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Abstract

The field of biofabrication continues to progress, offering higher levels of spatial control, reproducibility, and
functionality. However, we remain far from recapitulating what nature has achieved. Biological systems such
as tissues and organs are assembled from the bottom-up through coordinated supramolecular and cellular
processes that result in their remarkable structures and functionalities. In this perspective, we propose that
incorporating such biological assembling mechanisms within fabrication techniques, offers an opportunity to
push the boundaries of biofabrication. We dissect these mechanisms into distinct biological organization
principles (BOPs) including self-assembly, compartmentalization, diffusion-reaction, disorder-to-order
transitions, and out-of-equilibrium processes. We highlight recent work demonstrating the viability and
potential of these approaches to enhance scalability, reproducibility, vascularization, and biomimicry; as well
as current challenges to overcome.
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1. Introduction

Biological development and regeneration

Biology possesses an unparalleled capacity to fabricate sophisticated structures such as cells, tissues, and
organs with remarkable functionality. These biological systems are formed through the assembly and
organization of a library of molecular and cellular building blocks that interact and signal cooperatively
through controlled mechanisms. These biological organization processes are particularly heightened during
the development of an organism or tissue regeneration (Fig. 1a). In the case of development, coordinated
biochemical and mechanical cues emerge and lead to the development of anisotropic environments that
activate different cell signalling pathways and alter gene expression. These concerted molecular milieu
regulate self-assembly (SA) and self-organization, resulting in morphogenesis and the development of the
embryo [1]. For example, reaction-diffusion processes guide the morphogenesis of the branched structure
of the lungs and the folded topology of the brain. Out-of-equilibrium processes permit growth and self-
replication of tissues, cells, and molecules, while molecular self-assembly facilitates the creation of
macromolecules and new cells. Compartmentalization optimizes biological processes by grouping together
biological constructs which perform similar tasks, such as organelles within cells. Order-to-disorder
transitions provide function to proteins and can even govern catabolic processes [2]. During regeneration,
mechanical or biochemical cues resulting from a wound trigger a multitude of biochemical and cellular
responses that sequentially activate and regulate recruitment of cells, expression of factors, and a multitude
of processes leading to healing of the tissue [3]. Supramolecular interactions regulate cell signalling and
communications, controlling specific cellular responses to an adverse incident. Out-of-equilibrium processes
facilitate the growth of new tissue in dissipative regeneration processes. In both of these events, the complex
processes defined organize a plethora of molecular and cellular interactions (Fig. 1a), enabling biology to
grow, self-replicate, self-heal, sense, and adapt to an ever-changing environment.

Organization principles

The mechanisms by which biology “biofabricates” these complex, hierarchical, and functional structures can
be dissected into different molecular and supramolecular events. These “biological organization principles”
(BOPs) emerge from cooperative interactions and chemical networks between multiple components, not
observed in isolated molecules or reactions [4], which allow biology to diversify, respond, and ultimately
optimize (Fig. 1a). Processes such as self-assembly, compartmentalization, diffusion-reaction, disorder-to-
order transitions, and out-of-equilibrium processes enable the organization of multiple types of building-
blocks across scales and within different thermodynamic landscapes, providing biological structures with
their unique structural hierarchy, physical properties, and responsive nature. From the precise assembly of a
DNA molecule to the active and dynamic behaviour of the actin cytoskeleton; from the selective and specific
functions of the cell membrane to the rhythmic contractions which beat the heart, living systems rely on
these organization principles.

Synthetic analogues of biological organization

As our understanding of biological systems has increased, so has the pursuit for recreating their structures
and properties. The field of supramolecular chemistry, initially pioneered by Jean-Marie Lehn [5], has been
instrumental in this effort, triggering ground-breaking work on self-assembling peptides resembling the
nanofibrous architecture of the extracellular matrix (ECM) [6, 7], self-assembling surfaces [8], active
supramolecular polymers [9], or immunomodulatory materials [10]. This work has inspired many and led to
a plethora of remarkable advances including, for example, enzymatically-driven self-assembling materials
[11], self-assembling molecular vaccines [12], self-replicating nanostructures [13, 14], and supramolecular
motors [15]. However, despite these remarkable advances, we remain far from engineering practical and
useful structures that can emulate the complex functions exhibited by living systems [16].

Biofabrication

Biofabrication, being the automated generation of biologically functional products through bioprinting or
bioassembly [17], has opened opportunities to tackle this challenge from the top-down, enabling high
resolution and reproducible engineering of micro and macrostructures from computer-assisted designs.



From the first inkjet bioprinter [18], the field has exploded in popularity [19]. The work of Dietmar Hutmacher
[20] on electrospun fibres has facilitated the incorporation of electrospinning within biofabrication [21].
Extrusion printing too has been adapted for use with biomaterials [22]. There have also been great efforts
developing more functional inks through multi-material approaches [23], with uniquely controllable
architectures such as core-shell dual-polymer fibres [24], or using ECM-derived materials [25]. However,
biofabrication in its current state is not without its limitations. For example, UV-crosslinking, chemical
crosslinking, and the high stress imposed during bioprinting all may have adverse effects on cells and tissues,
limiting the functionality of fabricated structures [26]. Other common limitations include difficulties
incorporating a suitable vasculature, limited molecular diversity and tailored display, and a restricted capacity
to control structure-function relationships.

As the need for more functional and life-like properties increases, it is essential to find new ways to
biofabricate that can take us closer to resembling the remarkable complexity and functionality of biological
systems. In this review, we propose that the integration of biological organization principles (BOPs) is the
next natural step for the advancement of biofabrication, allowing the development of specifically tailored
molecular and cellular structures in a manner analogous to how nature fabricates. We will explore these
principles and discuss the state of understanding of biological processes, before presenting how the use of
BOPs is beginning to be incorporated within fabrication techniques to overcome current limitations of
biofabrication and tackle pressing biomedical challenges.

2. Principles of biological organization

Biology builds functional ensembles by assembling molecular building-blocks across scales through
supramolecular mechanisms. These biological organization principles tend to be coordinated and, on many
occasions, integrated with each other [27, 28]. In this section, we dissect and introduce specific BOPs that
are being implemented within biofabrication strategies.

Self-assembly

Self-assembly is ubiquitous in nature, being the mechanism behind the formation of, for example, virus
capsids from individual proteins [29], the bundling of collagen to form functional muscle fibres [30], or the
neural network formed in the development of the brain [31]. In biological systems, self-assembly occurs
primarily within and between molecules via non-covalent interactions such as m-m stacking, hydrogen
bonding, or hydrophobic interactions, which heavily depend on both the structure of the assembling unit and
the surrounding environmental conditions [32]. These processes occur near thermodynamic equilibrium,
where the free energy of the system is minimized. At the cellular level, cells too self-assemble to form tissues
exhibiting well-defined and functional structures [33].

Self-organization / non-equilibrium systems

While self-assembly bestows biology with an unparalleled capacity to reproducibly grow complex structures,
the capacity of these structures to adapt and grow depends on dynamic self-assembling processes, also
referred to as self-organization. These processes require the input of energy, operate away from
thermodynamic equilibrium, and are guided by adaptive negative feedback loops. Growth rates in these
systems may be modulated by the chemical potential (1), with excess chemical potential (6u) from the
equilibrium state being the non-equilibrium driving force. This, however, is a simplification, and an in-depth
discussion and review of statistical mechanics and physics behind non-equilibrium systems, including how
they may modulate morphology in biological systems, has recently been published by Nguyen et al. [34].
These systems are present in cellular processes such as the assembly and disassembly of the actin
cytoskeleton [35] (Fig. 1a), the unidirectional motion of kinesin [36], the organic-inorganic interactions that
direct dental enamel formation [37], or the activation of amino acids by enzymes [38]. Non-equilibrium
systems are vital in development and regeneration, fuelling all the metabolic processes which are essential
to the emergence life.



Compartmentalization

The capacity of biological systems to spontaneously assemble different kinds of building-blocks into well-
defined structures can lead to the formation of discrete environments in which isolated events may occur.
These compartmentalized environments offer distinct milieus that perform specialized functions and can
trigger further processes fuelled by diffusion of molecules or movement of cells. These compartmentalization
processes may occur through concerted molecular pathways or through liquid-liquid phase separation in the
case of biomolecular condensates [39]. Examples can be found at multiple scales expanding from intracellular
organelles, to cell membranes, to larger membranous tissues across which diffusion of nutrients and waste
are essential to ensure the function of organisms [40].

Reaction-diffusion / pattern formation

Patterns are commonly found in biology. Some patterns, such as Turing Patterns, named after Alan Turing’s
[41] mathematical description, are formed through reaction-diffusion mechanisms. Typically, this
mathematical description is a semi-linear parabolic partial differential equation, the solution to which can
describe the spatiotemporal changes in the concentration of a solitary chemical or a mixture of substances
and subsequent pattern formation. The effect of reaction-diffusion mechanisms may be observed in the
branching patterns of the lungs and kidneys and in the development of the brain. These processes are critical
to give organs their structure and function [42, 43] and exhibit the capacity to be modulated and controlled
[44].

Disorder-order transitions and synergies

It is increasingly evident that biology has evolved to display a unique ability to regulate biomolecular
functionality by harnessing order and disorder. There is growing consensus that intrinsically disordered
proteins (IDPs) and intrinsically disordered regions (IDRs) play a critical structural and functional role in the
functionality of proteins, and consequently of tissues and organs [45]. Protein order is displayed as rigid a-
helices, f~turns, or 5-sheets whereas disorder can be seen in flexible and dynamic random coil structures. In
tissues and organs, proteins operate as networks and their functions are regulated by interactions between
then defining conformations, transitions, and synergies [46]. Understanding the fundamental mechanisms
by which biological systems build with proteins is critical to fabricate structures with great molecular
diversity, structure, and function [47, 48].

3. Integrating BOPs within biofabrication

The possibility to integrate BOPs within reproducible engineering processes offers an opportunity to push
boundaries of biofabrication to develop systems with molecular diversity, nanoscale control, structural
hierarchy, responsive and dynamic properties, and the capacity to better communicate with cells. In this
section, we highlight recent examples demonstrating the feasibility and opportunities behind this
multidisciplinary approach.

Molecular self-assembly within biofabrication

Incorporation of self-assembly within biofabrication offers the possibility to incorporate molecular
programmability and nanoscale control without dependence on sophisticated equipment [49]. Furthermore,
there is an unparalleled capacity to display bioactive signals [50, 51] (Table 1) and multiple functions [52],
and the opportunity to systematically tailor cellular responses [53]. Additionally, the use of non-covalent
interactions facilitates reversibility, enabling the generation of injectable materials [54, 55] as well as dynamic
[56] and self-healing [57] structures with controlled vascularization. These materials can be designed to
respond to environmental cues such as enzymatic activity [11] or be further modified for example with host-
guest moieties to provide additional levels of assembling control to modulate degradation [57], bioactivity
[58], and structural hierarchy [59]. These properties have enabled the generation of SA bioinks for bioprinting
techniques such as extrusion (Table 1) [60, 61], inkjet [62], and electrospinning (Table 1) [63]. Pioneering
work by Domingos et al. [64] incorporated extrusion bioprinting with self-assembling peptide-based
materials to fabricate structures with adjustable stiffness and the potential to modulate cell response. Hauser
and co-workers [65]* have utilized peptide-based bioinks to fabricate instantly-solidifying materials under



physiological conditions [66], overcoming limitations associated to scale and shape fidelity (Fig. 2Aii). Here,
mechanically robust, self-supporting structures were 3D printed up to 4.0 cm in height and could maintain
this structure for 30 days. This study represents a significant development in SA biofabrication, as it reports
SA structures being bioprinted on a biologically relevant scale with high biocompatibility, shape fidelity, and
mechanical strength without the requirement of additional crosslinking methods. SA can also be exploited to
develop new biofabrication methods. For example, Hedegaard et al. [67] exploited hydrodynamic forces
being generated during bioprinting to guide co-assembly of peptides and proteins hierarchically into
geometrically complex scaffolds (Fig. 2Aiii). Furthermore, biofabricating with SA can lead to stimuli-
responsiveness (Table 1) [68]. For example, Zhang and co-workers [69-73]* have developed vascularized
‘smart’ printed cardiac patches up to 8 mm in diameter with responsive curvatures (Fig. 2Ai), advanced neural
tissue engineering in millimetre scale organoids, and biofabricated skeletal muscle tissue with millimetre-
scale myofiber alignment. This printing of structures which can change with time is referred to as 4D-printing.
These responsive materials offer advantages for clinical applications of biofabricated constructs, given their
ability to adapt to the dynamic in vivo environment. BOPs can facilitate 4D-printing, which would greatly
advance biomimicry and clinical applicability of biofabricated structures [74, 75]. Despite this potential, there
remain general limitations in biofabricating with SA such as low stiffness, difficulty to control SA beyond the
microscale, poor control over surface topology, and difficulty controllably integrating complex molecules
such as proteins. However, new studies continue to emerge aiming to overcome these limitations such as
enabling interpenetrating protein networks [76], biofabricating hierarchically, or rational design of self-
assembling materials [65].

Cellular self-assembly and self-organization within biofabrication

The dynamic nature of cells and their capacity to communicate and spontaneously assemble into complex
structures (i.e. tissues) makes them uniquely attractive to be viewed as self-assembling building-blocks [77].
In this area, much of the work has been focused on spheroids and organoids. Organoids are clusters of
different cell types grown from stem cells while spheroids are defined as bodies of cell aggregates which have
been driven towards specific phenotypes [78]. The increasing interest in organoids evidences this potential
to develop biology-driven fabrication methods [79]. For example, Lutolf and co-workers [80]** have recently
combined organoid self-assembly with extrusion bioprinting to enhance spatial control of organoid growth
towards centimetre-scale tissue constructs (Table 1). Burdick and co-workers [81] used 3D bioprinting to
control deposition of spheroids in a support consisting of a precursor for a self-healing hydrogel for high-cell
density tissue growth (Fig. 2Bi). Together, these studies tackle previous limitations of organoid/spheroid
engineering of scalability and issues with cell density. Organoid culture has also been integrated with inkjet
printing for modelling of tumour growth [82] and with microfluidics to recapitulate embryonic development
at the micrometre scale [83]. Beyond bioprinting, other biofabrication approaches are being developed using
extrinsic forces to guide bioassembly. For example, Onbas and Yildiz [84] used magnetic levitation to
assemble spheroids and modulate their characteristics (e.g. size, area, circularity), facilitating more
reproducible, biomimetic modelling of biological systems. Here, 200 um diameter tumour spheroids were
intentionally engineered with necrotic cores, accurately reflecting in vivo tumours. This level of control is not
possible through other methods, such as non-adherent microwells or spinner flasks, and there is the unique
advantage over the hanging drop method in that spheroid size is not restricted by the size of a droplet.
Additionally, the magnetic levitational assembly permits a move away from Matrigel as a culture medium,
which would facilitate human applications. Currently, Matrigel poses important limitations to the clinical
applicability of organoids due to its undefined animal components. Mironov and co-workers [85]* exploited
the diamagnetic properties of organoids for magnetic levitational bioassembly aboard the International
Space Station. Chondrospheres of 300 um in diameter were achieved in this study under microgravity
conditions (Fig. 2Bii & Table 1). The introduction of a microgravity environment permits a reduction in
concentration of the cytotoxic paramagnetic Gd3*. As there is a correlation between [Gd**] and cell death
[84], this microgravity bioassembly holds promise for improving the overall cell viability. This biofabrication
method also facilitates integration of inorganic materials, such as calcium phosphate, potentially allowing
the bioassembly of bone tissue constructs. This is not possible under the Earth’s gravity due to significant
differences in densities between organic and inorganic materials. Acoustofluidic assembly has also grown in
popularity to assemble and fuse brain organoids (Fig. 2Biii & Table 1) [86, 87] and acoustic levitational
assembly to fabricate mesenchymal stem cell organoids [88]. However, these techniques tend to exhibit large



variations in size and shape, which is a general feature of organoids. The introduction of microfluidics to
organoid culture, however, is advancing reproducibility through the controlled delivery of morphogen
gradients from signalling centres located within a microfluidic device [89]. Furthermore, it has also been
demonstrated that the use of bioprinting is facilitating spatial control over larger-scale cellular structures and
manipulation of cellular self-assembly [80].

Compartmentalization and reaction-diffusion within biofabrication

Biofabrication processes that can control the diffusion of components offer an opportunity to enhance
structural hierarchy, tailor compositional anisotropy, and modulate the nanoscale structure (Table 1) [90].
By incorporating reaction-diffusion mechanisms within biofabrication techniques, it may be possible to
create a wide range of complex geometries, which can facilitate investigation of structure-function
relationships. Exploiting liquid-liquid interfaces, Stupp and colleagues generated diffusion barriers leading to
the directional co-assembly of peptide amphiphiles (PAs) and hyaluronic acid into millimetre-scale sacs and
membranes [91]. Inspired by this work, we showed how PAs co-assembled with disordered elastin-like
proteins (ELPs) can be manipulated on demand to generate compartments and trigger a diffusion-reaction
process that can be controlled to fabricate tubular networks with the capacity to grow and self-heal
millimetre-scale ruptures [56]. Reaction-diffusion models have been used to predict cell migration and
proliferation in 3D printed scaffolds [92] and assembly of DNA strands within hydrogels [93]*. Here, the
reaction-diffusion behaviour of DNA complexes and the resulting patterns within a scaffold are
computationally modelled and predicted, facilitating the fabrication of centimetre-scale rings and patterns
(Fig. 3Ai). Similar results have recently been achieved with the diffusion of a pH-responsive low molecular
weight gelator (LMWG) and an acid to form self-supporting patterns within hydrogels [94]. In this case, the
acidic protons induce a sol-gel transition of the LMWG to form the self-assembled hydrogel. This approach
could be used for the patterning of hydrogels, but care must be taken given the toxicity of the required acid.
Computational reaction-diffusion models have also has been used to design 3D printable architectures
recapitulating the structure of human trabecular bone using a polylactic acid/sodium
alginate/hydroxyapatite composite. (Fig. 3Aii & Table 1) [95]. This combination of spatial control afforded by
3D printing and BOPs resulted in better control of pore sizes in the printed structure compared to other
fabrication methods such as solvent casting, gas foaming, or freeze drying. Pore size and interconnectivity
are critical in scaffold design, with pore sizes between 325 and 420 um improving vascularization and collagen
type | network formation, while pore sizes of 275 um inhibit the formation of functional bone [96]. Another
study imposed spatiotemporal control on morphogen gradients to control cell fate patterning [89]. Here,
artificial signalling centres — groups of morphogen-secreting cells — were used to manipulate the self-
organization of cells to reproducibly align in a microfluidic environment at a micrometre scale. Such theory
has been incorporated with 3D printing for tissue engineering, inducing neuronal differentiation with 3D-
printed morphogen gradients for centimetre-scale tissue growth (Table 1) [97]. This degree of control over
both the initial and final structure of a material, which is afforded by the combination of the BOP and
bioprinting, facilitates greater control over the porosity and shape of a printed construct, resulting in the
fabrication of a mechanically robust tubular structure for spinal cord repair. The precise spatial patterning of
physiochemical cues, too, remains a limitation in current biofabrication techniques. Accuracy here is required
for control over selective signalling and cellular organisation [98]. Recently, 2-photon patterning (2PP) has
been applied to accurately place bioactive cues upon a hydrogel support with micrometre-millimetre
precision, facilitating the accurate guidance of axons using 3D patterned nerve growth factor (Fig. 3Aiii) [99].
However, some limitations exist when trying to integrate these BOPs with biofabrication. For example,
reaction-diffusion processes require precisely controlled environments which can be difficult to control in
traditional bioprinting methods such as inkjet or extrusion. Scalability is also an issue, and some reaction-
diffusion models cannot be easily scaled to biologically relevant sizes, although there is some development
on this front [97], and solutions to this may facilitate the fabrication of controllable, macroscale patterns and
designs. Compartmentalization processes require rapid assembly kinetics and tuneable diffusion profiles,
both of which require adaptation to be integrated with additive manufacturing techniques.



Disorder-order transitions and synergies within biofabrication

There is an increasing interest in materials science to exploit the interplay between molecular order and
disorder and investigate how the protein structure affects its function [47, 100, 101]. Proteins and peptides
are rich and versatile building blocks with biofunctionalities that far surpass materials normally used in
biofabrication [47]. Pioneering work demonstrated how molecular conformational transitions triggered
thermally [102] or by guided intermolecular interactions [103] can generate microscopic structures while
avoiding fabrication processes such as multiple-emulsion microfluidics (Table 1). Here, control of the
molecular-scale structure influences size and geometry at the micrometre and millimetre scale, facilitating
hierarchical control beyond those of current biofabrication techniques while also eliminating the need for
cytotoxic crosslinking methods. This approach can also lead to intracellular material manipulation and
potential engineering of cellular behaviour, such as modulating the expression of a desired protein [104].
However, before this level of cellular engineering can lead to a rational design of tissue growth, it is critical
to advance our understanding of fundamental mechanisms of protein function, particularly with respect to
IDPs and IDRs. Disorder-order transitions can also be exploited using small molecules, such as melanin-
inspired materials [105] capable of controlled polymerization and resulting material properties (e.g. UV-
absorbance, colouration, morphology, and electrochemical properties) depending on the level of assembling
order. Our group has developed supramolecular biofabrication processes that exploit the interplay between
protein order and disorder. In one approach, we take advantage of ELP disorder-to-order transitions to
conform to and penetrate within graphene oxide (GO) stacks at liquid-liquid interfaces, resulting in highly
stable ELP-GO complexes (Table 1) [106]**. This ELP-GO platform can be bioprinted to fabricate perfusable
self-assembling fluidic structures of up to 12 cm in length and 2 mm in diameter, exhibiting rapid
endothelialisation, the capacity to pulsate, and physiological permeability (Fig. 3Cii & Table 1) [107]. In
another system, we tune ELP order:disorder ratios to generate supramolecular frameworks capable of
nucleating and growing organized apatite nanocrystals into hierarchical structures (Fig. 3B & Table 1) [108,
109]. These examples are beginning to illustrate the unique opportunities of biofabricating while harnessing
the interplay between order and disorder, opening opportunities to a greater diversity of biomaterials and
assembling principles.

Out-of-equilibrium processes within biofabrication

Out-of-equilibrium processes offer an opportunity to move beyond a focus on structure and into more
complex life-like properties such as the capacity to actuate, grow, and self-replicate [16, 110]. Incorporation
with biofabrication makes it possible to create initial states or define boundary conditions from which non-
equilibrium processes can emerge. For example, programmed bioassembly has been used to fabricate
spatially controlled protocellular materials (PCMs) through the interfacial adhesion of two protein-polymer
protocells, which are then capable of emergent non-equilibrium chemical sensing [111]. Printable
biomolecular motor systems, principally constituted by 0.1 — 10 um contractile units of the proteins kinesin-
1 and light meromyosin, have been developed which are capable of actuation upon UV irradiation. These
units can generate micronewton forces leading to millimetre-scale contractions (Fig. 3Ciii) [112]. This
approach can lead to the fabrication of soft robotics and the design of dynamic biomaterials [113]. This
actuation has also been used to effect cell differentiation by applying tuneable forces, exploiting both the
action of molecular motors and the mechanosensing capabilities of cells to direct cell fate (Table 1) [114-
116]. Materials capable of accessing non-equilibrium states on-demand can be used to biofabricate
structures with emergent properties. Our group has exploited the possibility to access non-equilibrium by
enabling and controlling gradients in chemical potential and mechanical perturbations to generate guided
self-assembling systems (Fig. 3Ci) [56, 106]. This capacity to access non-equilibrium states enables temporal
and spatial control of self-assembly as well as emergent properties such as growing and self-healing. These
kinds of properties are difficult to achieve with traditional biofabrication approaches. Here, it can be seen
that precise spatial control may aid in investigating structure-function relationships. However, there are
challenges accessing and controlling non-equilibrium states, and thermodynamically dissipative systems are
difficult to incorporate within traditional biofabrication techniques. A loss of function may be observed over
time in a non-equilibrium system, such as an actuator, due to the requirement of an energy input and gradual
degradation and deformation of actuating units. Nonetheless, recent developments in understanding of



statistical mechanics, such as thermodynamic uncertainty relationships [117] may make it easier to develop
systems which facilitate access and stabilization of non-equilibrium states for novel biomaterials.

4. Conclusion and future outlook

Biological organization principles (BOPs) represent an opportunity to biofabricate with mechanisms that
nature has evolved to optimize structure and functionality. This approach offers an opportunity to implement
“bioinspired fabrication steps” that can complement biofabrication techniques to overcome major
limitations such as the capacity to have molecular programmability and diversity, selectively communicate
with cells, recreate hierarchical structures from the low nanoscale, reproducibly assemble complex cellular
ensembles, and the ability to fabricate dynamic and responsive constructs with life-like properties.
Furthermore, as our capacity to integrate these bottom-up mechanisms within biofabrication increases, the
number of combinatorial approaches that take advantage of multiple BOPs simultaneously [93, 94, 106, 107]
are likely to increase, offering higher levels of hierarchy, anisotropy, selectivity, and functionality. These are
exciting possibilities but there remain important challenges to tackle including difficulties to implement BOPs
within traditional fabrication methods, reproducibility of bottom-up assembly up to the macroscale, and the
ability to guide cellular assemblies into complex structures reproducibly. Nonetheless, the studies discussed
in this article evidence the viability of biofabricating with BOPs and highlight the opportunities behind
innovative biofabrication concepts that unify bottom-up and top-down fabrication. From the BOPs presented
here, we believe that molecular SA holds the most immediate promise for the advancement of biofabrication.
For example, SA inks are already demonstrating a unique capacity to fabricate structures capable of
selectively communicating with cells and guiding their behaviour. These SA inks tend to be modular, which
additionally enable systematic modifications and enhance tuneability of both structure (e.g. hydrophobicity,
charge, nanostructure shape, stiffness) and function (e.g. bioactivity, selectivity, degradability). Furthermore,
SA can be incorporated with other BOPs to develop combinatorial approaches and can be modulated through
top-down fabrication techniques to direct assembly across multiple size scales, enhancing structural
hierarchy and tailoring physiochemical properties.
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BOP Key Findings Biofabrication Limitations Ref.
Technique
Hierarchical interactions such | Extrusion Intrinsic low stiffness means a [61]
as van der Waals forces | bioprinting. supporting gel is required for
improve printability and complex geometries.
isotropy, and trigger
Molecular self- | alignment of cells.
assembly Specific bioactive epitopes | Electrospinning. | Complex geometries and [63]
can improve tissue growth structures are not provided.
and reduce scar tissue.
Shape-memory materials for | Extrusion Shape-recovery in vivo requires [68]
controlled macroscale | bioprinting. an elevated temperature. 10
conformational transitions. minutes at 40 °C provides a
shape recovery ratio of just
66%.
Scaffolds with controlled | Extrusion Difficult to construct complex [51]
vasculature and bioactivities. | bioprinting. 3D structures with macroscale
X, Y, and z dimensions.
Controllable organoid | Acoustic Only a single organoid can be [86]
assembly can lead to | levitational constructed at once, which may
reproducible and robust | bioassembly. be time-consuming given the
tissue models. need to account for
Cellular self- heterogeneity between
assembly samples.
Levitational organoid | Magnetic Accessing microgravity [85]
assembly offers a scaffold- | levitational conditions is incredibly high
free route for tissue | bioassembly in cost. The alternative is to use
engineering. microgravity. higher concentrations of
cytotoxic Gd**.
Controlled spatial | Extrusion Cell viability dropped from 95%
arrangement of organoids | bioprinting. to 85% in the space of 24 hours. | [80]
can coerce tissue growth into No longer-term viability data
a desired structure. was provided.
Controlling  disorder/order | Guided Difficult to integrate this [108]
ratios can guide | mineralization. technique with traditional
crystallographic  alignment biofabrication techniques for
Disorder-to- | and mineralisation. spatial control.
orc'jetr On-demand disorder:order | Extrusion Cell viability is lower than a [106]
transitions | transitions  can  fabricate | bioprinting. tissue culture plastic control.
mechanically-robust
scaffolds for cell culture.
Harnessing molecular | Microfluidics. Stability augmentation requires | [103]
interactions of IDPs facilitates use of UV-crosslinking, which
fabrication of  complex may damage cells.
architectures.
Solutions to reaction- | Extrusion Suitable for designing stiff [95]
diffusion  equations can | bioprinting. structures for bone tissue




generate more accurately

engineering, but less applicable

Reaction- biomimetic architectures. to softer tissues. [30]
diffusion and 3D-printing  with  phase- Digital light Increased porosity may
compartment- separated peptides allows processing. negatively impact mechanical
alization control of hanoscale stiffness. [97]
geometries and porosity.
Consid . q 1 | Extrusion This technique required the use
onsi Ieratlo? an shpatla bioprinting of UV curing, which may
cont.ro 0 mprp ogen damage cells.
gradients can direct cell
differentiation.
Piezoelectric actuators | Screen-printing. | Useful for aligned tissues/cells, | [115]
generate acoustic waves less applicable to other cell
which can align cells for types.
Out-of- controlled growth.
equilibrium Molecular motors can direct | Molecular Difficult to integrate with
processes mesenchymal  stem  cell | motors. traditional biofabrication [116]
differentiation. techniques for spatial control.
Accg.?sn?g the nhon- E?<tru‘5|o'n There are concerns over the
equilibrium state on-demand | bioprinting [107]

facilitates the fabrication of
novel biomaterials

cytotoxicity of graphene oxide.
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