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ARTICLE INFO ABSTRACT

Keywords: 3D bioprinting is a rapidly evolving field that has seen significant advancements in technologies, materials, and
3D bioprinting strategies. It enables the production of living tissues and complex biological structures, offering great potential
Resolution for regenerative medicine, drug testing, and personalized medical treatments.

;Zﬁﬁi engineering Notable progress has been done, particularly in developing materials that mimic the physiological environ-
Characterization ment and promote tissue growth. However, much work is still needed to fabricate complex, large-scale, heter-

ocellular constructs. High-resolution printing and technological development are crucial to this goal.

Despite the significance of this topic, the literature lacks comprehensive reviews focused on analyzing the
achieved resolution and metrics for its quantification in bioprinting. Additionally, no previous work examines all
the most relevant technologies, critically highlighting technological advantages such as resolution and identi-
fying limitations like the characteristic dimensions of constructs.

This review examines various aspects of 3D bioprinting, focusing on the most commonly used technologies,
including Extrusion-Based Bioprinting, Vat Photopolymerization, Inkjet, Laser-Induced Forward Transfer, and
Two-Photon Polymerization. Additionally, it examines the biomaterials and crosslinking strategies compatible
with each of these technologies.

The primary focus is on the importance of resolution characterization, assessing technical advantages, and
summarizing common metrics from the literature. The review evaluates the resolutions achieved across different
bioprinting methods, correlating such data with the applicability and limitations of each technology, as reso-
lution alone is not sufficient for producing functional structures. Some strategies to overcome typical resolution
limits of some technologies have been reported.

In doing so, the focus is kept on works aimed at biological patterning and producing scaffolds for tissue en-
gineering, therefore involving the use of live cells.

1. Introduction

3D bioprinting (3DB) is defined as the fabrication, through additive
manufacturing techniques, of three-dimensional functional living con-
structs. Such technology involves the precise layer-wise deposition of
biological materials and living cells (together termed bioink) into
spatially defined structures through the use of automated machines (3D
bioprinters) [1].
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3DB has proven various advantages if compared with traditional
biofabrication techniques, including higher precision and geometrical
complexity, enhanced resolution and control in cell deposition, feasi-
bility of co-culturing cells in a spatial organization [2].

The utilization of 3DB in scaffold construction allowed the produc-
tion of advanced microstructures and precise anatomical features,
together with the mimicry of the physiology of native tissues and even
the pathological characteristics of diseases [2].
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Thanks to the enhanced complexity achievable, 3DB has found
several applications in regenerative medicine, though the fabrication of
scaffolds mimicking natural tissues, and drug discovery research,
allowing the production of complex in-vitro models and organs-on-a-
chip [2,3].

The fabrication process relies on the deposition of bioinks containing
living cells, which have been defined as “a formulation of cells suitable
for processing by an automated biofabrication technology that may also
contain biologically active components and biomaterials” [4]. Such
comprehensive definition takes into account that different bioink
properties are essential depending on the approach and technology
exploited.

In scaffold-based 3DB, cells are loaded in an exogenous material,
typically a hydrogel based on natural or synthetic polymers, which
sustains the structure and favors cell spreading, growth, and differen-
tiation. In scaffold-free 3DB, cells are deposited within aqueous media
without the use of exogenous biomaterials, preferring self-assembly and
mimicking embryonic development [3].

1.1. 3D bioprinting technologies

To date, various different additive manufacturing technologies are
adopted for 3DB, each of them showing specific advantages, although no
single bioprinting technique enables the production of all scales and
complexities of natural tissues [5]. Major bioprinting techniques include
Extrusion-Based Bioprinting (EBB) [6,7], inkjet [8], Laser Induced For-
ward Transfer (LIFT) [9], Vat Photopolymerization (VP) [10], and
Two-Photon Polymerization (2PP) [11] (Fig. 1).
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1.1.1. Extrusion-based bioprinting

In EBB, a bioink is loaded into a syringe barrel and is extruded
through a micro-nozzle tip onto a build plate. Extrusion can be pneu-
matic, through the application of a hydrostatic pressure on the material,
or mechanical (piston- or screw-driven).

An extrusion-based bioprinter may accommodate multiple print
heads allowing multi-material 3DB [12].

Compared to inkjet-based and laser-based bioprinting, it can print
higher cell densities and more viscous bioinks [13,14]. The easy setup
required and the huge freedom in material selection have made EBB the
most used technology in the field. However, the resolution of this
technology is typically lower when compared with other ones and
extrusion-related shear stresses during the flow in the nozzle can lead to
cell damage/death [12].

1.1.2. Inkjet bioprinting

Inkjet printers use printheads that eject single drops of ink, contained
in a reservoir. Depending on actuation type, thermal and piezoelectric
inkjet printers are defined [15].

In thermal inkjet printing, an electrode is present next to the nozzle,
able to locally heat the ink and form of a vapour bubble, which expands
until explosion, ejecting a drop of ink.

In piezoelectric inkjet printing, a piezoelectric actuator is placed at
the reservoir wall, able to cause a sudden deformation of the chamber
wall and the expulsion of a drop [15].

Inkjet printing offers the advantage of contactless printing, limiting
cross-contamination issues, and allows the generation of very small
droplets (with a volume as small as tens of picoliters) [16].

On the other hand, limited ink viscosity is needed for this technology,
with consequences both on the mechanical properties of final constructs
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Fig. 1. Schematic representation of 3D bioprinting technologies. Figure redrawn from ref. [15,22].
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and on cell sedimentation during printing with subsequent nozzle
clogging [17-19]. Furthermore, the limited nozzle diameter leads to
cells being subjected to shear stress during expulsion [16].

1.1.3. Laser induced forward transfer

LIFT is based on the transfer of a bioink from a donor ribbon onto a
substrate through the use of a laser beam [15]. A typical apparatus
comprises a laser source, a donor ribbon and a collector substrate. The
donor ribbon corresponds to a transparent glass substrate coated with an
energy-absorbing layer and a bioink layer.

Upon laser irradiation, the absorbing layer undergoes rapid heating,
leading to vaporization and formation of a vapour bubble. The bubble’s
expansion generates a propulsive force, expelling a droplet of bioink
which is deposited onto the collector substrate [15].

Compared with inkjet and extrusion printing methods, LIFT grants
high printing resolution (up to the micron level), high throughput, and
high cell survival rate [20]. In addition, being a non-contact technology,
the risk of cross-contamination is minimized. Thanks to the absence of
nozzles, shear-stress induced cellular damage and clogging-related is-
sues are avoided. The high cost of LIFT technology is a significant factor
limiting its research and commercial application [21].

1.1.4. Vat photo-polymerization

VP is a family of technologies using UV and visible light to selectively
crosslink a photopolymer resin in a layer-wise manner. The photo-
polymer is initially contained into a vat, and it adheres onto a moving
building plate upon solidification [22].

Three distinct light patterning techniques have been developed:
Stereolithography (SLA) printing employs a laser spot to scan precise
patterns, Liquid Crystal Display (LCD) printing utilizes an LCD screen to
selectively irradiate specific areas of the bioink, while Digital Light
Processing (DLP) printing employs a digital micromirror to project UV
light patterns [23].

Once a layer has been completed, the build stage is moved into the
photopolymer vat and the next layer is built directly on top of the pre-
vious layer [24].

Low-viscosity bioinks (0.25 to 10 Pa s) are preferred for VP as they
improve curing rate and print accuracy, while decreasing construction
time. Instead, low-viscosity leads to undesirable cell sedimentation
during printing resulting in poor cell homogeneity within the bioprinted
constructs [25].

VP mostly operates with a mono-material approach, despite the
presence in literature of some works integrating multiple materials.
However, these attempts often face challenges in achieving full auto-
mation due to inherent complexities in material handling and cross-
contamination issues [26].

1.1.5. Two-Photon Polymerization

2PP is a laser-based photo-crosslinking technology able to bioprint
three-dimensional micro- and nano-structures [27,28].

Using a high numerical aperture objective, a femtosecond laser beam
can be focused into a very limited region of photocurable bioink. Due to
the high density of photons within each pulse, two-photon absorption
can take place and trigger the crosslinking of monomers within the focal
volume. The characteristic energy of a photon (usually 780 nm) in 2PP is
much lower than that of the traditional UV/Vis ones, which can greatly
reduce damages to cells [29].

Resolution smaller than 100 nm is possible, enabling the investiga-
tion of constructs on a completely new scale [30].

It is important to notice that the typical dimension of parts fabricated
via 2PP is significantly smaller than 1 mm, therefore the technology is
not convenient for the production of or macroscopic structures (i.e.
scaffolds for implantation). The fabricated structures are, however,
precious in the investigation of cell-scaffold interactions [31].
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1.2. Objectives of this review

Over the past decade, the field of 3DB has witnessed an exponential
surge in scientific literature, comprising several studies dedicated to
advancing novel materials and fabricating intricate structures tailored
for diverse applications. This surge in literature has also been accom-
panied by numerous comprehensive reviews that summarize the current
state-of-the-art in various aspects of the field. Indeed, numerous reviews
have been dedicated to consolidating recent advancements in the utili-
zation of specific bioink materials, such as GelMA, alginate, collagen, or
synthetic polymers. Similarly, other reviews have focused on detailing
progress in fabricating particular tissues or organs.

Additional reviews focus on individual materials used for specific
tissue types or exploiting certain technologies, like gelatin for bone
regeneration [32], or the utilization of gelatin in EBB [33]. Similarly,
reviews dedicated to exploring the fabrication of particular tissues using
specific bioprinting techniques, such as EBB for cartilage tissue [34] or
VP for bone tissue [35], have been published.

However, there is currently a lack of comprehensive reviews focusing
on the achievable resolution in 3D bioprinting.

The recent opinion article by Zandrini et al. [36] presents the latest
advancements in high-definition 3D bioprinting, specifically focusing on
clinical applications. In such work, the most cutting-edge results have
been selected and reported, giving an insight on the recent achievements
in the field.

The recent review from He [37] review presents interesting consid-
erations about resolution in projection-based bioprinting, presenting
both typical values of resolution and phenomena hindering the pro-
duction of accurate structures.

In the current review, the authors aim to elucidate recent trends in
3D bioprinting, with particular emphasis on biomaterial utilized, tech-
nological advances and resolution attained across various 3D bio-
printing technologies.

Given the rapid evolution of the field, authors chose not to apply any
particular bias on final application, to ensure that the numerous studies
in the literature focused on technological development and new mate-
rials were not excluded. All works aimed at the production of scaffold for
tissue engineering or at biological patterning (therefore dealing with the
processing of live cells) have been considered ab initio. Indeed, this
review places emphasis also on works that achieve high resolutions
through the optimization of process parameters, material composition,
or the use of unconventional deposition strategies. This approach en-
sures a comprehensive evaluation of all relevant technologies,
addressing both their development and application potential.

Technologies with lower typical resolutions are valuable for material
development and can enhance performance when combined with spe-
cific strategies. Conversely, technologies with higher typical resolutions
are generally closer to pre-clinical or clinical applications.

Therefore, it is essential to analyze materials suitable for different
technologies, processing strategies, and the most commonly used char-
acterization metrics, along with reporting the most advanced
applications.

Together with these considerations, this work takes into account that
the resolution alone is not sufficient for the achievement of clinically
relevant results. Indeed, technologies have specific limitations hindering
their applicability to regenerative medicine, which will be highlighted
throughout the analysis.

Specifically, this work seeks to address two main research questions.

1. RQ1: "What are the state of the art and the current trends in the field
of high-resolution 3D bioprinting?" From this primary research
question, two additional sub-questions have emerged:

e RQ 1.1: How prevalent are the various 3D bioprinting technologies
in the current academic literature?

e RQ 1.2: What are the bioink compositions compatible with each
3D bioprinting technology?
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2. RQ2: How significant is the characterization of 3D bioprinting res-
olution in the literature, and what levels of resolution have been
achieved for each technology?

In the following sections, the research methodology will be outlined,
followed by the presentation of most valuable eligible works and
aggregated data.

1.3. Literature selection methods

This literature review aims to detect and analyze all the trends in the
field of 3D Bioprinting, considering materials used and resolution ach-
ieved. Many technologies have been highlighted, and each of them in-
volves different material requirements and allows different levels of
accuracy. The review was conducted by searching for works regarding
all the aforementioned technologies. No specific constraints were
imposed regarding resolution to avoid biases, as most instances of res-
olution characterization were expected to be found in articles covering
broader topics. Consequently, the topic of resolution was successively
analyzed across the search results to ensure inclusivity beyond articles
explicitly focused on it.

The research was performed exploiting “Scopus” database as a re-
pository for academic contents. Only research articles in English lan-
guage belonging to a timespan ranging between 2017 and 2024 have
been selected. As a matter of fact, the majority of case studies were found
after 2017.

In order to select pertinent works, the following keywords have been
used.

“Bioprinting”, to define the context of research;

“Cells”, in order to restrict results to articles involving the handling
of biological materials, which increases the level of constraints
compared to the use of bioink materials alone;

e A third keyword referring to the specific technology, in order to
select all and only the aforementioned technologies.

Table 1 reports a complete list of keywords and constraints used to
search for articles to be analyzed in the present review.

The exact research string used on the database is as follows: TITLE-
ABS-KEY ("bioprinting" AND “cell” AND ("direct ink writing" OR
"extrusion" OR “inkjet” OR "lift" OR "laser induced forward transfer" OR
"vat" OR "stereolithography" OR "dlp" OR "led" OR "tpp" OR "2pp" OR
"two photon")) AND PUBYEAR >2016 AND PUBYEAR <2025 AND
(LIMIT-TO (DOCTYPE, "ar")) AND (LIMIT-TO (LANGUAGE, "english")

Among the results, a subgroup has been selected for quantitative
evaluation by applying two eligibility criteria. The first criterion is the
presence of clear characterization regarding the resolution or accuracy
of printed construct, fabricated using animal cell-laden inks. Such
requirement is needed to narrow down the results to the pertinent ones,
according to the aim of the present work.

Table 1
Keywords, constraints and eligibility criteria used for literature research and
selection used in the present review.

Database Scopus
Document type Research articles
Language English

Year 2017 to 2024
Keyword 1 Bioprinting
Keyword 2 Cell

Keyword 3 (one among listed) Extrusion, Direct Ink Writing,

Inkjet,

Laser Induced Forward Transfer, LIFT,
Vat, Stereolithography, DLP, LCD,

Two Photon, TPP, 2PP
Characterization of resolution/accuracy

Resolution smaller than 250 pm

Eligibility criterion 1
Eligibility criterion 2
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The second criterion is the use of a setup enabling a resolution
smaller than 250 pm. This criterion is necessary to further refine the
selection of articles based on the quality of experimental results.
Although this criterion does not impact studies involving light-based
technologies (such as LIFT, VP, and 2PP), as their typical resolution is
well below such threshold, it proves useful in excluding works related to
EBB and inkjet achieving lower resolutions. However, these excluded
works may still offer valuable insights aside from this specific topic,
which are not considered of primary importance to this particular
review.

Operationally, such second criterion can be translated in the use, by
authors of research articles, of nozzles smaller than 250 pm or specific
strategies able to produce features smaller than the threshold value. In
this perspective, works based on the use of handheld dispensing systems
have been excluded as well, since the manual deposition lacks repeat-
ability even when small nozzles are employed.

The selection of works satisfying both eligibility criteria required
full-text assessment because not all the studies clearly described their
methods in abstracts.

In order to have a better insight on the selected works, they have
been organized into clusters basing on the technology employed, and
relevant data (which may vary depending on the specific technology)
has been extracted from each of them.

2. Results and discussion
2.1. Reviewed literature

2.1.1. Extrusion-Based Bioprinting

EBB is the most utilized technology, with the majority of articles
exploiting it for the production of bioprinted structures. The resolution
achieved by this technology is lower when compared with light-based of
jet-based methods, but its versatility and ease of implementation are at
the base of its widespread adoption.

Indeed, many examples of non-traditional extrusion strategies have
been found in literature. For example, works from Liu [38], Wang [39]
and Tang [40] from 2018, 2019 and 2023, illustrate the use of coaxial
nozzles for the fabrication of hollow tubular structures. In the second
case, a gelatin/GelMA bioink has been printed into a cold bath and
subsequently photo-crosslinked, allowing the production of hollow
tubes with an inner diameter equal to 250 pm. In the latter case, the
enzymatic crosslinking of GelMA, directly deposited into a viscous bath,
allowed the fabrication of pipes with inner diameter and wall thickness
as small as 70 and 4 pm, respectively.

Earlier, in 2018, Pi [41] published the design of a 3-shell coaxial
nozzle, allowing the production of two-layered hollow pipes with an
inner diameter of 600 pm and wall thicknesses of 60 and 100 pm.

Alternatively, different materials can be inserted in the same car-
tridge by means of a mold, as demonstrated by the two works from Kang
[42,43], in order to produce multi-material extruded strands (Fig. 2c),
with features as small as 30 pm, which can be particularly helpful in the
obtainment of finely-vascularized tissues.

Bolivar-Monsalve adopted a similar methodology, publishing two
studies [45,46], in 2021 and 2022, proposing the use of static mixer to
create bi-material structures featuring perfusable micro-channels and
lamellae with a thickness smaller than 50 pm (Fig. 2b), which allowed
the easy circulation of culture media and therefore the effective culti-
vation of cells in relatively thick strands.

Due to the relative freedom in bioink formulation when exploiting
EBB, functionalization of existing biopolymers is often performed to
improve their printability of biological activity.

In 2019, Sarker [47] characterized the printability of
peptide-conjugated alginate, which shows superior cell attachment ca-
pabilities, obtaining grids with a Pr (index related to the accuracy of
grid-like structures) value equal to 1, while Kiyotake [48] developed a
bioink based on pentenoate-functionalized hyaluronic acid and
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Fig. 2. (a) Grid printed using starch-based bioink, scale bar: 2 mm [44]; (b) Strand with internal lamellae and perfusable channels printed by using a static mixer as
nozzle, scale bar: 200 pm [45]; (¢) Strand with internal lobules obtained by inserting a mold inside the cartridge prior printing, scale bar: 200 pm [42].

dithiothreitol, obtaining extruded filaments of 450 pm.

To improve the printability of hydrogels, increasing their viscosity
can be a viable option: the addition of gellan gum to GelMA by Zhuang
[49] and of iota-carrageenan to silk fibroin by Moon [50] increased both
the viscosity of the hydrogel and its printability, proving the effective-
ness of such strategy. Both obtained spreading ration or line widths
lower than the corresponding control compositions.

A similar approach has been followed by Ng in 2023 [51], who
formulated a bioink based on gellan gum and pregelatinized starch,
obtaining a spreading ratio (index related to the accuracy in the thick-
ness of extruded filaments) equal to only 1.09 when using 27G nozzles.

In 2024, starch has been used by Shyam [44] as well, obtaining grids
with a Pr value close to 1 when using 27G nozzles (Fig. 2a).

The rheology of bioinks is frequently tuned by adding fillers that
enhance viscosity and impart yield stress to the material. In 2023, Maciel
[52] utilized Laponite for this purpose, adding it to a gelatin/PVA-based
bioink, which improved rheological properties and enabled the printing
of grids with a Pr value of 1.05 and a strand width of 400 pm. Similarly,
in 2024, Davern [53] employed Laponite in a GelMA-based hydrogel,
achieving a strand width as small as 300 pm.

Cellulose serves as an excellent filler for EBB due to its biocompati-
bility and biodegradability. Notably, Gantumur [54] and Temirel [55]

A Muscle

Cartilage

Ligament

Fig. 3. (a) Liver Equivalents for Advanced Organ-on-a-Chip Applications [61]; (b) Multimaterial structure fabricated using a custom DLP setup [62]
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utilized cellulose nanofibers and nanocrystals, respectively, in
alginate-based bioinks, achieving extruded filaments as thin as 300 pm.

Another type of filler used in the literature is bio-based nanofibers.
Specifically, Prendergast [56] and Sakai [57] employed
norbornene-functionalized HA and silk fibroin nanofibers, achieving
line widths of 200 and 400 pm, respectively. Prendergast particularly
observed that the presence of nanofibers during extrusion resulted in
better cell orientation.

Finally, together with experimental work, modelling and prediction
proved to be an effective way to improve the resolution of bioprinted
constructs.

Finally, in 2023, Hibbert [58] followed a systematic approach to find
optimal parameters and improve printability of an alginate solution
printed into a CaCly bath. In this way, grids with Pr values of 1 and
constructs with an integrity (index related to the accuracy in the height
of three-dimensional structures) value of 0.99 were obtained.

2.1.2. Vat photo-polymerization

VP is the second most widespread technology in the field of 3D
bioprinting, enabling the production of relatively small features and
offering higher throughput compared to jet-based technologies.
Currently, three different types of VP are in use: SLA, DLP, and LCD, each
of which was previously explained in detail.

In the literature, the characterization of resolution in VP has been
performed using various metrics, which often depend on the type of item
printed.

Often, the width of rectilinear features is considered: the work from
Sakai [59], in 2018, reports the fabrication of grids through DLP using
an alginate derivative with a width of 500 pm, while Kumar [60] ach-
ieved a width of 250 pm using GelMA-based bioinks.

In 2018 Grix [61] published the fabrication of a liver organoid using
a GelMA/PEGDA hydrogel through DLP, with walls as thin as 191 pm
(Fig. 3a).

In case circular structures are printed, the characteristic diameter is
usually reported: Xie [63] printed pores and cylinders with a diameter of
200 pm exploiting a bioink containing GeIMA and cartilage extracellular
matrix.

Alternatively, if hollow cylinders are printed, the achievable wall
thickness can give a reliable insight on resolution of the process. Ma
[64], in 2022, printed hollow cylinders with GelMA and PEGDA bioinks
and achieved wall thicknesses of only 10 pm.

Cylindrical features can also provide an opportunity to characterize
the vertical development of structures. By measuring the integrity,
defined as the ratio of the actual height to the nominal height, one can
obtain a reliable description of a material’s suitability for VP-based
processes. In 2023, Torras [65] reported the design and fabrication of
an intestinal microenvironment printed using GelMA and PEGDA, with
villus structures showing an integrity value as high as 0.9.

Notably, Duong [66] in 2023 published the optimization of process
parameters for the production of branched multi-directional channels
using norbornene-modified gelatin. Due to the complexity of the struc-
ture, the level of accuracy reached has been expressed as a function of
the inner diameter of channels and of the actual perfusable length with
respect to the nominal one: channels with diameters ranging between
300 and 1200 pm have been produced, with a perfusable length not
lower than 80 % the nominal one.

An alternative option to express the resolution achieved by the
printing process is to evaluate the shape fidelity factor of printed fea-
tures: for instance, Choi [67] printed grids and scaffolds for artificial
skin exploiting glycidyl methacrylate-grafted silk fibroin and gelatin,
obtaining square pores featuring an SFF up to 1.

Often, proofs of concept are demonstrated by printing complex
shapes such as ear replicas or other organs. In these instances, the
evaluation of achieved resolution is qualitative and considers the ac-
curacy of the printed structure relative to the nominal geometries. In
2022, Lee [68] fabricated replicas of various body parts, including the
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ear and brain using a bioink containing fluorescent silk fibroin, pro-
ducing centimeter-scale structures with high accuracy.

When considering LCD, the achieved resolution is generally lower
than that achieved with DLP. Chang [69], in 2022, reported the fabri-
cation of channels with an inner diameter of 700 pm, while Wu [70], in
the same year, printed grids with square pores of 500 pm and a wall
thickness of 200 pm. However, Pérez-Cortez [71] in 2023 printed parts
containing pores as small as 100 pm with an accuracy equal to 0.95
using GelMA-based hydrogels.

On the other hand, SLA achieves higher resolutions compared to
DLP. In 2021, Zhang [72] published a study where GelMA was printed
via SLA, resulting in pores of 100 pm. In 2022, Viray [73] reported
fabricating scaffolds using poly(L-glutamic acid) with printed lines as
thin as 8 pm. This represents the highest resolution achieved with
VP-based technologies and cell-laden materials to date.

Alongside studies focused on developing new materials or optimizing
printing parameters, some articles address overcoming the inherent
limitations of VP technology. A significant limitation of VP is the lack of
widely adopted systems for producing multi-material parts in a single
printing process. To address this, some research efforts in the literature
aim to enable this capability by designing new setups. Indeed, Su [62]
and Grigoryan [74] presented multi-material DLP printers, achieving
features as small as 250 pm (Fig. 3b), while Bhusal [75], in 2022,
introduced a similar setup capable of producing grids with 15- pm pores.

Finally, the work from You [76] tries to overcome the scattering
effect that cells can have inside a bioink when present in high densities,
achieving a resolution as high as 50 ym

2.1.3. Inkjet

Inkjet is less widespread in 3D bioprinting with refer to EBB and VP,
due to many limitations in the variety of suitable materials and pro-
ducible structures.

In inkjet bioprinting, low viscosity materials are deposited onto a
substrate as droplets, allowing the development of biological structures
in a scaffold-free approach.

Indeed, one of the most used metrics for the quantification of reso-
lution is the droplet size.

In 2020, Masaeli [77] reported the fabrication of multilayered het-
erocellular structures, characterizing both the droplet volume during
flight (300 pL) and their diameter after deposition (629 pm). In the same
year, Masaeli [78] also published a study on producing an in vitro retina
model using inkjet printing, depositing 300 pL droplets, each containing
an average of 93 cells.

The measurement of the number of cells per drop is a rather common
practice in inkjet bioprinting, indeed, in the works from Takagi [79] and
Park [80], droplet containing between 0 and two cells each are depos-
ited, while in a successive work from Park [80] and in the one from
Dudman [81], single cell deposition is achieved.

Finally, the fabrication of more complex structured is reported as
well: Hewes [82], in 2017, reported the fabrication of microvessels with
an inner diameter of 300 pm, depositing droplets of alginate solutions in
a CaCl; bath. In the same year, Compaan [83] published the printing of
tubes with a diameter of 5 mm and a wall thickness of 400 pm using a
bioink containing silk fibroin and alginate.

2.1.4. Laser induced forward transfer

Most works exploiting LIFT are focused on the optimization of
printing parameter in order to achieve effective transfer towards the
substrate.

As a consequence, the usual characterization for the evaluation of
resolution is the resulting diameter of deposited droplets.

In 2017, Koch [84] studied the effect of various printing parameters
(including wavelength and laser pulse duration) in the deposition of an
alginate/EDTA blood plasma bioink, achieving droplets as small as 100
pm.
More recently, Shakil [85] published a work in which different
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100 pm

Fig. 4. Confinement structure for cell spheroids printed by 2PP using gelatin based commercial ink [91].

configurations of bioinks were tested and analyzed through design of
experiment, managing to deposit both single droplets and continuous
lines.

The only work eligible for this review exploiting LIFT for the pro-
duction of complex structures is the one from Xiong [86]. In such work,
alginate is deposited using gelatin as an energy absorbing layer, pro-
ducing straight and branched tubes with diameters equal to 3 mm.

2.1.5. Two-Photon Polymerization

2PP is the 3D bioprinting technology that enables the highest level of
resolution, surpassing all other existing techniques in its ability to pro-
duce extremely fine and intricate structures.

In 2020, Urciuolo [87] published a work about intravital bioprinting,
in which hydrogels are printed across and within tissues of live mice.
Such technique enables the fabrication of complex structures inside
tissues of live mice, with the possibility of producing lines with a
thickness equal to 1.9 pm and a spacing of only 0.5 pm.

In the same year, Tytgat [88] printed bioinks containing norbornene
and thiol-functionalized collagen or methacrylamide-functionalized
collagen, obtaining features as small as 20 pm. Similarly, Dobos [89]
used norbornene-modified gelatin and thiol-modified gelatin to formu-
late a bioink for the production of micro-channels with inner diameter of
30 pm.

In 2022, Valente [90] published a work about the printing of silk
fibroin hydrogel with directly tunable physico-chemical properties. 2PP
allowed control of the crosslinking degree, the porosity of the resulting
hydrogel and the degradation rate. Both large and small-scale structures
were obtained for with a good degree of accuracy.

The work from Taale reports the fabrication, through 2PP, of
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confinement structures surrounding tumoral cell spheroids (Fig. 4), in
order to study complex phenomena involved in cancer progression, such
as the diffusion through confined structures. For this scope, hollow
spheres with a diameter of 260 pm and a wall thickness of 50 pm were
constructed around cell spheroids, featuring pores as small as 20 pm.
Finally, Rizzo, in 2023, published a work in which hyaluronic acid
maleimide has been used to produce features as small as 1 pm.

2.2. State of the art and trends in 3D bioprinting

A preliminary answer to RQs can be retrieved by having an overview
over research results and academic works selection. Fig. 5a shows the
distribution of research articles corresponding to search keywords
published from 2007 (the earliest year of results found) to February
2024. The total number of works gathered is 1247. The temporal re-
striction imposed (articles published from 2017 onwards) led to the
inclusion of 90.3 % (945) of the total results in the research dataset,
confirming that such limit included the majority of available works.

Bioprinting, despite nearly 20 years of progress, is still in an expo-
nential growth phase due to the ongoing challenge of printing large-
scale tissues and fully functioning organs. Active research continues to
explore new materials, technological advances, and strategies for
improvement.

Fig. 5b outlines the steps used to apply eligibility criteria and select
results for analysis. Over 20 % of the works met criterion 1, indicating
that resolution remains a key focus, reflecting the field’s aim to mimic
highly complex systems. Resolution is essential for precise control of
intricate structures involving multiple materials.

For criterion 2, only about 10 % of works met the quantitative
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Fig. 5. (a) Articles published per year, selected using keywords from the research string. (b) Diagram of steps performed for article selection.
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Fig. 6. (a) Percentage of published articles per technology between 2017 e 2024; (b) Number of published articles per technology between 2017 e 2024.

threshold, suggesting further research is needed despite significant ad-
vances in materials and technologies.

In summary, the field of 3D bioprinting is experiencing increasing
interest and growth in research, as shown by the statistics regarding
academic publications and reflecting its exponential growth phase.
Together with the development of materials and technologies able to
sustain cell growth and functional tissue development, resolution is an
important aspect to be considered in advancing the field and to allow the
production of complex systems, with its characterization present across
numerous works. While the achieved levels of resolution are promising,
further research is necessary to ensure more works meet targets needed
for the production of complex and functional structures.

To gain a deeper insight into 3D bioprinting trends and better
address RQ1.1, it is useful to analyze published articles by technology
(Fig. 6a and b). The most prevalent method is EBB, used in over 60 % of
articles annually, with both its percentage and the total number of ar-
ticles steadily increasing. This dominance is due to its simplicity, simi-
larly to FDM 3D printing, making it accessible even to researchers with
limited additive manufacturing experience. Additionally, EBB-based
bioprinters have been widely available for nearly a decade and are
more cost-effective than setups like SLA, LIFT, or 2PP.

Material formulation for EBB is also easier compared to other tech-
nologies, allowing the use of various biopolymers at higher concentra-
tions. EBB accommodates a wider viscosity range than inkjet printing
and offers higher throughput than inkjet, LIFT, and 2PP, while requiring
less material than VP. Its ability to quickly fabricate centimeter-scale
structures is crucial for cell-laden materials, helping prevent issues
like cell sedimentation and death. Furthermore, EBB ensures efficient
use of materials by only utilizing what is necessary for the final
structure.

VP is the second most used technology, with a stable percentage over
the years but an overall increase in published articles (Fig. 6a and b).
This rise in interest is largely due to the introduction of DLP- and LCD-

based 3D printers, which offer resolutions of just a few tens of microns
and significantly higher printing speeds and lower price compared to
traditional SLA machines.

For VP-based 3D bioprinting, material formulation is less con-
strained since there is no need for the material to flow through a nozzle
or be ejected. This reduces the rheological limitations and minimizes the
shear stress on cells, decreasing the risk of cellular damage—a common
issue with EBB processes. However, the need for a vat to hold the ma-
terial to be photopolymerized requires using more material than
necessary for the final structure, requiring more biological material and
complicating multi-material printing, despite some custom solutions
[62,74,75].

DLP and LCD printers, which can crosslink entire layers at once
(unlike EBB and SLA’s pointwise addition), help reduce overall printing
time, offering an optimal balance between speed and resolution for
centimeter-scale structures.

Inkjet technology, the first used for automated dispensing of cell-
laden materials [92], initiated the field of 3D bioprinting but has seen
limited use in recent years (Fig. 6a and b). While the number of articles
on inkjet bioprinting has grown with the field, its share has decreased,
surpassed by VP since 2021.

This decline is linked to the strict rheological requirements: ink
viscosity must be low for controlled deposition, limiting material
choices to low-concentration hydrogels or aqueous media. As a result,
only nearly two-dimensional structures can be fabricated, making inkjet
less suitable for 3D scaffolds. Additionally, its low throughput leads to
long printing times for large structures, risking cell sedimentation,
nozzle clogging, and dehydration.

Process optimization is complex due to factors like deposition
waveform, nozzle diameter, feed rate, and substrate characteristics,
which must also account for cell viability. Moreover, process charac-
terization relies on optical analysis of droplets in flight, requiring so-
phisticated and expensive equipment to capture microsecond-scale
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events.

LIFT is a promising but still underexplored technology for 3D bio-
printing, with only a small number of publications on its use with cell-
laden materials (Fig. 6a and b). Unlike more established methods like
EBB, VP, and inkjet, LIFT is relatively new in 3D printing, especially for
bioprinting, and presents technical challenges.

Most studies focus on optimizing parameters for precise drop depo-
sition, leaving large-scale 3D structure fabrication for future research.
Laser-cell interactions and the mechanical stress during material trans-
fer are areas of concern, as they could harm biological materials.

Like inkjet, LIFT imposes strict constraints on the rheological prop-
erties of materials, limiting viable options. Additionally, the need to
deposit a thin layer of material on the donor substrate increases the risk
of dehydration, especially with the long printing times and low
throughput, making it difficult to produce large scaffolds. The high cost
of the required laser, optical, and positioning systems further limits
LIFT’s widespread adoption.

The final technology within the realm of 3D bioprinting is 2PP,
renowned for achieving extremely high resolutions, down to just a few
microns. However, like LIFT, its use is still limited, with few articles
published in recent years (Fig. 6a and b). This is largely due to its
relative novelty and the higher costs involved compared to more
commonly used methods.

Material availability is also a challenge. The distinct photo-
polymerization mechanism used in 2PP makes developing new materials
a primary research focus. Additionally, the printing process occurs
within a droplet of photocurable resin, limiting the size of structures and
the volumetric throughput, which restricts its application for large-scale
scaffolds.

Despite these limitations, 2PP has shifted the 3D bioprinting para-
digm by enabling precise manipulations at the cellular level. It can be
used to create solid barriers within developing tissues [93] or attach
hydrogel parts to individual bacteria [94], allowing for the tracking and
monitoring of single cells.

To briefly summarize the answer to RQ1.1, the main key points are
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listed following.

e EBB dominates 3D bioprinting, with its simplicity and cost-
effectiveness driving its widespread adoption. Its formulation flexi-
bility and high throughput make it favorable for rapid fabrication of
structures, especially crucial for cell-laden materials, while mini-
mizing material waste.
VP technology, ranking second in usage, shows stable percentages
and a rising number of articles. Its advantages are based on high
resolution, high printing speed, and cost-effectiveness. Despite fewer
material constraints and reduced cellular stress, challenges remain in
excessive material usage and multi-material bioprinting.
Inkjet, the first automated cell-laden material dispensing technology,
has seen reduced usage lately, overtaken by VP since 2021. Con-
straints on ink viscosity limit material options and structural
complexity, leading to low throughput and process optimization
challenges. Optical analysis of drop formation requires costly sys-
tems, adding complexity.

LIFT shows potential for 3D bioprinting but faces technical chal-

lenges in handling cell-laden materials and fabricating large, com-

plex structures. Issues include optimizing drop deposition, laser-cell
interaction, material rheology constraints, material dehydration,
high apparatus costs and limited throughput.

e 2PP, renowned for its high-resolution capabilities, faces limited
publication due to its novelty, higher setup costs and materials
availability. Due to its process occurring within a drop of resin,
structural size and volumetric throughput are limited, unsuitable for
large-scale scaffolds. However, 2PP enables precise manipulation of
single cells, marking a shift in 3D bioprinting towards cellular-level
control.

2.3. Bioinks composition

RQ1.2 can be answered by considering the materials used in articles
satisfying both eligibility criterion (Fig. 7a). Numerous materials are
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Fig. 7. (a) Materials used in 3D bioprinting in eligible articles; (b) Crosslinking methods used in 3D bioprinting in eligible articles; (c) Crosslinking agents used in 3D
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available for 3D bioprinting, primarily water-soluble polymers, often of
biological origin, which undergo crosslinking either during or after
printing.

The most used material is gelatin methacryloyl (also known as
methacrylated gelatin or GelMA). It is widely used because of its tunable
mechanical properties, high biocompatibility and biodegradability, cell
proliferation properties and availability [3].

GelMA is a synthetic polymer obtained by functionalizing gelatin
with methacrylic groups, which make it suitable for photo-crosslinking
[3].

Basing on the considered publications, it is particularly used in EBB
[39,40,46,49,53,56,95,96] and VP [60,61,63,64,65,67,71,72,97-99] in
the form of hydrogels typically containing 5-10 % GelMA. Indeed,
uncrosslinked GelMA  hydrogels show sufficient viscosity,
shear-thinning and Bingham-like behaviour at room temperature,
allowing extrudability and shape retention of produced structures and
making it particularly suitable for EBB. Usually, GelMA is
photo-crosslinked during the printing process (e.g. at the end of each
layer) or in a successive moment.

If kept at 37 °C, GelMA hydrogels are in the liquid state, showing a
lower viscosity which, together with the suitability for photo-
crosslinking, makes it suitable for VP.

The rheological properties of Ge]MA and its spontaneous gelation at
room temperature make it hardly suitable for inkjet and LIFT, for which
it could be used only at very low concentrations.

Alginate is a widespread and versatile polymer for 3D bioprinting. It
is a natural polysaccharide extracted from marine algae which shows all
biological and mechanical properties listed for GeIMA. It can be physi-
cally crosslinked by contact with bivalent cations, such as Ca*" ions
present in CaCl; solutions, or chemically modified in order to make it
suitable for photo-crosslinking [3].

Due to the absence of spontaneous gelation and low viscosity of
alginate solutions, such material is successfully used in EBB [38,47,54,
55,100] VP [59], Inkjet [82,83] and LIFT [84,86,101].

As regards EBB, alginate solution cannot guarantee shape retention,
therefore in this case it has been used together with secondary polymers
or fillers needed for the scope [54,55,100]. Alternatively, it has been
directly printed into a CaCl; bath [38], or as sacrificial core material in
coaxial printing [46].

The third most used material is collagen, a natural-occurring protein
which is found in the connective tissue of all mammals. Being a naturally
occurring polymer, excellent biological and mechanical properties are
shown by collagen-based scaffolds [3]. Despite its limited solubility in
water and slow gelation rate (taking place by heating the hydrogel at
~37 °QC), it is successfully used in many technologies. Indeed, it can be
used in small percentages, obtaining low viscosity solutions suitable for
inkjet printing [102], while higher-percentage solutions are successfully
used in EBB [42,43,103] thanks to its high viscosity which favors shape
retention.

Collagen can be variously functionalized in order to make it suitable
for light-based technologies. Indeed, methacrylated collagen has been
successfully employed in VP [70,97], while norbornene, thiol-and
methacrylamide functionalized collagens have been exploited for 2PP.

Aqueous culture media can be used in 3D bioprinting in a scaffold-
free approach: cells are deposited following precise patterns and self-
aggregation is exploited for the formation of tissues, in a process
mimicking embryonic development [3]. Obviously, aqueous culture
media do not offer any possibility for photo-crosslinking nor shape
retention, therefore they are not suitable for EBB and light-based pro-
cesses. They have been employed in inkjet [77-81,104] and LIFT [105,
106], due to their very low viscosity, allowing a proper formation and
transfer of droplets. This way, two-dimensional structures can be
formed, lacking the possibility to stack numerous layers, but allowing to
deposit droplets containing even single cells.

A commonly utilized class of hydrogels in 3D bioprinting is gelatin
(or its modified forms) combined with alginate, offering a blend of their
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individual properties while enabling finer adjustment of mechanical
characteristics. With alginate, ionic crosslinking is feasible, and when
GelMA substitutes gelatin, UV curing becomes an option, enhancing
versatility. This hydrogel class has been effectively employed in EBB
(Fig. 7a) applications, utilizing both gelatin [107-109] and GelMA [41,
45,110,111].

Polyethylene glycol (PEG) is another prevalent polymer in 3D bio-
printing, valued for its water solubility, favorable printability in EBB,
adequate mechanical properties and tunable molecular weight. How-
ever, its biological inertness, lacking naturally occurring functional
groups, prohibits cell adhesion, thereby hindering the development of
functional tissue [3].

Its modified form, Polyethylene glycol diacrylate (PEGDA), can un-
dergo photocrosslinking, making it a suitable material for light-based
applications.

Among articles selected for the current review, it has been exploited
in VP, both mixed with bioactive components [75] or alone, in order to
explore the potential of the technology and the design of complex
structures [62,69,112-114].

Alternatively to GelMA, gelatin, either in its pristine form or in
modified versions, is exploited as a constituent for bioinks due to its
favorable properties. It is utilized in EBB to explore the effects of inno-
vative fillers [52] and in the form of UV-curable norbornene-function-
alized gelatin for scaffold fabrication [115]. This version of gelatin is
also applicable in VP [66], while combinations like gelatin with PEGDA
enable photocrosslinking [116]. In 2PP, modified gelatin variants are
the preferred option for photocrosslinking using visible light [87,88,89].

Hyaluronic acid (HA), a linear non-sulfated glycosaminoglycan, is
ubiquitous in almost all connective tissues and a major ECM component
of cartilage. It behaves similar to collagen, showing excellent biocom-
patibility and ability to form flexible hydrogels. Also HA can be chem-
ically modified to make it photo-crosslinkable or to improve its
properties [3].

Modified forms of HA have been used in EBB [57,117] to develop
innovative hydrogels, while its photo-crosslinkable version find appli-
cations in EBB [48,118], VP [119], and 2PP [120].

While other polymers such as silk fibroin (SF) [50,67,68,90,1211],
Pluronic F-127 [58,122], starch [44,51], and chitosan [123] have found
applications in 3D bioprinting, their discussion is relatively limited here.
This is primarily due to their poorer typical properties or challenges
encountered in their processing, leading to their decreased statistical
relevance within the scope of this review.

Regarding crosslinking methods, the options vary based on the bio-
ink composition and technology employed. While light-based tech-
niques necessitate photo-crosslinking, extrusion or jetting processes
offer a wider array of possible mechanisms including ionic, thermal, and
enzymatic crosslinking [3]. The choice of crosslinking agent follows the
selected  mechanism, with  photo-initiators  required for
photo-crosslinking, salts serving as ionic precursors, and specific en-
zymes facilitating enzymatic crosslinking.

Fig. 7b and c show the occurrences of different crosslinking mecha-
nisms and crosslinking agents within the articles selected for the review.

Photo-crosslinking is the most commonly utilized mechanism.
Depending on the technology and setup, three different wavelengths are
the most used in literature: UV light at 365 nm, UV-Vis light at 405 nm
and visible/infrared light between 700 and 1000 nm.

This approach offers superior spatiotemporal control, as it is faster
and potentially more localized compared to ionic and enzymatic
mechanisms, which somehow rely on the contact between two solutions
and the diffusion of crosslinking agents into the structure. Furthermore,
UV-visible light or, ideally, visible light (typical in 2PP) minimizes or
eliminates undesired effects on cells, unlike, for example, the temporary
osmotic equilibrium alteration and reduced cell viability that can result
from using salts as ionic precursors.

In this context, the most used photo-initiators are Lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP), ruthenium (Ru) + sodium
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persulfate (SPS) and 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-
methyl-1-propan-1-one (mostly known by its commercial name Irga-
cure 2959 or as [12959), as shown in Fig. 7c.

Specifically, LAP is frequently favored for its excellent biocompati-
bility, water solubility, and its ability to produce hydrogels with finer
and more durable microstructures. Its absorption peak is around 405
nm, making it particularly suitable for all commercial printer emitting
light at such wavelength. [124] Thanks to its several advantages, LAP is
the most used photo-initiator among selected articles and it is used both
in EBB [39,46,53,56,95,110,115] and VP [61,62,64-68,70-72,75,97,
98,113,114,116,119,125].

The Ru/SPS system is preferred over 12959 due to its less adverse
effect on cells in long-term cultures and its significantly greater light
penetration depth. Moreover, Ru/SPS is particularly suitable for visible-
light photo-crosslinking applications. Indeed, it is used in EBB [50,121],
VP [59,69,73,99,112] and 2PP [90].

On the other hand, 12959, despite its lower water solubility, pos-
sesses an absorption peak at 365 nm, making it the most suitable option
for printers emitting light at this wavelength [126].

Due to its absorption peak at 365, 12925 is only used in EBB [38,40,
48,49,111,118], being most commercial printers for VP based on a
405-nm light source.

As regards 2PP, it exploits a wavelength considerably different than
the one typically used in VP. Indeed, the former exploits the range of
red/near-infrared light (700-1000 nm), while the latter is based on
UV-visible light (365-405 nm). As a consequence, the use of a different
photo-initiator ~ (tetrapotassium  4,4’-(1,2-ethenediyl)bis[2-(3-sulfo-
phenyl)diazenesulfonate], DAS) has been found in literature [88,89].

Ionic crosslinking is particularly convenient when dealing with
alginate, which almost immediately crosslinks in contact with solutions
containing calcium ions. Indeed, calcium chloride is the most exploited
crosslinker in EBB, where structures can be immersed in a CaCl, bath
after printing [43,46,47,55,58,100,107-111].

In coaxial EBB, such solution can be used as a core sacrificial mate-
rial, allowing to instantly crosslink the outer alginate shell to obtain
hollow structures [38,41].

In inkjet printing, the most exploited crosslinking technique is to
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directly print alginate-based hydrogels into a CaCly bath, in order to
have immediate solidification of the droplet [79,82,83].

Thermal gelation is a viable option to obtain stable structures when
dealing with materials like collagen, which crosslinks upon heating
(rather than typical hydrogels, which solidify upon cooling), or when
long term stability of the structure is not needed. Such mechanism is
surely not suitable for light based technologies, but is present in a sig-
nificant number of works on EBB [42,43,52,127].

Enzymatic crosslinking is the last class of crosslinking mechanisms
found, which, similarly to ionic crosslinking, is based on the contact
between the hydrogel and a solution containing the specific enzyme
needed for solidification [54,57,128,129]. Also here, it is possible to
have the structure immersed into the bath: in this case, due to the slow
diffusion of enzymes into the structure, it is possible to obtain particu-
larly thin hollow tubes, since the crosslinking only takes place in a su-
perficial region and allows to remove the inner material [40].

It is noteworthy that articles on inkjet and LIFT typically do not
report any crosslinking mechanism. These technologies frequently use
aqueous media as a bioink, precluding the possibility of crosslinking the
structure. Instead, they rely on cellular self-assembling in a scaffold-free
approach. Additionally, in the case of LIFT, most articles focus on
optimizing parameters for proper deposition and improvement of reso-
lution, instead of the actual production of three-dimensional structures.

2.4. Resolution

To address RQ2, analyzing the trend of articles characterizing reso-
lution in 3D bioprinting is informative. The number of articles on this
topic has been increasing annually (Fig. 8a), reflecting a growing in-
terest in achieving higher resolutions in line with the overall growth in
the field. Despite advancements, the goal of producing complex, large-
scale vascularized tissues remains unreached. Achieving a higher de-
gree of spatial control in material deposition is crucial, with resolution
being a key challenge.

Notably, the percentage of articles meeting the characterization
criterion has surged since 2020 (Fig. 8b). While a single explanation is
difficult to pinpoint, the publication of a significant review that year on
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bioinks’ rheological factors and printability [130] reflects the matura-
tion of interest on the topic and the need for a thorough and systematic
characterization  protocol.  Additionally, the emergence of
high-resolution technologies like LIFT and 2PP has redefined resolution
standards in 3D bioprinting, attracting attention across various
technologies.

To evaluate the achieved resolution and address the final aspect of
RQ2, we examine the percentage of articles meeting eligibility criterion
2: the number and percentage of articles capable of achieving a reso-
lution below 250 pm based on the utilized setup, relative to the total
published articles for each technology from 2017 to 2024 (Fig. 8c and d).

The number of articles with setups allowing resolutions smaller than
250 pm correlates with the total articles published for each technology,
with EBB having the highest number of eligible articles, followed by VP,
inkjet, LIFT, and 2PP. However, when considering the percentage of
eligible articles, EBB shows the lowest percentage, indicating it is the
least suitable for achieving high resolutions.

In contrast, VP boasts an eligible article percentage nearly three
times higher than EBB, as VP technologies generally facilitate better
detail across all variants. Notably, all articles characterizing resolution
in VP met the second eligibility criterion, whereas only 39 out of 151
articles on EBB satisfied the resolution threshold.

As regards inkjet, 10 articles out of 11 characterizing resolution met
eligibility criterion 2. Therefore, the lower percentage of works with
respect to the published ones is not related to problems in achieving high
resolution, but to challenges in the characterization of resolution.
Indeed, as explained, the observation of ejected droplets relies on so-
phisticated and often expensive systems, hindering the characterization
of the phenomenon.

Lastly, LIFT and 2PP exhibit a pattern similar to VP, where all articles
meeting eligibility criterion 1 also fulfill the second criterion. This un-
derscores a significant investigation into achievable resolution, likely
stemming from the relative novelty of these technologies and the sub-
sequent need for a deeper understanding of their control and potential,
but also the possibility to achieve high levels of resolution in the ma-
jority of cases.

Throughout the selected works, resolution is quantified by using
various metrics, which are reported in Table 2 and Fig. 9.

In bioprinting, resolution refers to the smallest distinguishable
feature. However, depending on what features are considered, such as
positive and negative features or horizontal and vertical orientations,
the level of resolution can vary even with identical setups, materials, and
printing parameters. These varying definitions and evaluation methods
across studies complicate direct comparisons of results [37]. As a con-
cequence, various metrics have been employed to express resolution,
also reflecting the diverse underlying mechanisms of each technology.

Table 2
List of metrics used in literature to quantify resolution.
Variable Description Occurrences
definition
1? When printing grids in EBB, the pore index Pr 12
Pr= 16A describes how pores are close to ideal squares by
considering the internal perimeter L and area A of
printed pores.

A— Xactual Accuracy A A: the ratio of the dimension of a 14

Xnominal printed feature X,cuq to its nominal dimension
Xnominal-

w Strand width W, the average width of extruded 25

filaments in EBB.

I Ractual Integrity I: ratio of height of the printed structure 3

Rpominal hgeruar to its nominal value hyoming-

SPF Smallest printable feature. 29
_ 4nA Circularity C of printed pores, evaluated as a 1
T2 function of pore area A and perimeter p.

Rq Average roughness of printed part

Dp Droplet dimension 12

CN Number of cells per drop

12
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For instance, in inkjet and LIFT technologies, resolution is often quan-
tified by the dimension of individual droplets during flight or upon
deposition, emphasizing the precision of droplet placement. In contrast,
EBB tends to measure resolution in terms of strand width or internal
feature dimensions within printed structures (often square grids),
highlighting the control over material extrusion. VP and 2PP technolo-
gies, on the other hand, focus on the finest achievable feature size, which
underscores their capability for high-resolution, intricate designs.

While different technologies may require distinct metrics to express
their resolution, the use of multiple metrics within each technology in
the literature complicates comparisons between different works.
Adopting unified metrics and a standardized protocol for each tech-
nology would promote better and easier comparisons, greatly benefiting
scientists in the field.

Most metrics for evaluating resolution focus on the xy plane, with
only one (integrity) addressing accuracy in the vertical (z) direction.
This is largely due to the fact that z-direction resolution is governed by
layer height, which depends more on the printing setup than on material
or process optimization. While layer height is commonly reported as a
printing parameter, the actual final height of constructs is rarely char-
acterized. Layer heights as small as a few tens of microns are achievable
with most technologies, particularly light-based methods, but control-
ling resolution in the xy plane remains the primary challenge due to
construct spreading.

A final consideration must be made regarding the factors that limit
achievable resolution, irrespective of the metrics used to define it. In
EBB, for example, surface tension can impact corner precision [131]. In
light-based technologies, dyes may enhance resolution through light
confinement [113], while high cell density can cause light scattering
[132,133]. Alternatively, variations in light focusing systems may result
in poor resolution [101]. Although the nominal resolution of setups can
often reach a few tens of microns or less, the actual resolution achieved
must consider material responses and the limiting factors discussed
[37]. Therefore, these limitations must be evaluated on a case-by-case
basis

Fig. 10a illustrates the level of resolution achieved by the articles
selected for this review. It is evident that 2PP, which is regarded as the
technology with the highest resolution capabilities, consistently ach-
ieves a resolution of 50 pm or lower across all reviewed works. Notably,
two studies report resolutions of 2 pm and 1.9 pm, respectively [87,
120].

Regarding LIFT, a satisfactory level of resolution is achieved, with
results ranging between 80 and 250 pm. However, it is important to note
that these studies primarily focus on the deposition of drops or lines
rather than the fabrication of three-dimensional structures or complex
geometries. This underscores that, while LIFT demonstrates promising
potential as indicated by the achieved resolutions, further research is
needed to advance the technology toward the production of more
application-ready pieces.

A similar result is visible for what regards inkjet, which shows many
resolutions ranging between 50 and 90 pm. However, these values often
refer to the diameter of the droplet observed during its flight between
the nozzle and the substrate. Only one work measured the actual
diameter of droplets once they are deposited on the substrate [77], with
an average value of 629 pm, and two measured printed features [82,83],
with values of 300 and 400 pm, respectively. Therefore, it is reasonable
to assume that the resolution achievable in fabricating complete struc-
tures with this technology is not as fine as what is reported by observing
droplets during the flight only.

VP has more disperse values of resolution, which also result by the
presence of three variants of the technology. When considering SLA,
values as low as 8 pm have been achieved [73], while DLP allows to print
with a resolution of 10 pm [64]. In the context of LCD printers, despite
their affordability, they have only achieved resolutions up to 100 pm
[71]. This performance is still comparable to the resolutions obtained
with LIFT technology.
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Fig. 10. (a) Resolution achieved by articles selected for the current review; (b) Average achieved resolution for the different technologies.

Finally, it is evident that EBB exhibits a wide range of resolution
values. Some studies report unconventional strategies able to overcome
average resolutions and achieving values as fine as few tens of microns.
These advanced methods include using coaxial nozzles to produce fine
wall thicknesses in hollow strands [40,41] or employing novel tech-
niques such as static mixing of materials prior deposition [46] and
inserting molds within cartridges [42]. Such novel techniques allow to
produce strands showing peculiar internal microstructures. Regarding
the width of entire strands, only one study achieved values as low as 70
pm [127], while the average resolutions are generally higher than 250
pm.

Looking at the average values achieved by the technologies
(Fig. 10b) generally gives a reliable insight for what regards for what
regards VP, LIFT and 2PP. For inkjet, the results should be interpreted
with caution due to the lack of characterization of deposited droplets.

A similar reasoning applies to EBB: the results include studies char-
acterizing features within single strands and exclude works using noz-
zles larger than 250 pm. This skews the average resolution of EBB to
similar to VP, which is evidently misleading. In fact, only 7 out of 151
works (4.6 %) characterizing resolution in EBB achieve a resolution
below 100 pm, whereas in VP, 8 out of 26 works (30.7 %) meet this
threshold.
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3. Conclusions and future perspectives

This review selected the most relevant works in the rapidly evolving
field of 3D bioprinting to analyze technological trends, materials, and
the levels of resolution achieved across a range of studies. The primary
technologies examined include Extrusion-Based Bioprinting (EBB), Vat
Photopolymerization (VP), Inkjet, Laser-Induced Forward Transfer
(LIFT), and Two-Photon Polymerization (2PP), each with its own
strengths and limitations.

EBB is the most widespread technology, favored for its versatility,
ease of implementation, and high throughput, despite having limited
resolution. This makes it particularly suitable for applications that
require larger constructs, such as scaffolds for tissue engineering in
regenerative medicine. VP, on the other hand, offers a better balance
between throughput, characteristic dimensions, and resolution, posi-
tioning it as a key technology for applications where fine detail and
controlled geometry are important.

In contrast, jet-based technologies like Inkjet and LIFT are less
commonly used. Their limitations, particularly with respect to material
rheology and process parameters, make them less adaptable to a broad
range of bioprinting applications. However, these technologies still hold
potential in certain niche applications due to their ability to print with
very low viscosity materials and their non-contact nature.

Among these, 2PP, though relatively new and with fewer
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publications, offers unparalleled resolution. Capable of advancing to-
wards single-cell precision, it represents a breakthrough in bioprinting,
pushing the boundaries of what is achievable in terms of spatial control.
However, due to the extremely small size of its constructs, 2PP is not yet
applicable for large-scale tissue engineering but finds promise in specific
applications such as in vitro models and microscale constructs that
require fine spatiotemporal control.

In terms of materials, GelMA, Alginate, Collagen, and culture media
are the most commonly used. Each material’s specific properties make
them more or less suitable for the different bioprinting techniques, with
GelMA’s versatility and tunability being particularly favored.

Resolution characterization has emerged as a critical area of interest,
with growing attention being paid to how well different technologies
can define fine features in printed structures. This review identifies the
most common metrics used to evaluate resolution and underscores the
challenge posed by the lack of standardization in evaluation methods.
Each technology tends to adopt its own set of metrics, making it difficult
to directly compare results across different studies. Establishing unified
metrics and standardized protocols would not only simplify comparisons
but also facilitate faster advancements in the field.

The field of 3D bioprinting is expanding rapidly, with substantial
research focusing on both the technological and material fronts. Reso-
lution, in particular, is gaining significant attention, and improving it is
expected to be one of the key challenges for the future. As the demand
for higher precision and more complex structures grows, researchers are
moving beyond traditional approaches. Some studies are exploring the
use of artificial intelligence to optimize bioprinting processes and pre-
dict outcomes more accurately [132,134], while others are modifying
existing technologies to go beyond current technological limits [135].
Furthermore, there is increasing interest in delving deeper into the
chemistry of polymers [136] and kinetics of photocrosslinking [137],
aiming to optimize the polymerization process and lead to

Appendix. A Reviewed literature

Table 3 lists eligible articles with most relevant information. Details
eters and printed items are available in Supplementary Information.
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improvements in the resolution and fidelity of bioprinted structures.

Finally, recent works have demonstrated the potential of in-vivo
bioprinting [87,138], a trend likely to expand with the advancement
of new technologies like 2PP, which offers exceptional control and en-
ables non-contact printing.

As these trends continue, 3D bioprinting is likely to evolve rapidly,
with innovations in materials, techniques, and post-processing ap-
proaches likely to shape the next decade of advancements. The pursuit of
higher resolution, combined with these innovations, will be critical in
enabling more complex, functional tissues and pushing the boundaries
of what is possible in regenerative medicine and beyond.
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about crosslinking agents, crosslinking strategies, printers, printing param-

List of eligible articles. More details are available in supplementary information.

Article Technology  Material Resolution
1 2024 Moon [50] EBB Silk fibroin 20 % + Iota-carrageenan 1-3% A (Strand width) ~ 1.5
Pr~1
2 2024 Davern [53] EBB Gelma 5-15 % + Laponite 2 % Pr = 0.95-1.05
W = 400-600 um
3 2024 Shyam [44] EBB Corn starch 10 % + Gelatin 3-10 % Pr=0.9-1.2
4 2023 Maciel [52] EBB Gelatin 6-8% + PVA 2-4% -+ Laponite 0.2-0.4 % W = 300 um
5 2023 Shehzad [110] EBB Alginate 1 % + Gelatin 2-8% + GelMA 2.5-10 % A (Pore area) = 94 %
6 2023 Ng [51] EBB Gellan Gum 0.8 % + Pregelatinized starch 5 % + Glycerol 15 % A (Strand width) = 1.09
A (Squares area) = 1.36
7 2023 Hibbert [58] EBB Alginate 4-6% + Pluronic F127 20-25 % Pr~1
1=0.99
8 2023 Boonlai [122] EBB Pluronic 14-20 % + Methylcellulose 4 % Qualitative ("good printability")
9 2023 Tang [40] EBB GelMA 6-12 % SPF (ID) = 70 pm
SPF (Tw) = 4-15 um
10 2023 Moro [117] EBB Modified HA W = 300 pm
Pr = 0.95
11 2022 Bolivar-Monsalve EBB GelMA 3 % + Alginate 3.5 % SPF (ID) = 10-100 um
[45]
12 2022 Coskun [123] EBB Chitosan 2.3 % + Nano-hydroxyhapatite 0.23-0.92 % Pr=0.98
13 2022 Dutta [107] EBB Alginate 6 % + Gelatin 4 % A (Pore area) = 1
14 2022 Navara [127] EBB Poly(N-isopropylacrylamide) 10-20 % + Poly(amidoamine) 7.5-15 % Pr=1.1
W ~ 70 pm (32G)
15 2022 Anand [95] EBB Gelatin-hyaluronan dialdehyde 5 % + GelMA 5 % Pr =1.07
16 2022 Yao [115] EBB Norbornene-functionalized gelatin 2.8-6% + Poly(ethylene glycol-dithiol) 0.7-1.5 % Pr = 0.82-0.87
W = 314 um
17 2022 Dorishetty [121] EBB Silk fibroin 15 % or Silk fibroin 15 % + rGO 0.05-0.13 % A (Strand width) = 1.1 to 1.35
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Article Technology  Material Resolution
18 2022 Ravanbakhsh [96] EBB GelMa + DMSO W = 250 um
19 2022 Kakarla [100] EBB Alginate 5 % + Boron Nitride nanotubes 0.05-1% Pr=1
A (Pore area) = 0.98
20 2021 Prendergast [56] EBB GelMA 3-10 % + Norbornene-functionalized HA nanofibers W = 200 um
21 2021 Trucco [108] EBB Gelatin 5 % + Silk Fibroin 5 % or Gelatin 3 % + Alginate 7 % W =100 um
22 2021 Lin [103] EBB Collagen commercial ink (high conc.) W =190 um
23 2021 Bolivar-Monsalve EBB GelMA 3-5% (Inner) SPF: Lamellae thickness <50 um
[46] GelMA 3 % + Alginate 1 % (Outer)
24 2021 Aldana [111] EBB GelMA 8 % + Alginate 7 % W = 740 pm
A (Pore area) = 0.92
25 2021 Temirel [55] EBB Alginate 2 % + Cellulose nanocrystals 4 % or Alginate 4 % + Cellulose nanofibrils 1 % W = 300 um
26 2020 Ngo [118] EBB Glycidyl methacrylate grafted-HA or Methactylic anhydride grafted-HA 0.5-4% Pr~ 0.9
APr ~ 0.8
27 2020 Sakai [57] EBB HA 1-1.5 % + Silk fibroin nanofibers 1 % or Gelatin 1 % + Silk fibroin nanofibers 1 % W =400 um
28 2020 Kang [42] EBB Collagen 1-6% + Alginate 1-5% (sacrificial) C=0.8
SPF (Tw) = 30 um
29 2020 Gantumur [54] EBB Alginate 0.5 % + Cellulose nanofibers 0.5-1.5 % + Glucose 4.4 % W = 300 um
30 2020 Mendes [129] EBB Component 1: Platelet Lysate 16 % W = 250 um
Component 2: Cellulose nanocrystals 2.88 % + Thrombin
31 2019 Wang [39] EBB GelMA 5-10 % + Gelatin 3-8% (Outer) SPF (ID) = 250 pm
PVA 5 % (Inner, sacrificial) SPF (OD) = 650 um
32 2019 Kiyotake [48] EBB Pentenoate-functionalized hyaluronic acid 6-9% -+ Dithiothreitol (1:1 M ratio) W = 450 um
33 2019 Zhuang [49] EBB GelMA 5-10 % + Gellan gum 0.1-0.5 % W = 550 pm
Qualitative ("Good printability")
34 2019 Sarker [47] EBB Peptide-conjugated alginate Pr=1
A (Angles) = 1.1
35 2018 Pi[41] EBB GelMA 7 % + Alginate 3 % + PEGOA 2 % + CaCl2 solution (sacrificial) Two layers hollow tubes
Inner shell:
SPF (ID) = 600 pm
SPF (Tw) = 60 pm
Outer shell:
SPF (OD) = 1 mm
SPF (Tw) = 100 um
36 2018 Kang [43] EBB Collagen 5 % (Outer) W = 300 pm
Alginate 2-4 % (Inner) SPF = < 100 pm lobes
37 2018 Giuseppe [109] EBB Gelatin 8 % + Alginate 7 % W = 310 pm
A (Pore area) = 0.99
38 2018 Liu [38] EBB CaCl2 6 % (Inner) + Alginate 1 % (Outer) or GelMA 1-2 % (Inner) + Alginate 1 % SPF (ID) = 468 um
(Outer)
39 2017 England [128] EBB Fibrinogen 5 % + HA 0.4 % W =170 um
40 2023 You [76] VP GelMA 5 % SPF = 50 um
SPF (ID) = 250 um
41 2023 Shi [97] VP CollagenMA 1.5-2% or GelMA 5 % CollagenMA: Ra = 38.66 pm
GelMA: Ra = 16.32 um
42 2023 Duong [66] VP Norbornene-modified gelatin 2-6 % Grid: A (Pore area) > 97 %
Channels:
SPF (ID) = 300-1200 um
A (Perfusable length) > 80 %
43 2023 Dutta [116] VP Gelatin-Cellulose-PEGDA Qualitative, ~100 %
44 2023 Torras [65] VP GelMa 5 % PEGDA 3 % 1=90%
45 2023 Su [62] VP PEGDA 15 % Channels:
ID: 1 mm
Ring:A (OD/ID ratio) ~ 100 %
46 2023 Choi [67] A GMA-grafted Silk fibroin + GMA-grafted Gelatin (20 % total dry fraction) A (Channel side) = 100 %
47 2023 Galarraga [119] VP Norbornene-modified HA 5 % SPF = 500 pm pores
48 2023 Perez-Cortez [71] VP GelMA 7.5-10 % 100 pm pores:
A =095
1500 pm pores:
A=0.99
49 2022 Xie [63] VP GelMA 10 % + Cartilage acellular matrix 10 % Pores:
SPF (ID) = 200 pm
Cylinders: SPF (OD) = 200 um
50 2022 Jeong [98] VP GelMa 10 % SPF (ID) = 100 um
51 2022 Ma [64] VP GelMA 10 % or PEGDA 10 % Hollow cylinders:
SPF (Tw) = 10 pm
Lines:
W =10 um
52 2022 Kumari [125] VP MA-k-carrageenan 1-5 % SPF = 800 pm features
53 2022 Lee [68] VP GMA-grafted fluorescent silk fibroin 20 % Qualitative, good accuracy
54 2022 Viray [73] VP Poly(L-glutamic acid) conjugated with tyramine 5 % W =38um
55 2022 Wu [70] VP CollagenMA 2 % + Procyanidin 2 % Grids:
SPF = 500 pm pores
W = 200 um
56 2022 Chang [69] VP PEGDMA or PEGMA SPF (ID) = 700 um
57 2022 Bhusal [75] VP PEGDA 20-40 % + GelMA 0-5 % Pores: SPF = 15 pm side
58 2021 Grigoryan [74] VP SPF = 250 pm extrusions
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Article Technology  Material Resolution

59 2021 Li [112] VP PEGDA 40 % SPF = 80 pm features

60 2021 Huh [113] VP 4-PEGDA 8 % SPF (ID) = 750 um

61 2021 Anandakrishnan VP PEGDA 20 % Qualitative, good printability of large

[114] scale structures

62 2021 Zhang [72] VP GelMa 5 % SPF = 100 pm pores

63 2021 Kumar [60] VP GelMa 10 % W = 250 um

64 2018 Lim [99] VP GelMA and PVAMA Channel: SPF = 50 pm diameter

65 2018 Grix [61] VP PEG 7 % and GelMA 7 % W =191 um

66 2017 Sakai [59] VP Alginate derivative 1 % Grids: W = 500 pm strands

67 2023 Ng [139] Inkjet Polyvinylpyrrolidone 0-2% Dp = 0.345 nL

68 2022 Ng [104] Inkjet Culture medium Dp = 0.345nL

69 2020 Park [102] Inkjet Collagen 0.3 % Dp =70 pm
CN =0.1-1

70 2020 Masaeli [77] Inkjet Culture medium Dp = 629 um

71 2020 Masaeli [78] Inkjet Culture medium Dp = 300 pL
CN =93

72 2020 Dudman [81] Inkjet Culture medium CN =0-1

73 2019 Takagi [79] Inkjet Culture medium or Alginate 0.5 % CN = 0-2

74 2017 Park [80] Inkjet Culture medium CN=2

75 2017 Hewes [82] Inkjet Alginate 0.7 % SPF(ID) = 300 pm
Dp = 40 pm
CN = 0.67

76 2017 Compaan [83] Inkjet Silk fibroin 4 % + Alginate 0.5 % SPF(Tw) = 400 um

77 2023 Shakil [85] LIFT Collagen I 0.075-0.1 % + Glycerol Dp = 100 um

78 2022 Karakaidos [105] LIFT Culture medium Dp = 250 pm
CN =170

79 2021 Kryou [106] LIFT Culture medium Dp = 230 um

80 2020 Marquez [101] LIFT Alginate 1.5-2% or Methylcellulose 0.3-1.5 % Dp = 80 um

81 2017 Xiong [86] LIFT Alginate 1-4% Dp = 100 um

82 2017 Koch [84] LIFT Alginate 4 %: EDTA blood plasma 1:1 Dp = 100 um

83 2023 Rizzo [120] 2PP Hyaluronic acid maleimide 0.5 % SPF = 1 pm (Both positive and negative
features)

84 2023 Taale [91] 2PP Gelatin-based commercial ink SPF = 260 pm Hollow sphere
SPF(ID) = 20 pm (pores on sphere
surface)

SPF(Tw) = 50 pm (Sphere wall)

85 2022 Valente [90] 2PP Silk Fibroin 4 % Qualitative

86 2020 Dobos [89] 2PP Norbornene-modified gelatin + Thiol-modified gelatin 3.75 + 3.75 % SFF =1
SPF(ID) = 30 um

87 2020 Tytgat [88] 2PP Norbornene and thiol-functionalized collagen (1:1 ratio) 7.5-10 % or Methacrylamide- ~ SPF = 20 pm features

functionalized collagen 7.5-10 %

88 2020 Urciuolo [87] 2PP HCC-modified gelatin Lines:

W =1.9 um

SPF = 0.5 pm Distance between lines

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.bprint.2024.e00376.

Data availability
Data will be made available on request.
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