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3D-Bioprinted Constructs
that Breathe

Clara R. Correia1,* and João F. Mano1,*
An old but still hot topic in tissue engineering (TE) is the establish-
ment of efficient vascularization networks proving fine, controlled,
and long-term distribution of oxygen and nutrients. Combining
elegant three-dimensional (3D) fabrication techniques with uncon-
ventional living microorganisms, namely photosynthetic species,
complex 3D-printed TE constructs are proposed by Maharjan et al.
enabling to provide a continuous and on demand oxygen supply
to mammalian tissues.
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Following the implantation of three-

dimensional (3D) bioengineered sys-

tems, a series of well-orchestrated and

complex biological processes occur

aiming towards tissue repair and regen-

eration.1 While the in vitro delivery of

essential biomolecules assuring cell sur-

vival can be more easily circumvented,

using for example cell culture apparatus

such as perfusion bioreactors, most tis-

sue engineered strategies fail upon im-

plantation. In vivo, tissue survival is

dictated by a 100-200 mm distance

from the nearest capillary, thus the im-

planted biomaterials have to rely on a

vascular network to supply oxygen and

nutrients. Deprived from that, hypoxic

regions are generated, and conse-

quently cell proliferation is significantly

jeopardized, as well as other important

cellular processes, such as gene expres-

sion and matrix deposition. Ultimately,

either by the absence of a vascular

network, or its delayed establishment,

cell death and microtissue necrosis

occur, specially at the inner regions of

the TE constructs. Considering that situ-

ations demanding the intervention of

TE approaches are most often those

that include large defects, otherwise

solved by the innate self-healing of the

human body, the establishment of a

proper vascular supply is evenmore crit-

ical, and challenging, in such clinical-

relevant 3D artificial strategies.

Different approaches have been pro-
posed to overcome nutrient perfusion

and mass transport limitations of TE

constructs, ranging from (1) bio-

engineered systems functionalized

with key binding sites (Figure 1i) to

guide and facilitate angiogenesis (e.g.

integrins, growth factors);2 (2) systems

based on void-spaced or liquified struc-

tures to enhance diffusion and vascular

ingrowth – those devices can be pro-

duced by sophisticated techniques,

such as 3D bioprinting and electrospin-

ning-based approaches, that enable

high geometrical precision, and thus

playing with bulk features (Figure 1ii-

a), such as architecture and porosity,3

or by using bottom-up strategies (Fig-

ure 1ii-b), such as encapsulation strate-

gies in liquefied environments;4,5 and

(3) in vitro prevascularized scaffolds

(Figure 1iii).6

However, the in vivo establishment of

functional vascular networks still re-

mains a major challenge. While deco-

rated constructs rely on the timely

arrival of specific cells that possess the

inherent ability to self-organize and

achieve this complex stage, thus being

limited by a spatiotemporal feature,

prefabricated vascular constructs still

present limited capacity to anastomose

with the host vascular network. Addi-

tionally, such TE approaches also pre-

sent inherent physical barriers that

block the ingrowth of host vessels,
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either resultant from the biomaterial

content itself and from the deposited

extracellular matrix. Ultimately, besides

failing the healing process of the target

tissue, the resultant gradients of oxy-

gen that led to the generation of hypox-

ic regions following the implantation of

TE constructs, can also trigger tumor

microenvironments by affecting meta-

bolic, inflammatory, and differentiation

pathways of endogenous cell subsets.

It is thus easily to understand why

vascularization is one of the main chal-

lenges that need to be taken to bring

tissue engineering into the clinical prac-

tice at a large scale. As such, vasculari-

zation is an old but still hot topic in

the tissue engineering community.

More recently, in an attempt to over-

come the associated road blocks of

poorly vascularized bioengineered sys-

tems, a plethora of materials able

to release oxygen (Figure 1iv-a)

have been proposed.7 Such oxygen-

releasing materials are often composed

of solid peroxides (e.g. solid calcium

and magnesium peroxides), hydrogen

peroxide, sodium percarbonate, and

fluorinated compounds. However, the

associated burst release of oxygen

arises cytotoxic concerns, as well as

short-term supply curves. To overcome

these limitations, continuous and on

demand living suppliers of oxygen

have been proposed relying on the

co-culture of mammalian cells with un-

conventional organisms, such as photo-

synthetic species (Figure 1iv-b), namely

microalgae,8 or bacteria.9 Different ap-

plications have been proposed aiming

towards wound healing, cancer ther-

apy, cardiovascular related diseases,

and cell transplantation. In this issue of

Matter, Maharjan et al.10 take a step
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Figure 1. Tissue Engineering Strategies with

Enhanced Nutrient Perfusion and Mass

Transportation Properties Aiming towards

Vascularization

(i) Bioengineered systems decorated with

gradients of key biomolecules to guide the

ingrowth of the host vessels. (ii) Void-spaced

strategies allowing the freely ingrowth of the

host vessels, which can be produced by (a)

fine-tuning the bulk properties of the scaffold,

such as architecture and porosity, or (b)

bottom-up assembly of liquified micro-

compartments. (iii) Prevascularized strategies

prepared in vitro aiming rapid anastomosis

with the host vasculature upon implantation.

(iv) Oxygen releasing systems relying on the

presence of (a) inert materials or (b) living

organisms, such as photosynthetic species.

While the release of oxygen in (a) follows a

burst and short-term fashion, in (b) a

continuous and on demand supply of oxygen

can be achieved.
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further in the development of such

living oxygen suppliers by embedding

bioprinted photosynthetic algae

(C. reinhardtii) with mammalian cells

(HepG2) in a 3D gelatin methacryloyl-

based hydrogel matrix to create honey-

comb-shaped constructs mimicking the

human liver. The bioprinted algae was

able to release oxygen upon specific

light conditions, and consequently

enhanced cell proliferation and produc-

tion of liver-specific proteins. Remark-

ably, the authors were also able to pro-

duce microchannels taking advantage

of the enzymatic degradation of the cel-

lulose-based bioink. Afterwards,

vascular networks were created by re-

populating the hollow microchannels

with endothelial cells (C2C12). These

findings further open the door to the

prospect of next-generation of vascu-

larization strategies relying on the use

of unconventional living components

such as algae. We preview that the or-

ganelles of such microorganisms may

also be explored, such as chloroplasts,

since they exhibit similar potential in

the continuous and unlimited release

of oxygen. We believe that such strate-

gies may contribute to significantly

improve the in vivo bioperformance of

TE constructs or to act as light-respon-

sive drug delivery systems. Detailed
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understanding of the living organisms

or organelles to be used in combination

with biomaterials, its oxygen producing

pathways, and the establishment of the

adequate balance of the co-culture

conditions suitable for the survival of

both algae and mammalian cells, are

key prerequisites to be considered in

the design of such strategies. In order

to develop a fully functional living or-

ganism-based oxygen release system,

it is essential that all the surrounding

factors such as type of microalgae spe-

cies, culture medium, temperature

range, and light intensity are mutually

accepted by both algae and mamma-

lian cells, which have distinct optimal

conditions. We truly believe that photo-

synthetic microorganisms-based strate-

gies can be harnesses as a sustainable,

eco-friendly, cost-effective source of

oxygen for human cells, thus bring

considerable advantages to the TE

field. Of course, the translation of such

systems into the clinics will be hindered

by important regulatory constrains that

should be addressed in the future.
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Lithiophilic Covalent-Organic
Frameworks Enable Uniform
Lithium Deposition

Bin Zhu1 and Jia Zhu1,*
Construction of lithiophilic sites can effectively facilitate uniform
lithium (Li) deposition, which is significantly critical for stable cycling
Li metal batteries. Recently, Song et al. report a boroxine covalent-
organic framework (COF-1) as an excellent lithiophilic host to
achieve very stable Li metal batteries with long lifespan.
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To meet the increasing requirements of

portable electronics and electric vehi-

cles, it is vital to develop high-energy-

density battery systems.1 Lithium (Li)

metal is the most attractive anode for

constructing high-energy-density batte-
ries because of its high specific capacity

(3860 mAh g�1) and low reduction po-

tential (�3.04 V versus the standard

hydrogen electrode).2 However, the in-

finite volumetric change of Li metal dur-

ing electrochemical cycles, leading to
un-uniform Li deposition and even Li

dendrites, severely impedes the practical

applications of Li metal anodes. In the

past years, various approaches have

been proposed to stabilize the Li deposi-

tion,3,4 of which construction of stable

host materials for Li metal is the key to

regulate Li cycling behaviors and sup-

press the growth of Li dendrites.5–7 To

design an appropriate host material,

good lithiophilicity, which represents its

affinity to Li species, is required.
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