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Abstract

The recapitulation of human anatomy and physiology is critical for organ regeneration. Due to this
fundamental requirement, bioprinting holds great promise in tissue engineering and regenerative
medicine due to the possibility of fabricating complex scaffolds that host cells and biochemical
cues in a physiologically relevant fashion. The ever-growing research in this field has been
proceeding along two different, yet complementary, routes: on the one hand, the development of
bioprinting to fabricate large tissue surrogates for transplantation purposes in vivo
(macrobioprinting), and on the other the spread of bioprinting-based miniaturized systems to
model the tissue microenvironment in vitro (microbioprinting). The latest advances in both macro-
and microbioprinting are reviewed, emphasizing their impact on specific areas of tissue
engineering. Additionally, a critical comparison of macro- versus microbioprinting is presented
together with advantages and limitations of each approach. Ultimately, findings obtained both at
the macro-and microscale are expected to provide a deeper insight in tissue biology and offer
clinically relevant solutions for organ regeneration.
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1. Introduction

Tissue engineering (TE) and regenerative medicine have made remarkable progress in the
last decades toward the creation of functional tissues and organ surrogates. Among the
technological breakthroughs behind these advances, 3D bioprinting holds great promise in
the fabrication of physiologically relevant scaffolds that capture the complex anatomy and
physiology of native tissues, overcoming the limitations of conventional fabrication
techniques for scaffolds.[1.2]
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The classic definition of bioprinting refers to the subclass of 3D printing technologies
tailored for the use of biomaterials, cells, and biomolecules as printing resins for scaffold
fabrication, commonly referred as “bioinks.”[3 Another definition that has been reported
focus on the development of organ surrogates as the central goal of bio-printing, and thus
define it as “the printing and patterning in 3D of all the components that make up a tissue
(cells and matrix materials) to generate structures analogous to tissues.”[4] Despite these
minor differences, the core definition of bioprinting involves the deposition of biomaterials
and organ components (cells, growth factors, and/or extracellular matrix (ECM)) in a single
step, and therefore should be separated from the manufacturing of biocompatible scaffolds
followed by cell seeding, which should still be considered as 3D printing.

Similar to other 3D printing techniques, bioprinting allows for high spatiotemporal control
over the simultaneous deposition of materials with different composition, spatial
distribution, and architectural accuracy according to a computer-aided design (CAD). Three
different bioprinting approaches exist to recapitulate tissue properties and functions:
autonomous self-assembly, biomimicry, and the use of mini-tissues as elemental scaffold
components.[3] The autonomous self-assembly approach is based on developmental biology
principles, where cells are the primary drivers for tissue composition, spatial organization,
and physiology. Accordingly, in this approach bioprinting is used to deposit single cells
and/or multicellular aggregates in order to mimic developing tissues in the early stages of
embryogenesis. On the other hand, biomimicry-based approaches focus on reproducing
distinctive tissue components (e.g., extracellular matrix gradient composition in articular
cartilage or the branched pattern of vasculature) with a microscopic level of details to
accurately recreate in vitro the tissue morphology observed in vivo. Finally, a third
bioprinting strategy is based on the use of mini-tissues as building blocks for whole-organ
regeneration. This approach is based on the notion that several tissues are made of smaller
functional subunits, such as osteons in bones or nephrons in kidneys. Likewise, bioprinting
is here focused on fabricating mini-tissues and assembling them in an anatomically relevant
fashion.

Recently, bioprinting has also been leveraged for the fabrication of microfluidic devices,
avoiding the time-consuming steps associated with conventional UV lithography of
poly(dimethylsiloxane) (PDMS).[®] This development has paved the way for the design of
bioprinting-based tissue models.[>-8] In return, these advances have raised even greater
interest in bioprinting, as witnessed by the increasing number of publications in this area.[°]
Numerous publications have emerged on this subject, with comprehensive reviews on
bioprinting for tissue engineering[?:10.111 a5 well as dedicated reviews on bioprinting
technologies, 12131 selection of bioink,[13-1%] and tissues/applications.[6.8:16-20]

Here, we will specifically focus on the latest progress made in the fields of tissue
engineering and regenerative medicine related to bioprinting, regardless of the technology,
the material, or the tissue/organ selected. In doing so, we will show the emerging dichotomy
in bioprinting-based tissue engineering strategies, that is, the fabrication of macroscale
constructs for large tissue regeneration (macrobioprinting) versus the development of
microscale systems for tissue modeling (microbioprinting). We will present advantages of
disadvantages of each strategy and emphasize how findings on the microscale level correlate
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to those obtained at the macroscale, and their impact on future developments in tissue
engineering and regenerative medicine.

Macro- and Microbioprinting

All fields of engineering apply basic science in two distinct ways, either for: (i) the
development of commercial products for common use, or (ii) the fundamental study of a
particular phenomenon. The distinction can be blurry, as the second category usually
provides new knowledge that molds and optimizes the first. TE is not any different.
Correspondingly, TE is broadly divided into the development of constructs that are meant to
directly solve a medical need, or the modeling of physiologic and pathologic phenomena to
elucidate basic biological mechanism. Here, we explore this dichotomy from the point of
view of bioprinting, categorizing recent literature in bioprinting into macrobioprinting and
microbioprinting. We completed this categorization based on the following criteria:

1 Macrobioprinting applications state a medical need to fulfill and aim to develop
viable tissue constructs that can be transplanted into patients. These constructs
are proposed as large-scaled (>20 mm?3), to fulfill anatomical dimensions, and
there is no explicit concern about microscopic features within the bioprinted
scaffolds, unless it has a critical impact on the construct performance. These
approaches are generally published with in vivo characterization, congruent with
the overall medical end goal. We also include studies reported as being during in
vitro stages of development, if their overall goal is medical transplantation.

2. Microbioprinting encompasses the application of bioprinting techniques at
micro- and nanometer scale for the development of miniaturized devices for
tissue modeling and interrogation of the cell microenvironment. These studies
are focused on the development of highly detailed tissue models, understanding
the interaction between cells and their tissue-specific niche. To this end, this
category heavily relies on the production of micro- and nanoscale features for in
vitro investigations, although a few examples but some have been extended into
in vivo stages with the objective of further understanding the physiologic
phenomena or the model validity.

Our primary categorization parameter is the end goal of the study discussed (implantable
scaffold vs tissue model) rather than the technology used and/or the tissue investigated. As
an example, in the next section we will present two studies in which the same bioprinting
process, bioink, and cell source were used.[21.22] Yet, one investigation aimed at producing a
“fully cellularized skin equivalent for the future treatment of burn patients,” while the latter
presented “skin tissue constructs [that] serve as 3D cell-based models to study ex vivo cell
and tissue functions or milieu-/disease-dependent mechanisms.” Although the scaffolds
produced are very similar, the end application and fundamental questions asked with each
construct are different (macro- and microbioprinting, respectively). Ideally, the
microbioprinted model can provide better knowledge on skin physiology, dwelling on the
fundamental questions, and as it exploits the same technology and components applied to
macrobioprinting, it can be used to further optimize and correct the macrobioprinted
constructs.
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3. Macrobioprinting for Large Organ Regeneration

Bioprinting holds great promise for the fabrication of scaffolds of clinically relevant size and
physiological complexity due to the high spatiotemporal control over cell/material
placement. However, size and complexity significantly vary between organs—for example,
bone or skin may be quantified in meters or centimeters, but their structure and composition
present microscopic features. As defined before, macrobioprinting is the fabrication of large
constructs for the clinical regeneration of tissues regardless of the presence of microscopic
features within the bioprinted scaffolds.

Several TE fields have incorporated macrobioprinting to advance their efforts; for example,
the need for improved musculoskeletal tissue repair strategies of critically sized defects has
greatly advanced macrobioprinting technologies.[!1.23] Daly et al. designed load-bearing
cartilage scaffolds that serve as tissue precursor for the formation of a whole bone in vivo
(Figure 1A—C).[24] Here, the complete vertebrae of a human skeleton model was laser-
scanned and bioprinted using poly(caprolactone) (PCL) for mechanical stability, and an
alginate hydrogel loaded with mesenchymal stem cells (MSCs) for enhanced cellular
recognition and adhesion. Once chondrogenically primed in vitro, the bioprinted construct
supported hypertrophic cartilage formation in vivo, which ultimately served as a stepping
stone for endochondral bone formation.[24] The combination of hydrogel with thermoplastic
polymers (e.g., PCL) is an emerging trend in bioprinting to improve the scaffold overall
mechanical properties. While Daly opted for a self-assembly bioprinting approach, Shim et
al. followed a biomimetic approach to recapitulate cartilage anatomy and intratissue
gradients. In this work, a multihead extrusion bioprinter was used to mimic the distinctive
compositional gradient observed in the osteochondral region.[25] The same research group
further developed this platform to produce multilayered constructs of 100 mm? that
promoted both osteogenesis (MSCs and bone morphogenetic protein-2 (BMP-2) in collagen)
and chondrogenesis (MSCs and transforming growth factor-83 (TGF-£ 3) in hyaluronic acid
(HA)).[26] The use of extrusion-based bioprinting to engineer heterogeneous tissues, such as
the bone—cartilage interface, resulted in successful osteochondral tissue repair in a rabbit
knee joint. Along this direction, the inclusion of ECM components and growth factor
gradients in bioprinted patterns is an alternative strategy used to engineer the bone—cartilage
interface.[26-29] Gurkan et al. engineered fibrocartilage via droplet-based bio-printing of
MSCs in the presence of BMP-2 and TGF-g1. The biochemical gradients accurately
modeled the anisotropic architecture of fibrocartilage normally observed at the bone—tendon
interface.[27] Similarly, Mao and co-workers bioprinted anatomically accurate human
meniscus scaffolds for controlled release of growth factors.[28] This approach enabled
fabrication of 2.25 cm3 scaffold for testing in a sheep model, where full restoration of both
functional and biomechanical properties was demonstrated. Finally, Levato et al. fabricated
ECM-containing osteochondral constructs (16 mm diameter, 5 mm height) that could be
further scaled up for clinical use.[?%] Given these successes in restoring cartilage anatomy
and physiology in vivo, we envision that in the next decade macrobioprinting-based
strategies will likely provide effective solutions for the clinical treatment of cartilage defects.

The inclusion of a synthetic polymer (e.g., PCL) is a prevalent strategy to enhance the
mechanical strength of bioprinted constructs, as shown in the previous section. It follows
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that this choice becomes even more essential for load-bearing tissues like bones, as shown in
the fabrication of a 300 mms3 bone scaffold via macrobioprinting of alginate/PCL by Kim
and co-workers.[3% The work of Atala and co-workers provides the best example of the
versatility of macrobioprinting for producing large constructs for in vivo reconstruction. In
this landmark publication, the authors patterned different hydrogels within a mechanically
stable PCL network and fabricated mandible and calvarial bone defects, skeletal muscles,
and full-size human ears (Figure 1D-H).[31] Considering that the same bioprinter and
material were used in all applications, the choice of the hydrogel bioink (cell source, ECM
inclusion, etc.) directed tissue regeneration. In other words, a robust in vivo response is
simultaneously driven by: (i) the presence of the appropriate biological cues, given by the
bioink selection, and by (ii) anatomically relevant spatial presentation provided by the
bioprinting process.

The multihead printing process also involved the deposition of a sacrificial material
(Pluronic F-127) that could be easily washed out upon bioprinting, resulting in the creation
of microchannels permissive to nutrient diffusion and tissue ingrowth.[311 Although this
design supported cell viability, tissue homeostasis is primarily driven by the presence of a
vascular network within the newly formed tissue. Accordingly, the development of
vascularization strategies is imperative for the successful fabrication of large tissues and
represents a central challenge in TE.[3233] A significant contribution in this field has been
certainly made by Khademhosseini and co-workers. Based on the notion that angiogenesis
and osteogenesis evolve simultaneously within the osteoblastic niche,[34:35] Khademhosseini
and co-workers recapitulated the complex architecture of native bone together with its
microvasculature, where the presence of a perfusable vascular lumen sustained cell viability
and differentiation in an ~ 16 cm3 construct (Figure 2A—C).[36] The same research group
also investigated the possibility of depositing perfusable vascular structures in a single-step
process, bypassing the need for sacrificial bioinks to generate hollow channels.[371 Toward
this end, the authors designed a three-layer coaxial nozzle to extrude hollow channels with
lumen diameters up to 1 mm. While the first vascularization strategy focused on
microvasculature formation, the second emphasized the formation of large blood vessels.[37]
Regeneration of large tissues requires the presence of large vessels intimately connected
with a diffuse capillary network and therefore a tradeoff between these two macrobioprinting
approaches. Zhang and co-workers presented an alternative approach for the development of
vascularized bones, focused on recapitulating the evolving signaling cascade that occurs in
the native osteoblastic niche.[38] Extrusion-based bioprinting was used to produce BMP-2-
functionalized poly(lactic acid) (PLA) into the honeycomb architecture of osteons, while
stereolithography was used to form a vascular network out of gelatin methacrylate (GelMA)
functionalized with vascular endothelial growth factor (VEGF). Creation of a central
channel in the scaffold, mimicking the Haversian canal of osteons, allowed for scaffold
perfusion and promoted maturation of bone and vascular tissue over the course of four
weeks. This macrobioprinting strategy holds great promise for the regeneration of
vascularized constructs but entails a complex combination of extrusion and
stereolithography bioprinting, which might be challenging to adapt for high-throughput
production of human-size constructs.[38] The study by Jang et al. is perhaps the most
indicative of the advances made in bioprinting-based strategies for vascularized tissue repair
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(Figure 2D-F). In this work, cardiac patches (25 mm?3 in volume) were fabricated via dual
printing of heart tissue-derived ECM loaded with cardiac progenitor cells (CPCs) and
MSCs.[3%1 Upon implantation in a rat myocar-dial infarction model, the fiber pattern derived
from the use of extrusion-based bioprinting strongly promoted vasculogenesis within the
implanted patch, with capillary formation differing from that observed in cardiac patches
obtained with a conventional mold. This patterning allowed for spatial localization of CPCs
and MSCs, with improved crosstalk between the two and ultimately the formation of stable
blood vessels in the infarcted tissue.[3%] This work highlights how complex tissues may be
faithfully recapitulated via bioprinting both on a molecular level (angiogenic signaling) and
on a physiological level (cardiac tissue function).[3°]

Overall, future development in bioprinting-based vascular approaches will likely focus on
three parallel aspects: (i) optimization of the CAD design and of the bioprinting technique to
fabricate the full extent of vasculature (large vessels and micro-capillaries) at once, (ii)
elucidation of the conditions required for endothelial/stem cells to maximize angiogenesis,
and (iii) further improvement upon this last aspect via addition of tissue-specific ECM
and/or growth factors to increase scaffold biomimicry.

Advances in bioprinting technology also positively impacted skin TE applications, where
multiple attempts have been made on reproducing the multilayered structure of this tissue.
The skin is the first barrier against external mechanical and biochemical agents, and is
broadly composed of the epidermis, dermis, and hypodermis layers, each with its distinct
composition and function.[4?] Michael et al. mimicked this structure via laser-assisted
bioprinting (LaBP) of collagen and Matriderm into three layers.[21] This approach sought to
improve the clinical outcome of Matriderm implants, which often require the use of
autologous skin grafts to complement the Matriderm layer.[41:42] The multilayer skin
constructs showed full integration when implanted in the dorsal skin fold chamber of nude
mice, but no comparison to single Matriderm implants was performed.[?1] Jorcano and co-
workers adapted the same system but opted for an extrusion-based bioprinting technique in
order to fabricate larger skin constructs with higher throughput.[43] Mixing of cells, fibrin,
and CaCl, (a coagulation agent for fibrinogen) occurred in a mixing nozzle immediately
before extrusion. This choice allowed for higher extrusion rates with no detrimental effect on
cell viability. Overall, the authors were able to generate a skin graft of ~100 cm? in less than
35 min (including the 30 min required for fibrin gelation).[43] To further increase the speed
of the skin bioprinting process, Skardal et al. adapted an in-house-built bioprinter to extrude
skin grafts directly over a wound site.[44] In contrast to the two studies mentioned above, this
method did not focus on recapitulating the complex structure of skin, but rather on
developing a simple strategy that could be easily translated from bench to bedside.[44] Future
studies will have to elucidate “how biomimetic” the skin constructs needs to be to achieve
robust tissue formation in vivo, while being simple enough for high-throughput fabrication.

Other investigations have focused on tissues closely correlated with skin, namely, adipose
tissue.[45] Pati et al. employed a highly biomimetic approach to bioprint custom-shaped
adipose tissue, where human adipose tissue-derived mesenchymal stem cells (hASCs) were
encapsulated in decellularized adipose tissue. Again, PCL was co-extruded to provide
structural integrity to the resulting construct. Animal testing revealed minimal immune
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response by the cell-laden constructs, which hold great promise in reconstructive surgery for
the filling of patient-specific soft tissue defects.[4]

Macrobioprinting has also begun to find applicability in central nervous system (CNS) TE.
Hsieh et al. engineered polyurethane (PU) nanoparticle dispersions as a carrier bioink for
neural stem cell (NSC) delivery in CNS lesions.[46] Strikingly, partial recovery of CNS
functions was observed in zebrafish models with traumatic brain injury and locomotive
impairment although the scaffold design did not closely mimic the brain architecture.[46]
Lozano et al. sought to address this last aspect in their work by recreating the structural
complexity of the brain via extrusion-based bioprinting of gellan gum loaded with primary
cortical neurons.[47] These highly biomimetic brain-like constructs mirrored the layered
structure observed in the native cortex and were amenable to the encapsulation of layer-
specific cortical neuron subtypes.[47]

However, further investigations are warranted to assess scaffold integration in vivo and
recovery of cerebral functions. Extrusion-based bioprinting is particularly suitable for nerve
TE due to the possibility of inducing cell/material alignment along a preferential axis, thus
recapitulating the anatomy of neural networks. Along this line, Chen and co-workers
developed a hybrid bioink composed of fibrin, thrombin, hyaluronic acid, and polyvinyl
alcohol (HA/PVA) to encapsulate Schwann cells.[48] The anisotropic organization of the
resulting 140 mm3 construct induced preferential cell alignment and elongation of neuronal
processes along the fibrin fiber, that is, along the extrusion axis.[48] Similarly, Owens et al.
engineered nerve grafts hosting a central lumen to facilitate axon regrowth.l4%] The grafts
were tested in a rat sciatic nerve injury model, where the recovery of motor and sensory
function was similar to that observed in animals treated with standard methods of nerve
repair (autologous graft or collagen tube grafts control groups). Despite the limited
dimension of the constructs, the positive findings warrant further investigation on the
generation of nerve grafts of clinically relevant size.[49] It can be envisioned that future
investigations in CNS TE will focus on further scaling up these systems, which can be
technically challenging. In particular, larger constructs must maintain effective neuronal
connections among the cells, a critical element in CNS physiology and functions.

In conclusion, macrobioprinting strategies have been successfully applied to a wide variety
of tissues and organs, with restoration of physiological functions in vivo in several studies.
Most of these research efforts focused on the musculoskeletal system, as shown in Table 1.
Future investigations should build upon these promising findings to develop TE strategies
for other organs in great demand, such as liver, lungs, and kidneys. Regardless of the target
tissue, balancing the need for a complex scaffold (to faithfully mimic tissue anatomy) while
developing a straightforward bioprinting strategy that can be easily translated from bench-to-
bedside will remain a central challenge in macrobioprinting.

4. Microbioprinting for Tissue Modeling

As described in the previous section, bioprinting has become a widely used tool for the
development, characterization, and study of complex organ tissues at the macroscale.
Nevertheless, biological complexity is not specific to whole organs. Recent advances in 3D

Small Methods. Author manuscript; available in PMC 2019 March 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Santoro et al.

Page 8

printing technologies have provided such a high degree of control over bioprinting processes
that they can be exploited to produce detailed features at the microscale. The possibility of
fabricating microscopic features, such as wall thicknesses of 20 um or pillars with a 32 x 32
pum cross section,[59:5] opens a new realm of opportunities to study the interactions of a
single cell with its environment. As defined, microbioprinting is the application of
bioprinting techniques at micro- and nanometer scale for the development of miniaturized
devices for tissue modeling and interrogation of the cell microenvironment.

For example, stereolithography has been leveraged to produce cell-laden, porous hydrogel
scaffolds with high-resolution features.[5253] Lin et al. exploited this approach to process
poly(ethylene glycol diacrylate) (PEGDA) into hollow cylindrical, hemispherical, cubical,
and pyramidal structures with pore sizes down to 300 pm x 300 pm,[2] while Soman et al.
used GelMA to fabricate complex geometries (spirals, pyramids, flower, and domes) with
resolutions of 617 um.[53 Both methods successfully use cell-laden inks, addressing a
common challenge in high-energy systems such as stereolithography printers. In order to
maximize cell viability, Lin et al. used visible light instead of UV-based curing,[52] while
Soman et al. optimized the bioink composition for short exposure to UV.[53]

Similarly, direct-writing technologies have been used to produce solid scaffolds with
complex geometries that promote nutrient diffusion by increasing the scaffold surface area.
Tamayol et al. used alginate as a sacrificial template to physically entrap various prepolymer
solutions into micropolymeric networks.[>#! This method resulted in fibers with diameters
ranging from 550 to 1000 pm. In contrast, Williams et al. used direct-writing bioprinting to
form cellular cell-laden alginate spheroids with a diameter between 1500 and 2500 pm.[9]
In both cases, increased surface area and compartmentalization of the cells promoted
diffusion of nutrients and waste, reducing cell apoptosis.

The development of microbioprinting strategies to better interrogate cells within a
physiological environment provided researchers with the tools to design and develop
artificial cell niches. With each study, new bioprinting parameters are optimized to further
recapitulate the cell microenvironment; however, the question remains, how much smaller
and more complex does microbioprinting need to go? Furthermore, there is a need to
correlate these cell niche findings to the complexity and specificity of organ systems.

Toward this end, microbioprinting approaches have been tailored for mechanistic studies on
tissue vascularization. Diffusion requirements dictate the cells to be within a 100-200 pm
radius of a blood vessel, the maximum distance for nutrients and oxygen diffusion in tissues.
[56.571 Viasculature is thus a necessary step in TE and it is necessary to understand the basic
biology behind angiogenesis and the formation of sustainable vascular networks.
Microbioprinting allows the creation of complex microstructures, and it has been leveraged
for: (i) the controlled deposition of cells/materials where tube formation and
endothelialization are needed and for (ii) bioprinting vasculature-like microchannel
configurations.

Capillaries can have diameters as small as 5 um, small enough for a single red blood cell to
squeeze through; controlled deposition in microbioprinting allows for the construction of
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hollow tubular structures that mimic them. Most approaches accomplish this by exploiting
fast-cross-linking techniques. The fast ionic reaction seen in the gelation of alginate using
calcium ions has been widely used for this purpose.[58-601 Pataky et al. report the use of
alginate droplet deposition for fast gelling producing microcapillaries with dimensions in the
order of 2.3 pm on gelatin substrates and 4.4 um on alginate films (Figure 3A-E).[58]

Simple deposition and extrusion technologies have been further optimized to produce tubes
with microscopic diameters and wall thicknesses; these technologies include piezoelectric
nozzles,[®0] direct writing of guest-host hydrogels (GHost writing),[61] or freeform
reversible embedding of suspended hydrogels (FRESH).[62] Hewes et al. reported the
bioprinting of freestanding microvessels with endothelial cells embedded in a fibrin matrix
using a single piezoelectric nozzle.[8% This approach can form 1-2 mm long tubes with 300
pm diameter in about 2 min.[891 Along the same line, the GHost writing technology
developed by Burdick and co-workers allowed for bioprinting of shear-thinning hydrogel
inks (the “guest™) directly into self-healing support (the “host) hydrogels.[61] Using
hyaluronic acid hydrogels, capillary-like filaments were printed in any direction in space, a
characteristic that is not possible in air without supporting or sacrificial structures.
Permeable vascular microchannels were obtained by bifurcating and rejoining structures of
the guest ink, cross-linking the host network under UV light and then flushing the guest ink
out, leaving behind open vascular patterns.[61] The FRESH approach, presented by the
Feinberg group, uses a similar deposition technology (Figure 3F—H).[62] Here, a hydrogel is
deposited within a second hydrogel support bath that maintains the intended structure during
the print process and significantly improves print resolution. This method was used to
successfully mimic a right coronary artery vascular tree with a hollow lumen and a wall
thickness of <1 mm.[62]

Other novel 3D printing methods to develop permeable networks include coaxial
microfluidic printing and microscale continuous optical bioprinting (mCOB).[57:591 The first
technique uses a coaxial print head that produces a central flow of CaCl, solution
surrounded by an annulus of sodium alginate, forming hollow tubes with diameters ranging
from 0.5 to 2 mm.[3% Zhu et al. presented a digital light processing-based method to create
prevascularized tissues: the mCOB method.[57] Here, different proportions of glycidal
methacrylate-hyaluronic acid, GeIMA, and photoinitiator LAP were UV-cross-linked with
and without cells. Using mCOB, researchers printed an equivalent of a rat capillary network
with features ranging from 5 to 50 um.[57]

Sacrificial inks, such as Pluronic F-127, carbohydrate sugar glass, or agarose, have been
used for the formation of embedded, permeable microchannels.[56.63.641 Kolesky et al. used
Pluronic F-127 to form bifurcated networks encased in GelMA, yielding 3D microchannel
arrays with diameters from 45 to 500 um.[64] Permeability and endothelialization of the
GelMA networks were further studied by flowing human umbilical vein-derived endothelial
cells (HUVECS) or animal blood into the network.[64] Similarly, Miller et al. developed an
approach to use carbohydrate sugar glass to fabricate complex vascular designs.[63] The
sugar was extruded at high temperatures, producing filaments ranging from 150 to 750 pm
that were then encased in a suspension of HUVECs and ECM prepolymer. The sugar was
then dissolved using cell media, producing open channels where interfilament fusions
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become intervessel junctions. This approach was used to produce multiscale architectures,
such as single strands, interconnected Y-junctions, and curved filaments.[63] It is possible to
print, via multiple different methodologies, patent vascular networks down to the micro- and
nanoscale. The key question that needs to be addressed is how findings obtained in these
networks correlate to in vivo data. Further studies must focus on the functionality of these
vascular networks to sustain viable transport rates in a regenerating organ or tissue, rather
than as isolated simple systems.

Microbioprinting has been further used to produce models of a variety of tissues including
cardiac muscle, bone, cartilage, or skin. Microbioprinting has enabled researchers to study
the effect of micropatterned cell deposition or micropatterned porous structures on the
contractile response of cardiomyocytes to electrical stimulation.[65:66] For example, the
Boland group fabricated micropatterned structures by depositing alginate/gelatin micro-
droplets containing cardiomyocytes. Microbioprinting allowed for the formation of porous
microstructures that would not have been possible using conventional manufacturing
approaches, resulting in the production of viable cardiac muscle.[66]

As major load-bearing tissues, bone and cartilage rely on a delicate balance between
mechanical properties and a porosity gradient to allow cell renewal and vascularization.
Cartilage layers are gradually calcified and produce a continuous inter-phase into bone; thus,
the recapitulation of these gradients is essential for cartilage tissue engineering. As such,
Atala and co-workers reported a coculture printing method to mimic this stratification.[67]
Electrospinning of PCL and inkjet bioprinting of chondrocytefibrinogen£ollagen solutions
were alternated to produce a layered cell-laden scaffold. These hybrid cartilage equivalents
showed 80% cell viability, deposition of collagen and glycosaminoglycans, and enhanced
mechanical properties compared to printed alginate or fibrin—collagen gels alone.[67]

As with cartilage, the possibility of fabricating multilayered scaffolds via bioprinting has
been further leveraged in skin TE. The latest trends in dermal TE make extensive use of ink-
jet deposition and laser-assisted bioprinting, which allow high control over the
microstructures and spatiotemporal deposition of biomaterials and cells.[17:68] The overall
approach to engineering skin relies on producing the skin’s layered structure by using
different hydrogels loaded with cells and/or growth factors. Novel approaches have used
free-form deposition of layered collagen, keratinocytes, and fibro-blasts, cross-linked using
nebulized sodium bicarbonate,[%8] or bioprinting different biomaterials onto PDMS chips to
fabricate in vitro skin models.[5%] Although the layering approach has been widely used, the
current variety of bioprinting technologies has optimized the layers down to the nanoscale.
Novel systems include the Integrated Composite tissue/organ Building System (ICBS)
presented by the Cho groupl’l and the LaBP system reported by the Chichkov group.[22]
Cho and co-workers presented the ICBS, a hybrid system with independent extrusion-based
and inkjet-based modules, to position keratinocytes with spatial resolution in an epidermis—
dermis scaffold.[7%] The multihead ICBS can dispense PCL, sacrificial gelatin, and
sequential layers of human primary dermal fibroblasts (HDFs) and epidermal keratinocytes
(HEKS) suspended in collagen as the dermis and epidermis, respectively. The overall
construct resulted in a very accurate layered profile of the dermis and epidermis, each with
their cell population and ECM composition.[7%] The LaBP system, based on laser-induced
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forward transfer, was used by Koch et al. to arrange cells in 3D skin constructs (Figure 31—
K).[22] This system can accurately transfer and position cell suspension droplets as small as
a few hundred femtoliters. Here, fibroblasts and keratinocytes embedded in collagen were
transferred onto a Matriderm substrate to build a layered epidermis—dermis construct.[22]

Microbioprinting allows spatial and temporal control over the multiple components of a
scaffold, making it an ideal technology for the development of gradients in multilayered
tissues such as cartilage or skin. The impact of modifying the scaffolds at a microscale on
the macroscopic mechanical functions of a tissue has been sparsely addressed. Future work
in this area will require a to shift toward characterizing the functionality of the
microscaffolds, and translating them to address patient needs.

As shown in Table 2, a significant portion of microbio-printed systems focuses on vascular
or skin TE. This trend can be explained by the fact that current microbioprinting
technologies are tailored for use with soft hydrogels (e.g., alginate, GelMA), which are
suitable substrates for vasculature and skin formation. Future investigations in micro-
bioprinting should focus on including synthetic materials to expand the realm of
microbioprinting applications to other areas, namely, musculoskeletal TE. Microbioprinting
approaches generally result in the fabrication of scaffolds with higher resolution compared
to macrobioprinting approaches. Yet, the possibility to assemble microbioprinted constructs
to create a large scaffold for organ regeneration is clinically unfeasible due to enormous
amount of time required. Finally, it is imperative to correlate the basic biology obtained
within macrobioprinted systems to in vivo data in order to validate these systems.

5. Macro- versus Microbioprinting

Here, we have highlighted the latest advances in bioprinting and emphasized how the field is
moving into two distinctive lines of research. On the one hand, the efforts made toward the
fabrication of large size scaffolds (>20 mm3) suitable for clinical transplantation
(macrobioprinting) and, on the other, the development of in vitro models able to capture the
complexity of tissue organization down to the cellular level (microbioprinting). Based on the
literature covered (Tables 1 and 2), Figure 4 presents a graphical comparison between
macro- and microprinting, focusing on the types of tissues, the bioprinting technologies
used, and the application for which the constructs were designed.

Strikingly, graphical comparison in Figure 5 shows how macrobioprinting strategies chiefly
concentrated on musculoskeletal systems, while microbioprinting efforts focused on
vasculature. This divergence can be ascribed by the bioprinting technologies employed in
either field. Production of large constructs in a reasonable amount of time can be
accomplished mainly via extrusion-based bioprinting, which at the same time can be
leveraged to deposit bioinks with different biological and mechanical properties for load-
bearing musculoskeletal TE, as extensively discussed in Section 2. Conversely,
microbioprinting technologies rely mostly on the use of naturally derived hydrogels (e.g.,
alginate, collagen) and therefore have been mainly tailored for soft tissues, chiefly blood
vessels and skin.

Small Methods. Author manuscript; available in PMC 2019 March 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Santoro et al.

Page 12

The fabrication of large tissues via macrobioprinting inevitably means larger volumes of
materials needed and, correspondingly, technology that can effectively work with such
quantities. As such, the vast majority (85%) of macrobioprinting studies rely on common
extrusion technologies. The optimized devices, simple mechanics and biochemical reactions,
and the fast dispensing, are the key characteristics why extrusion is the preferred technology
in macrobioprinting. Other approaches, including variations of photolithography or laser-
induced forward transfer, have been attempted to improve the spatiotemporal resolution of
the resulting constructs, but the smaller volumes that can be managed and the longer print
times are detrimental to cell survival and not feasible options for clinical use.

Microbioprinting has made consistent use of a wider range of technologies. Laser-assisted
technologies or high-energy methods do achieve consistent micro-/nanofeatures, but the
complexity of the systems and their effects on biological components remain a concern.
About this aspect, it is worth highlighting that a growing body of TE literature uses 3D
printing technologies (not strictly bioprinting) that provide high resolution but rely on high-
energy systems (e.g., stereolithography, multiphoton cross-linking, or sintering) or on the
use of aggressive chemicals. Both strategies increase the cross-link speed and specificity,
produce highly detailed features, but result in poor cell viability. Accordingly, these
strategies are usually leveraged to fabricate an acellular construct with high resolution that
can then be seeded with the cells (Figure 5). Examples include collagen membranes with 1
pum features fabricated via multiphoton cross-linking, 1] tricalcium phosphate scaffolds with
interconnected 300-1000 pm pore structures via sintering,[”2] and pentaerythritol
tetraacrylate (PETTA) processing via DLW (Figure 5).L72] The possibility to further develop
these techniques for cell encapsulation would tremendously benefit microbioprinting, where
a wider range of biomaterials (from natural to synthetic polymers) could be used to model a
wider variety of tissues (from skin to bones) in vitro.

Microbioprinting strategies generally offer higher resolution than macrobioprinting
strategies, but unfortunately cannot sustain the fabrication of human-size in a feasible
amount of time. While several microbioprinted constructs can be theoretically assembled
into a macroscopic construct, this choice would require a substantial amount of time, which
(i) makes it clinically unfeasible and (ii) would negatively impact cell viability.

Regardless of the advances in each field, a critical point is the correlation between findings
obtained at macro- and microscale. Microbioprinting focuses on in vitro modeling (89%),
while macrobioprinting seeks solutions for in vivo tissue regeneration (55%). How do
findings on the microscale inform scaffold design at the macroscale? The questions that can
be currently addressed with microbioprinting remain anchored in basic biology, mostly
understanding how cells interact with their microenvironment either from a general
standpoint (cell niche studies) or from a tissue-specific approach (tissue cells on specialized
scaffolds). On the other hand, macrobioprinting is limited to general design questions, but
these can be assayed under physiological conditions in living specimens. Future
investigations should elucidate whether, for a given tissue, the different processing used in
macro- and microbioprinting application affect cell phenotype to such extent that biological
findings obtained cannot be reconciled.
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6. Conclusions

Macrobioprinting strategies hold great promise for the regeneration of large tissue due to the
possibility to fabricate custom-shaped constructs with anatomically relevant properties. On
the other end of the spectrum, microbioprinting strategies provide mechanistic notions on
tissue formation.

Fabrication of functional organ surrogates requires both the recapitulation of the complex
cell/ECM pattern observed in the native organ as well as creation of a mechanically stable
backbone able to provide structural support to the overall constructs.

In order to mimic the complex cell/ECM pattern observed in the native organ while
fabricating a mechanically stable construct, most microbioprinting approaches leverage the
versatility of extrusion-based bioprinting to deposit different materials simultaneously,
usually a synthetic polymer responsible for mechanical properties and a naturally derived
poly mer for enhanced biological activity. It can be envisioned that coprinting of multiple
bioinks with complementary properties (synthetic and natural materials) will remain the
main strategy to address the requirements of structural integrity and biomimicry. Finally, the
use of physiologically relevant bioinks, that is, natural biopolymers containing tissue-
specific decellularized ECM or growth factors, is expected to remain the main approach to
enhance scaffold biomimicry.

Microbioprinting strategies provide high-resolution tissue mimics to model specific aspects
of the tissue microenvironment. Yet, these technologies mainly use soft materials and
therefore found marginal applicability in load-bearing applications. Future investigations
should address this limitation by expanding current microbioprinting technologies to the use
of harder polymers, namely, synthetic materials and ceramics.

Ultimately, significant advances in TE and regenerative medi cine are likely to occur when
findings obtained on the microscale via microbioprinting will serve as design criteria for
macrobioprinting scaffolds of clinically relevant size.
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Figure 1.
Macrobioprinting of human vertebrae and mandible. A) The geometry of a human vertebra

was scanned and bioprinted via extrusion of PCL and MSC-laden alginate/GelMA in an
orthogonal fashion. B,C) Microcomputed tomography (B) and live/dead imaging (C) of cells
demonstrated the distribution of materials/cells (live cells in green in (C)) within the
macrobioprinted vertebrae. A-C) Adapted with permission.[24] Copyright 2016, Wiley-
VCH. D-G) Patient data of a mandible defect (D) were used to develop a CAD model for a
scaffold (E), which was then bioprinted by depositing alternate fibers of PCL (green),
Pluronic F-127 (blue) and cell-laden hydrogel (red) (F,G). H) Alizarin Red staining
confirmed the osteogenic differentiation of stem cells in the printed construct. D-H)
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Adapted by permission.[31] Copyright 2016, Macmillan Publishers Ltd. Scale bars in (B),
(C), and (H) are 1 mm.
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Figure2.
Macrobioprinting of vascularized bone niche and cardiac patch. A) Vascularized bone

constructs were fabricated as pyramidal constructs hosting a perfusable vascular lumen lined
with HUVECs (pink) and array of hMSCs-laden VEGF-functionalized GelMA fibers with
different mechanical strengths. B) Imaging of cross section of the resulting scaffold. C)
Imaging of cross-sectional fluorescence gradient to show different chemical
functionalization of bioprinted fibers. Scale bars in (B) and (C) are 500 pm. A-C) Adapted
with permission.[3¢] Copyright 2017, Wiley-VCH. D) Bioprinting design of prevascularized
cardiac patches, E) where a PCL layer provides structural support for F) two cell-laden
bioinks. Scale bar in (E) (left) is 1 mm, while the scale bar in (F) is 200 pm. D-F) Adapted
with permission.[3%] Copyright 2017, Elsevier.
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Figure 3.
Microbioprinting of vasculature and skin models. A) Rendering of the microvasculature

model developed by Pataky et al. B-D) Slices of the model and confocal images according
to the slicing planes labeled in (A). E) Composite image showing perfusion of the alginate
microchannel with fluorescent beads flowing at 0 and 2 s. The scale bars in (B)—(E)
represent 200 um. A—E) Adapted with permission.[®8] Copyright 2012, Wiley-VCH. F)
Schematic of the FRESH process developed by Feinberg and co-workers, where a hydrogel
(green) is extruded and cross-linked in a gelatin slurry (yellow). Upon completion, the
system is heated to 37 °C to melt the gelatin and release the scaffold. G) Example of arterial
trees printed in fluorescent alginate (green) via the FRESH method, H) where a stable lumen
was formed with and defined vessel wall <1 mm thick. Scale bars are 2.5 and 1 mm in (G)
and (H), respectively. F-H) Adapted with permission.[82] Copyright 2015, American
Association for the Advancement of Science. 1) Schematic of the microbioprinting setup
used by Koch et al. (left), where the pressure of a laser-induced vapor bubble propels a cell-
laden hydrogel and yields a micropatterned grid structure (right) of fibroblasts (green) and
keratinocytes (red). J) Histology image showing seven alternating layers of red and green
keratinocytes, where each colored layer consists of four microbioprinted sublayers. Scale bar
is 500 um in (1)=(K). I-K) Adapted with permission.[22] Copyright 2012, Wiley-VCH.
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Tissue Printing Technology Application
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Figure 4.

Macro- versus microbioprinting. Graphical comparison of the findings in macro- and
microbioprinting presented in Sections 2 and 3. Quantitative comparison focused on: A,B)
the type of tissues that was bioprinted, C,D) the bioprinting technologies used, and E,F) the
application stage in which the constructs were used. A,B) Microbioprinting approaches
make use of soft hydrogel as bioink, limiting therefore their applicability to soft-tissue
modeling, particularly vasculature and skin. Conversely, macrobioprinting strategies have
been mainly leveraged for musculoskeletal TE applications, due to the possibility of
combining materials with a wide range of mechanical properties. C,D) A wide range of
technologies has been used for tissue modeling via microbioprinting, while
macrobioprinting vastly relies on extrusion-based bioprinting to fabricate large constructs in
a short amount of time. E,F) As per our definition, microbioprinting strategies focus on the
development of highly detailed tissue models, understanding the interaction between cells
and their tissue-specific niches, and are thus mainly applied for in vitro studies (89%). A
small portion of these studies have been extended into in vivo stages (11%),157:67] to further
assess microprinted features in living environments. The aim of macrobioprinting
approaches is to develop viable tissue constructs and the majority has already reached in
Vvivo testing stage (55%) after initial in vitro testing. Despite 45% of applications having not
been tested in vivo, they are purposely developed for tissue reconstruction.
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Figureb.
Acellular micro-3D printing. A,B) Scanning electron microscopy images of pentaerythritol

tetraacrylate (PETTA) processed by direct laser writing (A), which was developed by
Greiner et al. to investigate cell invasion and morphology (nuclei in red, F-actin in green,
and scaffold in white) (B). A,B) Adapted with permission.[72] Copyright 2014, Elsevier. C)
Image of microwave sintered tricalcium phosphate (TCP) and Sr-Mg-doped TCP scaffolds,
and D) an SEM image of the TCP scaffold. C,D) Adapted with permission.[71] Copyright
2013, The Royal Society of Chemistry.
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