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A B S T R A C T   

Bioprinting is a rapidly developing technology for the precise design and manufacture of tissues in various 
biological systems or organs. Coaxial extrusion bioprinting, an emergent branch, has demonstrated a strong 
potential to enhance bioprinting's engineering versatility. Coaxial bioprinting assists in the fabrication of com-
plex tissue constructs, by enabling concentric deposition of biomaterials. The fabricated tissue constructs started 
with simple, tubular vasculature but have been substantially developed to integrate complex cell composition 
and self-assembly, ECM patterning, controlled release, and multi-material gradient profiles. This review article 
begins with a brief overview of coaxial printing history, followed by an introduction of crucial engineering 
components. Afterward, we review the recent progress and untapped potential in each specific organ or bio-
logical system, and demonstrate how coaxial bioprinting facilitates the creation of tissue constructs. Ultimately, 
we conclude that this growing technology will contribute significantly to capabilities in the fields of in vitro 
modeling, pharmaceutical development, and clinical regenerative medicine.   

1. Introduction 

Bioprinting is a rapidly developing technique for the precise ma-
nipulation and manufacture of complex tissues. There are a rapidly 
growing number of bioprinting techniques, including inkjet-based, ex-
trusion-based, laser-assisted, and stereolithographic methods [1]. Of 
these, extrusion-based printing has received attention because it is 
compatible with a large number of materials, can position cells at high 
densities, and can utilize a variety of crosslinking methods [2]. Rapid 
commercialization has also aided in the widespread use of extrusion- 
based printing [3]. However, the technique is still in its nascency, and 
novel methods are being developed. 

In this review article, we highlight the realized and untapped po-
tential for a specific type of bioprinting technique: coaxial extrusion. 
Coaxial extrusion can be broadly defined as any extrusion technique 
which simultaneously deposits two or more flow streams in concentric 
rings, achieved by using a coaxial nozzle [4]. In the following sections, 
we briefly overview the history of coaxial printing and then present the 
mechanical hardware features necessary to implement the system for 
biomaterials. We illustrate various operating approaches and present 
tissue engineering applications to which coaxial bioprinting has de-
monstrated or potential applications. Finally, we briefly discuss which 
engineering design benchmarks will be crucial for future applications of 
the technology. 

1.1. History 

The roots of coaxial bioprinting technology go back at least 120 
years. Electrospinning, a process that draws nanoscale fibers from an 
electrified solution, has a coaxial nozzle design in its first patent [5]. 
The coaxial nozzle was designed to keep fresh solvent around the nozzle 
to prevent clogging, a common problem even in modern systems. 
Electrospinning techniques are extensively reviewed elsewhere [6]. 

The first extrusion-based coaxial systems were developed in the 
1930s, incorporating a coaxial hardening system for artificial silkworm 
silk [7]. Advancements in coaxial spinnerets were developed in the 
1960s and 1970s [8,9], with the focus of the technology being hollow 
fibers, especially for use in dialysis. To our knowledge, the first biolo-
gically relevant application of a coaxial material (not just a hollow fiber 
or a sheath flow) was in cell encapsulation. In the 1980s, there were 
several studies on cell encapsulation that used a triaxial configuration 
(cell core, polymer sheath, and outer airflow sheath) that reduced shear 
stress in cells compared to other methods [10,11]. In 2003, a similar 
coaxial nozzle was used to electrospin two polymers into one core- 
sheath nanofiber. This allowed for the electrospinning of materials 
otherwise unsuited to the process by sheathing them in a material that 
is easy to electrospin or simplifies fabrication of tubes by using a sa-
crificial core [12]. 

While coaxial nozzles were being developed, the principles and 
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motivations for coaxial geometries were being explored in fluidic sys-
tems. In 1953, Crossland Taylor made improvements on the Coulter cell 
counter by incorporating hydrodynamic focusing. Hydrodynamic fo-
cusing and cell counting have been researched together since 1972 [13] 
and have led to more recent applications in microfluidics [14]. Due to 
the laminar flow that characterizes microfluidic systems, they are 
naturally able to produce coaxial geometries, and this has been 
exploited in various material synthesis applications, both as threads 
[15] and as more complex tubes [16]. Hydrogel incorporation in these 
systems enabled cell-laden fibers [17,18]. 

While the first extrusion-based bioprinting was accomplished in 
2002, the first coaxial bioprinting was done only four years later [19]. 
However, it was not achieved through traditional coaxial means. This 
study used the differences in viscosities of two materials extruded 
through the same syringe tip to produce a coaxial material. This “vis-
cous encapsulation during extrusion” method, to our knowledge, has 
not been repeated. It was five more years before a true coaxial bio-
printing setup, with control over the position of the extruded material 
and a coaxial extrusion syringe, was used [20]. The coaxial materials, in 
this case, included an alginate core and a collagen sheath. The combi-
nation of the materials allows the mechanical benefits of alginate and 
the biocompatibility benefits of collagen. 

The intrinsic benefits of coaxial processing are consistent in both 
historical and current applications. These benefits can be broadly de-
fined as (1) precise control of concentric multi-material deposition, (2) 
enabling a broader range of printable materials, (3) single-step de-
position of sacrificial materials, (4) tunable release profiles, and (5) 
improved resolution through inline crosslinking. In the following sec-
tions, we demonstrate how these benefits can be exploited for various 
tissue engineering applications. 

2. Bioprinter design 

2.1. Instrumentation 

2.1.1. Nozzle and extrusion 
The key feature of coaxial extrusion is the use of concentric, multi- 

layered nozzles (Fig. 1A). Coaxial nozzles have an outer layer, which 
produces the sheath, and an inner layer, which produces the core. 
Nozzle sizes vary greatly depending on the application, and sheath 
nozzles with inner diameter up to 7 mm have been shown successful if 
proper curing and crosslinking procedures are implemented [21]. Core 
nozzle inner diameter can be as small as 210 μm [22]. Finer resolution 
has been demonstrated for single-material hybrid extrusion techniques 
[23]; however, inclusion of cells proves challenging as increased re-
solution and small nozzle sizes result in higher shear stress and damage 
to cells [24]. Very large nozzle sizes present opposite challenges, as the 
bioink yield stress may be overcome by gravity, making printing 

actuation impossible [25]. Other fabrication strategies may be more 
applicable in this case. 

For coaxial printing, the same nozzle dimensions can produce 
varying core to sheath ratios depending on the rate of extrusion, 
rheology of inks, and crosslinking parameters. Because the sheath and 
core fluids typically have distinct viscosities, differing extrusion rates 
are used for each flow stream [18]. Pneumatic and syringe pumps are 
used to independently control both sheath and core fluid flow. These 
flow rates are experimentally determined and affect the resulting di-
mensions. For example, increasing the flow rate of a layer will tend to 
thicken that layer of the resulting structure [26]. Often, increasing the 
flow rate of any hydrogel component will increase the diameter of the 
entire extruded fiber [26–28]. Flow rates also determine the resulting 
fiber morphology; by changing the ratio of core to sheath flow, straight, 
wavy, and helical fibers can be extruded. Triaxial and four-layered 
systems can also be created if printing parameters are optimized 
[29,30]. Arrangements of cell-laden material, crosslinking solution, 
hydrogel, or sacrificial material can produce different outcomes from 
the same nozzle, as discussed later, in Section 2.2. 

The two main methods of extrusion can be classified broadly as 
piston-based or pneumatic. Piston extrusion, typical in custom setups, is 
achieved with syringe pumps whereas pneumatic extrusion, common in 
commercial bioprinters, is achieved by a pneumatic pump. Piston ex-
trusion is volume defined, which allows for consistent flow of most inks, 
including non-homogenous mixtures [31]. This does, however, cause 
variations in pressure which can negatively affect cell viability if too 
high [32]. Pneumatic control circumvents this problem by carefully 
controlling pressure, but does require extensive ink tuning for precise 
volume deposition, and may fail with highly non-homogenous inks. 
While other extrusion mechanisms do exist, like cavity extrusion, they 
have not been utilized for coaxial bioprinting [33]. 

2.1.2. Crosslinking hardware 
Crosslinking solidifies the printed construct and is a critical com-

ponent in ensuring resolution and mechanical robustness. Crosslinking 
mechanisms fall into two categories; physical and chemical. Physical 
mechanisms rely on hydrophobic, electrostatic, or other non-covalent 
interactions. These interactions are inherently reversible, and are gen-
erally slow, although there are exceptions. A notable and widely used 
physical crosslinking method is the reaction of alginate with divalent 
anions such as Ca2+. This reaction is quicker than most physical 
methods and requires a bath [21], aerosol spray [29], or inline flow of 
calcium ions [30]. A vacuum under the stage may be used to remove 
the excess ion solution as deposition occurs [30]. Other physical 
crosslinking methods include temperature-based gelation, which re-
quires a temperature-controlled printhead, print bed, or ideally both. 

Chemical crosslinking involves the covalent reaction of bioprinted 
materials. The most ubiquitous chemical crosslinking method for 

Fig. 1. Key engineering components and features in 
coaxial bioprinting. (A) A typical extrusion coaxial bio-
printer is uniquely equipped with a concentrically 
layered nozzle. This nozzle extrudes different materials in 
each layer, carried in sheath and core fluids, respectively. 
(B–M) By modulating hydrogels, sacrificial, cell-laden, 
and crosslinking materials within each fluid layer of the 
nozzle, as detailed in section 2.2, a variety of structures 
can be created to achieve co-cultures, perfusable tubular 
constructs, and high-resolution scaffolds. Scale bars: (B) 
500 μm; (C) 250 μm; (D) 400 μm; (E) 20 μm; (F) 450 μm; 
(G) 300 μm; (H) 500 μm; (I) 1 mm; (J) 500 μm; (K) 
200 μm; (L) 400 μm; (M) 50 μm. Adapted with permission 
from (B) [37], (C) [40], (D) [42], (E) [43], (F) Reprinted 
(adapted) with permission from Y. Wang, R. K. Kankala, 

K. Zhu, S.-B. Wang, Y. S. Zhang, and A.-Z. Chen, “Coaxial Extrusion of Tubular Tissue Constructs Using a Gelatin/GelMA Blend Bioink,” ACS Biomater. Sci. Eng., vol. 
5, no. 10, pp. 5514–5524, Oct. 2019, https://doi.org/10.1021/acsbiomaterials.9b00926. Copyright (2019) American Chemical Society [62], (G) [44], (H) [29], (I) 
[30], (J) [45], (K) [79], (L) [48] and (M) [49]. 
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bioprinting is UV-based reactions [34], although enzymatic methods 
are also utilized on rare occasions [32,35]. UV-based crosslinking re-
quires a light source with wavelength and intensity compatible with the 
selected photoinitiator. Light-emitting diode light sources can be pur-
chased at wavelengths of 365, 385, 395, 405, 455, or 477 nm and can 
vary greatly in intensity. Most researchers utilize light sources on the 
longest possible wavelength while still adequately crosslinking their 
constructs, as this minimizes cell damage [34,36]. While many studies 
have shown acceptable cell viability using UV-based crosslinking 
methods, researchers must make conscious choices to reduce the risk of 
photo-irradiating cells. 

2.1.3. Stage 
The stage of a bioprinter is where deposition of the bioink occurs, 

and bioprinter designs vary in the way deposition is guided to produce 
desired structures. Many bioprinters use a nozzle within a computer- 
guided biaxial printhead that moves both laterally and front to back, 
and a uniaxial stage that moves vertically. Other bioprinters use a 
stationary or uniaxial printhead and a moving stage. Ouyang et al. 
extruded onto a rotating rod to create a spiraled cylindrical structure 
resembling a spring [37]. More complex systems, such as six-axis 
printhead movement, are also commercially available [38]. In all cases, 
stepper motors guided by software input from the researcher's coded 
instructions actuate the movement. For optimal resolution, the rate of 
extrusion must match the speed of the printhead or stage [37]. 

Alternatively, a bioprinter without a stage or computer-controlled 
motion might be favorable. Bella et al. created a handheld bioprinter, or 
“biopen”, that can be used during surgery as a means of directly 
printing tissue scaffold material and cultured stem cells onto an area of 
damaged tissue [39]. To produce their biopen, Bella et al. created a 
handheld device containing a custom coaxial nozzle with feed tubes for 
each layer, and a crosslinking UV light source. The device could then be 
used in conventional surgical operation, providing another approach to 
coaxial bioprinting hardware. 

2.2. Printing techniques 

Coaxial extrusion provides for a basic core/sheath printing config-
uration, which can be adapted to fit the design considerations of the 
desired 3D structure or microenvironment. As previously stated, coaxial 
bioprinting can be used to control concentric multi-material deposition 
or improve resolution through inline crosslinking. Materials can include 
any combination of hydrogels, cell-laden materials, crosslinkers, or 
sacrificial materials. Depending on the selection of technique, the 
technology allows for the creation of fibers, tubular structures, com-
posite 3D structures, and complex layered structures. Examples of each 
are shown in Fig. 1B – M. 

2.2.1. Multi-material deposition 
Multi-material deposition is used to achieve a complex structure 

composed of two different hydrogels capable of modulating mechanical 
or other properties to the structure. The technique may also allow in-
tegrating a sacrificial sheath or core, as well as co-extruding cell-laden 
layers for cell culture or co-culture models. Kim et al. demonstrated a 
mechanical property lending technique by creating multi-layer fibers 
with an alginate core and collagen sheath. This was done to improve 
mechanical properties that were not achieved with collagen fibers alone 
[20]. This method is generalizable to a number of materials, as de-
monstrated by Ouyang et al. (Fig. 1B) [37]. Structural support may also 
be provided by printing a more robust sheath around a soft core, such as 
cell-laden material. Dai et al. demonstrated this with a cell-laden fi-
brinogen core material, which was coaxially printed with an alginate/ 
gelatin sheath (Fig. 1C). Encasing the dense cell laden core with a more 
robust sheath provided structure for fiber formation, while creating the 
desired microenvironment for cell growth [40]. 

Multi-material deposition techniques may also use sacrificial 

materials in either the core or sheath position. Sacrificial materials 
provide temporary support to the structure. Onoe et al. created meter 
long fibers using cell-laden extracellular matrix (ECM) protein core 
with an alginate sheath as a template until cell growth reached a point 
that the sheath could be removed [41]. Wang et al. followed a similar 
approach [42] (Fig. 1D). Another study demonstrated this method 
through the use of a sacrificial Pluronic F-127 core and an alginate/cell 
sheath to create bio-blood vessels for use in neovascularization [43] 
(Fig. 1E). Cannular structures can be obtained using a similar printing 
configuration (Fig. 1F) [30]. 

Cellular co-culture is common in coaxial bioprinting, as the coaxial 
configuration allows two different cell-laden materials to be co-de-
posited in defined layers. Kim et al. demonstrated this in an attempt to 
model the microvilli structures of the small intestine. Collagen/small 
intestinal submucosa 3D structures with human umbilical vein en-
dothelial cells (HUVECs) were printed in the core, along with an epi-
thelial colorectal adenocarcinoma (Caco-2) cell-laden sheath [44] 
(Fig. 1G). Another study used a four-layer coaxial configuration to 
create a co-culture model with HUVECs and human umbilical vein 
smooth muscle cells (HUVSMCs) separated by sodium alginate layers 
[29] (Fig. 1H). To create the co-culture, coaxially extruded hollow fi-
bers were injected with both cell types after printing. Gao et al. used a 
combination of multi-material and sacrificial techniques to construct 
vascular grafts [43]. Endothelial cell-laden and smooth muscle cell- 
laden bioinks were printed against a sacrificial Pluronic F-127 core to 
create composite tubular structures suitable for vascular tissue re-
construction [43] (Fig. 1I). 

2.2.2. Coaxial crosslinking 
Coaxial crosslinking allows for the crosslinking reaction to begin 

during the extrusion process. Rather than extruding fibers into a 
crosslinking bath, a crosslinking solution can be printed coaxially along 
with the hydrogel, which can greatly improve printing resolution. One 
way to create tubular structures is by printing a single or multi-layer 
hydrogel sheath with a calcium chloride crosslinking solution core to 
create single layer and multi-layer tubular structures (Fig. 1J) [45]. 
Crosslinker in the core also promoted faster gelation, increased the 
print resolution, and allowed for further organization of printed tubes 
into scaffold structures (Fig. 1K) [46]. Costantini et al. showed that by 
using a crosslinking sheath around a hydrogel core, thick, multi-layered 
structures could be printed with fine resolution [47]. Cell-laden con-
structs can also be printed with a cross-linking sheath, as demonstrated 
by Salaris et al. with cortical neurons [48] (Figure 1L). 

2.2.3. Hybrid techniques 
The techniques discussed above can be used together to create un-

ique structures requiring crosslinking and multi-material deposition 
methods. Colosi et al. used a combination of sheath crosslinking and 
microfluidic systems to create a composite fiber of two different hy-
drogels side by side [49] (Figure 1M). Other studies have shown mi-
crofluidic incorporation to achieve multi-material deposition or gra-
dient mixing of components [28,50–52]. Heterogenous patterned 
filaments can be created by intermittently alternating core and sheath 
fluid [37,50]. Coaxial bioprinting techniques have also been used in 
conjunction with other modalities. For example, Cui et al. constructed a 
scaffold by alternating stereolithographic and coaxial extrusion tech-
niques [53]. Hybridization of established and novel printing techniques 
will continue to expand this technology, allowing tissue-specific con-
structs (Fig. 2). 

2.3. Bioink formulation 

Selection and tuning of bioinks is central to designing bioprinting 
experiments. Bioink selection affects every aspect of the experiment, 
from required crosslinking components to ultimate cell viability. The 
ideal bioink would have a viscosity in the range of 30 mPa/s to 
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600 kPa/s [31], contain cell signaling and cell attachment molecules to 
induce a favorable cell response, possess mechanical properties ap-
propriate for the application, and exhibit gelation processes that are 
both quick (to maintain resolution) and cytocompatible. This topic has 
been extensively reviewed elsewhere [31,32,35], and special attention 
has been given to the formulation of bioinks with photosensitive 
properties [34]. This topic, however, has not been discussed from the 
perspective of coaxial bioprinting. 

In coaxial bioprinting, alginate and collagen were the first bioinks to 
be utilized [20], producing constructs that had the benefits of both 
collagen and alginate. As typically formulated, alginate has strong 
mechanical properties, allowing for superior resolution, whereas col-
lagen is soft and allows for favorable cell interaction and aggregation. 
There has been success in both producing an alginate core with collagen 
sheath and an alginate sheath with collagen core [20,29]. As we discuss 
later, the latter approach – a low viscosity, high cell density core with a 
mechanically stable sheath – is a key benefit of coaxial bioprinting as it 
extends the range of printable bioinks. 

While between 25 and 30 different materials have been used in 
bioprinting, coaxial bioprinting has only been used with a dozen 
bioinks [35]. In fact, more than half of all coaxial bioprinting pub-
lications utilize alginate or gelatin-based materials. A broader range of 
inks for coaxial bioprinting will help advance future experiments, as 
bioink requirements for cells can vary widely. This is especially the case 
for stem cells [54]. The desired properties of a final product can extend 
beyond the cells as well, and include requirements relating to functio-
nalized peptides [55], electrical conductivity [56,57], or structural 
support. Coaxial bioprinting allows the possibility of even more di-
versity in material selection, since the core material does not necessa-
rily need to meet traditional printability standards, as well as allowing 
for hollow constructs to be later perfused with other materials. For 
example, perfusion of decellularized ECM-based binding proteins, fol-
lowed by a low viscosity cell-laden hydrogel could facilitate enhanced 
cell attachment and migration. In addition, to allow for a higher rate of 
diffusion in bioprinted constructs, sacrificial particles could be added to 
the sheath fluid that would later be removed by either leaching (in the 

case of salts) or thermal liquification (in the case of Pluronics). 

3. Applications of coaxial printing 

3.1. Vasculature 

One major application for coaxial bioprinting has been in the 
creation of vasculature (Fig. 3), which is vital in most tissue engineering 
strategies [4]. A key clinical outcome of work in this field would be the 
development of fully functional, physiologically relevant tissue for 
vascular repair. In vitro and in vivo, lack of vascularization is often 
cited as one of the central challenges limiting the growth and function 
of tissue-engineered constructs, and significant attention is currently 
directed to solving this problem [58]. 

Coaxially-bioprinted constructs can be used to model the funda-
mental multiscale characteristics of the circulatory system. Vascular 
structures include arteries and veins, which are 10–300 mm in dia-
meter, arterioles and venules, which are 0.02–0.08 mm in diameter, 
and capillaries, which are typically 0.005–0.01 mm in diameter [59]. 
As presented previously, a typical coaxial nozzle resolution is 0.21 mm 
(inner diameter) - 7 mm (outer diameter), enabling the creation of 
tubes in the size range of arterioles and small arteries. Recent research 
has attempted to recapitulate these dimensions and multiscale ar-
rangement. For example, a number of studies have coaxially printed 
macro-scale scaffolds composed of hollow fibers with the aim of in-
creasing endothelial cell invasion and vascularization [22,46,60]. 
Multilevel fluidic channels can also be created by extruding onto a 
rotating platform: these channels could then be arranged into large, 
branched vasculature [61] (Fig. 3A). Thus, careful choice of nozzle 
dimensions and flow may enable a physiologically relevant scaffold 
organization. 

Coaxial printing can also aid angiogenesis. Printing of cell-laden 
sheath and sacrificial or crosslinking core has also been shown to pro-
mote vessel-like arrangement and expression of endothelial-specific 
biomarkers [45,46,62,63]. Self-arranged lumen structures also emerge 
from cell migration through homogenous cell-laden core material 

Fig. 2. Schematic of tissue applications and key struc-
tural features that benefit from coaxial bioprinting. 
Various tissues can be created using coaxial printing 
strategies, including vasculature, skeletal tissue, self-as-
sembled tissue, neural tissue, the digestive system, and 
the kidney. Specific features of interest are listed beneath 
each tissue type. 
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[22,28] (Fig. 3B). Growth factor incorporation in coaxially extruded 
constructs can also achieve controlled release, whether the growth 
factor is incorporated in the core or the sheath fluid [21,60,64]. This 
can be extended for a variety of small molecules, such as angiogenic 
factors, sustained release of which can aid in endothelialization. As a 
significant step forward, Gao et al. showed that coaxially-bioprinted 
veins could aid in ischemic limb repair in a rodent model [43] (Fig. 3C). 
In their study, only cell-laden constructs were capable of limb salvage 
and were further improved by the inclusion of a statin drug. Further 
studies could follow a similar approach, taking these technologies 
closer to the clinic. 

Models for disease and drug research are another compelling ap-
plication for coaxially bioprinting vasculature. Current atherosclerosis 
models have been reviewed elsewhere [65,66] and can be built from 2D 
culture, micro-scale “on-a-chip” systems, or more traditional tissue- 
engineered scaffolds. Depending on the platform, challenges might in-
clude lack of three-dimensional arrangement, concerns about micro-
fluidic sizes not modeling macro-scale processes well, complicated 
workflows, or incompatibility with bulk fluid flow [65]. Coaxially- 
bioprinted models can help advance the field as (1) coaxial printing is 
well suited for creating tubular structures, (2) the size scale is correct, 
(3) multi-layered constructs can be extruded in a single fabrication step, 
and (4) final constructs are perfusable. These ideas were recently de-
monstrated in a drug diffusion model of blood and lymphatic vessels, 
where coaxial printing simplified the fabrication process [67]. 

Coaxial prints may also aid disease models of the blood-brain bar-
rier. The blood-brain barrier is critical for regulating transport to the 
brain and may be directly affected by inflammation and ischemia [68]. 
In vivo understanding of these processes is difficult; various 2D and 3D 
cell culture models have been developed to bridge this gap [69,70]. 
Recently, Liu et al. presented a coaxially printed model where they co- 
cultured brain microvascular endothelial cells, endothelial progenitor 

cells, and astrocytes [21]. After printing a hydrogel construct, the group 
sequentially deposited cell and material layers, resulting in a complex 
final structure. However, multi-layered coaxial printing has yet to be 
fully exploited and may provide simplified fabrication for novel insights 
into blood-brain barrier function and pathology. Additionally, key 
features of the blood-brain barrier, including transendothelial electrical 
resistance, permeability, and efflux transport, should be assayed in fu-
ture work [69]. 

Coaxial vasculature strategies could be extended to a variety of 
tissues. For example, coaxial printing of endothelial cells has been 
successfully demonstrated in muscle fiber engineering. Coaxially- 
printed vasculature-laden constructs, after implantation, achieved su-
perior re-vascularization, anastomosis, and innervation with the host 
tissue, likely due to the cells being geometrically compartmentalized 
(Fig. 3D) [43]. Another study accomplished drug testing in an en-
dothelialized muscle construct printed with a coaxial nozzle [22]. 
Lastly, He et al. introduced a four-layer coaxial system for use with 
endothelial and smooth muscle cells [29]. These vascularization stra-
tegies are generally applicable and will provide strong motivation for 
the use of coaxial bioprinting amongst many different tissues. 

3.2. Skeletal system 

Articular cartilage, an avascular connective tissue that places a 
major role in the skeletal system, has received significant attention 
among tissue engineers [71]. Its well-characterized mechanical prop-
erties are unique in their ability to withstand loads and transfer forces 
through the musculoskeletal system [72,73]. The tissue is composed of 
anisotropic gradient layers of tissue, which are typically characterized 
as the superficial, middle, deep, and calcified layers [72]. Thus, in vitro 
assembly of functional, full-depth cartilage tissue must incorporate 
multiple material characteristics and gradient interfaces. 

Fig. 3. Vasculature applications of coaxial printing. (A) 
Tubular vessels were created by extruding sodium alginate 
onto a rotating rod (upper), and then assembled into mul-
tiscale vasculature (lower). (B) Alternatively, by cross-
linking within a glass tube and varying the viscosity of the 
core and sheath fluids (left), coiled-rope structures (upper 
right) were created to provide space for the lumen forma-
tion of endothelial cells (lower right). (C) Artificial bio- 
blood vessels (BBV) were created using a sacrificial core 
fluid (left), showing enhanced limb salvage in a mouse 
model when laden with cells (EBBV) and statin drug 
(EABBV) (center right). (D) Coaxially printed vessels (left) 
showed better cell differentiation in vitro (center). They 
also significantly improved muscle-endothelial integration 
and blood vessel regeneration in a rat model, as compared 
to single fluid printing (right). Scale bars: (A) 5 mm; (B) 
200 μm; (D) 200 μm. Reprinted (adapted) with permission 
from (A) Q. Gao et al., “3D Bioprinting of Vessel-like 
Structures with Multilevel Fluidic Channels,” ACS Biomater. 
Sci. Eng., vol. 3, no. 3, pp. 399–408, Mar. 2017, https://doi. 
org/10.1021/acsbiomaterials.6b00643. Copyright 2017 
American Chemical Society. [61]; (B) [50]; (C) [43] and (D) 
[128]. 
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Several groups have utilized coaxial bioprinting in the creation of 
articular cartilage [39,47,51,74,75]. Kosik-Koziol et al. focused ex-
clusively on the calcified cartilage zone, using core crosslinking extru-
sion to improve the resolution of the resulting scaffold [74]. Constantini 
et al. achieved a similar resolution with a microfluidic coaxial nozzle 
[47]. Multi-material gradient formation was recently demonstrated by 
Idaszek et al. [51]. The group integrated a passive microfluidic mixer 
within their coaxial extrusion nozzle, thereby allowing increased real- 
time control of the resulting print material. By modulating the flow 
with two gradients, a smooth transition between hyaline cartilage ink 
and calcified cartilage ink was achieved. Subsequently, collagen de-
position and other favorable in vivo responses were observed. This 
approach demonstrated the potential for microfluidic-enhanced coaxial 
printing in biphasic, gradient systems. 

Another noteworthy approach was presented by Bella et al. where a 
coaxial extrusion handheld bioprinter was designed [39,75] (Fig. 4A). 
In this case, the sheath hydrogel protected cells during extrusion and 
improved the mechanical properties of the final print. The use of a 
handheld printer facilitated onsite bespoke geometry and smooth in-
corporation within surgery. This initial study was a monophasic system; 
future work might incorporate biphasic printing in situ to extend the 
capabilities of the technology. 

The skeletal system is also composed of bone marrow and ossified 
bone tissue. Bone marrow primarily consists of two types of stem cells: 
hemopoietic and stromal, with the former producing blood cells and the 
latter producing fat, cartilage, and bone. Hemopoietic cells are of par-
ticular interest as a means of producing blood ex vivo [76]. It has been 
recently shown that both the cell yield and enucleation increased 
through co-culture with stromal and macrophage cells. In addition, 
several studies have shown that hydrogel scaffolds are a promising 
method for culturing hemopoietic cells [77]. These results provide an 
opportunity to coaxially co-culture stromal and hemopoietic cells 
through coaxial bioprinting. While bioprinting of human mesenchymal 
stem cell-laden materials has been studied with promising results [78], 
the addition of a multi-layered co-culture technique would be of in-
terest. 

Relative to bone marrow, engineering of the bone itself is more 
straightforward. The key difference is the lack of blood production, 
which means that the primary concerns are cell viability and structural 
integrity instead of selective differentiation of hemopoietic cells into 
blood cells. While bioprinting for bone engineering is a well-studied 
field, cell infiltration and viability remain important issues [79]. One 
study used an osteoblast precursor cell line as a middle layer in an al-
ginate-based bioprinting system and identified an increase in mechan-
ical properties as a benefit of the coaxial design (Fig. 4B) [80]. Because 
this system incorporated cells directly, it did not have any issues with 
cell infiltration or non-uniform cell distribution. As was covered in 
3.1.1, coaxial printing techniques could also be applied for enhanced 
vascularization, which is an outstanding problem in bone tissue 

engineering constructs [81]. 

3.3. Self-organized tissue (cancer and organoid models) 

Proper cell motility and cell-cell contact are crucial for self-assembly 
of tissues, as evidenced by spheroid and organoid cultures [82,83]. 
Heterogenous, complex tissues have been robustly shown to self-orga-
nize from small populations of closely associated cells, such as em-
bryoid bodies [84]. However, many cell-laden hydrogels hinder cell-cell 
contact instead of specifically promoting it [85]. Low density, dis-
sociated cells seeded within hydrogels have limited intracellular junc-
tions and migration, limiting self-assembly processes and significantly 
affecting cell differentiation and gene expression [86]. 

In cancer research, coaxial bioprinting offers unique opportunities 
to improve cell-cell contact and cell migration, by encapsulating larger 
aggregates. For example, Dai et al. demonstrated that an alginate-based 
sheath fluid could allow extrusion of a core fluid with soft mechanical 
properties and high cell density, which promoted cell migration and cell 
contact, respectively [40] (Fig. 5A). The high cell density allowed for 
better modeling of the cancer microenvironment, as evidenced by the 
high expression of cell specific biomarkers, as compared to alginate- 
based cell encapsulation. The same group extended their cancer plat-
form for co-culture experiments and drug resistance modeling [42]. An 
advantage of this technique is its ability to exploit natural self-assembly 
processes. While not specifically used for cancer studies, similar self- 
assembly processes were achieved by Onoe et al. [41]. This bioprinting 
approach does, however, rely on a mechanically stable sheath, which 
can limit diffusion and waste removal; further development of ideal 
sheath material should be a focus of future research. 

Similar coaxial bioprinting techniques could be extended to the 
growing field of organoid engineering. Organoids, self-assembled tissues 
derived from stem cells, are valuable for recapitulating heterogenous early 
developmental processes and are increasingly being commercialized [87]. 
Organoids have been used in a staggering number of applications, in-
cluding intestinal, cerebral, pancreatic, kidney, hepatic, retinal, lung, co-
lonic, gastric, thyroid, prostate, salivary, mammary, lingual, placental, and 
spinal tissues, which are reviewed elsewhere [88]. Bioprinting has only 
recently seen application in organoid literature [89–96]. In coaxial sys-
tems, developing organoid tissues might be printed within a sacrificial 
sheath hydrogel, allowing for mechanical strength and hierarchal ar-
rangement, without compromising cell viability (Fig. 5B). Importantly, 
bioprinting within soft material preserves cell-cell contacts. A few studies 
have demonstrated spheroid or organoid bioprinting into pharmaceutical 
well-plate assays [89,90,97]. Coaxial bioprinting with a sacrificial sheath 
and soft core could augment these approaches, bringing the same benefits 
of enhanced cell-cell contact and self-assembly. Alternatively, coaxial 
bioprinting during organoid aggregation might aid in the creation of 
vascular structures within self-organized tissues, an outstanding unsolved 
problem [88]. 

Fig. 4. Cartilage applications of coaxial bioprinting. (A) 
For cartilage generation, Bella et al. developed a hand-
held coaxial extrusion printer, by miniaturizing the 
printer into a “biopen” pipette configuration (upper) that 
can be used for generation of cartilage on-site in a surgery 
(lower left). Upon implantation in a sheep model, favor-
able collagen formation was achieved (lower right). (B) 
Ahn et al. used an osteoblast precursor cell line as a 
middle layer in an alginate-based bioprinting system and 
identified an increase in mechanical properties as the 
core to sheath ratio increased in their constructs. Scale 
bars: (A) 50 μm. Adapted with permission from (A) [75] 
(upper) [39]; (lower) and (B) [80]. 
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3.4. Neural tissue 

Although neural cell culture has been an extensive focus of micro-
fabrication, bioprinting of neural cells has emerged more slowly 
[98,99]. Bioprinting with neurons is challenging, as neural cells are 
susceptible to their microenvironment, especially shear stress during 
the extrusion process [100]. Materials for neural cell culture should 
provide adhesion, cytocompatibility, and a soft elastic modulus, which 
is challenging to balance with the demands of printability. A few studies 
have demonstrated viable printing of neurons within a coaxial system. 
Onoe et al. encapsulated cortical cells within an ECM protein hydrogel, 
which formed nerve fibers [41]. Lozano et al. coaxially printed multi- 
layer structures of gellan gum-RGD hydrogel, achieving axon penetra-
tion through the construct [101]. A co-culture system of neuron and 
glia was developed by Salaris et al. to allow for electrophysiological 
measurements [48]. In the first example, a sacrificial sheath allowed for 
extrusion of soft ECM material. In the latter two cases, crosslinking/ 
cell-laden approaches were used to improve the resolution of the re-
sulting structure. Further innovation in bioprinting of neurons may 
provide novel insights into 3D culturing, precise network formation, 
and imbedded sensor strategies. 

A major unexplored application of coaxial neural printing is the 
regeneration of peripheral nerve fibers. Peripheral nervous repair 

remains expensive, with success rates around 50% [102]. Thus, a 
bioengineered strategy is of great interest. Various biofabrication stra-
tegies for peripheral nervous system repair are reviewed elsewhere 
[103,104]. Notably, these include the creation of neural guidance 
conduits (Fig. 6). Neural guidance conduits are thin, tubular structures 
that typically have an inside diameter of 1–2 mm and lengths between 5 
and 80 mm, depending on the in vivo model [103,105]. Because of the 
method's intrinsic benefits, coaxial bioprinting may be promising for 
peripheral nerve fiber repair [103]. In many ways, the technology un-
iquely satisfies the demands of neural guidance conduits as it enables 
precise, multi-layered, tubular structures at the correct size scale. For 
example, a sacrificial core might produce hollow neural guidance 
conduits, while growth factors might be incorporated into the sheath 
flow for enhanced neural growth. However, to our knowledge, this field 
remains largely unexplored. 

3.5. Digestive system 

Significant attention has been given to tissue engineering of the 
digestive system; other reviews have focused on bioprinting strategies 
for this organ system, so we present only enough background here to 
demonstrate the use for coaxial bioprinting in these tissues [106–109]. 
Applications include pancreatic islet culture for diabetes treatment 

Fig. 5. Applications of coaxial bioprinting in self-orga-
nized tissue and organoids. (A) In an example biomanu-
facturing process, cancer cells were extruded in a core of 
soft ECM material (fibrinogen) with a porous shell of 
crosslinking alginate (left). This allowed cells to aggregate 
by day 4 (upper right), and form fibers by day 7 (lower 
right). Adapted with permission from Dai et al. [40]. (B) 
Organoids, which model a number of tissues, are derived 
from embryonic stem cells (ESCs) or induced pluripotent 
stem cells (iPSCs) (upper). In our future perspective, or-
ganoid fabrication can benefit from the coaxial printing by 
extruding stem cells in a hard sheath/soft core config-
uration, prioritizing cell-cell contact and protection (lower 
left). Alternatively, coaxial printing of endothelial/muscle 
combinations could be used at the time of cell aggregation 
to engineer vasculature (lower right). Scale bars (A) 
100 μm (upper right); 200 μm (lower right). 
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[110] and intestinal engineering [44,111]. 
For the treatment of diabetes, the end functional goal is to restore 

euglycemia through endogenous insulin production. Macroencapsulation 
is a potential solution [112]. In this technique, large numbers of trans-
planted cells are encapsulated and implanted, ideally producing insulin 
while avoiding immune cell interactions and response. Oxygen diffusion 
within macroencapsulated islets is often the limiting factor [112]. Liu et al. 
demonstrated a coaxial approach for multiscale printing pancreatic islets 
aimed to meet these requirements (Fig. 7A). The resulting bioprints 
showed multiscale organization, but failed to achieve active insulin pro-
duction [113]. In an earlier study, cell-laden fibers were coaxially ex-
truded and used as functionally active, removable implants in a mouse 
model [41]. The fibers were injected through a micro-catheter, allowing 
minimally invasive surgery. In the future, careful selection of hydrogel 
properties and extrusion parameters might allow for future macroscale 
control without compromising cell viability. 

Coaxial printing has also been applied to intestinal tissue en-
gineering. The intestines display multiscale organization, and are 
composed of canonical crypt-villus structures at a microscale level 
(features smaller than 1 mm) and a series of concentric tissue types at a 
macroscale level (features larger than 1 mm) [114]. One major focus of 
intestinal tissue engineering is in vitro models of drug absorption for 

pharmaceutical applications [115]. The most common approach, mi-
crofluidics, can achieve complex, multicellular, mechanically-active, 
flow-driven systems [116]. While these systems have shown their uti-
lity, they are complex to implement. Coaxial bioprinting might re-
present an opportunity for simplified workflows, as perfusable, multi- 
layered constructs can be extruded in a single step. As was discussed in 
section 3.3, cells could also be extruded at high density, promoting cell- 
cell contact and self-organization. Alternatively, crypt-villus-like 
structures could also be directly patterned. For example, Kim et al. 
achieved a crypt-villus-like structure with accurate positioning at the 
microscale, by simultaneously printing an endothelial cell-laden core 
with a Caco-2 cell-laden sheath (Fig. 7B). Further studies could apply 
similar methods and demonstrate drug adsorption [44] and toxicity 
screening. Other groups engaged in intestinal engineering aim to re-
generate lost or damaged tissue, especially in the case of short bowel 
syndrome; coaxial bioprinting strategies may prove useful in this field 
as well [111,114,117]. 

3.6. Kidney 

Kidney engineering falls into two main groups; regenerative therapy 
of the kidney or the modulation of dialysis systems. In the simplest 

Fig. 6. Neural tissue applications of coaxial printing and 
future directions. (A) Neural guidance conduits have 
shown favorable results in rat models for peripheral 
nervous repair. As shown in their SEM images of sectional 
view (upper), neural guidance conduits are typically 
made of hollow tubes with a micro-porous wall. The da-
shed circle (center) shows a regenerated sciatic nerve, 16 
weeks after implantation of a neural guidance conduit. 
(B) Coaxial bioprinting is well suited to create this 
structure, as shown in the schematic: this remains an 
untapped potential for neural guidance conduits. Scale 
bars (A) 200 μm (left); 1 mm (right); 10 mm (lower). 
Adapted with permission from Hu et al. [129]. 
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sense, a kidney can be considered as a series of tubes that diffuse waste 
across a barrier [118]. Both dialysis and kidney modeling systems work 
on this basic principle. Despite the clear structural parallels between 
kidneys and coaxial bioprinting, to our best knowledge, no coaxial 
bioprinting has been used to study kidney tissue engineering. 

Coaxial bioprinting can simplify kidney approaches. The use of 
bioprinting in kidney engineering was proposed in 2017 and realized 
the following year by a group from MIT [118,119]. A four-step process 
consisting of printing a path, casting, removing the printed material, 
and seeding the resulting tube with cells made significant progress in 
kidney-on-a-chip modeling [113]. By using coaxial bioprinting, the 
workflow could be simplified. A three-layered coaxial bioprinting 
system consisting of a crosslinking core, cell-laden middle layer, and 
supporting outer layer would increase speed and decrease processing 
steps. 

In addition to improving kidney models, dialysis techniques are also 
a suitable application of coaxial bioprinting. Emergent techniques in 
dialysis rely on cell-laden tubes. Cell-laden dialysis systems incorporate 
the metabolic and endocrine function of a working kidney [120], and 
thus improve traditional dialysis systems. Upscaling has been shown in 
multi-step processes [121]. Future applications of coaxial bioprinting 
could produce cell-laden membranes in a single step. For example, 
cellulose based sheath flow with a low-viscosity core laden with kidney 
cells would be a viable option to produce living dialysis membranes. 

4. Future perspective 

4.1. Commercialization 

Because the technology is fairly young, the majority of coaxial 
bioprinting studies have utilized custom-made bioprinting setups. This 
approach limits the repeatability of results between labs. Commerical 
coaxial bioprinting setups provide an opportunity for more widespread 
adoption of the techniques. Currently, available products range from 
basic setups, which can handle one core and one sheath fluid [122], to 
advanced microfluidic bioprinting strategies, which can be pro-
grammed to produce a variety of results [123]. Coaxial extrusion bio-
printers include the Allevi 2/3 (Allevi, USA), RX1 Bioprintter (Aspect 
Biosystems, Canada), BioAssemblyBot (Advanced Solutions, USA), 
Bioscaffolder 3.1 (GeSiM, Germany), and 3DDiscovery Evolution (Re-
genHU, Switzerland) [38,122–125]. 

4.2. Limitations 

In the previous section, we have attempted to demonstrate the 
utility of coaxial bioprinting. However, challenges remain in terms of 
robust formulation, characterization, and standardization. For example, 
ink compatibility and formulation, especially in multi-material systems, 

remains a challenge [35]. While coaxial bioprinting can help improve 
printing resolution, extrusion-based bioprinting is still limited com-
pared to other techniques, such as stereolithography [1]. Once a con-
struct has been printed, mechanical characterization is important, 
especially in the case of load-bearing tissues. However, mechanical 
characterization is parameter-dependent, and characterization varies 
widely between studies [73]. In all cases, coaxial bioprinting studies are 
limited; future work will help standardize and validate the initial 
findings we have reviewed here. 

Future work will also need to fulfill key biological requirements. For 
example, as coaxial printing allows for simplified co-culture experi-
ments, experimenters need to address media optimization [126]. Cur-
rent approaches include the use of minimal essential media [22,29,44] 
or ratios of more complex media formulations [30]. Additionally, nu-
trient exchange within constructs is a formidable barrier. While coaxial 
bioprinting of vasculature has demonstrated its ability to enable thicker 
tissue fabrication, these tissues still have relatively small volumes 
(usually all dimensions are under a centimeter), and future studies will 
need to continue to push this limit [63]. Time of fabrication for thick 
tissues is another key barrier that must be critically addressed, espe-
cially for sensitive cells [127]. This can in some ways be improved 
through the use of novel crosslinking approaches such as hybrid inline- 
UV crosslinking [24,34], but a lack of standardization both in intensity 
and duration of crosslinking still hinders development in this area. The 
optimal concentrations of photoinitiator and corresponding low in-
tensity light sources will need to be characterized, especially as the field 
begins to engineer constructs that also change with respect to time (4D 
bioprinting). 

4.3. Prospects 

Coaxial bioprinting has demonstrated clear advantages for tissue 
fabrication: the technique enables a wider range of printable materials, 
a single-step deposition of sacrificial materials, and improved resolution 
through inline crosslinking. Importantly, coaxially-printed tissue con-
structs have also been shown to promote favorable biological outcomes, 
such as improved vascularization and host integration. A number of 
tissues, including cartilage and pancreatic islets, have been fabricated; 
coaxial bioprinting has clear, unexplored potential in neural guidance 
conduits, among the other areas we outline. The integration of self- 
assembled tissue bioprinting into pharmaceutical well-plate format as-
says also has a bright future [89,97]. The technology also broadens 
automation strategies for macro-scale tissue fabrication, which could 
benefit drug screening workflows. As the field matures, we envision 
that coaxial bioprinting will provide significant insights into the fields 
of in vitro modeling, pharmaceutical development, and clinical re-
generative medicine. 

Fig. 7. Digestive system applications of coaxial printing. 
(A) Pancreatic islet fibers inside an alginate/gelatin hy-
drogel sheath were coaxially printed (upper) and showed 
islet encapsulation and viability (lower) (B) Finger-like 
villus structures (upper) were mimicked through micro-
scale positioning of intestinal cells using coaxial bio-
printing (Caco-2 core and HUVEC endothelial sheath). 
End-closure was achieved by lifting the nozzle (red 
arrow). Immunocytochemistry revealed the development 
of the Caco-2/HUVEC encapsulation into matured en-
dothelium monolayer and capillaries (lower). Scale bars 
(A) 200 μm (lower); (B) 100 μm (bottom left); 50 μm 
(lower right). Adapted with permission from (A) [113] 
and (B) [44]. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web 
version of this article.) 
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