertheless, the development of multiple lay- 

rs and complex cell-laden microfibers needs to be considered. 

o this end, RGD-functionalized ALMA was applied to a microflu- 

dic platform to fabricate hollow, double-layered microfibers uni- 

ormly distributed with HUVECs in the inner layer and MG63 cells 

n the outer layer to mimic the structure of osteons [101] . Com- 

ared to single-cell-type fibers, increased expression levels of os- 

eogenic and vasculogenic genes were observed in the osteon-like 

bers, demonstrating the efficacy of this biomimetic approach to 

nduce phenotypic functions of cells. Ultimately, these functional 

uilding blocks will be advantageous for the bottom-up regenera- 

ion of complex large tissue defects. 

With regard to micro-particles, several drawbacks are associ- 

ted with the fabrication of ionically crosslinked spherical micro- 

els, such as uncontrollable degradation rate of alginate and in- 

onsistency in shape and dispersity of the micro-gels [102] . Con- 

equently, better control over degradation rate and higher cyto- 

ompatibility for chondrocytes were achieved for oxidized ALMA 

icrogels produced via an in-situ photocrosslinked microfluidic 
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pproach [103] . The obtained results also suggested that factors 

uch as macromer and photo-initiator concentration, UV intensity, 

nd oxygen tension play a critical role in both the curability and 

he cytocompatibility of microgels. 

. Biomedical applications of ALMA hydrogels 

.1. Tissue engineering applications 

Aside from the physicochemical properties of ALMA hydrogels, 

hey also possess many relevant properties to serve as tissue en- 

ineering scaffolds, such as biocompatibility, non-immunogenicity, 

nd biodegradability. Notably, the easy tunability of ALMA makes 

t a prime candidate for diverse tissue engineering applications. In 

his section, recent advances in the use of ALMA-based scaffolds 

or various tissue engineering applications are highlighted. 

.1.1. Bone 

Bone is a semi-rigid organ that keeps a vertebrate body in an 

rganized framework and leverages the muscular force into move- 

ent. Apart from the physical function, bone marrow located in 

he medial parts of some bones plays a key role in providing the 

ody with vital stem cells, which further differentiate into red and 

hite blood cells, to name a few [ 104 , 105] . Considering these vi-

ally important functions of bone, the mortality rate due to bone 

ssociated traumas and diseases is significantly high so that a 

oman’s risk of fracture because of osteoporosis, as one of the 

ommon bone disorders, is equal to her merged risk of breast, 

varian and uterine cancers [106] . These place bone as the second 

ost transplanted organ globally, while autologous transplantation, 

nown as the current gold standard for many bone disorders faces 

onor-site morbidity and scarcity [107] . The other option, which is 

sing allogenic grafts, is also limited due to the recipient’s immune 

esponses to external bodies, further causing inefficient functioning 

f graft or its rejection [ 108–110] . Thus, the options are narrowed 

own to novel techniques such as tissue engineering that promises 

he regeneration of native-like tissues and organs [ 111 , 112] . 

To provide a microenvironment capable of directing encap- 

ulated cells toward developing suitable tissue-engineered bone 

rafts, a key aspect is about the potpourri of appropriate bioma- 

erials along with relevant cells and biological factors that ulti- 

ately render a fully functional living tissue. Among the many 

olysaccharides used in bone tissue engineering, alginate and its 

omposites have offered proper biocompatibility and mechanical 

roperties, low immunogenicity, low cost, and mild ionic gela- 

ion [ 8 , 80 , 113] . Preserving these advantages, alginate derivatives as 

heir oxidized and methacrylated forms offer new properties and 

ore control over the crosslinking degree and its dependent char- 

cteristics, including degradation rate and mechanical properties 

 21 , 22 , 25 , 34 , 43 , 49 , 72] . 

Scientifically speaking, it is vital for a biomaterial to provide 

roper cell-binding sites that are required for cell proliferation, 

preading, and differentiation [ 114 , 115] . The cell adhesion feature 

an be simply endowed to ALMA hydrogels through covalent func- 

ionalization of ALMA backbone with cell adhesive ligands such as 

GD-containing peptides [ 35 , 113 , 116 , 117] . The RGD sequence has

een introduced in ALMA hydrogels through various methods, in- 

luding Michael addition reaction [116] , photocrosslinking [117] , 

nd standard carbodiimide chemistry [ 20 , 35] . It has been demon- 

trated that ALMA hydrogels with cell adhesion features signifi- 

antly support higher proliferation and expansion of osteoblast-like 

ells and adult stem cells [ 101 , 117] . Given that some biopolymers

uch as gelatin and collagen contain the respected sequence in 

heir molecular structures, an alternative, less expensive approach 

o introduce RGD sequence is to use these biopolymers in combi- 

ation with ALMA hydrogels [ 47 , 70] . 
12 
Of the main drawbacks of alginate-based hydrogels is their in- 

erior ability to direct osteogenesis on their own [8] . Thus far, 

everal strategies have been devised to circumvent this limita- 

ion. In this respect, the most commonly-used and straightfor- 

ard way is to combine ALMA-based hydrogels with biomaterials 

nd biomolecules, offering greater osteogenesis [ 35 , 47 , 70 , 72 , 113] .

t has been demonstrated that the addition of collagen to the 

LMA matrix can greatly induce osteogenesis due to its ability to 

mprove the mechanical scaffold properties and its inherent fea- 

ure in enhancing cell adhesion and activating signaling pathways 

oward higher osteogenesis [ 70 , 118] . Besides biomaterials, some 

iomolecules such as growth factors have also been loaded into 

LMA hydrogels to improve osteogenesis. BMP-2 is known to po- 

ently induce osteoblast differentiation; therefore, it has been em- 

loyed in combination with various hydrogels, including ALMA hy- 

rogels [ 35 , 47 , 113] . Although a high concentration of this protein

sed in osteogenic media induces cell apoptosis, it’s loading with 

 lower concentration in ALMA hydrogels and its sustained release 

as been reported to increase cell viability and induce bone regen- 

ration [ 47 , 113] . The increased early/late osteogenic differentiation 

arkers in vitro and the complete (100%) union of broken femur 

ones were proved by the increased early/late osteogenic differen- 

iation markers when applying BMP-2 loaded ALMA [113] . 

Taking the advantage that methacrylated polymers can be 

rosslinked in a more controlled manner, some methods and tech- 

iques have been devised for regulating the spatial and temporal 

roperties of the cellular microenvironment in ALMA-based hydro- 

els [ 48 , 91 , 101] . In this regard, the Alsberg group employed the

icropatterning technology in developing hydrogels with single- 

nd dual-crosslinked regions to investigate the effect of micropat- 

ern size on cell behaviors ( Fig. 9 a) [48] . The fluorescent visualiza-

ion of the encapsulated cells has shown that the micropattern size 

ignificantly affects the size of cell clusters and, subsequently, their 

roliferation ( Fig. 9 b,c). What’s more, the authors could control the 

SCs differentiation by encapsulating them in ALMA-based hydro- 

els with different micropattern sizes. The results of this study ex- 

ibited higher osteogenesis in the samples with bigger micropat- 

ern sizes ( > 100 μm), introducing this simple strategy to induce 

steogenesis in ALMA-based hydrogels ( Fig. 9 d,e) [48] . In another 

tudy, a microfluidic device has been devised to create complex tis- 

ue constructs from ALMA [101] . Through this strategy, the authors 

emonstrated the continuous fabrication of solid and hollow mi- 

rofibers resided with different cell types ( Fig. 9 f). Inspired by the 

steon as the basic structural unit of bone, which is composed of 

steocytes surrounding blood vessels, a double-layered hollow mi- 

rofiber encapsulating HUVEC and MG63 cells in internal and ex- 

ernal layers, respectively, was fabricated to evaluate the potential 

f this biomimetic approach in directing cells toward higher os- 

eogenesis ( Fig. 9 g). Also, the expression level of osteogenic genes 

ncreased in osteon-mimicking fibers compared to fibers encapsu- 

ating only MG63 cells ( Fig. 9 h,i). This observation has been at- 

ributed to the cross-talk and the interaction of two cell types spa- 

ially organized in ALMA-based double-layered microfibers. 

Another common strategy employed by tissue engineers seek- 

ng multifunctional scaffolds is to incorporate nanomaterials 

ith the required properties in hydrogels polymeric network 

 15 , 119 , 120] . Although this one-step approach has demonstrated 

romising results, nanomaterials incorporation in ALMA-based hy- 

rogels has not been thoroughly investigated yet. Nevertheless, a 

andful of studies have shown the microparticles effect when in- 

orporated in ALMA hydrogels on bone regeneration [ 16 , 28] . In a

ecently published paramount study, a composite hydrogel based 

n ALMA and hydroxyapatite microparticles has been proposed for 

raniofacial bone tissue regeneration [16] . In the oral environment 

here running saliva and probably blood exist, rapid solidification, 

hysical adhesion, retention in the defect site, and regenerative 
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Fig. 9. (a) The schematic showing the steps behind the fabrication of the micropatterned hydrogels. (b) Representative optical and fluorescent images of the encapsulated 

cells in ALMA hydrogels implying on the formation of cell clusters in single-crosslinked microregions. (d–e) The quantitative measurements showing the effect of micropattern 

size on the cell proliferation and the expression of early/late markers of bone generation. Adapted with permission [48] . Copyright 2013, WILEY-VCH. (f) The schematic 

demonstrating the production steps of a microfluidic chip through which the continuous fabrication of various microfibers made of ALMA hydrogels was achieved. (g) 

Representative photomicrographs showing the precise spatial organization of different cells in osteon-like double-layered microfibers. (h) The immunostaining of OCN and 

COL-1 expressed by the encapsulated cells in osteon-like fibers versus the fibers encapsulating only MG63. The quantitative measurement of osteogenic markers expressed 

in osteon-like fibers versus the fibers encapsulating only MG63. Adapted with permission [101] . Copyright 2017, American Chemical Society. 
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roperties are vital parameters for a successful tissue-engineered 

raft. To this end, the ALMA has been further functionalized with 

GD and dopamine in order to provide cell adhesion moieties and 

hysical adhesion on the respected tissue, respectively ( Fig. 10 ). It 

as been demonstrated that the modified polymer was crosslinked 

n just 20 s through exposure to visible light radiation. The ex- 

ivo tests on various hard and soft tissue parts disclosed the hy- 

rogel’s superb adhesion properties, attributed to the formation 

f strong hydrogen bonds between the dopamine structure and 

he respected tissue ( Fig. 10 ) [ 121 , 122] . Finally, it has been shown

hat the adhesive hydrogel containing aggregates of stem cells and 

ydroxyapatite microparticles significantly induced the osteogenic 

ifferentiation of encapsulated cells both in vitro and in vivo . The 

uthor attributed this observation to the combinatory osteogenic 

ffects of hydroxyapatite microparticles and dopamine residues, as 

ell as the increased cell-cell contact in cell aggregates [16] . 

In summary, the studies reviewed in this section imply that 

he ALMA-based hydrogels can not enhance osteogenesis by them- 

elves alone. Nevertheless, due to their properties, they have 

hown great potential to easily be tuned for promoting bone re- 

eneration. These hydrogels can be easily modified to present 

ioactive groups such as RGD that promote cell anchorage and pro- 

iferation. Moreover, other biomaterials with desired features can 

e easily combined with ALMA to render a biocomposite scaffold 
p

13 
romoting bone regeneration due to their physical properties. On 

op of them, their crosslinking routes make it possible to create 

caffolds with microstructures that may precisely hold specific cell 

ypes, which therefore causes a higher expression of bone markers. 

.1.2. Cartilage 

Cartilage is known as a smooth but resilient and elastic con- 

ective tissue that mainly covers and protects the end regions of 

ones at joints by reducing local friction associated with body 

ovement [105] . Since cartilage is one of the few tissues in the 

ody with no blood supply, cartilage lesions can not be healed 

ithout external intervention. To circumvent the complexities as- 

ociated with surgical treatments, a great deal of attention has 

een devoted to new cell-based therapies [123] . To develop these 

reatments for cartilage lesions, tissue engineers have investigated 

he potential of various hydrogels, including methacrylated algi- 

ate, to support cell proliferation and, in the next step, chondroge- 

esis [ 20 , 67 , 124] . As the living parts of cartilage, seeding chondro-

ytes on ALMA hydrogels showed that the polymer modification 

ith the RGD sequence enhances cell adhesion, proliferation, and 

ifferentiation [20] . In a step further, hMSCs were encapsulated 

n composite hydrogels of ALMA and hyaluronic acid to evaluate 

heir support for stem cell chondrogenesis. The gene expression 

rofiles demonstrated that the addition of hyaluronic acid causes 
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Fig. 10. (a) The schematic illustration of the different bioactive functional groups decorated on alginate backbone. (b) Photographs proving the hydrogel adhesion property on 

(i) rat gingiva, (ii) rat calvarial bone and periosteum, and root of human tooth, as well as (iv) rat alveolar bone. (c) The schematic presenting forced aggregation of stem cells 

and HA microparticles followed by their encapsulation in the adhesive hydrogel. (d) The harvested stem cell aggregates comprising (i) no particle and (ii) HA microparticles. 

(e) The photographs of samples stained with Alizarin Red S after four weeks of culturing in the osteogenic media. (i) single-cell and (ii) cell aggregates encapsulated in the 

adhesive hydrogel. (f) Quantitative measurement of mineralization for the samples evaluated in vitro . (g) The injection of the hydrogels into the bone defect sites created in 

a rat model of peri-implantitis. (h) The 3D micro-CT images of the implant sites afflicted with peri-implantitis after treated with the control and adhesive hydrogels for eight 

weeks. (i) The percentage of survived titanium-based dental implants resulted after applying various hydrogels. Adapted with permission [16] . Copyright 2020, American 

Association for the Advancement of Science (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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igher chondrogenesis at early time points [67] . In an interesting 

tudy inspired by the lubricating behavior of native cartilage as a 

oft layer on long bones with hard structure, the authors applied 

 layer composed of polyacrylic acid, polyacrylamide, and ALMA 

n polyether ether ketone (PEEK) implants. The hydrogel layer de- 

reased in the friction coefficient on the PEEK surface by about ten 

imes compared to pristine PEEK implants [124] . This promising 

bservation may induce scientists to develop novel cartilage-like 

ayers of hydrogels that improve the tribological properties in ar- 

ificial joints. To further mimic native cartilage, future studies are 

uggested to investigate new strategies to include living chondro- 

ytes in these hydrogel layers. 

.1.3. Skeletal muscle 

Skeletal muscle tissue constitutes 40–45% of an adult human 

ody weight, which plays an important role in locomotion, pre- 

ension, mastication, and body metabolism regulation [ 125 , 126] . 

t has a complex structure made out of bundles of parallel, pack- 

ged, and organized fibers. In the area of skeletal-muscle regen- 

ration, significant research is focused on the design and fabrica- 

ion of porous scaffolds to engineer tissues for the repair of de- 

ects related to traumas, tears, myopathies, ischemia, and injury 

uring surgery. Nevertheless, these porous scaffolds have innate re- 

trictions, such as non-uniform and ill-controlled cell distribution, 
14 
ell in-growth, and limited control of the scaffold microarchitec- 

ure [127] . To overcome these challenges, biomaterials, such as hy- 

rogels, fibrous meshes, and micro-patterned substrates have been 

tilized to stimulate vascularization and innervation, induce con- 

ractility, and promote alignment and fusion of myoblasts, forming 

yotubes for skeletal muscle regeneration [ 128 , 129] . For example, 

 bilayer scaffold consisting of a layer of anisotropic ALMA fibers 

nd aligned polycaprolactone (PCL) fibers have been fabricated by 

lectrospinning and later induced self-fold in calcium ion solu- 

ion to form multilayer scroll-like tubular constructs encapsulat- 

ng myoblasts cells [130] . Notably, since ALMA and PCL are in- 

rt and not cell-adhesive, scaffolds were coated with FNC solu- 

ion (fibronectin, collagen, and albumin) to promote cell adhesion. 

his structure exhibited a microenvironment for alignment, elon- 

ation, differentiation, and fusion of myoblasts cells to myotubes 

nside the self-rolled multilayer construct and ultimately native- 

ike skeletal-muscle fibers. Moreover, the authors reported that the 

ature myotubes oriented along fibers displayed synchronous con- 

ractions upon electrical stimulation. 

.1.4. Other applications in tissue engineering 

In addition to bone, cartilage, and skeletal muscle tissue, ALMA- 

ased hydrogels have also been used to engineer vascularized 

issue [131] , adipose tissue formation [132] , lung [133] , wound 
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ressings [34 , 43 , 50 , 134 , 135] , and for the fabrication of multicellu-

ar biological systems [26] . 

Nowadays, bioadhesive hydrogels are particularly attractive for 

iological applications due to their ability to maintain a moist-like 

nvironment around the wound site to prevent wound dehydra- 

ion, absorb tissue exudates, and allow oxygen permeability to fa- 

ilitate optimal tissue regeneration. As was noted in the previous 

ection, alginate is typically not adhesive; however, oxidation of 

he backbone structure will elicit aldehyde functional groups ca- 

able of forming a covalent bond with free amine groups of tissue 

roteins [133] . To this end, several studies have used non-oxidized 

LMA and oxidized ALMA (aldehyde rich) to yield an adherent 

ydrogel system with the sealing ability of damaged lung tissue 

nd sustaining physiological pressures [ 43 , 133] . For instance, Fenn 

t al. revealed that the ALMA alone was prone to delamination or 

dhesive failure, while ALMA blended equally with 25% oxidized 

LMA allowed significantly better adhesion than ALMA alone (or 

ther formulations) to the collagen substrate [133] . Most remark- 

bly, such a system can be used to deliver therapeutic agents (e.g., 

rugs or cells) to restore damaged tissues or treat tumors [133] . 

In another study, oxidized ALMA was mixed with 8-arm poly 

ethylene glycol) amine (8PEGA) to form a bioadhesive hydrogel 

ith negligible cytotoxicity [34] . Notably, this system can also be 

rosslinked by linking aldehyde groups on oxidized ALMA and 

mine groups of PEG amine without photocrosslinking, with a 

elation time in the range of ∼5 min to ∼25 min, depending on 

he formulation. However, after photocrosslinking, the OMA/PEG 

ydrogel system showed enhanced adhesive strength on porcine 

kin [34] . In another approach, a double-network scaffold made 

rom UV and ionically crosslinked ALMA/GelMA hydrogel displayed 

ome exciting properties; for instance, this system could promote 

dhesion, migration, and proliferation of human foreskin fibroblast 

HFF-1) cells [135] . 

Another class of ALMA/GelMA hydrogel can be formed as a sin- 

le crosslinked network by photocrosslinking. This system has been 

tilized to fabricate a 3D vascular network to mimic vascularized 

issue development [131] . This study showed that the encapsulated 

uman osteoblast-like cells (MG63s) and HUVECs in this hydrogel 

ystem’s external and internal layers were maintained high viabil- 

ty and activity and displayed a normal cellular morphology. Fur- 

hermore, the authors reported no leakage phenomenon during the 

erfusion experiment, making it an ideal candidate for the devel- 

pment of micro-channels. However, performing long-term perfu- 

ion culture needs to be investigated to develop mature vascula- 

ure and evaluation of their functions. 

A hybrid system made of RGD-modified oxidized ALMA and 

EGDA can be formed by one-step photocrosslinking using stere- 

lithography for manufacturing complex 3D tissues, which can 

rovide biophysical and biochemical cues to direct in situ tissue 

egeneration [26] . In this study, authors co-encapsulated and co- 

ultured myoblast cells (MC), rat hippocampal neurons (HN), and 

dipose-derived stem cells together to recapitulate cellular inter- 

ctions and complex microenvironments in native tissues through 

D spatial patterning. The system’s initial elastic modulus was re- 

orted ∼12 kPa, which is ideal for promoting myogenic differen- 

iation for skeletal muscle tissue (8–17 kPa) [ 26 , 69 , 136] . Further-

ore, the myoblast cells proliferated and formed tube-like struc- 

ures within this hydrogel matrix, while HN extended through- 

ut the gels over 14 days. The authors of this study speculated 

hat the co-culture 3D systems exhibited improved functionality, 

hich could potentially be utilized to investigate the differenti- 

tion of stem cells towards neurogenic or myogenic lineage (de- 

ending on stiffness, microenvironment, surrounding cell type, and 

egradation rate, ...) and also for in-vitro drug delivery screening. 

n another study, photocrosslinked RGD-modified ALMA hydrogels 

ith different stiffness were fabricated to investigate the role of 
15 
echanical properties on adipose progenitor cells (APC) behavior 

uch as proliferation, adipose differentiation, and pro-angiogenic 

apability under 3D conditions [132] . The authors observed that 

ncreased hydrogel stiffness ( ∼12.4 kPa) caused adipogenesis inhi- 

ition while promoting the proliferative and angiogenic potential 

f APCs. In conclusion, a soft hydrogel matrix is required to sup- 

ort the differentiation of APCs. Therefore, further investigations 

re needed to develop new systems regulating APCs’ fate and ac- 

ivity for adipose tissue engineering applications. 

Although ALMA-based hydrogels have been evaluated for many 

iomedical applications, especially fabrication of various tissues, 

here are still some tissue-related pathological disorders that can 

e helped, relying on the ALMA tunability that makes it suitable 

or the respected application. For example, alginate has been used 

n a particular way for islet encapsulation and engraftment [ 137–

39] ; however, the performance of ALMA in diabetes treatment as 

 biomaterial that can play more roles and provide extra function- 

lities compared to pristine alginate has remained entirely unex- 

lored. Thus, future studies are encouraged to apply ALMA-based 

ydrogels in this field, focusing on promoting anti-fibrosis and vas- 

ularization as the main hurdles in islet engraftment and long- 

erm survival [ 140 , 141] . 

.2. Other biomedical applications of ALMA 

Therapeutic cancer vaccines have gained significant popularity 

n recent years because of their potential to regulate T-cell im- 

unity, tumor regression and induce immunological memory to 

revent disease relapse [ 142–146] . Various existing strategies have 

een proposed for the systemic delivery of therapeutic cancer vac- 

ines [ 143 , 146–148] . Nevertheless, one attractive strategy for more 

recise, minimally invasive, and local delivery of immunotherapy is 

he use of injectable cryogel scaffolds [ 143 , 149] . Recently, ALMA- 

ased cryogels have presented a unique class of scaffolds with 

ascinating properties, including new and excellent physical and 

echanical properties, shape-memory features, and injectability 

 Fig. 11 ) [51 , 150–152] . For example, the Mooney group developed

n injectable ALMA cryogel modified with RGD peptide, loaded 

ith GM-CSF (granulocyte-macrophage colony-stimulating factor), 

erving as a DC enhancement factor, and CpG ODN (cytosine- 

hosphodiester guanine oligodeoxynucleotide), serving as a DC ac- 

ivating factor [142] . Subcutaneous injection of this cryogel into 

elanoma model mice led to a potent, durable, and specific anti- 

umor T-cell response and ultimately enhanced survival rate. Ad- 

itionally, ALMA-based cryogel vaccines demonstrated to confer 

hort and long-lasting protective immunity with minimal systemic 

dverse effects as 100% of vaccinated mice that survived the ini- 

ial tumor challenge survived the second challenge, indicating the 

nduction of strong immunological memory. Moreover, this system 

as also used in the context of breast cancer to generate a po- 

ent and durable immune response [151] . Subcutaneous injection 

f this system also inhibited tumor growth in the vaccinated mice 

hallenged by HER2/neuo-verexpressing DD breast cancer cells. 

In a different approach, the Mooney group applied injectable 

LMA-based cryogels to promote T cell regeneration and immu- 

ity after the allogeneic hematopoietic stem cell transplantation 

HSCT) through releasing BMP-2 that facilitates the recruitment 

f host stromal cells and induces bone formation [150] . In this 

ystem, 4-arm PEG acrylate macromonomers and ACRYL-PEG-NH2 

onjugated with Delta-like ligand-4 (DLL-4) was blended to the 

LMA cryogelation to specify T cell lineage fate. The mice injected 

ith these bone marrow-mimicking cryogels accelerated T cell 

econstitution compared with controls [150] . Moreover, further 

nalysis of the animal injected with this system revealed that T 

ell reconstitution’s enhanced rate did not accelerate the rate of 

VHD (graft-versus-host disease)-related death. In another recent 
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Fig. 11. (a) Schematic illustration of the processing steps behind the formation of ALMA-based cryogels. ALMA cryogels are usually formed in the water at freezing tem- 

peratures (typically between -5 and -20 ̊C). During cryogel formation in frozen condition, the growing ice crystals perform as porogen that forces out and concentrates 

the gel precursors (monomers and crosslinker) into an unfrozen phase. Later, the thawing ice crystals leave an interconnected macroporous architecture. (b) Schematic 

illustration showing syringe injection of ALMA cryogels with rapid shape-memory properties. (c) Images of ALMA cryogels before and after injection through a 16-gauge 

needle. Adapted with permission [51] . Copyright 2012, National Academy of Sciences. (d–e) Scanning electron microscope (SEM) images of an ALMA cryogel representing a 

macroporous network with superior interconnectivity. Adapted with permission [142] . Copyright 2015, Nature Publishing Group. 
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tudy, it was demonstrated that the combination of methacrylated 

EG (MA-PEG) and ALMA loaded with CpG-ODN, GM-CSF, and one 

r multiple leukemia antigens could yield an injectable cryogel to 

nduce potent anti-acute myeloid leukemia (AML) responses and 

rovide long-term relapse-free survival in AML models of animal 

152] . 

Although these systems appeared to be well-suited for im- 

unoregulation, the principle behind their functionality relies on 

iffusion-based control overactive agents’ release. As an alterna- 

ive strategy, stimuli-responsive systems could potentially be used 

or on-demand, precise, controlled local delivery of immunomod- 

latory agents and staggered release of multiple agents. Moreover, 

timuli-responsive cryogel devices have been successfully used to 

eliver proteins, drugs, signaling molecules, and stem cells. For in- 

tance, X. Ma ́s group developed an injectable thermo- and pH- 

esponsive cryogel based on ALMA, PEGMA, and NIPAM for the 

ustained release of protein and small molecule drugs [153] . No- 

ably, the presence of NIPAM endowed thermoresponsivity in the 

ystem. Furthermore, in-vitro drug release and degradation stud- 

es indicated that this device could release an anti-inflammatory 

rug (diclofenac sodium) and a protein (bovine serum albumin) in 

 pH-sensitive manner. Indeed, in our opinion, such systems need 

uch future attention to be fully applied in different biomedical 

pplications, specifically immunotherapy, drug delivery, and tissue 

ngineering. 

Drug encapsulation based on microencapsulation has shown to 

e a feasible route to control and precise release of drugs and 

ioactive agents [63] . Since ALMA is water-soluble, the water in 

he oil (W/O) emulsion method can be used to microencapsu- 
16 
ate drugs, proteins, and bioactive compounds. One such exam- 

le, covalently and/or dual-cross-linked ALMA sub-microspheres 

oaded with DOX, was fabricated for use as a chemotherapeu- 

ic delivery system [155] . The in vitro studies revealed that the 

ual-crosslinked sub-microspheres positively impacted intracellu- 

ar delivery of DOX delivery into A549 cells (human lung epithelial 

arcinoma cells). Along a similar line, the wet-spinning technique 

as used to fabricate core-shell fibers, in which ALMA was imple- 

ented as the shell element to slow down further the release rate 

f chemotherapeutic drugs (gemcitabine and doxorubicin) ( Fig. 12 ) 

154] . Accordingly, core-shell fibers allowed the sustained release 

f two drugs in vitro , which hindered the growth of pancreatic can- 

er cell lines. Moreover, in vivo testing of these fibers in a subcuta- 

eous pancreatic cancer tumor model in mice inhibited the tumor 

rowth for 14 days. 

. Conclusions and outlook 

Alginate can be inherently crosslinked with cationic divalent 

ons through ionic interactions; however, this gelling mechanism 

annot be controlled spatiotemporally. As a result, ALMA-based hy- 

rogels emerged as ideal alternatives in which crosslinking phe- 

omenon can be tuned and monitored in real-time. ALMA can 

e synthesized via various chemistries, depending on the type of 

ethacrylic precursor. The addition of methacrylic groups allows 

rosslinking of the polymeric network upon photoirradiation in 

he presence of a photo-initiator. Aside from fundamental factors 

e.g., pre-polymer and photo-initiator concentration, methacryla- 

ion degree, irradiation intensity, and exposure time), the physical 
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Fig. 12. (a) Schematic illustration of coaxial biofibers as 3D implantable textiles for local delivery of the anti-cancer drug. Adapted with permission [154] . Copyright 2020, 

The Royal Society of Chemistry. 
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roperties of ALMA hydrogels can be controlled by modalities such 

s oxidization and composite fabrication with organic/inorganic 

atters. In particular, the oxidization of ALMA provides a unique 

pportunity to form a double-crosslinked network when it is 

ixed with polymers containing amine groups. Furthermore, ad- 

itional chemical moieties can be introduced onto ALMA poly- 

eric chains to endow properties such as cell-adhesion and cell- 

ediated degradation, essential to their performance as tissue 

ngineering scaffolds. Remarkably, ALMA hydrogels facilitate the 

ormation of cell-laden constructs with complex microstructures 

sing microfabrication technologies, such as bio-printing, photo- 

atterning, and microfluidics. Notably, multi-cellular constructs 

imicking specific tissue compositions can be built using these 

ethods, and 3D artificial functional tissues are generated upon 

heir self-assembly. Also, microfabrication technologies provide a 

nique opportunity to study tissue morphogenesis and cell behav- 

or in response to micro-architectural cues, which are vital factors 

n engineering native-like tissues. ALMA hydrogels have been used 

n various biomedical applications ranging from bone and skeletal 

issue engineering all the way to vaccine delivery. This is a testa- 

ent to the versatility of ALMA hydrogels that can be tuned both 

hysically and chemically to meet the scaffolding requirements for 

arious tissues. 

The future of ALMA hydrogels depends significantly on techno- 

ogical advances in the field of microfabrication. For instance, tech- 

ologies such as biopen can be used as handheld devices to allow 

imultaneous coaxial extrusion of bio-scaffold and cultured cells 

irectly into the cartilage defect in vivo in a single-session surgery 

156] . Along similar lines, 3D printing technologies equipped with 

icrofluidic channels can be implemented to fabricate tissue en- 

ineering scaffolds with aligned biomimetic microstructures [157] . 

nother future horizon for ALMA hydrogels is the translation to 

he field of self-healing scaffolds, which can be achieved by mix- 

ng this polymer with suitable secondary/tertiary polymers to al- 

ow the formation of dynamic covalent bonds capable of reversible 

ealing [107] . All in all, in the following years, we can expect an

ncreased application of ALMA hydrogels in the field of biomedical 

ngineering as a major building block in the fabrication of multi- 

unctional scaffolding materials. 
17 
Besides used extensively in the food industry, alginate has 

een commercially utilized in many advanced sectors ranging from 

harmaceutics to wound healing patches [ 158–160] . However, de- 

pite the superiority of chemically modified alginate such as algi- 

ate methacrylate, they encounter a more difficult path for their 

linical translation. This is because, in preclinical studies, these 

erivatives should be prepared according to Good Laboratory Prac- 

ices (GLP) and then comply with Good Manufacturing Process 

GMP) requirements. This means the final product, which is ALMA 

n here, should be reproducible in terms of methacrylation de- 

ree, purity, and physiochemical properties. Therefore, the pro- 

uced ALMA should be first well characterized in terms of molec- 

lar weight and methacrylation degree with validated methods. 

oreover, the successful clinical translation of this biopolymer 

eeds the scalability of the production process, meaning that the 

ptimized process should be able to deliver the desired product in 

igh quantity while maintaining the required safety and low pro- 

uction cost. For example, in some published methods for ALMA 

ynthesis and purification, toxic solvents such as DMSO, ethanol, 

nd acetone are used that their desired removal and proper dis- 

osal in a large scale may not be simple and economical. Therefore, 

he methods requiring much of these solvents and reagents fol- 

owed by more steps for their removal should be considered as the 

ess preferred. Speaking of steps, for example, ALMA production 

sing methacrylic anhydride or GMA is preferred as they provide a 

ne-step, straightforward reaction process while these components 

re inexpensive and highly available. However, as noted in the syn- 

hesis section, GMA follows two routes for alginate methacrylation, 

hich makes lower control over the product reproducibility. 

The other important parameter that should be considered in 

LMA clinical translation is the crosslinking efficiency, which de- 

ermines up to what extent methacrylate groups participate in the 

hotocrosslinking reaction. It is important because there are some 

tudies reporting the toxicity of methacrylic acid ( > 2 ppm) that 

s formed following hydrolysis of unreacted methacrylate groups. 

herefore, as a step to facilitate clinical evaluations of ALMA-based 

ydrogels, crosslinking efficiency should be reported using GLP- 

pproved methods and maintained as high as possible as a repro- 

ucible feature. 
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All in all, further challenges worthy of careful consideration are 

he sourcing of high-quality, reproducible alginate materials with 

ontrolled molecular structure, molecular weight, methacrylation 

egree, and crosslinking efficiency. This will be critical as we move 

any of the above possibilities closer to clinical application and 

ence regulatory issues. 
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