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Abstract
Biofabrication is enriching the tissue engineering field with new ways of producing structurally
organized complex tissues. Among the numerous bioinks under investigation, hyaluronic acid
(HA) and its derivatives stand out for their biological relevance, cytocompatibility, shear-thinning
properties, and potential to fine-tune the desired properties with chemical modification. In this
paper, we review the recent advances on bioinks containing HA. The available literature is
presented based on subjects including the rheological properties in connection with printability,
the chemical strategies for endowing HA with the desired properties, the clinical application, the
most advanced preclinical studies, the advantages and limitations in comparison with similar
biopolymer-based bioinks, and future perspectives.

Acronyms

CS-AEMA Chondroitin sulfate amino ethyl
methacrylate

Dex-HEMA Hydroxyethyl methacrylate derivatized
dextran

DS Degree of substitution
E Young’s modulus
EO Eosin Y
G’ Storage or elastic modulus (rheolo-

gical tests)
G” Loss or viscous modulus (rheological

tests)
GelMA Gelatin methacrylate
H2O2 Hydrogen peroxide
HA Hyaluronic acid
HAMA Methacrylated hyaluronic acid
HA-Tyr Tyramine-modified hyaluronan
HRP Horseradish peroxidase
IPN Interpenetrated polymer network
LAP Lithium phenyl-2, 4, 6-

trimethylbenzoylphosphinate
M10P10 Methacrylated poly(N-(2-

hydroxypropyl) methacrylamide
mono/dilactate)

MC Methylcellulose
P(AGE-co-G) Allyl-functionalized poly(glycidol)s
PCL Polycaprolactone
PEG Polyethylene glycol or polyethylene

oxide
PEGDA Poly(ethylene glycol) diacrylate
PEI Polyethyleneimine

PHA Pentanoate-functionalized hyaluronic
acid

pHPMA-lac Methacrylated poly[N-(2-
hydroxypropyl)methacrylamide
mono/dilactate]

PLGA Poly(lactic-co-glycolic acid)
pNIPAAM Poly(N-isopropylacrylamide)
PU Polyurethane
PVA Polyvinyl alcohol
Ru(II)bpy3

2+ Ruthenium(II) tris-bipyridyl dication
SPS Sodium ammonium persulfate
tanδ Damping factor
VA-086 2,2′-Azobis[2-methyl-N-(2-

hydroxyethyl)propionamide

1. Introduction

Biofabrication technologies are widening the possib-
ilities of fabricating tissue engineered constructs as
disease models, for toxicological studies, personal-
ized medicine, diagnostics, and regenerative medi-
cine. Four of the main bioprinting technologies are
droplet-based, extrusion-based, vat-polymerization,
and bioassembly [1, 2]. Among them, extrusion-
based printing is very suited for the deposition of
soft hydrated biomaterials embedding cells. Addi-
tionally, driven by the demand for extrusion-based
printers in the consumer market, this technology has
been popularly employed for scaffold fabrication in
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Figure 1.Main features of an ideal bioink: processing,
physico-chemical, and biological properties.

tissue engineering. Of primary interest in the field of
extrusion-based 3D printing is the development of
bioinks. Specifically, the materials used in extrusion-
based bioprinting consist of natural and synthetic
polymers that can be combined with cells, growth
factors, genes, or drugs. The main challenge in the
development of these bioinks is the combination of
biological, physico-chemical, and processing proper-
ties (figure 1). Bioinks must be extrudable through a
thin needle, they should display shear-thinning, yet
be sufficiently elastic to retain a 3D highly intercon-
nected porous structure with appropriate mechanical
features. The final stability is also influenced by gela-
tion time and crosslinking strategies, as reported in
the next paragraphs. Furthermore, optimized diffus-
ivity, O2/nutrients, and waste permeability as well as
controlled biodegrability are important requirements
that ideal bioinks should possess. Importantly, they
must recreate a cytocompatible environment suitable
for cell proliferation and differentiation, and eventu-
ally integrate within the surrounding tissues, as sum-
marized in figure 1. Therefore, research efforts have
been devoted toward the development of hydrogel-
based bioinks with matrix components [3], particu-
larly gelatin and collagen [4–6].

Collagen, the main component of extracellu-
lar matrix (ECM), has been used as a bioink
in combination with other polymeric biomaterials
such as alginate due to its weak network stability,
poor mechanical properties, and rapid degradation
[5, 7]. The combination of collagen and alginate
has been proposed by Yang et al as bioink for car-
tilage tissue engineering [8], whereas Skardal et al
developed a collagen-fibrin bioink for wound healing
[9]. Gelatin is prepared from collagen hydrolysis

and has a gelling point below 20 ◦C–30 ◦C. Most
commonly, gelatin is modified with methacrylate
groups, generating a photocrosslinkable hydrogel,
namely gelatin methacrylate (GelMA) [10]. GelMA
has been printed as a stand-alone material or com-
bined with natural and synthetic polymers, such as
hyaluronan/alginate and poly(ethylene glycol) diac-
rylate (PEGDA) [11, 12]. Additionally, gelatin has
been used in Freeform Reversible Embedding of Sus-
pended Hydrogels (FRESH) as a support bath con-
sisting of gelatin microparticles acting as a Bing-
ham plastic and allowing the printing of a second
hydrogel with the bath [13]. FRESH is especially
helpful for printing overhanging structures, other-
wise hardly achievable with standard extrusion-based
printing.

Like collagen, the non-sulfated glycosa-
minoglycan hyaluronic acid (HA) is a key mat-
rix component which has been investigated for
extrusion-based 3D printing. Ubiquitous in the
human body, this natural polysaccharide is widely
used in biomedical research due to its cytocompat-
ibility, biological properties, and availability toward
chemical functionalization [14, 15]. HA is comprised
of repeating disaccharide units of D-glucuronic
acid and N-acetyl-D-glucosamine with an average
molecular weight (MW) ranging between 105 and
107 Da depending on the tissue of origin [16]. Over
40 years of use in clinics makes HA one of the most
important naturally derived polymers in the med-
ical field. The versatility of HA processing and its
unique biological interaction with cells, make it an
important building block for the development of
new bio-functional materials.

In order to obtain printable bioinks, many stud-
ies have focused on the development of formulations
based on the combination of pristine HA, HA deriv-
atives, and a variety of synthetic and natural poly-
mers. HA with molecular weights ranging between
120 and 2500 kDa and HA polymer concentrations,
ranging from 0.1% –4% w/v, have been employed for
3D printing, generating constructs with a large spec-
trum of mechanical properties and rates of biode-
gradation [17]. Additionally, it is well documented
that the difference between high and low MW HA
affects several biological functions such as inflam-
mation, cell migration, vascularization, cell division,
and differentiation [18]. Low MW HA promotes the
production of inflammatory mediators, whereas high
MW HA inhibits the production of pro-inflammatory
mediators [19].

In recent years, HA-based hydrogels have been
investigated as bioinks for 3D printing technologies
due to their shear-thinning properties, supportive
and protective function for cells during the extrusion
process, and a post-printing shape retention.

This review aims at providing an overview of HA-
based bioinks for extrusion-based 3D printing. The
following subjects will be discussed:
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• An overview of HA-based bioinks developed for
extrusion-based 3D bioprinting and their main
features;

• A discussion of their rheological behavior in con-
nection with printability;

• The chemical strategies adopted for endowing
HA with shear-thinning and the crosslinking
chemistries used for permanent shape fixation;

• Cell viability and differentiation in HA-based
bioinks;

• Mechanical properties of the printed constructs;
• Clinical applications of HA-based bioinks;
• In vivo preclinical studies using HA-based bioinks;
• Advantages and limitations in comparison with

similar biopolymer-based bioinks;
• Future perspectives.

2. Hyaluronan bioinks in extrusion-based
bioprinting

Pure and unmodified HA at working concentrations
is unsuitable to produce printable bioinks. In fact,
HA water solutions give viscous shear-thinning pre-
parations with a neat prevalence of viscous modulus,
implying no yield stress and no shape retention upon
printing. Hence, HA is usually not able to withstand
the printing process, and therefore rather than being
printed alone it is combined with other biomaterials,
either natural or synthetic polymers.

HA-based bioinks can be classified according
to the following categories: (a) bioinks where HA
is the main component and a self-standing mater-
ial, present as single or multiple chemical derivat-
ives with shear-thinning and post-printing crosslink-
ing for shape retention; (b) combinations of HA
derivatives with either natural polymers or synthetic
polymers; (c) compositions where pristine or mod-
ified HA is included to improve both the viscosity
of the ink formulations, the final mechanical sta-
bility, and the biological properties; (d) combina-
tions with a mechanically competent support mater-
ial such as polycaprolactone (PCL). Some represent-
ative examples are shown in figure 2.

To date, only few studies belong to group (a)
where HA is the main component (table 1). In 2013,
Kesti et al printed a combination of two modi-
fied HAs, a 15% w/v thermoresponsive HA grafted
with poly(N-isopropylacrylamide) (pNIPAAM) and
2% w/v of HA methacrylate (HAMA) [24]. The first
component ensured a fast gelation and initial shape
retention, whereas the HAMA provided long-term
structural stability after UV crosslinking. The ther-
moresponsive material could even be removed after
UV irradiation to create additional porosity. Burdick
et al printed a guest-host HA-based hydrogel based
on the non-covalent and reversible bonds between an
adamantane-modified HA and a beta-cyclodextrin-
modified HA for shear-thinning, and final curing
was achieved with the methacrylate groups, added

in both precursors through a multistep derivatiza-
tion [20, 25, 26]. Recently, Lee et al developed a
hybrid bioink composed by an acrylated HA and a
tyramine modified HA (HA-Tyr) for the conjuga-
tion of bioactive peptides and gelation, respectively.
The encapsulated human mesenchymal stem cells
(hMSCs) showed a cell viability of around 90% and
they differentiated differently depending on the con-
jugated peptide. However, the 3D printed structures
were not characterized in terms of morphology and
height in the Z direction [27].

To our knowledge, only two bioinks based on
a single HA derivative rather than a combination
of more derivatives have been reported. Poldervaart
et al bioprinted HAMA 3% w/v as both porous
cubic structures and a non-porous human L3 ver-
tebrae shape. HAMA was printed both as a stand-
alone material and as a bioink, investigating the
osteogenic differentiation of the encapsulated MSCs
[31]. Although UV irradiation was applied after
printing ensuring the crosslinking of the polymer,
the printed structures showed limited shape fidel-
ity. The second stand-alone HA-based bioink was
based on HA-Tyr and was printed to fabricate 3D cell-
laden criss-cross constructs. The HA-Tyr was cross-
linked by using a double crosslinking mechanism
that ensured both a good extrudability (enzymatic
crosslinking) of the ink and shape fidelity (green
light-crosslinking) of the construct after printing
[29, 30].

Generally, HA has been mainly used in bioinks in
combination with other polymers [32–37] (table 2).
In an early work by Skardal et al, HAMA was mixed
with the methacrylated ethanolamine derivative of
gelatin (ratio 4:1) and 25 million human liver cancer
cells ml−1. A partial photocrosslinking (365 nm for
120 s) was applied, giving an extrudable formulation
which was stabilized by applying UV light again after
printing [38].

Recently, HA-Tyr was combined with nanofibril-
lated cellulose to obtain a bioink that supported the
printing of human-derived induced pluripotent stem
cells [41]. Here, the 70:30 ratio of nanocellulose:HA
provided a good compromise between printability
and adipogenic differentiation. In these formulations,
the nanocellulose provided both the shear-thinning
properties required for the extrusion and the mech-
anical stability, whereas HA contributed to trigger
cell differentiation toward adipose-tissue formation.
Rajaram et al printed a combination of alginate and
pristine HA [46]. However, to obtain a controlled
architecture of the 3D printed scaffolds, the polyca-
tion polyethyleneimine (PEI) was added. PEI stabil-
ized the alginate molecular structure and addition-
ally created an ionic crosslinking with the carboxylic
groups of the HA. This resulted in the slower release
of the encapsulated growth factor and non-toxicity
toward primary rat Schwann cells for a PEI concen-
tration below 0.1% w/v.
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Figure 2. HA as a bioink for extrusion-based 3D printing: (a) main component and self-standing material ([20], scale bar 1 mm),
(b) combination with synthetic or natural polymers ([21], scale bar 1 mm), (c) viscosity and mechanical enhancer ([22], scale bar
2 mm), (d) combination with a mechanically competent support material ([23], scale bar 1 mm).

Table 1.HA-based bioinks used as the main component and self-standing material. All concentrations are reported in w/v if not stated
otherwise, MW in kDa.

Author HA derivative
Additional polymeric
fraction Crosslinking mechanism

Highley et al [25] Ratio 1:1
HAMA-adamantane (degree of sep-
aration (DS) 25%; MW = 90)
HAMA-β-cyclodextrin (DS 25%;
MW = 90)

None Physical bonding upon mixing
A secondary crosslinking of
methacrylates with UV light
exposure

Kiyotake et al [28] 4% PHA (DS 24–33%; MW = 1550) None UV light exposure (0.05%
Irgacure 2959)

Kesti et al [24] 15% HA-pNIPAAM (DS 4.6%;
MW = 1506) as the support material
2% HAMA (DS 30%; MW = 293)

None Temperature-dependent gela-
tion
UV light exposure (0.05%
LAP)

Lee et al [27] 3% acrylated HA (MW = 200)
3% HA-Tyr

None Enzymatic crosslinking
(HRP/H2O2)

Ouyang et al [20] HAMA (DS 22%; MW = 90)
HA-adamantane (DS 21%;
MW = 90)
HA-β-cyclodextrin (DS 25%;
MW = 90)

None Physical bonding upon mixing
A secondary crosslinking of
methacrylates with UV light
(0.05% Irgacure 2959)

Petta et al [29, 30] 2.5–3.5% HA-Tyr (DS 14.5%;
MW = 280)

None Enzymatic crosslinking
(HRP/H2O2)
visible light crosslinking (Eosin
Y)

Poldervaart et al [31] 3% HAMA (DS = 5–7%;
MW = 1700)

None UV light exposure (0.1% Irga-
cure 2959)
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Table 2.HA-based bioinks where HA is combined with other synthetic or natural polymers. All concentrations are reported in w/v if not
stated otherwise, MW in kDa.

Author HA derivative
Additional polymeric
fraction Crosslinking mechanism Comments

Composite: HA-based bioink and natural polymer
Clark et al [35] Thiolated HA (Hep-

rasil; ESI BIO)
Methacrylated colla-
gen
gelatin nanoparticles

UV light exposure (0.1%
Irgacure 2959)

Duan et al [39] 4% HAMA (DS
22.5%; MW = 1200)

10% GelMA UV light exposure (0.05%
Irgacure 2959)

Gaetani et al [40] Thiol-modified HA
(HyStem matrix;
Sigma)

Gelatin Thiol-reactive crosslinker

Henriksson et al [41] 1.3% HA-Tyr (DS
5%)

3% nanocellulose Temperature-dependent
gelation enzymatic cross-
linking after printing
(0.001% H2O2 for 5′)

Kuss et al [33] 1.5% HAMA
(MW = 1200)
3% HA

1.5% GelMA
3% Gelatin

UV light exposure (0.05%
Irgacure 2959)

Pristine HA and
gelatin were used
to increase the viscos-
ity, printability, and
spread of cells

Law et al [42] 1% HA
(MW = 1000–1500)

3% methylcellulose Temperature-dependent
gelation

Mouser et al [37] 0.5% HAMA (DS
10%; MW = 120)

9.5% GelMa + 0.5%
Gellan gum

UV light exposure (0.1%
Irgacure 2959)
Ionic crosslinking

Gellan gum increases
the viscosity of the
blend and initiates
ionic interactions

Ning et al [43] 0.5% HA Fibrinogen
40 mg ml−1 + 1%
low viscosity alginate

Ionic crosslinking
(100 mM CaCl2)
Enzymatic crosslinking
(25 U ml−1 thrombin)

Noh et al [32] HA-g-pHEA-Gelatin
(MW = 1660)

— Chemical crosslinking

O’Connell et al [44] 2% HAMA (DS 20%;
MW = 1200/1900)

10% GelMA UV light exposure (0.5%
VA-086)

Pescosolido et al [45] 6% HA (MW = 1600) 10% dex-HEMA Semi-IPN network UV
light exposure (1% Irga-
cure 2959)

Rajaram et al [46] 0.25% HA 2.5% alginate Ionic crosslinking
Sakai et al [47] 0.5% HA-Ph

(MW = 1000)
3% gelatin-Ph Visible light crosslinking

(Ru/SPS, 452 nm)
Skardal et al [36] 1.5% CMHA-S (HyS-

tem)
0.5% thiol-modified
gelatin gold nano-
particles

Gold-thiol interactions

Skardal et al [38] 1.5% HAMA (DS 5%;
MW = 950)

GelMA UV light exposure

van der Valk et al [48] 1% HAMA
(MW = 40)

5% GelMA UV light exposure (0.3%
LAP)

Wenz et al [49] 1% HAMA
(MW = 1000–1200)

12% GelMA
5% hydroxyapatite

UV light exposure
(0.135% LAP)

Composite: HA-based bioink and synthetic polymer
Mouser et al [21] 0.1%–1% HAMA

(MW = 120)
Triblock copolymer UV light exposure

Temperature-dependent
gelation

With or without a
PCL framework

Song et al [34] Acrylated-HA PEG Temperature- and pH-
dependent gelation

HA was also mixed with synthetic polymers.
For example, Song et al mixed pristine HA to a
polyethylene glycol (PEG)-based bioink to improve
the PEG shear -thinning and extrusion proper-
ties [34]. Instead, in the study of Mouser et al,

HAMA was mixed with a thermosensitive trib-
lock copolymer composed of partially methac-
rylated poly[N-(2-hydroxypropyl)methacrylamide
mono/dilactate] (pHPMA-lac) and PEG [21]. Here,
chondrocytes were encapsulated into the formulation

5
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Table 3.HA-based bioinks where HA acts as a viscosity and mechanical enhancer. All concentrations are reported in w/v if not stated
otherwise, MW in kDa.

Author HA derivative
Additional polymeric
fraction Crosslinking mechanism Comments

HA-based polymer to improve the mechanical properties
Abbadessa et al
[22, 54]

0.9% HAMA
(DS = 23.4%;
MW = 1560)

14% triblock copoly-
mers PEG and
M10P10

UV light exposure after
each deposited layer
(0.05% Irgacure 2959)

HAMA additionally
affects the degrada-
tion rate

Costantini et al [52] 0.5% HAMA
(MW = 200)

4% Alg, 6% GelMA,
4% CS-AEMA

UV light exposure (0.05%
Irgacure 2959) Ionic cross-
linking for the alginate

Alginate is a templat-
ing agent that forms
stable fibers during
3D printing

Müller et al [53] 0.1% HAMA
(DS = 0.7;
MW = 920)

Pluronic F127 UV light exposure (0.05%
LAP)

HAMA additionally
offers biological cues

HA-based polymer as a viscosity enhancer
England et al [55] 0.4% HA 5% fibrinogen Enzymatic crosslinking in

thrombin bath
—

Hung et al [51] 2% HA (MW = 2500) 4.7% Synthetic bio-
degradable PU elastic
nanoparticles

— —

Shin and Kang [50] 0.3%–0.6% HA Gelatin mixture,
10% v/v glycerol and
2% fibrinogen

Enzymatic crosslinking
(thrombin)

PCL was further used
as a frame to support
the bioink printing

Skardal et al [56] CMHA-S Thiolated gelatin
2% tetra-acrylate
derivatives

Crosslinking via thiol
groups (crosslinker =
TetraPEG)

CMHA-S additionally
improves the material
smoothing and shear
thinning

with concentration of HAMA ranging from 0%–
1% w/w. HAMA 0.5% w/w resulted in an optimal
cartilage-like tissue formation.

Additionally, HA and its derivatives have been
specifically used to improve the viscosity of ink
formulations [50, 51], the final mechanical stability
[52], and the biological properties [53] of the printed
constructs (table 3) due to its well-documented bio-
logical and viscoelastic properties.

In the work of England et al, fibrin was supple-
mented with clotting factor XIII and HA, used to
respectively enhance fibrin crosslinking and the vis-
cosity of the fibrinogen solution [55]. The bioprint-
ing process was successfully achieved by extruding the
fibrinogen into a thrombin bath containing polyvinyl
alcohol (PVA) to increase the viscosity. Addition-
ally, primary Schwann cells were encapsulated in the
fibrin-factor XIII-HA formulation and their viability
was maintained in 3D printed scaffolds over 7 d. Con-
currently, Hung and collaborators developed a multi-
component water-based ink for cartilage regenera-
tion made of a synthetic biodegradable polyureth-
ane (PU) and HA with the addition of the chondro-
genic induction factor Y27632 or TGFβ3 [51]. 3D
printed scaffolds were obtained with various shapes
and a high elastic recovery capacity. HA was used
to blend the PU dispersion and replace PEG achiev-
ing optimal rheological properties for printing a con-
struct for the delivery of the growth factor. Moreover,
the authors suggested that the release of HA from
the scaffold enhanced cell aggregation in the scaffold

and may prevent the hypertrophic differentiation
of MSCs.

A strategy adopted to overcome the poor mechan-
ical stability is the printing of a support material such
as PCL (table 4).

Compared to natural biomacromolecules, syn-
thetic polymers typically display higher mechanical
properties and good control over degradation time.
However, often they are not as biocompatible and
they might produce non-degradable or even toxic
byproducts. Shim et al used PCL as a frame for sup-
porting the mechanical stability of atelocollagen and
HA in the fabrication of multi-material 3D printed
scaffolds [58]. First, alternated layers of PCL and cell-
laden atelocollagen (3% w/v) were printed until a
4 mm height was reached. Additionally, a recom-
binant bone morphogenic protein-2 (BMP-2) was
added to the atelocollagen to enhance the osteogen-
esis and mimic the bone region of an osteochond-
ral defect. A superficial layer of cartilage was pro-
duced by printing on top of these 4 mm scaffolds, a
cell-laden solution of HA conjugated with the host
molecule cucurbit[6]uril (5% w/v) alternated to fil-
aments of HA conjugated with 1,6-diaminohexane
(5% w/v) triggering a crosslinking mediated by the
guest–host interaction. The hydrogel formulation
was supplemented with TGF-β3 for chondrogeni-
city. In the work of Stichler et al, 3D constructs were
fabricated by alternating PCL struts with a precursor
solution of a sulfated HA mixed with a synthetic poly-
mer as the crosslinker, namely allyl-functionalized
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Table 4.HA-based bioinks with PCL as the supporting material. All concentrations are reported in w/v if not stated otherwise, MW

in kDa.

Author HA derivative
Additional polymeric
fraction Framework Crosslinking mechanism

Shim et al [57] 20% HA (MW = 230) 40% gelatin +3%
atelocollagen

PCL/PLGA blend (1:1
ratio)

Temperature-dependent
gelation for atelocollagen

Shim et al [58] CB[6]-conjugated
HA (mono CB[6]-
HA) with 1,6-
diaminohexane
(DAH)-conjugated
HA

3% atellocollagen in a
separate layer

PCL Physical bonding upon
mixing
A secondary crosslinking
of methacrylates with UV
light exposure

Stichler et al [23] 5% HA-SH (DS 41%,
MW = 27.3)
1% HA (MW = 1360)

5% P (AGE-co-G) PCL UV light exposure (0.05%
Irgacure 2959)

Zhai et al [59] 20% HA (MW = 350) None 20% photocrosslink-
able PEGDA + 5%
Nanoclay

UV light exposure

poly(glycidol)s (P(AGE-co-G)), 0.05% w/v Irgacure
2959, and 1% w/v pristine HA [23]. The selected
hydrogel combination resulted in high shape fidelity
and chemical stability of the printed constructs and
high cell viability and chondrogenic differentiation of
the embedded hMSCs, whereas the addition of PCL
provided mechanical strength to the printed structure
constructs optimally.

3. Rheological properties and printability
of HA-containing bioinks

A triangular relationship exists between the physical
properties of a bioink, its printability, and its suitab-
ility for embedding living cells. The printability of a
bioink is the ability of the material to be manipulated,
deposited layer-by-layer, and consistently shaped into
a 3D structure characterized by high shape fidel-
ity, high resolution, adequate mechanical properties
tuned to the specific application, and sufficient stabil-
ity/integrity either during or after the printing process
[43].

The printability of hydrogel-based bioinks
depends critically on their rheological behavior [60].
Careful control of the printing parameters and engin-
eering the bioink extrusion properties in combina-
tion with the final shape fixation step are of crucial
importance for successful 3D bioprinting.

In this section, the key factors influencing print-
ability with a special focus on HA-based bioinks will
be discussed.

Generally bioinks with higher viscosity display
better shape retention; however, the higher shear
forces involved might seriously affect the viability
of the cells involved. On the contrary, solutions of
lower viscosity display easier extrusion and transmit
reduced shear forces to their eventual cellular pay-
load, but at the same time they can lead to watery, soft
structures not holding their shape post-printing [39].
Shear -thinning solutions are commonly recognized

as good candidates in bioprinting, as they display
decreased viscosity at increasing shear rates. Thus,
shear -thinning materials display two desirable prop-
erties: high viscosity (meaning improved shape reten-
tion) at rest, and easier flow during extrusion, owing
to the decreased viscosity at the higher shear rates
experienced in the nozzle. This concept of shape
retention can be described also in the framework of
viscoelastic shear moduli and their recovery upon
high shear or of yield stress [61, 62].

Most low-crosslinking hydrogel solutions, such
as HA-based bioinks, show a non-Newtonian beha-
vior, with a value of storage modulus higher than the
loss modulus at low deformation [63]. For printab-
ility, the viscoelastic properties are required to over-
come surface tension forces and obtain continuous
extruded filaments with an even cylindrical shape, yet
capable of adhesion to the pre-printed layers. Addi-
tionally, elastic recovery of the bioink is required after
its extrusion (high shear) to preserve a high printing
fidelity and avoid the flattening of the printed fila-
ments. A summary of the shear-thinning behavior of
HA-based bionks is illustrated in figure 3. Duan et al
analyzed the rheological behavior and printability of
hydrogel blends consisting of HAMA and GelMA
[39]. Hydrogel viscosity was determined as a function
of the shear stress for HAMA/GelMA polymer blends
with different concentrations. For all material com-
positions, a viscosity plateau at low shear stress and
shear-thinning were observed. Within the shear stress
range which normally occurs in extrusion-based 3D
printing (100–800 Pa), the hybrid hydrogel with the
lowest HAMA concentration showed a viscosity lower
than 100 Pa s, which was too fluid to hold the
printed shape. In contrast, HAMA/GelMA hydro-
gels with highest HAMA concentration, showing a
viscosity higher than 104 Pa s, were too viscous to
be smoothly deposited. Therefore, hybrid hydrogels
with an intermediate concentration of HAMA were
selected as the bioink. The authors observed that with
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Figure 3. Shear-thinning behavior of HA-based bioinks:
viscosity values at shear rates of 0.1 s−1 (black) and 100 s−1

(white) were extrapolated from the flow curves in the
indicated references.

an increasing amount of GelMA, the printed con-
structs were incomplete and missing some parts, as
measured with a printing accuracy parameter defined
as the overlap percentage of the printed to designed
area. Similarly, Costantini et al studied the print-
ability of a HAMA-based bioink, and the effect of
GelMA and chondroitin sulfate amino ethyl methac-
rylate (CS-AEMA) co-blending its rheological fea-
tures [52]. During 3D printing they also used alginate
only as a templating agent to form stable fibers, ion-
ically crosslinked by Ca2+ ions, which after a few days
dissolved in the culture media. Therefore, the over-
all mechanical properties of the scaffolds were solely
ensured by the UV photocrosslinking of the curable
polymers contained in the microfibers. If compared
to alginate gel, showing a Newtonian behavior with
a viscosity of around 100 mPa s, the hydrogel blend
highlighted a slight shear -thinning profile character-
ized by a decrease in the dynamic viscosity as the shear
rate increased, from around 1 Pa s to 300 mPa s. More
recently, Law et al carried out a systematic study on
the printability of HA-based polymer blends, point-
ing out interesting properties of HA-methylcellulose
(MC) blends for 3D bioprinting applications [42].
The printing accuracy was measured by comparing
the printed area with the computational model; all
printable blends had a printing accuracy higher than
70%, highlighting these materials as good candidates
for different applications requiring pressure driven
extrusion. Furthermore, HA-MC blends behave as
viscous solutions at 4 ◦C with faster gelation at body
temperatures, which can be exploited for printing
accuracy [24]. Furthermore, they showed that higher
concentrations of HA-MC were particularly indicated
for cell encapsulation in 3D bioprinting.

The use of synthetic polymers as rheological mod-
ifiers or thickening agents has proved to be effect-
ive toward improving printability and shape fidel-
ity. For example, Pluronic, or poloxamer, a block
copolymer comprising poly(propylene oxide) and

PEG blocks, has been used in different applica-
tions, including drug delivery, wound healing, 3D
printing, and sacrificial molding. Pluronic gels show
shear-thinning and a good shear recovery, which is
crucial for 3D extrusion printing. Müller et al extens-
ively investigated 3D HAMA/Pluronic constructs in
terms of concentrations, rheological behavior, print-
ing processability (nozzle pressures and feed rates),
and cell viability [53]. They identified one compos-
ition of both shear-thinning in its gelled state (37 ◦C)
and Newtonian behavior below its gelation temper-
ature (4 ◦C), which may simplify its handling. This
composition exhibited quick shear recovery. Long-
term shape fidelity was further enhanced by Plur-
onic’s yield point. Furthermore, upon the addition
and photocrosslinking of HAMA, the final storage
modulus increased to 19.4 and 24.1 kPa with 0.1%
and 0.5% w/v of HAMA, respectively.

Similarly, Abbadessa et al used HAMA to improve
long-term stability, and printability of hydrogels
based on triblock copolymers of PEG and pHPMA-
lac, referred to as M10P10 [54]. Polymer mixtures
exhibiting physical hydrogel formation and a relat-
ively high storage modulus, G’ (216 ± 14 Pa) at 37 ◦C
allowed for adequate stability of the extruded fila-
ments on the deposition plate pre-heated at 40 ◦C,
and in turn, 3D photocuring printing with high shape
fidelity. The simultaneous presence of the hydrophilic
HAMA and the hydrophobic and more dehydrated
M10P10-based phase conferred a structural charac-
teristic, influencing the rheological behavior of these
hydrogels. Restricted phase separation with lower
HAMA concentrations led to higher values of storage
modulus, yield stress, and viscosity, potentially help-
ful to nozzle-based 3D printing. On the other hand,
evident phase separation with higher HAMA concen-
trations negatively influenced the rheological beha-
vior due to the loss of continuity in the external phase.

More recently, Hung et al blended PU with a
2% w/v HA solution to in order to increase the vis-
cosity of the bioink without increasing the polymer
content (6.7%). The HA-containing ink had a viscos-
ity of ~10.2 Pa s at 1 s−1 shear rate and ~2.7 Pa s at
100 s−1 shear rate [51].

A few reports have focused on the analysis of the
printability of HA derivative-based hydrogels without
the use of rheological additives or sacrificial compon-
ents. In the work of Poldervaart et al, the authors
thoroughly investigated the printability of HAMA-
based hydrogels: after UV exposure, a significant
increase in G’ was observed for all polymer con-
centrations. Furthermore, G’ increased from 170 to
2602 Pa by varying the HAMA concentration from
1% to 3% w/v. On the other hand, the loss modu-
lus remained almost unvaried, indicating an effect-
ive intermolecular crosslink formation by photopoly-
merization of HA chains [31].

Petta et al introduced a material ink for
extrusion-based printing utilizing exclusively low
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molecular weight HA-Tyr as a constituent [30].
The ink was characterized by a single compon-
ent crosslinked by two different mechanisms. An
enzymatic pre-crosslinking gave the shear-thinning
behavior, whereas the stability of the 3D structure
was ensured using visible light as the curing agent.
The printability of these bioinks was tuned via an
enzymatic crosslinking of HA-Tyr formulations with
hydrogen peroxide (H2O2) concentrations above
0.17 mM, showing storage and loss moduli constant
in the analyzed strain range. Only formulations from
H2O2 0.17 mM with HA-Tyr (2.5 and 3.5% w/v)
displayed good extrusion, and afterwards good print-
ability and shape retention. Here, a measure of print-
ing shape fidelity was introduced by assessing via
micro-CT the shape retention of filaments printed in
different layers. In the same paper, the printability
was correlated with the damping factor (tan δ), i.e.
the ratio between the loss modulus (G”) and stor-
age modulus (G’) at fixed deformation, in this case
1%. The damping factor is independent of the meas-
uring system and therefore universally comparable
across laboratories; additionally, it does not require
a 3D printing apparatus to be measured. Formula-
tions with a damping factor 0.6 ⩾ tan δ ⩾ 0.5 were
observed to have the optimal printability; below this
interval the filament produced was uneven or gran-
ular, whereas above this tan δ interval the extruded
material was too fluid and spread on the stage without
keeping a strut shape. While a single rheological para-
meter is insufficient to capture the complexity of the
physical processes determining ‘good printability’
[61, 62], the damping factor was identified as useful
indicator for initial printability screening.

More recently, Kiyotake et al developed a
pentenoate-functionalized HA (PHA) hydrogel-
based printable bioink and they quantified three rhe-
ological parameters: yield stress, which is related to
the capacity to hold the shape after bioprinting and
support the weight of added layers; storage modulus
recovery, related to the capacity of shape retention
immediately after the high shear experienced dur-
ing extrusion, and viscosity [28]. Like the damping
factor, these parameters are universally comparable.
Two printability windows of yield stress and stor-
age modulus recovery for PHA were determined. All
the formulations showed concentration-dependent
viscosities ranging from 410–11.600 Pa s at 0.1 s−1

and from 1–18 Pa s at 100 s−1. A similar trend was
observed with and without encapsulated cells. A yield
stress upper limit of 1000 Pa was found for PHA
through a 27 G needle, with higher yield stresses prin-
ted with irregular lines. Furthermore, it was shown
that 85% post-printing recovery is required for shape
fidelity. Two formulations showed improved print-
ability (i.e. 1.5 MDa PHA at 4 wt% and 1 MDa PHA
at 8 wt%), and increasing cell concentrations in PHA
up to 9 × 106 cells ml−1 had minimal effects on the
printability.

Cell encapsulation impact on the rheological
properties of the bioink ranges from negligible to
major, and it depends on the type of ink and cell
involved.

In the work of Skardal et al, the presence of
human intestinal epithelial cells or murine fibroblasts
affected the formation of HA-based hydrogels co-
crosslinked to a gelatin derivative via 2% tetra-
acrylate derivatives. Cell densities above 25 M ml−1

interfered with the hydrogel formation, otherwise
occurring within 20 min below this threshold [56].

When bovine chondrocytes (6 × 106 cells ml–1)
were embedded into HAMA/thermoresponsive HA
bioink, G’ and G” below the transition temperat-
ure increased [24]. The maximum value of G’ and
G” was achieved at an earlier time point by adding
cells (60 min or at 31.3 ◦C). Interestingly, the oppos-
ite happened above the transition temperature, with
final G’ and G” values lowered upon cell addition.
This phenomenon could be explained by the inter-
ference with the non-covalent network formation by
cell embedding. As reported by Zhao et al, cells can be
considered as soft particles [64]. Indeed, the authors
demonstrated that cells with the commonly used
density of 106 cell ml−1 had little influence on bioink
gelation temperature while they slightly decreased the
rheological properties of the bioinks. After UV cross-
linking, the storage modulus of the blend developed
by Kesti et al which was characterized by a G’ value of
2532 Pa, resulted in an increase again when the cells
were added (8370 Pa). Cell encapsulation had an even
more dramatic effect on the enzymatic crosslinking
of HA-Tyr bioink [29]. An increase in the cell density
from 1 to 5 × 106 cells ml−1 caused a decrease in the
storage modulus until no crosslinking was observed
with G” over G’ for 5 × 106 cells ml−1. This effect
was observed with hMSCs, chondrocytes, and fibro-
blasts, with some differences among them. The effect
could be counteracted by modulating the concentra-
tions of horseradish peroxidase (HRP) and H2O2 to
match the viscoelastic properties of the cell-free ink
formulation.

The above results highlight how the impact of
cell encapsulation on the viscoelastic properties of a
bioink depend on several factors, including the phys-
ical properties of the cells, their density, the type of
the bioink, and the crosslinking mechanism.

Sterilization is a fundamental step in the pre-
paration of bioinks for bioprinting. While the lit-
erature often neglects this aspect, sterilization tech-
niques that are microbiologically safe, industrially
feasible, and non-destructive are key to the transla-
tion of bioprinting and tissue engineering into the
clinics. Most injectable HA-based hydrogels for clin-
ical use are steam sterilized, or sterile filtered if their
viscosity is low [65]. Both processes have an impact
on the rheological properties, because of the heat-
induced chain scission or the preferential filtration
of higher molecular weight fractions, respectively
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Figure 4. HA-based bioinks: examples of HA functionalization and crosslinking strategies for modulating the viscoelastic
properties: chemical crosslinking [70], enzymatic crosslinking [71], photocrosslinking [72], and non-covalent crosslinking [73].

[66]. Given the importance of the viscoelastic pro-
file in printability, the impact of the sterilization pro-
cess must be considered while designing the bioinks.
Further sterilization methods for HA-based bioma-
terials are described in the literature [65]. As the
field approaches clinical translation, this aspect will
become increasingly important.

4. Chemical strategies for endowing HA
with shear-thinning and secondary
crosslinking

Since pristine HA has poor mechanical properties,
several chemical functionalizations and crosslink-
ing methods have been applied aiming to enhance,
modulate, or control the viscoelastic properties of
HA maintaining its biocompatibility and biode-
gradability. The most common sites of HA chem-
ical modification are the carboxyl group (-COOH)
on the D-glucuronic acid and the primary (C6)
hydroxyl group (-OH). Additionally, the secondary
(C2, C3, and C5) hydroxyl groups are available for
functionalization.

HA can be crosslinked by employing chemical,
enzymatic, physical, or photocrosslinking mechan-
isms (figure 4). Detailed information on the cross-
linking or photocrosslinking of HA can be found in
published reviews [67–69].

Generally, the crosslinking can be performed
before (pre-crosslinking), after (post-crosslinking)
or during the extrusion process (in situ crosslink-
ing) [74]. The pre-crosslinking helps to overcome

the viscosity limitations of pristine HA. Interest-
ingly, Ouyang et al developed a general strategy
for the 3D bioprinting of photocrosslinkable hydro-
gels by introducing a photopermeable capillary that
allows light exposure during continuous extru-
sion, prior to deposition [75]. Post-crosslinking,
instead, is often required to stabilize the prin-
ted structures and increase the final mechanical
properties.

The most common HA-based cell-laden pho-
tocrosslinked bioink is HAMA. This is a well-
established in situ forming vehicle for cell encap-
sulation which has been thoroughly investigated,
especially for cartilage tissue engineering [76, 77].
For HAMA the secondary crosslinking mechanism
for permanent shape stabilization is the formation of
kinetic chains connecting the methacrylate moieties.
For example, Poldervaart and collaborators employed
0.1% w/v Irgacure 2959 and UV for the photocross-
linking of HAMA-based bioink [31]. Additionally,
HAMA can be combined with various photocross-
linkable polymers such as GelMA to improve the
printability and cytocompatibility of bioinks. For
example, in the work of Duan et al this combina-
tion was employed to print photocrosslinkable heart
valve conduits with 365 nm UV radiation [39]. Like-
wise, HAMA was partially crosslinked with GelMA
to provide an extrudable gel-like fluid; this printed
cell-laden ink was further crosslinked by exposing it
to UV light again to obtain a stiffer and more stable
final construct [38]. An overview of the HA-based
bioinks, that employ a photocrosslinking mechan-
ism, is shown in table 5, where light source and
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Table 5. Parameters employed in the photocrosslinking of HA-based bioinks.

Author Light source λ (nm)
Light Intensity

(mW/cm2) Light exposure time Photoinitiator (w/v)

Abbadessa et al [22] 350–450 103 After each deposited layer
(3 s)

0.05% Irgacure 2959

Clark et al [35] 365 1390 10 s 0.1% Irgacure 2959
Costantini et al [52] 300/450 6 30 s 0.05% Irgacure 2959
Duan et al [39] 365 2 5 min 0.05% Irgacure 2959
Highley et al [25] 320–390 10 5 min 0.05% Irgacure 2959
Kesti et al [24] 365 6.09 Each printed layer for 10 s 0.05% LAP
Kiyotake et al [28] 312 9 2 min 0.05% Irgacure 2959
Kuss et al [33] OmniCure S2000

UV lamp (Lumen
Dynamics)

30 30 or 90 0.05% Irgacure 2959

Mouser et al [21] 365 1.2 5 min 0.05% Irgacure 2959
Müller et al [53] 365 6.09 15 s after every printed

layer
0.05% LAP

Petta et al [29] 505 80 After each printed layer 0.01% Eosin Y
Poldervaart et al [31] 365 3 — 0.1% Irgacure 2959
O’Connell et al [44] 365 130 60 s 0.5% VA-086
Sakai et al [47] 452 0.028 15 min (5 during extru-

sion + 10 after printing)
1 mM
Ru(II)bpy32 + 2 mM
SPS

Skardal et al [38] 365 180 120 s (partially crosslink-
ing, before printing)
60 s (after printing)

30% 2,2-
dimethoxy-2-
phenylacetophenone

Stichler et al [23] bluepoint 4 (Hoenle
AG, Munich, Ger-
many)

130 8 s 0.05% Irgacure 2959

van der Valk et al [48] 365 2.5 30 or 90 s pre-crosslinking 0.3% LAP
Wenz et al [49] 365 9 Following the printing of

each double layer
0.135% LAP

intensity, exposure time, and the photoinitiator sys-
tem are reported.

In all these photocrosslinkable systems, a pho-
toinitiator is required to trigger the crosslinking.
Irgacure 2959 is the most common UV photoiniti-
ator, however its potential cytotoxicity is a critical
factor for 3D bioprinting. Additionally, UV is well
known for inducing cellular damage via direct inter-
action with cell membranes, proteins, and deoxyribo-
nucleic acid or via indirect production of radical oxy-
gen species [78, 79]; furthermore, UV has a lower
penetration depth and requires higher energy com-
pared to longer wavelengths. To overcome these
issues, new photocrosslinking systems based on
visible light have been investigated. Examples of
visible-light photoinitiators are organic dyes such
as Eosin Y (EO) [80], Rose Bengal [81], and methyl-
ene blue; aromatic hydrocarbons such as quinones
[82]; porphyrins and phthalocyanines; ruthenium(II)
tris-bipyridyl dication (Ru(II)bpy3

2+); sodium
ammonium persulfate (SPS); lithium phenyl-2, 4,
6-trimethylbenzoylphosphinate (LAP); and 2,2′-
Azobis[2-methyl-N-(2-hydroxyethyl)propionamide
(VA-086). EO was successfully employed for the pho-
tocrosslinking of a HA-Tyr, promoting the forma-
tion of di-tyramine bonds [83]. Green visible light
(λ = 504 nm) was used after printing to further

crosslink HA formulations that were enzymatically
pre-crosslinked. Ru(II)bpy3

2+ and SPS were used
to photocrosslink gelatin and HA at 452 nm, both
chemically modified with phenol groups [47]. Altern-
atives have been developed such as LAP and VA-086
whose efficacy to photopolymerize monomers has
been investigated in comparison with Irgacure 2959
[84, 85]. For example, LAP has been used at a con-
centration of 0.05% and 0.3% w/v, respectively in a
Pluronic/HAMA bioink [53] and in a GelMA/HAMA
bioink for a 3D in vitro model of human calcific aor-
tic valve disease [48]. O’Connell developed a Biopen
where a solution of 2% w/v HAMA and 10% w/v
GelMA and adipose stem cells was printed to target
a chondral defect [44]. In this work, 0.5% w/v VA-
086 replaced Irgacure 2959 as the photoinitiator to
achieve high cell viability.

Another possible approach is the use of enzymatic
crosslinking with HRP/H2O2. The synthesis of HA-
Tyr crosslinked via HRP/H2O2 has been extensively
investigated [86] for bulk hydrogels and recently for
3D printing [30]. In this reaction, H2O2 is the oxid-
izing agent used with HRP for producing a free rad-
ical on the phenol. The catalytic cycle starts with the
addition of H2O2 which interacts with [Fe(III)], the
HRP resting ferric state, and generates compound I
[Fe(IV)]+, an intermediate in a high oxidation state
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with a cation radical [87]. Tyramine, as the redu-
cing agent, converts compound I into compound
II [Fe(IV)]. Subsequently, a second phenol group
is oxidized and it reduces HRP back to [Fe(III)].
Di-tyramine bonds are formed at the C-C and C-
O positions. This HRP/H2O2 crosslinking mechan-
ism has been proven to be non-cytotoxic for a spe-
cific range of HRP/H2O2 concentrations and flex-
ible in tuning the viscoelastic properties of the res-
ulting hydrogel [88]. Specifically, the crosslinking rate
(gelation time) and degree of crosslinking (mechan-
ical properties) can be finely controlled, respectively
through the H2O2 and HRP concentrations. How-
ever, with cell-embedded materials, the enzymatic
crosslinking limits the elastic moduli of the hydro-
gel due to the limited HRP/H2O2 non-toxic concen-
trations and crosslinking density, and the resulting
hydrogels are quickly degraded [89].

Non-covalent crosslinking is a further option for
the development of bioinks with good printability.
The reversible nature of non-covalent interactions
can trigger HA hydrogel formation responding to
temperature, pH, or other physical or chemical cues.
This type of crosslinking mechanism generally res-
ults in low mechanical properties and low toxicity
toward the cells and tissues. Kesti et al printed high
resolution scaffolds with high cell viability combin-
ing HAMA with a thermoresponsive HA derivative
[24]. The thermoresponsive HA forms a gel very rap-
idly upon temperature increase, and it can be depos-
ited on a heated stage providing immediate shape
retention.

Ionic interactions represent another example of
non-covalent reticulation. This mechanism is typ-
ical of alginate, where divalent cations, such as
Ca2+, bind the glucoronate blocks leading to the
crosslinking of adjacent polymers chains [90]. Like-
wise, HA can be crosslinked employing positively
charged ions, such as Ca2+ and Fe3+ [91]. How-
ever, the ionic crosslinking often results in a rapid
and poorly controlled gelation, limited long-term
stability, and low gel uniformity. An HA-based
bioink consisting of supramolecular bonds between
an adamantane-HA derivative (guest) and a β-
cyclodextrin-HA derivatives (host) was introduced
by Burdick and collaborators [20]. The guest-host
network generated a shear-thinning and rapidly self-
healing hydrogel. The permanent shape fixation was
established through methacrylate groups also present
in both guest and host molecules. Similarly, for Shim
et al, (cucurbit[6]uril-conjugated HA (host)/1,6-
diaminohexane-conjugated HA (guest) interacted in
a non-covalent manner and produced mechanically
stable constructs with the support of a PCL frame-
work [58].

Similarly, a semi-interpenetrating polymer net-
work (IPN) based on HA and  hydroxyethyl methac-
rylate  derivatized dextran (dex-HEMA) was studied
by Pescosolido et al as a bioink for tissue engineering

[45]. This semi-IPN network required UV irradiation
(Irgacure 2959, 1% w/v) to a chemically crosslink dex-
HEMA, in which the HA chains remained entangled.

Supramolecular networks do not use any chem-
ical reagents for crosslinking and therefore have the
advantage of being non-cytotoxic. However, sec-
ondary crosslinking is required to obtain a stable
final structure. To overcome this drawback, Wang
et al developed a dynamic covalent bond-approach
that resulted in stronger interactions compared to
the physical bonds and in cells protection during
nozzle extrusion [92]. In particular, the employed
hydrazine crosslinking exploited the interaction
between an electron-dense, nucleophilic hydrazide,
and an electron-deficient, electrophilic aldehyde.

5. Cell-laden HA bioinks

A wide range of cells have been either encapsulated
into or seeded atop HA-based printed constructs. The
most common type of cell employed for 3D bioprint-
ing is bone-marrow derived hMSCs, followed by the
chondrocytes and cell lines (table 6). Additional cell
types that have been used include Schwann cells for
nerve regeneration or human aortic valvular intersti-
tial cells for heart tissue engineering.

The first important factor that should be invest-
igated when testing a biomaterial for 3D bioprint-
ing is its cytotoxicity, depending on the composition
and on the crosslinking methods. For example, dur-
ing the photocrosslinking process both the photoini-
tiator and radiation can manifest a detrimental effect
on cell viability.

Cell viability is additionally challenged by the
shear stress experienced during extrusion. This shear
stress is influenced by the viscoelastic properties of
the ink, the pressure required for extrusion, and the
shape of the nozzle. Costantini et al estimated the
maximum value of shear stress to which cells were
exposed to during the printing was between 4.8 Pa
for neat alginate gel, and ten times more for the poly-
meric HAMA-based bioink blend [52]. Under these
conditions, cells were not affected and the addition
of HAMA to the bioink allowed the differentiation
of bone marrow hMSCs toward hypertrophic cartil-
age. This result confirmed the idea that an excessively
crosslinked matrix does not allow for proper macro-
molecular diffusivity and hinders cartilage develop-
ment. Furthermore, both the geometry and the dia-
meter of the printing nozzle influence the cell viabil-
ity, as reported in the literature [11, 93]. In particu-
lar, the shear stress inside the nozzle increases with
decreasing nozzle diameter and increasing material
velocity, cell density, and viscosity. To prevent cell
damage or cell clogging, a nozzle with a diameter
below 100 µm (33 G) should be employed with cell
densities lower than 5 × 106 cells ml−1 and low mat-
rix viscosity [94]. Cell densities above 108 ml−1 and
higher viscosity biomaterials for 3D bioprinting are
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Table 6. Cell encapsulation in bioink formulations.

Cell type Author Methodology
Density

(106 ml−1) Nozzle (G) Viability after printing (%)

hMSCs Costantiniet al [52] L/D 10 25 87 (d0), 80 (d7), and 70 (d21)
Highley et al [25] — 5 — 90 (d0), 82 (d1), and 84 (d3)
Hung et al [51] — 50 100–400 µm —
Law et al [42] L/D — 23 75–90 (d0)
Lee et al [27] L/D 0.01 30 95 (d7)
Mouser et al [37] — 20 22 —
O’Connell et al [44] L/D 2 — 95 (d1), 96 (d3), and 97(d7)
Petta et al [29] L/D 2.5 21 78 (d1 and d14)
Poldervaart et al [31] L/D 2 25 75 (d1) and 72 (d21)
Sakai et al [47] L/D 0.3 27 95 (d1)
Shim et al [57] — 1 — —
Stichler et al [23] L/D 6 23 —
Wenz et al [49] — 5 24 —

Chondrocytes Abbadessa et al [22] L/D 15–20 — 85 (d1) and 95 (d7)
Kesti et al [24] MTS 6 24 High proliferation
Mouser et al [37] — 20 22 —
Müller et al [53] L/D 20 24 87 (d7) and 79 (d14)
Petta et al [29] L/D 2.5 21 70 (d1 and d14)

ACPCs Mouser et al [37] — 20 22 —
Cell line Clark et al [35] — 5 — —

Henriksson et al [41] L/D 30 Valve opening
time 1200 µs

64 (d1) and 95 (d7)

Highley et al [25] — 5 — 90 (d0), 82 (d1), and 83 (d3)
Noh et al [32] L/D 0 25 High viability
Petta et al [29] L/D 2.5 21 75 (d1 and d14)
Shin et al [35] L/D + MTS 1 24 95 (d0) and 98 (d6)
Skardal et al [56] MTS 25 — —

hAVICs Duan et al [39] L/D 5 — 90 (d3 and d7)
van der Valk et al [48] — 10 23 —

Schwann cells England et al [55] L/D x 24 98 (d0, d1, and d7)
Ning et al [43] L/D + MTT 1 27 90 (d1), 95 (d4), and 98 (d10)
Rajaram et al [46] — 1.6 — —

hCMPCs Gaetani et al [40] L/D 30 — —
APCs Kuss et al [33] L/D 5 22 90 (d19)
Osteoblasts Zhai et al [59] L/D + CCK-8 4 — 95 (d1)
rNSCs Kiyotake et al [28] L/D 1 27 87 (d0) and 55 (d7)
rBMSCs Kiyotake et al [28] L/D 1 27 >95 (d0) and 83 (d7)

hMSCs: human mesenchymal stem cells; ACPCs: Articular cartilage progenitor cells; hAVICs: human aortic valvular interstitial cells;

hCMPCs: human cardiac-derived progenitor cells; APCs: adipose progenitor cells; rNSCs: rat neural stem cells; rBMSCs: rat bone

marrow-derived mesenchymal stem cells; d: day

usually printed with nozzles with an inner diameter
above 21 G [94]. For HA-based bioinks, the needle
diameter is typically higher than 100 µm. The viabil-
ity and proliferation of the cells are usually investig-
ated by means of live/dead assays and metabolic assays
such as MTS, MTT, or a resazurin-based assay. For
all reported HA-based cell-laden bioinks, cell viability
24 h after printing is above 70% (table 6). In an earlier
study, Abbadessa et al found a cell viability between
85% and 95% at 1 and 7 d after printing chondro-
cytes encapsulated in HAMA-based bioinks, indicat-
ing a good cytocompatibility and no adverse effects
due to the printing procedure [22].

Fewer papers have shown the seeding of cells on
top of the printed constructs. This is related to the
well-known poor adhesion of cells on HA-based scaf-
folds [95, 96], which can be remedied via surface dec-
oration with adhesive peptides, such as the peptide

motif arginylglycylaspartic acid (RGD). This strategy
was successfully used by Ouyang et al, where fibro-
blasts were seeded on the scaffolds [20]. Kesti et al
seeded bovine chondrocytes on bioink hydrogels in
bulk showing the formation of cells clusters [24]. In
a biomaterial ink approach, Petta et al showed how
the functionalization of the 3D printed constructs
with RGD improved cell adhesion compared to the
non-functionalized scaffold [30]. Interestingly, none
of these works have looked at the invasion of the cells
in the scaffold or the proliferation rate of the cells.

6. Target clinical applications and in vivo
studies

The clinical applications of the HA-based bioinks
reported in the literature to date are shown in figure 5.
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Figure 5.HA-based bioink applications.

Of these studies, only a few present in vivo invest-
igations. Many papers rather than a specific clin-
ical application are dedicated to developing suit-
able bioinks, namely pursuing the difficult balance
between viscoelastic properties, biological properties,
and shape retention. This reflects how new the field
is, and the need to develop the basic aspects of HA-
based 3D bioprinting. The most targeted application
is cartilage, in line with the constant interest of the
research in this field [97]. This is expected since HA
has natural chondrogenic properties [98]. Addition-
ally, cartilage is avascular and constituted by a single
type of cell with relatively low density, and its prop-
erties are mainly determined by its matrix.

The bioinks used mainly belong to the second and
third categories, as reported in paragraph 1. In partic-
ular, HA has been mainly employed either with nat-
ural polymers (GelMA or gellan gum) [37, 44] or as
viscosity enhancer [51, 52], even though in two works
it has been also used as the main component [24] or
in combination with PCL [23].

Abbadessa et al investigated the role of prin-
ted HAMA-based bioink in supporting the chondro-
genesis of equine chondrocytes laden in pHPMA-
lac-PEG triblock copolymers [22]. The matrix pro-
duction in the hydrogel was compared to that
of chondrocytes embedded in fibrin as a control.
Safranin-O staining after 28 and 42 d of culture
showed a homogeneous deposition of proteoglycans
confirming that the hydrogel induced cartilage-like
tissue formation. Similarly, immunolocalization of
type II collagen highlighted after 42 d a homogen-
eous distribution. Another bioink for cartilage regen-
eration was proposed by Stichler et al [23]. In vitro
studies, involving hMSCs, showed promising results
in terms of chondrogenic differentiation after 21 d.
The hydrogel formulation supported the production
of cartilage-specific ECM by the encapsulated MSCs,
as underlined by the quantitative analysis of glycosa-
minoglycan (GAG) and collagen.

In order to prove the chondral regeneration capa-
city of 3D printed scaffolds, Hung and collaborat-
ors implanted 3D printed disk-like scaffolds (fiber
diameter of 300 µm and interval between adjacent
fibers of 700 µm), into a cylindrical chondral defect
of 4 mm in diameter and 2 mm in depth created on
the hind leg femoral condyle. To this aim, they seeded
the scaffold with adipose-derived stem cells isolated
from the subcutaneous adipose tissue of New Zeland
white rabbits [51]. Improved cartilage regeneration
with an increase in GAG production, higher expres-
sion of collagen II, and a high International Cartil-
age Repair Society histological score was observed
in comparison to the control groups, poly(lactic-co-
glycolic acid) (PLGA) and PU/HA scaffold without
the Y27632 factor.

To the best of our knowledge, three papers
using HA-containing inks in the field of bone tis-
sue engineering were recently published. Polder-
vaart et al reported a 64% cell viability after 21 d
for MSCs embedded in HAMA hydrogels. Fur-
thermore, hydrogels with HAMA concentrations of
2.5%–3% w/w induced osteogenic differentiation of
MSCs without the use of additional osteogenic stim-
uli induced by organic or inorganic signals [31].
Wenz et al designed a nanocomposite bioink based
on HAMA and hydroxyapatite (HAp) (5% w/v) to
stimulate osteogenesis. The authors demonstrated
that the synergistic effect of material chemistry and
technology plays a crucial role in the capability
of this bioink to induce bone matrix development
and remodeling in hydrogels [49]. Similarly, Zhai
et al designed an osteoblast-laden nanocomposite
hydrogel construct, based on PEGDA/laponite nano-
clay/HA bioink, using inorganic signals to improve
the osteogenic capability of the materials [59]. Due to
the presence of PEGDA/laponite nanoclay it was pos-
sible to obtain 3D bioprinted structures enabling the
efficient delivery of oxygen and nutrients for grow-
ing cells. By adding HA with encapsulated primary
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rat osteoblasts, cell viability, distribution, and depos-
ition efficiency were improved. Not only did the
osteoblasts-laden PEG–clay constructs display more
than 95% viability in the short term, but they also
induced osteogenesis in the long term, due to the
presence of bioactive ions (magnesium ions, Mg2+

and silicon ions, Si4+). The 3D printed cellularized
nanocomposite hydrogel constructs were implanted
into tibia bone defects of 12 week old male Sprague–
Dawley rats. Additionally, ectopic osteoinduction was
evaluated in the muscle pouches of the rats. Both
micro-CT and histological data demonstrated that
the printed scaffold stimulated new bone formation,
and that the loading of exogenous cells helped this
bone regeneration.

Shim et al addressed the repair of osteochond-
ral defects in vivo with 3D printed scaffolds [58].
The mechanically stable and cytocompatible hydro-
gels resulted in a good quality of the newly formed
osteochondral tissue in the knee joints of rabbits
at 8 weeks. The newly regenerated cartilage tissues
were integrated with the adjacent host cartilage tissue.
Furthermore, there was no morphological difference
between the native cartilage and neo-cartilage.

Fewer works have addressed heart regenera-
tion and used a HA-based bioink belonging to the
second category. A gelatin/HA bioink was mixed
with 30 × 106 human cardiac-derived progen-
itor cells ml−1 and bioprinted (scaffold dimensions
=2 mm × 2 mm × 400 µm). The scaffolds were
transplanted with the help of fibrin glue in female
NOD-SCID mice, aged 10–12 weeks, that under-
went myocardial infarction [40]. The patch was able
to preserve the cardiac performance as shown by a
magnetic resonance imaging analysis and in partic-
ular to reduce ventricular remodeling and improv-
ing myocardial viability. Van der Valk et al established
a novel 3D bioprinted model of calcific aortic valve
disease for studying the mechanisms of valvular dis-
eases and a platform suitable for high-throughput
drug screening in calcific aortic valve disease [48].
GelMA hydrogels were tuned to duplicate the three
layers of the human aortic valve with their spe-
cific mechanical properties, and they were bioprinted
with human valvular interstitial cells. Hydrogels were
successively exposed to osteogenic media to induce
microcalcification.

Over the last few years, only a few papers have
focused on vascular grafts [56], nerve regeneration
[43, 55], and adipose tissue engineering [41, 47].
Ning et al showed that HA-based printed scaffolds
have the potential for applications in the field of nerve
tissue engineering [43]. The scaffolds promoted the
alignment of Schwann cells providing haptotactic
cues to guide the extension of dorsal root ganglion
neurites along the printed strands. In the field of
adipose tissue engineering, different groups have
designed bioinks belonging to the second category.
Sakai et al printed a combination of HA and gelatin

derivatives encapsulating human adipose stem cells
(hADSCs) [47]. The constructs showed promising
results in terms of cell elongation and proliferation
in the hydrogel. In addition, hADSC differentiation
potential to adipocytes was assessed by evaluating
the expression of pluripotency marker genes and cell
surface markers. The encapsulated hADSCs exhib-
ited significant upregulation of Nanog, Oct-4, and
Sox-2 genes on day 25, with a two- to three–fold
increase from day 1, and maintained pluripotency, as
confirmed by the analysis of CD34 and CD44 protein
expression. It is well known that ADSCs express CD44
instead of CD34. In the treatment of obesity and type
2 diabetes, Kuss et al 3D bioprinted brown and white
adipose progenitors within HAMA/GelMA to create
3D environments with controllable physico-chemical
properties and evaluated the cell responses [33]. The
authors found that by varying the stiffness of the
hydrogel matrix it was possible to guide adipogenesis;
in particular, soft hydrogels promoted white adipo-
genesis, whereas stiff-porous hydrogels increased
both white and brown adipogenesis, maximiz-
ing the brown adipogenic differentiation of brown
adipocytes.

7. Mechanical testing on the printed
scaffold

The mechanical strength of a 3D printed construct is
fundamental in determining tissue integration, clin-
ical performance and biological properties.

In the literature concerning HA-based bioinks,
the emphasis has primarily been on characterizing
bulk materials rather than on the final printed scaf-
fold. A comparison of the mechanical properties of
HA-based bioinks and 3D printed scaffolds among
different studies is challenging because of the variab-
ility of the raw material (molecular weight, DS, and
concentration), the scaffold’s fabrication process, and
the crosslinking. However, we have provided an over-
view of the mechanical properties of the HA-based
inks (table 7). Poldervaart et al found that the elastic
moduli of HAMA hydrogel discs increased with the
concentration, indicating that HAMA gels with a
concentration of 2.5%–3% (w/v) and higher mater-
ial stiffness stimulated osteogenic differentiation of
MSCs [31]. After crosslinking, the elastic modulus
increased from 1.3 ± 0.1 to 10.6 ± 0.1 kPa as the
concentration increased from 1% to 3% w/v. Even if
the mechanical properties of the developed gels did
not match those of native bone tissue, the work rep-
resents the first attempt to introduce primary cells
to the resulting high MW HAMA -based bioink stim-
ulating intrinsic osteogenic differentiation. Adding
a particulate phase is another typical approach to
increase the mechanical properties of a hydrogel. In
the work of Wenz et al, the mean storage modu-
lus of HAMA/GelMA increased from 29.6 ± 1.40 to
35.1 ± 2.33 kPa upon the addition of HAp [49].
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Similarly, Costantini et al showed that the inclu-
sion of 0.5% w/w of HAMA increased the mechanical
properties of a GelMA/CS-AEMA co-blend, reaching
values of compressive modulus of 100.1 ± 10.2 kPa
[52]. Hung et al studied the dynamic mechanical
properties at 37 ◦C of PU/HA customized scaffolds
with optimized cell response and controlled release
function [51]. They obtained a compression modu-
lus of PU/HA scaffolds of 0.33± 0.02 MPa, approach-
ing the values of native cartilage falling in the range of
0.2–1.1 MPa, as reported by Little et al [99]. Mouser
et al reported a screening of the mechanical beha-
vior from two-dimensional (2D) disc-shaped samples
to 3D additive manufactured structures [21]. The
authors demonstrated that all produced hydrogels
of pHPMA-lac/PEG triblock copolymers with dif-
ferent concentrations of HAMA were shape stable
after swelling in phosphate-buffered saline (PBS)
for 5 h with the Young’s moduli increasing from
14.0 ± 0.6 to 30.8 ± 0.9 kPa with increasing HAMA
concentration. The pHPMA-lac/PEG hydrogels with
0.5% w/v HAMA were selected as optimal scaffolds
for cartilage-like tissue formation having a Young’s
moduli in the range of native cartilage (0.4–0.8 MPa)
after they were co-printed by using PCL to manu-
facture porous or solid scaffolds with different mesh
sizes.

Additionally, a loss of porosity is often observed
in the printed scaffolds, mainly in the Z direction.
Only a few works in the literature address this lim-
itation. Among them, Costantini et al showed no col-
lapse of the struts in the Z direction as confirmed by
the 3D reconstruction obtained from a microcom-
puted tomography scan clearly showing lateral pores
[52]. As discussed in paragraph 1, this drawback can
be overcome by using a synthetic polymer as the sup-
porting matrix: both Shim and Stichler printed PCL
or a blend of PCL and PLGA, respectively, to provide
mechanical strength to the hydrogel and mimic load
bearing tissue [23, 57, 58].

8. Conclusion and future perspectives

As shown by the limited number of in vivo studies,
biomedical 3D printing is a relatively new field of
research, and there are still some basic aspects of this
technology to be established. Nonetheless, the bio-
material field is rapidly expanding to fill this gap,
and research on bioinks based on natural polymers
is growing. HA is a fundamental ECM component
playing a key role in several biological functions, and
therefore its use as bioink is relevant. Overall, HA
hydrogels are a valuable platform for 3D bioprinting
due to their high bio- and cytocompatibility, biode-
gradability, and tunable viscoelastic properties.

The use of HA as a starting material to develop
inks for 3D bioprinting is justified by its unique
physico-chemical and biological properties. HA is an
unbranched polysaccharide consisting of repeating

units where the chain length is the only degree of
freedom. Despite this structural simplicity, HA dis-
plays a marked ability to influence behavior [100],
which is mediated by actual receptor-ligand inter-
actions with surface receptors such as CD44. This
molecule, besides being a cell surface receptor, acts
also as a nuclear transcription factor, and is involved
in multiple cellular mechanisms including cyto-
skeleton rearrangements, cell migration, adhesion
and morphogenesis, angiogenesis, endocytosis, an
tumor invasion. RHAMM is another cellular receptor
recognizing HA [101]. Thus, HA plays key roles in
matrix structure and hydration, cell proliferation and
differentiation, immune modulation, and angiogen-
esis [14]. Owing to these biological properties, HA
plays a central role in wound healing, chondrogen-
esis, and tissue lubrication. Decades of studies have
shown an exceptionally strong safety profile, and
many HA-based products have already reached the
marketplace. Additionally, its structure is amenable
to chemical modification for grafting active moieties
or for crosslinking with preservation of its biological
properties, and numerous semi-synthetic HA deriv-
atives and hydrogels are available today for clinical
use. The unique combination of structural and biolo-
gical roles, safety profile, viscoelastic properties, and
the possibility to modulate them via chemical modi-
fication, make HA a unique starting material for the
development of bioinks for 3D bioprinting.

One of the challenges arising from the limited
mechanical properties is the fabrication of constructs
with lateral porosity, avoiding strut collapse; this
issue is relatively common for bioinks from natural
biopolymers, and strategies are available to avoid it
[52, 57, 59].

Another drawback for the extrusion-based 3D
printing of hydrogels is the relatively low printing
resolution which often results in large strut diamet-
ers and strand distances. This limited resolution is
more evident when printing cell-laden materials, as
well as during the fabrication of fine structures, e.g.
capillaries. Usually, accuracy conflicts with the print-
ing of highly viable cell constructs due to the higher
shear stress. However, recent advances in 3D print-
ing techniques have shown the great potential of
laser-based technologies such as digital light pro-
cessing. For example, a laser printing technology
based on laser-induced forward transfer was success-
fully used by Koch and co-workers for the printing of
human induced pluripotent stem cells [94]. The HA-
based bioink and cell culture medium did not affect
the viability, proliferation, and pluripotency capa-
city. These laser-based technologies remain relatively
unexplored for HA bioinks, and are also a promising
avenue for light-mediated crosslinking mechanisms.

Together with the resolution, both the
standardization of the printing procedure and the
prediction of the ink printability remain important
challenges in the field. Kesti et al proposed a workflow
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to standardize the bioprinting process and facilitate
the clinical translation [102]. Printability is intrins-
ically multifactorial and complex, and for its assess-
ment different combinations of rheological and other
physical parameters have been proposed [61, 62].
These methods for printability assessment are rel-
atively labour-intensive. A possible shortcut to sim-
plify this evaluation is given by the damping factor
[30, 103]. Reproducibility is highly dependent on the
chemistry of the bioink and the crosslinking method-
ology, therefore the batch to batch variability in the
material synthesis plays an important role. Moreover,
some works provide only a few details on the printing
process, making standardization more difficult.

The complexity arising from the inclusion of ele-
ments of tissue morphology and dynamics is a further
challenge. 4D bioprinting, where the fourth dimen-
sion is time, develops constructs that change shape or
other properties in response to external stimuli, and
may mimic the dynamics of the native tissues. Kir-
illova et al employed alginate and HA hydrogels both
functionalized with methacrylate groups as shape-
morphing biopolymer hydrogels to produce hollow
self-folding tubes with high resolution [104]. Both
inks were loaded with mouse MSCs and printed via
extrusion-based bioprinting. Photocrosslinking was
triggered via green light and shape transformation
occurred after immersion in an aqueous media. This
mechanism resulted in folded tubes where the dia-
meter of the tubes depended on both the thickness
of the polymer layers (influenced by the printing sub-
strate) and the immersion medium.

Another important aspect is the delivery of drugs
from HA matrices, where proteins and genes, able to
promote cell migration, proliferation, or differenti-
ation should be released at the target site, inducing tis-
sue and organ regeneration. Additionally, hydrogel-
based bioinks may include features such as poros-
ity, degradation, mechanics, and adhesion, which all
have been shown to influence stem cell differentiation
in 3D microenvironments, as previously reviewed by
Guvendiren et al [105].

Additional challenges include the need of vascu-
larization and innervation, the integration with the
host tissue, and the possibility to modulate the local
immune microenvironment.

Generally, HA-based biomaterials are widely
involved as biopolymers in tissue regeneration and
medicine as drugs/growth factors/antibody- delivery
systems, as intradermal implants, in wound heal-
ing, ophthalmology, dermatology, and orthopaedic
applications [106]. Therefore, HA-based bioinks can
find a wide range of clinical applications.

The most beneficial aspect of 3D printing is that
a 3D computer model can be immediately material-
ized, making personalization and complexity easily
accessible. However, the tissue engineered construct
achievable with biofabrication nowadays is still far
from the complexity of human tissues or organs. The

use of matrix components such as HA for engineer-
ing bioinks adds to the capabilities of 3D bioprinting.
Our hope is that future research will capitalize on this
potential toward improved answers to the unmet clin-
ical needs challenging our aging society.
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