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Abstract

The desired organ in micro-tissue models of organ-on-a-chip (OoC) devices dictates

the optimum biomaterials, divided into natural and synthetic biomaterials. They can

resemble biological tissues' biological functions and architectures by constructing bio-

activity of macromolecules, cells, nanoparticles, and other biological agents. The inclu-

sion of such components in OoCs allows them having biological processes, such as

basic biorecognition, enzymatic cleavage, and regulated drug release. In this report,

we review natural-based biomaterials that are used in OoCs and their main character-

istics. We address the preparation, modification, and characterization methods of

natural-based biomaterials and summarize recent reports on their applications in the

design and fabrication of micro-tissue models. This article will help bioengineers

select the proper biomaterials based on developing new technologies to meet clinical

expectations and improve patient outcomes fusing disease modeling.
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1 | INTRODUCTION

Engineered micro-tissue models have been used to resemble extracel-

lular matrix (ECM) and natural tissues, with intensive applications

ranging from drug injection to sample separation and detection on a

single platform.1 These models can be added to organs-on-chips

(OoCs) to precisely monitor cell media across microchannels ranging

in size from tens to hundreds of microns.2 The microchannel has a
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large surface area and high throughput volume,3 which can be used in

low regent consumption, controllable volumes, rates of mixing, rapid reac-

tions, and precise control of physical and chemical features. Microfluidics

integrates sample preparation, reactions, isolation, identification, and basic

operating units such as cell culture, sorting, and lysis.4 Pol-

ydimethylsiloxane (PDMS)-based microfluidics are the common choices in

the field. The mass transfer and functionalization are restricted to the

surfaces of micro-channels. Another key objective is to recapitulate the

structure of the target tissue.5 The cellular complexity needed for regrow-

ing the ECM to find their way back to their targets inbuilt adult tissue. The

recent discoveries are deciphering how this cellular complexity is modu-

lated in the distinct environments of a regenerating tissue with possible

reaction to response processes. There is a need for biomaterials and

micro-fabrication techniques for creating micro-tissue models.6

TABLE 1 A summary of natural biomaterials used in micro-tissue models

Natural
biomaterials Characteristics Cell source Target micro-tissue

Fibrin • RGD bonding spaces

• Conveniently produced to shape thin

membranes

• Noncontracting properties

• Neonatal cardiovascular fibroblasts61

• Human-induced pluripotent stem cell

(hiPSC)85

Blood-brain-barrier (BBB)-on-a-chip

system,53,15

Skin micro-tissue60system

Hyaluronic

acid

• Biocompatibility

• Tunable chemical compositions and

mechanical properties

• Human-induced pluripotent stem cell

(hiPSC)101

• hiPSCs-HEPs104

Liver,16 heart17 and skeletal

muscle18micro-tissue

Gellan gum • Linear, anionic, and high molecular

weight polymer

• Stronger and less permeable

• Thermo-responsive

• Tunable mechanical properties

• Reasonable cost of production

• Primary neural cells107 The microvascular networks19 for micro-

tissue

Gelatin • Single-strain protein

• Including RGD

• Better solubility

• Significantly lower cost

• Relatively lower antigenicity

• Biocompatibility

• Biodegradability

• Parenchyma, stroma, and

endothelium cell lines137

• Endothelial cells (ECs)66

• Smooth muscle cells (SMCs)66

• Umbilical vein endothelial cells

(HUVECs)69,70

• Breast cancer cells (MCF-7)70,145

• Human hepatocellular carcinoma

(HepG2) cells69

• Cardiomyocytes68,146,147

Microvasculature-on-a-chip system20

Vessel,21 heart,22 liver23 micro-tissue

Tumor spheroids24

Silk fibroin • Excellent biocompatibility

• Tunable mechanical strength

• Controllable degradation rates

• Nonimmunogenic

• Engineering cardiac tissue71

• Hepatocytes72,73
Cardiac micro-tissue25

3D cornea-model146,151

3D micro-tissue147

Liver micro-tissue26,27

Collagen • A major structural protein of

natural ECM

• Triple-helix structure composed of

different amino acids

• Biocompatibility

• Biodegradability with low antigenicity

• Renal proximal tubular epithelial

cells80

• Human glomerular endothelial cells78

• Peritubular capillary endothelial

cells80

• Primary human brain astrocytes129

• Primary human brain pericytes129

• Mesenchymal stem cells (MSCs)127

Brain,28 skin,29 vessel,30 kidney,31 and

lung32 micro-tissue.

Glomerulus-on-a-chip (GOC)33

Alginate • Biocompatibility

• Mild gelling conditions

• Mesenchymal stem cells (MSCs)183 HUVEC-lined microvessel

Chitosan • Important bioactive properties,

hemostatic, bacteriostatic, fungistatic,

anti-carcinogen, anti-cholesterol, anti-

acid, anti-ulcer

Rich nitrogen content

• Enable chemical reactions

• Positively charged hydrophilic polymer

Chitosan-based MPs for microfluidic162

Dextran • High rheological properties

• High purity

• High physicochemical properties

• Endothelial cells175 Liquid Chromatography integrated micro-

tissue system168

HUVEC-lined microvesse169
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Micro-tissue models that mimic the target tissue7 can be inte-

grated into biological structures or other micro-tissues. The

approaches that have emerged for this purpose are based on the use

of surface-immobilized biopolymers.8 Using biomaterial formulations

consistently on a micro-tissue would be a game-changer for generat-

ing a biomimetic microenvironment. Using biomaterials compositions,

it is possible to develop heterogeneous tissue scaffolds including mul-

tiple cell types and substrates using multiple exchangeable classifica-

tions with different biomaterials.9

Different groups of natural biomaterials in tissue engineering are

based on the composition of ECM and extraction sources.10 The mod-

ification and characterization processes of natural-based biopolymers

are being investigated for integrations into OoCs.11 Different bioma-

terial classes have to be selected for the ECM in micro-tissue devices,

mimicking the microenvironment and the microfluidic housing. The

ECM provides cell adhesion ligands, cell signaling pathways, and bio-

chemical cues that affect their phenotypes.12 Biomaterials available

for the cellular microenvironment in vascularized micro-tissue devices

include polymers of naturally derived hydrogels, such as agarose and

collagen, chitosan, alginate, and gelatin.13 Other natural biopolymers

are used and modified natural hydrogels such as gelatin methacryloyl

(GelMA).14

Here we discuss micro-tissues based on natural biopolymers and

different application areas in the current studies (Table 1). The first

section describes the classification of other biomaterials used in

micro-tissue, and the second section explains the different micro-

tissue categories to which they belong. The main focuses are biocom-

patibility, bioinertness, bioactive/surface reactive, biodegradability,

stabilizability, good physical and mechanical features, manufacturabil-

ity, low weight, reasonable cost. In the end, we discuss the significant

advantages of biomaterials in micro-tissues.

2 | DESIRED MICRO-TISSUE MODELS

Biomimetic micro-tissue models are typically constructed to repli-

cate the ECM or different tissues' basement membranes.34 The

most significant feature of this design is developing an area that

mimics in vivo conditions. The tissue’s mechanical properties,

shear force, structure and porosity, fluid movement, and specific

cell lines communicating with the micro-tissue depend on the

desired tissue.35 The ECM is a complex structure composed of bio-

materials and adhesion proteins.36 The natural biomaterials include

collagen, gelatin, hyaluronic acid, fibrin, Matrigel, or other natural

polymers such as chitosan, alginate, and silk fibroin.37 Dynamic

biochemical interactions between cells and the ECM have been

developed at the molecular level, preserving tissue integrity.38

Recent studies have highlighted micro-tissue to generate matrices

that mimic the ECM’s cell and guiding roles, allowing cells to

expand, migrate, and differentiate. The micro-tissue architecture

considers the ECM’s specific features to build biomimetic micro-

tissue.39 Selected fundamental characteristics of natural biomate-

rials are summarized below.

2.1 | Biochemical characteristics

Cellular adhesion, proliferation, differentiation, and migration could be

supported by accumulating growth factors, hormones, and proteins.40

Cells have adhesion molecules on their surface, and their receptors

interact with ECM proteins, such as laminin, fibronectin, and

vitronectin.41 Tripeptide arginine–glycine–aspartic acid (RGD) and

peptide sequences such as GFOGER, IKLLI, LRE, IKVAV, YIGSR,

DGEA, and PDSGR could be incorporated with the micro-tissue.42

The RGD-functionalization in tissue constructs is to enhance cell rec-

ognition. Accordingly, RGD-conjuucted cell-adhesive species (CAM)

are used for mimicking the cell-interaction and regulating the cell-

adhesion. Generally, the standard NHS/EDC chemistry is used for the

functionalization of biomaterials.43 The design of ECM- mimicking

constructs is still an important challenge in tissue engineering and the

biomaterial selection requires to be functionalized for tissue

remodeling.

The micro-tissue selectivity and sensitivity depend on the use of

stimuli-sensitive polymers that respond to pH, temperature, light,

electrical impulses, or chemical substances. Stimuli-responsive poly-

mers could retain or release fluids depending on a stimulus and act as

a feedback system. A change in the hydrogel network volume is gen-

erated by controlling time-dependent stimulus forces. Chemical

parameters could be exemplified by the solvent choice, their charac-

teristic properties from the hydrogel network.44 Stimuli-responsive

polysaccharide hydrogels could be used in fabrication to create a bio-

chemical communication system.45 Natural polymers suffer some

drawbacks due to having poorly defined structures and low reproduc-

ibility, depending on the compositional variations in their natural ori-

gins. Widely used synthetic biopolymers are poly(ethylene glycol)

(PEG), poly(vinyl alcohol), polyacrylamide, and methacrylate deriva-

tives.37,46 Overall, the composition determines the mechanical proper-

ties, wettability, electric charge, and plasticity of the micro-tissue,

influencing cell behavior.47

2.2 | Topographic properties

The topography of cell-laden biomaterials influences cellular behavior

changes such as migration, proliferation, differentiation, gene expres-

sion, and surface texture.48 Topography could enhance cell binding to

the substrate by creating surface cues that enable cells to attach,

improving cell adhesion and proliferation.49 Similar to topography,

surface roughness affects cell adhesion, where cells are affected dif-

ferently depending on the cell type. In vivo roughness of natural tis-

sues varies depending on the complexity and heterogeneity of the

target tissue.47 Many researchers study surface roughness to increase

or decrease cell adherence.50 The complex nature is not replicated on

micro-tissue in which studies are carried out in 2D,51 limiting cell

behavior evaluation (Figure 1A). Recent research in the area has

focused on developing 3D cell assays, spheroid assays, and organoid

assays to overcome the limitations and simulate the physiological

environment of the organs. Tibbitt et al. have discussed 2D and 3D

CECEN ET AL. 1149
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cultures and the use of hydrogels for cell culturing (Figure 1B).46 They

emphasize that cells behave more genuinely in 3D cultures than 2D

ones, and they suggest that hydrogels could be used to create 3D cell

cultures. The critical attribute of 3D culture is its similarity to cells

growing in vivo in cellular topology in molecular path with the desired

cell/organoid architecture.

2.3 | Mechanical properties

Considering the target tissue, the mechanical properties of substrates

could be used to regulate cell behavior, and cells respond to changes

both in microscale and macroscale.4 The substrate stiffness or the

intrinsic elasticity of the matrix is emerging as a critical physical factor

to influence tissue. The relationship between substrate stiffness/

elasticity and cellular response is studied by various groups using vari-

ous cell types on different substrates. Cell responses were evaluated

in adhesion, migration, spreading, and contractility via 2D and 3D cul-

tures. It was found that phenotypic and genotypic changes were

observed in cells, which could lead to changes in cellular growth,

death, differentiation, and morphological changes52–56 For instance, in

a study, it is reported that on stiffer substrates, actin cytoskeletons of

the dermal fibroblasts are better organized, cell proliferation is faster,

and cell migration is slower compared to softer substrates.57,58 There-

fore, a strong understanding of the relationship between the sub-

strate’s stiffness and the stiffness of the target tissue would be very

useful in designing micro-chip with optimal mechanical properties.59

Porosity controlled by the molecular pores could separate compart-

ments in the micro-tissue.35 The porosity controls the permeability of

the model,60 and it may allow for better cell encapsulation and

growth. The pores can enable transport of fluids, nutrients, metabolic

molecules, and oxygen. In a study, Esch et al. mimic intestinal villi and

tight junctions of the intestinal epithelium by fabricating porous sub-

strates.61 Casillo et al. have studied the effects of membrane pore

spacing on cell behavior. They found that cells had fewer focal adhe-

sions and shorter fibronectin fibrils on porous membranes and soft

substrates, promoting cell–cell interactions than nonporous con-

trols.62 Zhao et al. mentioned the importance of the pores’ aspect

ratio study to enhance molecule transport efficiency, decrease sensor

response time, and eliminate infiltration challenges.63 Porosity of the

F IGURE 1 (A) Comparison of the 2D and 3D assays in cell morphology and proliferation, where the 2D study is carried in the traditional
plastic culture and synthetic PEG hydrogel. Reproduced with permission.52 Copyright 2010, Elsevier. (B) Comparison of control of the

biochemical and mechanical features by cell-defined and user-defined designs. Cell cleaving MMP degradable crosslinks are represented in yellow
circles and allow growth factors (red) and RGD (green circles). These changes lead to the deposition of ECM proteins (orange fiber). In user-
defined designs, novel structures like photo-degradable crosslinks (blue ellipses) and RGD attachment enable control of the gel’s properties and
direct cells. Enzyme (brown) placements enable the user-defined release of sequestered growth factors. Reproduced from with permission.46

Copyright 2009, Wiley-VCH. (C) Formation of collagen bundles; (A) spatial–temporal profile of the cell-induced matrix deformation; (B) a collagen
bundle between two cells referred to as an arrow; (C) collagen bundles formed between multiple cells. Reproduced with permission.38 Copyright
2017, Springer Nature
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material impacts the mechanical properties of the substrate as the vol-

ume of pores increases, the mechanical properties of the material

weakened.57 Plasticity is another parameter, especially in micro-tissue,

where cells can be perturbed. A study by Kim et al. demonstrated that

cells could remodel connective tissues and the ECM via modeling col-

lagen bundles by densifying and aligning the fibers.38 This programma-

ble collagen property may enable future possibilities to design more

complicated and realistic micro-tissue (Figure 1C).

2.4 | The tissue functions in vitro properties

There are important issues for the tissue specific properties that are

needed for proper mimicking of the tissue functions in vitro. Tissue-

mimetic in vitro 3D environments have an importance that can lead to

meaningful results which can be applied in humans. Different tissue

models in these platforms with natural biopolymers can be mimicking

tissue-specific architecture and pathophysiology for in vitro

research.64 For tissue functions, cells on these platforms want to

mimic their natural in vivo microenvironments. Therefore, they are

affected by mechanical forces, fluid flows and physiological stresses.

Cell–cell interaction and communication are important for simplifying

tissue combination and reassembly during development, injury and

disease.65

3 | PROTEIN-BASED POLYMERS

Natural hydrogels are one of the main factors for tissue regeneration;

owing to their pivotal character in biocompatibility and mechanical

stability with higher biocompatibility, excellent biological potential,

low immunogenicity, and low cytotoxicity from their degradation ele-

ments, they have turned into favorable as micro-tissue.41 In this sec-

tion, we illustrate the benefits of natural polymers over certain other

micro-scale functionalization products and show a compilation of cur-

rent publications on biomaterials and their applications used during

the design of micro-tissues. We also discuss the desired features of

protein-based micro-tissue applications and currently available con-

structs for skin repair and regeneration and overview widely used or

favorable natural biopolymers in cardiac, cornea, and blood brain bar-

rier (BBB).

3.1 | Fibrin

Fibrin hydrogels complemented with laminin-III are efficient in the

development and growth of murine and human epithelial organoids.

Such tunable composite matrices can significantly enhance the flexi-

bility and reproducibility of special organoids.66 Fibrin hydrogel-based

micro-tissue can provide adequate oxygen and nutrient supply, regu-

lating the long-term survival and preservation of vascularized tissues.

The integration of hydrogels and fibrin into the OoCs helps develop-

ment of vascularized 3D micro-tissue.67 In one work, neonatal

cardiovascular fibroblasts were incorporated into 3D fibrin-based

hydrogels, and afterward, mechanical incitement (cyclic extending)

was applied to reproduce a fibrosis-like environment.68 This model

overcomes some conventional monolayer cell culture issues by intro-

ducing exogenous active morphogens, thus allowing analysis of alter-

native fibrosis pathways and new therapeutic developments.61 Fibrin

hydrogels can be used to encapsulate human induced pluripotent

stem cell derivative endothelial cells, cerebrum pericytes, and astro-

cytes to make self-amassed vascular matrixes in micro-tissue.69 The

BBB micro-tissue provides a novel method to research the patient-

specific neurovascular pathology roles in neurodegenerative ailments

and assume neurotherapeutic viability in preclinical applications.70

Neurons surrounded 3D collagen matrices, and astrocytes were situ-

ated near endothelial cells within cylindrical structures.61 Human skin

was introduced by Sriram et al. by joining a fibrin-based dermal lattice

with a unique stream framework to reconstruct full-thickness skin.71

They were equivalents in a biomimetic microenvironment to study

micro-tissue skin barrier functions. Skin counterparts displayed better

epidermal separation and better barrier work relative to traditional

static cultures. Fibrin-based dermal matrices with noncontracting

properties help direct downstream assays in micro-tissue permeation,

expanding skin model usage in tissue engineering.72 This demon-

strates the advantage of using fibrin hydrogel as a therapeutic adjunct

in cell therapy for regeneration. The target tissue survival and differ-

entiation can also be controlled in vivo based on the type of micro-

tissue employed.73

3.2 | Silk fibroin

Silk fibroin (SF), one of the most encouraging elements obtained from

the cocoon of the silkworm Bombyx mori is another naturally avail-

able biomaterial and nonimmunogenic,74 SF-based material that has

excellent biocompatibility, tunable mechanical strength, and controlla-

ble degradation rates. Importantly, various intrinsic factors such as

health of the silkworms, the spinning process and genetic modification

could modulate the mechanical properties of silk fibers. Additionally,

the mechanical features of silk fibroin hydrogels are highly dependent

to heat or cold application, mechanical agitation or sonication, pH

change, and/or crosslinking by ions (Ca2+ ions).75,76 The degradation

rate of SF-based biomaterials can be configured to meet the require-

ments of natural extracellular matrices of target tissues,77 interact

with cells, and ensure physiologically associated micro-environments

to guide cellular behaviors.66 The FDA approves SF for biomedical

applications. For this reason, SF is a safe and popular choice of bioma-

terial for the development of artificial organs in micro-tissue.25,78,79

Zhao et al. prepared a biofunctionalized SF-based hydrogel to

construct multiple fluidic layers using gelatin-molding and layer-by-

layer stacking techniques (Figure 2). The SF-based hydrogel micro-

fluidic exhibited tunable mechanical properties from 1 kPa to 1 MPa

and controllable degradability, high optical transparency, stability

under different environmental conditions showed unique characteris-

tics for target.78

CECEN ET AL. 1151
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Engineering of cardiac micro-tissue has become the most signifi-

cant problem due to complexities related to replicating its natural

form and bench-to-bedside translation.25 Cardiac micro-tissue is an

important post to pharmaceutical companies for analyzing various

new drugs related to cardiac toxicity.80 In an exciting study, Mehrotra

et al. developed a no mulberry SF-based biomaterial as engineered

cardiac tissue. A dual crosslinking method was used for the prepara-

tion of a stable anisotropic scaffold. The developed SF-based scaffold

offered a huge capability toward constructing cardiac tissue while

keeping its functionality (Figure 3). The drug-DOX was screened in

the micro-tissue for cardiac-related toxicity.25

To achieve a successful in vitro cornea model, it is essential to

replicate the cornea microenvironment due to the corneal construct’s
complexness and the mechanical environment formed by the intraoc-

ular pressure of the cornea’s body (Figure 4A,B). Mechanical-shaped

strain typically has an impact on in vitro cell features. In a pioneering

F IGURE 2 (A) Microfluidic platform
implemented with silk-based hydrogel for
HUVEC culture. (B, C) Proliferation and E-
cadherin/DAPI staining results of
HUVECs in the chip system. (D) The two-
layer microfluidic platform implemented
with silk-based hydrogel for 3D fibroblast
culture Reproduced with permission.78

Copyright 2016, Elsevier

F IGURE 3 (A) Schematic
representation of native heart
tissue. (B) F-Actin/DAPI images
of 3D-printed silk-based
construct. (C) Schematic of the
microfluidic bioreactor
construction. (D) 3D-bioprinting
of silk-based vascularized cardiac
tissue including microchannels.
(E) Cell viability. (F) F-Actin
staining. (G) CD31
immunostaining (results in the
microfluidic platform. Reproduced
with permission.25 Copyright
2020, Wiley-VCH
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work, Zhao et al. built a biomimetic 3D in vitro cornea model that

superiorly supports the keratocyte phenotype and ECM production

according to the conventional 2D in vitro cornea model. A new

static equiaxial dome-shaped strain was developed to mimic the

cornea shape and strain. The structure of the natural cornea was

replicated using patterned collagen-modified SF-based material

(Figure 4C). The impact of the mechanical-shaped strain on the ker-

atocyte phenotype and ECM production was studied, and kerato-

cyte marker expression was found to be 3% higher in the dome-

shaped mechanical strain cornea-model than the flat-shaped

strain.81 In conclusion, SF micro-tissue can represent a precious

implement to understand better cell migration functions, consisting

of a proof of concept, where different ECM like biomaterials and

the influence of chemoattractants.82

4 | POLYPEPTIDE-BASED POLYMERS

Polypeptides form with a rod-coil structure. The ß-strand configura-

tion presents the benefits of an additional means to direct nanoscale

assembly formation84 through intermolecular hydrogen bonding of

body and make them highly necessary for biomedical applications.85

Polypeptide-based polymers can be used in the inquiry of self-

assembling nanostructures, mainly in aqueous solutions.86 In this con-

text, polypeptide-based copolymers display substantial promise as

building blocks that permit improved control over intra- and inter-

molecular relations, in concert with stable yet adjustable secondary

and tertiary constructions. We propose using the protein-based natu-

ral polymer, which can stand against a synthetic polymer.

Polypeptide-based materials offer significant benefits over syn-

thetic polymers in terms of applicability. For instance, short peptide

motifs like RGD, KNEED, and IKVAV, ubiquitous compounds for cell

receptors and mediate numerous cell behaviors including attachment

and spread, may be attached to or inserted inside repetitious polypep-

tides more easily than synthetic materials. Second, self-assembly and

directed assembly of peptides have lately piqued the curiosity of

researchers as possible methods of producing multifunctional bioma-

terials. Self-assembling biomaterials derived from peptides include

leucine zipper-based biomaterials, peptide amphiphiles, beta-sheet

forming ionic oligopeptides, and beta-hairpin peptides. Third, because

the body quickly destroys many peptide-based biomaterials, they

appeal to drug delivery vehicles and scaffolds for tissue engineering.87

4.1 | Collagen

Collagen (COL) types I–IV are the main structural proteins of the natu-

ral ECM, they are widely used in the design of micro-tissue.88 Type-I

COL is the most abundant form of collagen and is mostly found in

skin, bone, tendon, and ligaments, whereas others can be distinctive

for tissues such as type-II COL and cartilage.89 Notably, the mechani-

cal properties of COLs can be easily tuned by crosslinking or blending

them with other polymers27 having cell adhesive domains,66 and it

was reported that they have significantly enhanced the adhesion, pro-

liferation, and differentiation of several cells such as osteoblasts, cho-

ndroblasts, and mesenchymal stem cells.

Importantly, crosslinking of collagen is a possible strategy using

chemical crosslinking agent such as glutaraldehyde and diph-

enylphosphoryl azide to enhance stability of collagen constructs.90,91

The use of specific geometries of collagen constructs to govern cell

behaviors has been widely studied. For instance, breast cancer cells in

a continuous collagen network were demonstrated to migrate faster

than arraying only droplets in the chambers. It can be attributed to

length difference of ECM network where cells encapsulated in thicker

collagen constructs could be migrate faster than those in thin collagen

constructs.92 Also, functionalized collagen by amino acid side chain

modification reactions of methylation and succinylation was used for

layer by layer deposition of collagen on top of cells cultured in micro-

fluidic devices and resulted in stabilization of cell morphology and

function.93 Biomimetic collagen vessels with a stable biochemical gra-

dients was fabricated For microenvironmental regulation of angiogen-

esis to show mechanical and/or autocrine mechanisms that may

suppress pro-angiogenic paracrine signaling under certain condi-

tions.94 Importantly, 3D collagen fiber orientation was studied to 3D

reconstruction of neuronal tissue by manipulating the cultivable gel

region using photothermal etching method.95

F IGURE 4 Schematic of the natural human cornea (A) and a 3D
in vitro cornea-tissue model (B). Reproduced with permission.83

Copyright 2017, Elsevier. Biomimetic 3D in vitro cornea-model with
SF-based material, collagen I hydrogel, and 3% dome-shaped strain
(C). Reproduced with permission.81 Copyright 2017, Wiley-VCH
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Recently, various research groups have focused on engineering

glomerulus-on-a-chip (GOC) using collagen.33 Petrosyan et al.

described a GOC model using COL-IV and laminin as matrix materials,

the glomerular basement membrane’s main components. Human

podocytes and human glomerular endothelial cells were seeded onto

microfluidic to better mimic the glomerular filtration barrier by selec-

tive permeation and responding to nephrotoxic agents.31 They

reported that their system serves as a useful model for studying the

human renal filtration barrier, different glomerular diseases, and drug

response.31 Musah et al. presented a GOC system and a protocol to

evaluate mechanical forces’ function in glomerular development. They

achieved the differentiation of the human induced pluripotent stem

cells into podocytes with >90% efficiency.4 Then, they used COL-IV

as a matrix material in a two-channel microfluidic device and applied

podocytes into one channel and endothelial cells into the second

channel within 35 days succeeded in keeping the cells alive

undifferentiated. This method can help mimic the human glomerular

structure and the mechanical and related disorders, nephrotoxicity,

and drug screening.96

Yin et al. has developed a three-layer microfluidic consisting of a

drug concentration gradient and a temperature-controlled flow sys-

tem to culture cells. The collagen-coated polycarbonate membranes

were added to the micro-tissue to provide cellular adhesion. The renal

proximal tubular epithelial cells and peritubular capillary endothelial

cells were used to evaluate drug-induced nephrotoxicity. Notably,

cells cultured in the microfluidic system revealed better physiological

relevance than cells cultured in static conditions for assessing drug

nephrotoxicity.33 Maoz et al. described a microfluidic neurovascular

unit model using three linked micro-tissue incorporated with type-IV

COL and a fibronectin-coated membrane to mimic BBB influx efflux

of the brain’s parenchymal compartment. This linked OoCs represents

a useful tool for both the modeling of metabolically critical physiologi-

cal functions and drug screening across the BBB.28 Park et al.

designed a microfluidic OoC-BBB using polyethylene terephthalate

membrane coated type-IV COL and fibronectin. To improve the bar-

rier’s function, pluripotent stem cell-derived human brain microvascu-

lar endothelium, primary human brain pericytes, and astrocytes were

cultured for at least 1 week.97 Song et al. measured the usage of COLs

from various sources as scaffold elements for micro-tissue skin. The

results gave valuable information on rat tail COLs in both well-plate

and environments. Both showed robust staining of COLs; COLs sta-

ined slightly more substantially in the well-plate culture environment.

Different COLs as scaffold elements caused other scaffold elements

responses in cultured cells. COLs from rat tails most successfully

supported the differentiation of the dermis and epidermis in micro-

tissue skin.29 Menon et al. developed a new micro-tissue atheroscle-

rosis with COLs-patterned and endothelialized microchannels in dif-

ferent geometries. The vascular micro-tissue was prepared using soft-

lithography and photolithography methodologies. COLs-patterned

constricted vascular micro-channels were designed to replicate steno-

sis in atherosclerosis. Neutrophil transendothelial movement and bar-

rier permeability were evaluated.30

The small intestine is a specific organ that plays a main role in

nutrient absorption and digestion, facilitating essential metabolism

and drug uptake functions.98 Zamprogno et al. designed an unequaled,

biological, thin, and stretchable COLs- and elastin-based membrane

for lung micro-tissue applications. The membrane was prepared by

using the drop-casting method. A gold mesh with a pore size of

260 μm was preferred as the scaffold. The developed membrane reca-

pitulated the natural ECM of the lung parenchyma.32

COL can open the route to the novel establishment of micro-

tissue that allows for the reproduction of the entire organ biological

barrier due to its strength, and absorption-free features make it a

potent instrument in drug analysis, modeling the diseases and applica-

tions of precision medicine.32

4.2 | Gelatin

Gelatin is a widely used single-strain protein derived from the partial

hydrolysis of collagen.99 It maintains the bioactive motifs of collagen,

including RGD, which regulates cell attachment, proliferation, and dif-

ferentiation. It is susceptible to matrix metalloproteinases (MMPs),

important in cell and matrix remodeling.100,101

GelMA is widely used for micro-tissue due to its unique proper-

ties.102 GelMA has been synthesized by chemically modifying gelatin

with methacrylic anhydride and crosslinking the combination under

UV light in a photoinitiator’s presence to create a covalently

crosslinked hydrogel.103 The methacrylation degree and photo-

polymerization time of a GelMA hydrogel can be easily modified to

provide the desired mechanical, degradation, and biological features

to mimic the ECM with outstanding biocompatibility. Notably, GelMA

maintains the bioactive motifs of gelatin (such as RGD motifs and

MMP sensitive motifs), and it comprises less than 5% of the amino

acid residues in the molar ratio.14 Abudupataer et al. designed a

microfluidic consisting of two parts, including a three-layer micro-

tissue of poly (methyl methacrylate) and a 3D bioprinted tissue with

spatial heterogeneity by incorporating GelMA with endothelial cells

(ECs) and smooth muscle cells (SMCs). When ECs and SMCs were co-

cultured in the micro-tissue, αSMA and SM22 protein expressions and

the SMC’s contractile phenotype were upregulated compared to cells

grown in monoculture.21

Liver steatosis on a micro-tissue designed using PDMS micro-

tissue incorporated GelMA constructs, which consisted of spheroids

of the co-culture of human hepatocellular carcinoma (HepG2) cells

and The umbilical vein endothelial cells (HUVECs), is under study by

Lasli et al.104 According to their analysis, in the presence of 20% of

HUVECs in HepG2 spheroids, the disease could be modeled better.

The designed micro-tissue was connected to an array of inter-

connected hexagonal micro-wells to monitor functionality via

detecting the generation of reactive oxygen species and elevated

albumin secretion.104 Zhang et al. developed endothelialized myocar-

dial tissues using cardiomyocytes seeded in alginate and GelMA

microfibrous hydrogel scaffolds by 3D bioprinting. Notably, dose-
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dependent responses were observed for both cardiomyocytes and

ECs through this method.22

Some research groups have benefited from the structural color

change of hydrogels to monitor cellular change in heart micro-tissue.

For instance, Fu et al. designed a conceptually color-shifting material

with autonomic regulation capability by incorporating cardiomyocyte-

laden GelMA hydrogels and nano-silicate.105 Along with the beating

of cardiomyocytes, cell elongation and contraction resulted in changes

in structural colors. Interestingly, they combined biohybrid living

structural color hydrogels and microfluidics to obtain a heart micro-

tissue for drug screening and biological studies. They reported that

some cell behaviors could be detected easily through color changes.

In contrast, weak cellular forces may be overlooked due to weak

morphological variances in the elastomer films or hydrogels.105 Li

et al. designed a heart micro-tissue to reduce graphene oxide (rGO)

hybrid anisotropic structural color film based on poly (ethylene glycol)

diacrylate (PEGDA) and GelMA study cardiac sensing. GelMA and

rGO having high adhesion rates helped with growing and orientating

cardiomyocytes.106

The main advantages of gelatin over collagen are its better solu-

bility, significantly lower cost, and relatively lower antigenicity due to

exhibition of fewer aromatic groups.103 Gelatin can only form a gel

with low mechanical strength.107 It can be easily manipulated by phys-

ically blending with other polymers, chemical crosslinkers, or physical

treatment to enhance its physicochemical properties.66

5 | POLYSACCHARIDE-BASED POLYMERS

Glycosidic bonds connect long monosaccharide chains to form poly-

meric carbohydrate molecules known as polysaccharides.108 These

natural-based structural elements are primarily used in biomedical

applications.109 Here, we propose to discuss the three types of poly-

saccharides and their chemical modifications, preclinical studies, pre-

paratory strategies, and clinical translations in OoCs discussed.110

Studies to date have been devoted to developing a variety of nan-

otherapeutics linked through a microfluidic circulatory system. Some

of these applications are known as liposomes, micelles, polymeric con-

jugates, and polymerases.111

Microfluidic instruments may be designed and adapted for spe-

cific purposes. They can indeed be combined with postsynthesis

approaches and measurement methods on a single technology frame-

work to monitor the in-situ formulation of polysaccharide-based poly-

mers using residence time-based resolution.112 Polysaccharides are

sugar molecules that are covalently bound by a glycosidic bond and

contain more than two sugar molecules. Monosaccharides and disac-

charides, in addition to polysaccharides, are used in the classification

of carbohydrates. Polysaccharides have a wide range of functional

usefulness, versatility, and structural diversity due to their varying

molecular weights and variations in reagent groups such as carbonyl,

carboxyl, amine, hydroxyl in the polysaccharide backbone.113 Polysac-

charides of natural origin are usually derived from plants (cellulose),

animals (chitosan, the exoskeleton of insects, chitin), algae (alginate),

and microorganisms (dextran). Polysaccharides are composed of a high

amount of hydroxyl groups when compared with other synthetic

hydrophobic polymers.114

Additionally, polysaccharides may have other hydrophilic

groups.115 For example, large numbers of carboxyl groups and large

chitosan numbers of amino groups are found in alginate. These fea-

tures additionally provide aqueous solubility and cause increased bio-

logical adhesion and biological recognition properties called

noncovalent bonding between target tissues and polysaccharides.116

To exemplify, only positively charged polysaccharides, such as

chitosan, can attach to negatively charged mucosal layers with an

electrostatic reaction.114 Another commonly used polysaccharide,

hyaluronic acid (HA), can perceive and bind to CD44 antigens on the

cell surface. Polysaccharides are readily detected and metabolized by

the body due to their biochemical properties.117

Because polysaccharides include a variety of functional groups,

they may be modified with different chemical groups, which can aid in

the loading of desired medicinal compounds.118 The therapeutic com-

ponent might be delivered by simple diffusion or via degradable

crosslinking. It should be highlighted that biocompatibility and biode-

gradability are critical factors to consider when selecting a material for

biomedical applications.119 Because polysaccharides have these quali-

ties by nature, they are frequently used as a polymer matrix to

develop novel products. Polysaccharide-based nanomaterials, unlike

other nanoparticles, can breakdown into harmless byproducts under

biological circumstances, followed by renal clearance.120

5.1 | Chitosan

Chitosan consists of D-glucosamine units (1–4) due to chitin’s
deacetylation in an alkaline medium.121,122 Chitosan dissolves in aque-

ous acidic environments because of the protonation of –NH2 groups

in the C-2 position, turning into polyelectrolyte in acidic environ-

ments. Chitosan has various bioactive features, including fungistatic,

bacteriostatic, hemostatic activity, anti-acid anti-cholesterol, anti-car-

cinogen, anti-ulcer, wound and bone healing efficiency, and immune

system stimulation.123

Chitosan has a diverse set of properties that allows integrating

biological components with electronic devices for OoCs purposes. In

designing OoCs, there is a great deal of interest in conducting high

throughput studies with limited sample volumes.124 OoCs devices, for

example, are used to quickly examine biological substances

(e.g., blood or saliva) for metabolites (e.g., glucose) or protein bio-

markers. Chitosan has various features that suggest it can interface

biological constituents with electronic tools for OoCs applications.125

Chitosan’s pH-responsive film-forming features enable it to be elec-

trodeposited as a stable thin film in reply to regional cathodic signals

in these ways. When the chitosan-coated electrode is submerged in

an aqueous solution including NaCl, the electrodeposited chitosan film

can be electrochemically activated for protein conjugation by applying

an anodic prospective chitosan-coated electrode.124 Electrochemical

protein conjugation and electrodeposition work together to permit
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proteins to be effectively electrode-addressed to electrode surfaces

without reactive reagent.126

Chitosan’s hydrophilic nature makes it ideal for encapsulating

hydrophilic drugs, but the most well-known anticancer drugs are

hydrophobic.127 Finding the best polymer to create a vesicle is very

necessary. Many scientists have tried to address the various cancer

treatment challenges, the battle to make cancer treatable, not the

death penalty.128 Today, existing chitosan synthesis methods cannot

shape well-defined and monodispersed NPs, although some studies

suggest that such particles are produced microscale. Hydrophobic

alteration of chitosan can be used to overcome its hydrophilicity with

N-palmitoyl groups.129 This approach would allow drug packaging

independent of ionic gelation/ chemical-crosslinking and address the

issues associated with crosslinking substitutes used for particle forma-

tion to retain hydrophobic products.110

5.2 | Dextran

Dextran has taken its place in the field of food and pharmacy since

1940. Due to their different structures, some dextrans are soluble in

water while some are not. Dextran, derived from sucrose by the cata-

lyzing activity of dextransucrase outside the cell, protects bacteria in

acid and alkaline conditions in absence times.130,131 Dextrans' proper-

ties are mostly dependent on their branching degree and their molec-

ular weight as other types of polysaccharide-based micro/

nanoparticles. Yu et al.132 developed a dextran-modified PDMS micro-

fluidic computer with a unique structure that eliminates crossover

interference. With an outstanding sensitivity of 100 pg mL and a

dynamic range of five orders of magnitude, the system was used to

identify numerous important biomarkers such as IL-5, HBsAg, and IgG

rabbit biomarkers through a flow-through technique, dramatically

improving the potential of the reported hydrophobic and plasma-

treated PDMS flow-through processes.133

Chan et al. created a pressure-driven liquid chromatography micro-

fluidic device combined with mesoporous silica as a stationary HPLC phase

on a PDMSmicro-tissue. This LCmicro-tissue demonstrated the chromato-

graphic separation of the fluorescein/rhodamine B dyemixture and the bio-

molecule mix of 10 kDa dextran and 66 kDa BSA. As a result, the standard

HPLC system software can potentially be adapted to the LC micro-tissue.

This microfluidic device’s architecture can be changed to fit different bio-

molecular separations, such as capillary electrochromatography.134

Another significant work regarding dextran has been done by

Lozano et al. who have characterized dextran’s transportation through

the micro-vessel’s wall. Their findings showed that lining the channel

walls with endothelial cells meaningly decreases micro-vessel permeabil-

ity and that this cellular coating functions as a buffer. This significant

feature of endothelial cells is important in the regulation of vascular per-

meability. They focused on the permeability of microvessels to mole-

cules of different sizes in the presence and absence of endothelial cells

and static and flowed environments. They calculated the transport of

fluorescently-labeled dextran of varying molecular weights (3–70 kDa)

from the micro-vessel lumen to the COL-based hydrogel in which the

channel is shaped to determine permeability135 (Figure 5A).

Consequently, the dextran-modified PDMS microfluidic technol-

ogy demonstrates a promising ability to produce low-cost, fast-

responding OoCs for screening different types of infectious diseases,

as well as a potential for creating a compact microfluidic device.132,136

5.3 | Alginate

Alginates are water-soluble polysaccharides. They are composed of

the alginic acid salt with repeating units of β-1,4-linked d-mannuronic

F IGURE 5 (A) HUVEC-lined microvessel (A) micro-tissue schema. (B) HUVECs staining with phalloidin green (Actin) and DAPI (nucleus). (C) V-
cadherin in (red). (D) Dextran inside the micro-vessel lumen. (E) Dextran diffusion into the hydrogel. Reproduced with permission.135 Copyright 2020,
Taylor & Francis. (B) Micro-tissue continuous encapsulation of single MSCs in alginate MPs. Reproduced with permission.137 Copyright 2020, MDPI
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acid (M) and l-guluronic acid (G) extracted (isolated) from the

Phaeophyceae family.138,139 Colloidal alginic acid and its salts are

widely used in medicine and dentistry, pharmaceutical technology,

biotechnology, the cosmetics and food industries, textiles, and the

paper industry. In pharmaceutical technology, this natural and biologi-

cally compatible polymer is used for the preparation of controlled

release.140

Alginate is a biocompatible polymer, which has mild ionic gelatin

conditions.141 Research conducted in recent years has revealed that

microfluidics is a powerful tool for manipulating and encapsulating

cells in microgels.142 There are some technical barriers, such as the

limited capacity to apply Ca2+ induced gelation in microfluidics. Creat-

ing hydrogel scaffolds that can mimic the ECM with its biochemical

and physical properties is promising in micro-tissue.143 Thus, alginate

has been a suitable candidate for encapsulating cells in alginate hydro-

gels due to its mild gelling conditions and biocompatible properties for

micro-tissues. Researchers showed the feasibility of encapsulating

human-derived cell lines using a novel approach of micro-tissue in sta-

ble, highly monodispersed alginate microspheres.144

Alginate gelling in the micro-tissue is a big obstacle as gelling

kinetics or hysicochemical conditions are not biocompatible.145

Recently, Hati et al. introduced a new approach that provides an

unparalleled degree of control over gelling kinetics and pH applied to

several cells' encapsulation in bead and fiber geometries. This scalable

approach proved to be easy to modify to obtain the necessary solu-

tion conditions for microfluidic applications. It resulted in a highly sta-

ble operation of the device and the relatively high viability of many

different encapsulated cell types in OoC.142

A micro-tissue for continuously encapsulating mesenchymal stem

cells (MSCs) in single-cell alginate microparticles (MPs) has been

developed. This has provided for the scalable development of cell-

charged microgels while keeping encapsulated cells viable and func-

tional. Osteogenesis of encapsulated MSCs in alginate MPs was

greatly intensified, as was the hydrogel matrix’s mineralization

(Figure 5B). A novel method to produce shape-controlled calcium algi-

nate gel MPs in micro-tissue was discovered in another paper. Both

the processing of shape-controlled MPs and hydrogel MPs’ synthesiz-
ing could be carried out simultaneously in a microfluidic system. The

novel microfluidic device, consisting of two separate flow-focusing

channels and a synthesizing tube, was efficiently used as a continuous

microfluidic reactor to produce gel MPs of varying sizes and forms.

The sodium alginate MPs’ form and the scale can be changed by alter-

ing the various streams’ flow rates. Further chemical reaction stages

could be started by combining sodium alginate MPs and calcium chlo-

ride solution in the synthesizing channel. The synthesis of calcium

alginate gel MPs could hold the forms of sodium alginate MPs

indefinitely.137

5.4 | Hyaluronic acid

HA, a natural glycosaminoglycan in all soft tissues, is biocompatible

and essential for controlling cell activities, such as migration,

proliferation, differentiation, and angiogenesis.146 HA hydrogels acting

as 3D have been inserted into OoCs to design target tissues with

multi-cellular networks and organ-specific roles through the spatial

modulation of micro-environment cues,147 such as liver,16 heart,18

and skeletal muscle.148 While light exposure contributes to material

streaming during deposition, it contributes to material fracturing

before extrusion.149 For instance, β-recombinant spider silk proteins

hydrogen bonds or guest-host interactions of β-cyclodextrin or

adamantane in modified HA polymers break under shear stress all-

owing for extrusion bioprinting followed by rapid deposition stabiliza-

tion.150 Kolesky et al. have demonstrated that thick human

vascularized tissues (>1 cm) could be delivered by a multi-material

3D-bioprinting strategy based on a crosslinked gelatin-fibrin matrix151

(Figure 6-I). The composite hydrogel was interlinked either by throm-

bin and transglutaminase (a dual-enzymatic) process or by gelation,

which was thermally reversible relevant to the actual printing and the

following casting phases micro-tissue. Various cell types have been

replanted inside the grid to frame that can be perfused ceaselessly to

the micro-tissue for significant stretches152 (> a month and a half),

thus assuring osteogenic pathway separation in situ.153

Ouyang et al. used HA macromers as 3D printable hydrogels in

extrusion-based bioprinters and investigated that event types of

crosslinking types in print filament output and stability.146 They found

a dual crosslinking, which enabled the prompt stabilization of the fila-

ments via supramolecular bonds immediately postextrusion. This may

contribute to short-term stability before covalent crosslinking,

resulting in stabilization. They stated the dual-crosslinking technique

that does not need the use of other supporting biomaterials, such as

gelatin or alginate, enabling the HA-based method to be optimized for

a particular application without the need to incorporate secondary

contents (Figure 6-II).

5.5 | Gellan gum

Gellan gum (GG) is a water-soluble microbial polysaccharide, a linear,

anionic, and high molecular weight polymer produced by Pseudomo-

nas elodea.154 The GG is a reference substrate that can develop gela-

tion properties with divalent cations such as calcium ions. The GG can

make stable hydrogel structures through ionotropic processes,

i.e., physical crosslinking induced by cations' presence. These struc-

tures are robust and less penetrable than alginate-based gels. Hydro-

gels have been used to make PDMS water-absorbing. Natural and

synthetic hydrogen products, such as gelatin, GelMA, alginate, and

cross-linked PEG, were used.66 For constructing functional 3D vascu-

lar micro-tissue, the microvascular networks based on GG-hydrogels

are beneficial. Koivisto et al. indicated that GG is capable of forming

hydrogels with tunable mechanical properties.19 The GelMA and the

methacrylate gellan gum (MAGG) were crosslinked into hydrogels and

enveloped cells. Robinson et al.155 worked on MAGG156 and chitosan

as biomaterial ink.157 They claimed that MAGG is a well-established

anionic polymer biotechnology that can be modified or tuned based

on the methacrylate ratio.
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As a bioink, GG has numerous advantages compared with hydro-

gels, including a shear-thinning feature, the high gelling potential at

physiological temperatures, and a reasonable production cost. Mouser

et al. have engineered a bioink with GG and GelMA for cartilage bio-

printing.158 Lozano et al. used RGD peptide to modify GG with primary

neural cells to print a 3D-brain-like construct.159 These studies support

GG-based biomaterial’ applications to print layered, elaborate, and 3D

viable cell constructs. However, GG’s inherent fragility limits its print-

ability and structural integrity when manipulated and implanted.160

Scientists have explored methods to overcome GG fragilities, such as

GG functionalization, double network strategies, and methodologies

for processing. GG/PEGDA blends noncovalent and covalent links and

reaches a highly robust, stretchable network construct. The production

of GG-based bioinks with high fidelity for 3D printing and good cell

integration is still a critical task161 (Figure 6-III-i).

Perfuse micro-vascular networks on a GG-hydrogel micro-tissue

can supply and control the microenvironment sufficient oxygen and

nutrients for long-term tissue survival and maintenance. As mentioned

above, incorporating GG hydrogels into the micro-tissue provides a

new strategy in vitro, either in the simple form of a micro-tissue vessel

or a complex 3D vessel tissue embedded design for constructing the

functional tissues162 (Figure 6-III-ii).

6 | INTEGRATION OF MICRO-TISSUES
TO OOCS

Recent advancements in tissue engineering have been primarily attrib-

uted to developing innovative biomaterials-based techniques that bet-

ter imitate native tissue and organ architecture. These biomaterials

F IGURE 6 (I) (A) Diagram of the micro-tissue manufacturing process. (i) Vascular bioink, which includes thrombin and pluronic, and cell-laden
bioinks including gelatin, fibrinogen, and cells, are bioprinted within a 3D-perfusion micro-tissue. (ii) ECM biomaterial containing fibrinogen,
gelatin, cells, thrombin, and TG. TG disperses from the molten casting matrix and slowly cross-links the fibrin and gelatin. (iii) The vascular bioink
dissolves and is displaced, leaving behind an extensive vascular network (iv) Endothelialized and perfused by an external pump. (B) HUVECs on
top of the matrix in 2D, (C) HNDFs inside the matrix in 3D, (D) hMSCs on top of the matrix in 2D. (Scale bar: 50 μm.) (E and F) Images of
bioprinted hMSC-laden bioink equipped using gelatin (E) as printed (F) 3D-printed filament where Actin (green) and nuclei (blue) are stained.
(G) Cell viability after printing. (H) Photographs of diffused sacrificial (red) and cell inks (green) as bioprinted on micro-tissue. (Scale bar: 2 Mm.)
(I) Top-down bright-field image of sacrificial and cell bioinks. (Scale bar: 50 μm.). (J–L) A 3D-bioprinted tissue scaffold housed within a perfusion
chamber (J) and corresponding cross-sections (K and L). (Scale bars: 5 Mm.). Reproduced with permission.151 Copyright 2016, PNAS.
(II) (A) Diagram of 3D printing, stabilization, and incubation processes for HA hydrogels. (B) Illustrative images of the printing process and
multilayer structure. Reproduced with permission.146 Copyright 2016, American Chemical Society. III) (i) (a) Scheme of the 3D-bioprinting process.
(b) Assembly changing process of the cell-laden GG/PEGDA DN hydrogels. Reproduced with permission.161 Copyright 2018, Elsevier. III)
(ii) Representation of perfusable endothelialized tube constructs made by dissolving a GG template fiber gel implemented in gelatin. Reproduced
with permission.162 Copyright 2016, American Chemical Society
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can use cells' intrinsic capacities to perceive their immediate environ-

ment via cell–cell and cell–ECM interactions and self-assemble into

complex mechanisms to reveal emerging behaviors. Many bio-

fabrication approaches attempt to represent better the complex het-

erogeneous features of endogenous cells, tissues, and organs for

tissue engineering and regenerative medicine applications, in response

to the requirements for enhanced biomaterials-based cell culture

approaches. Several biofabrication processes are available for creating

3D scaffolds from both synthetic and naturally occurring biomaterials,

such as freeze-drying, gas foaming, solvent casting, drop-based bio-

printing, extrusion bioprinting, and multiphoton. These biofabrication

technologies employ biomaterials to create scaffolds with well-

defined 3D topologies and geometries to include biomolecules into

the 3D matrix with specified orientation and concentration. A scaffold

with high porosity, variable pore diameters, and mechanical strength

is preferred for tissue engineering applications. Large pores allow mol-

ecules, waste products, and gases to diffuse inside a 3D structure

quickly. Freeze-drying, also known as lyophilization, is the process of

cooling a polymer (synthetic or natural) solution below its freezing

point, causing the solvent molecules to solidify. Shapiro and Cohen

used lyophilization to create 3D alginate porous sponges for

researching biological interactions. They discovered that alginate

sponges with holes ranging from 70 to 300 m were suitable for fibro-

blast culture.163 Gas foaming is a biofabrication process in which a

polymeric scaffold is immersed at high pressures with a foaming ingre-

dient such as carbon dioxide, nitrogen, or water. Kim et al. used gas-

foamed polyurethane as a template to create a porous biphasic cal-

cium phosphate (BCP) scaffold. The BCP scaffold was biocompatible

and capable of bone development and regeneration in vivo and

in vitro studies.164 Drop-based bioprinting has risen in importance

due to the speed it can create scaffolds and biomaterials with complex

3D structures. Villar et al. recently showed the capacity to print com-

plicated 3D geometries by producing lipid bilayer–coated micro-

spheres groupings using picoliter aqueous droplets in lipid-containing

oil. These lipid bilayers were subsequently modified to include mem-

brane proteins and create linked networks.165 All of the biofabrication

approaches listed above strive to produce scaffolds that closely

resemble the physiological microenvironments that cells encounter.160

The next generation of scaffolds must monitor the cells in these 3D

niches in real-time. Furthermore, in the future, biofabrication tech-

niques may be used to create scaffolds that both differentiate stem

cells and present microenvironmental signals that allow these cells to

mature into adult tissue.166,167

The GG-hydrogels can be implemented with microfluidic to sup-

ply cell culture scaffolding and mimic biological vascularization inter-

faces that develop physiologically relevant micro-tissue. Visser et al.

integrated GG/GelMA-based hydrogels as a part of a multi-material

3D printing approach to create complicated target tissue.168 Levato

et al. also printed mixtures of GelMA and GG, seeding cells into the

scaffold using poly(lactic acid) microcarriers.169

Vieria et al. was demonstrated the relative fabrication of bio-

fabrication science by shaping cast disks, foils, fibers, spheres

lyophilized GG scaffolds.170 The substance in several new bio-

fabrication techniques provides a straightforward path for GG micro-

tissue. Ferris et al. reported a new GG bioink by preselling GG under

high shear to produce a suspension of GG microgels.171 These GG

microgel suspensions were shown to have been highly suitable for the

injection, supplemented with biocompatible surfactants, to enable

single-cell patterns and reportedly stabilized live cell culture. This

technique was used by Lozano et al. to manufacture a multi-coating

cortical tissue imitating GG modified RGD-peptides172 into OoC with

GG-hydrogels as micro-tissue. Extending MAGG in UV-bioprinting

provides a novel type of GG biomanufacturing with considerable

potential in a micro-tissue. However, GG has not obtained that much

attention in the biofabrication literature compared with other

hydrogel-forming biomaterials. GG cell scaffolds have been fabricated

mainly by casting approaches.36

Miri et al. fabricated GelMA (bioactive hydrogel) and PEGDA

(framing structure) based constructs using stereolithography-based

bioprinting while incorporating microfluidics for fabrication. The

neovascularization capacity of this system was evaluated in a rat sub-

cutaneous implantation model. Even though GelMA hydrogels

induced new blood vessels, the target tissue was higher for %5 and %

10 GelMA compared to %15 GelMA due to the prevention of cell

invasion in denser hydrogel networks.173

MPs may be used for the targeted drug delivery to enhance oral

and intravenous drug delivery effectiveness.174 For in vivo drug deliv-

ery, the therapeutic agent needs to be encapsulated in biodegradable

polymers such as polyesters to overcome the degradative effects of

the digestive system.175 Several factors, including the form of poly-

mer, the shape and size of the microparticles, and the chemical struc-

ture, may significantly impact drug delivery efficiency in this

situation.175 Standard chitosan MPs, such as those made with

tripolyphosphate, have particle sizes ranging from 500 to 710 μm.

Chitosan micro/nanoparticles can transmit medicines to various body

areas, such as the colon, buccal gland, and gastrointestinal tract.176

Another microfluidic micro-tissue synthesizes chitosan composite

MPs forming a poly(methyl methacrylate) plate with screw holes,

three inlets, one outlet one cross-connection tube was manufactured

by Yang et al.177 Central and side inlets were built for scattered and

continuous stages, respectively. The cross-connection channel

focused on flow and the shearing force and made it possible to

change the emulsion size by adjusting the distributed phase or con-

tinuous phase flow rate (Figure 7A). Controlling the solidification

cycle produced chitosan MPs in various forms, including micro-

spheres, porous MPs, and core-shell MPs, allowing controlled drug

distribution with structurally dependent release features. Stimuli-

sensitive chitosan MPs, which alter their physical or chemical

behaviors in response to external stimuli such as magnetic field and

pH, may be used to trigger drug delivery.178 Since their acid-

induced volume swelling behavior, these chitosan microcapsules

have a pH-sensitive release profile, as well as a temperature-

responsive volume transfer and solid magnetic properties due to the

presence of MPs. These chitosan parliamentarians could allow for
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targeted distribution and manage the release to micro-tissue179

(Figure 7B).

Duchamp et al. engineered perforated and endothelialized thin

PDMS tubes with small pores on the walls within a blend hydrogel of

GelMA and collagen type I to model blood vessels. They placed a pair

of perforated PDMS tubes parallel with the matrix. HUVECs were

gradually sprouted out from PDMS tubes' pores to generate inter-

connected microvasculature between two tubes. To determine this

system’s suitability in the tumor angiogenesis model, breast tumor

spheroids were co-cultured in endothelialized tubes. The migration

of breast cancer cells (MCF-7) indicated tumor angiogenesis and

invasion.24 Then, develop an antitumor drug screening model using

a bioprinted hollow blood and lymphatic vessel pair placed in a

microfluidic bioreactor to obtain a dynamic microenvironment to

culture MCF-7 breast cancer cells in a 3D GelMA matrix containing

PEGDA and 8-arm polyethylene glycol-octaacrylate.180 The diffu-

sion rates of an anticancer drug in the blood vessel and lymph circu-

lation were considerably higher than the single blood vessel

system’s diffusion rates.181

The use of bioinks from a broad variety of bioprinting materials in

tissue engineering, such as norborne-modified HA, GelMA, and

PEGDA is a technique that allows building a perfusable vascular net-

work.182 In the same manner, optical light processing can produce

structures on the cellular scale in PEGDA and GelMA with a fast

manufacturing speed. Digital light manipulation may be used for high-

resolution patterning vasculatures utilizing GelMA HA-containing

scaffolds.183 Adamantane (Ad, Guest) and β-cyclodextrin (CD, Host)

batches can be linked separately to HA to form two hydrogel precur-

sors and supramolecular composite after mixing.146 Materials

crosslinked by solid, noncovalent bonds increase the solution’s viscos-
ity, thus exhibiting shear-thinning during flow to mimic the microscale

devices that combine microfabrication and microfluidics technologies.

7 | CURRENT CHALLENGES AND
LIMITATIONS

Natural-based biomaterials have excellent properties such as biode-

gradability, biocompatibility, and natural abundance. Low cost and

environmental sustainability also make them beneficial and desirable

for extensive applications in many fields. Particularly the section on

drug-controlled release and 3D-bioprinting was addressed in this

work.184 Here, we aim to highlight the dominance of stimulus-

responsive micro-tissue in various applications due to their controlla-

bility, high performance, and convenience. Indeed, in drug delivery,

more sophisticated monitoring and modulation of more accurate and

efficient releases can be achieved by natural biomaterials and toxicity

and side effects, biological incompatibility, and costly materials, etc.,

can be prevented efficiently, to some degree.109 While micro-tissue

has tremendous potential for this use. We cannot neglect the fact that

many shortcomings need to be fixed or improved. The properties of

natural-based biomaterials, such as mechanical strength and wearabil-

ity, require further study.109 There is still a long way to go regarding

the practical implementation and large-scale commercial production

of micro-tissue. The existing OoCs still has limited application because

of infrastructure problems.185 Although it is possible to develop

micro-tissue in a laboratory environment with biomaterials that pro-

vide a compatible interface between microdevices and biology. The

major problem is based on the low yield of sampling and perfusion. In

addition to these challenges, cell injection has a common throughput

structure.186

These platforms and natural biomaterials offer opportunities to

develop new clinical applications. But the application of natural bio-

materials and organ-on-a-chip systems are currently facing critical

challenges to provide the solutions for their applications in the indus-

try or clinics.5 One of these challenges is that they are in their early

F IGURE 7 Chitosan-based MPs for micro-tissue. (A) Schematic overview of the chitosan MPs. Reproduced with permission.177 Copyright
2016, Elsevier. (B) Schematic overview of (a–d) the manufacturing procedure and (e–g) the controlled-release mechanism of multi-stimulus
sensitive chitosan micro-capsules. Reproduced with permission.179 Copyright 2020, Springer
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stages for industry and clinics. Many risk factors come to the fore at

this stage. The necessity of long scientific research, especially financial

risks, affects the process for research institutions. Thus, the transition

period to clinical practice is prolonged.10

Further enhancement of the functionality of biomaterials will be

possible by the immobilization of the cells on the micro-tissue sur-

faces. Micro-physiology is the most significant limitation, while the

design must be simple and suitable for real-time monitoring and analy-

sis. It is very important to design the micro-tissues to imitate the

human organs' anatomical and physiological features in this con-

text.187 Finally, and importantly, another challenge is the integrity of

the target tissue or organ-specific cells with this design and the

opportunity to work in vitro. For high-efficiency applications in OoCs,

it is necessary to follow target tissue’s biological and physiological sta-

tus, work with many samples, and monitor the output.
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