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Abstract:

The exciting advancements in 3D-printing of soft materials are changing the landscape of materials
development and fabrication. Among various 3D-printers that are designed for soft materials fabrication,
the direct ink writing (DIW) system is particularly attractive for chemists and materials scientists due to the
mild fabrication conditions, compatibility with a wide range of organic and inorganic materials, and the
ease of multi-materials 3D-printing. Inks for DIW need to possess suitable viscoelastic properties to allow
for smooth extrusion and be self-supportive after printing, but molecularly facilitating 3D printability to
functional materials remains nontrivial. While supramolecular binding motifs have been increasingly used
for 3D-printing, these inks are largely optimized empirically for DIW. Hence, this review aims to establish
a clear connection between the molecular understanding of the supramolecularly bound motifs and their
viscoelastic properties at bulk. Herein, extrudable (but not self-supportive) and 3D-printable (self-
supportive) polymeric materials that utilize noncovalent interactions, including hydrogen bonding, host-
guest inclusion, metal-ligand coordination, micro-crystallization, and van der Waals interaction, have been
discussed in detail. In particular, the rheological distinctions between extrudable and 3D-printable inks have
been discussed from a supramolecular design perspective. Examples shown in this review also highlight
the exciting macroscale functions amplified from the molecular design. Challenges associated with the
hierarchical control and characterizations of supramolecularly designed DIW inks are also outlined. The
perspective of utilizing supramolecular binding motifs in soft materials DIW printing has been discussed.
This review serves to connect researchers across disciplines to develop innovative solutions that connect
top-down 3D-printing and bottom-up supramolecular design to accelerate the development to 3D-print soft

materials for a sustainable future.
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1. Introduction

Additive manufacturing (AM),'* often referred to as 3D-printing, is changing the landscape of
manufacturing through (i) the fabrication of complex and customized architectures and (ii) the integration
of multiple materials that were unattainable previously. The rapid development of AM demands tailor-
designed materials with suitable mechanical properties.” Compared to laser sintering-based AM techniques
for producing metals and ceramics,® soft materials 3D-printing utilizes very different AM platforms for the
fabrication of plastics,” hydrogels,® elastomers,* ® and bio-inks.!° For example, fused deposition modeling
(FDM)-based 3D-printers extrude thermoplastic filaments.!! They have occupied most of the hobbyist
market for low-cost 3D-printing.!> Vat-polymerization-based 3D-printers including stereolithography
(SLA)," digital light processing (DLP),'* two-photon polymerization lithography,'> and computed axial
lithography'®-1® (CAL or volumetric 3D-printing) have shown impressive capabilities in producing complex
architectures sizing from micrometer to sub-meter. Direct-ink-writing (DIW) is widely used to create
architectured functional materials and bio-compatible constructs.!” DIW 3D-printers extrude viscoelastic
paste?® from the nozzle onto (ir)regularly shaped substrates at ambient temperature.?! These features make
DIW particularly powerful for multi-materials 3D-printing,>* fabricating soft materials that exhibit stimuli-

responsiveness.?3 24

Over the past decade, the advancement of materials design has greatly accelerated soft materials 3D-
printing.?® For example, De Simone et al. introduced an oxygen-permeable membrane to allow for fast
photo-polymerization in vat-polymerization-based 3D-printers, increasing the printing speed
significantly.?® Dynamic covalent chemistry has been introduced to FDM filaments, generating products
with better isotropic performance.?’-?° A variety of polymer designs have been introduced for DIW,
producing a plethora of new materials with stimuli-responsiveness,’® 3! outstanding mechanical

properties,*? biocompatibility,3 34 and optical/electronic properties.3: 3

DIW and vat-polymerization-based 3D-printers are widely used for soft materials AM (Fig. 1), and
they have their advantages and limitations.?” 3® For example, vat-polymerization-based 3D-printers offer
fast production speed and sub-100-pum printing resolution.>®* However, a large volume of printing resin is
required,* and multi-material 3D-printing remains a significant challenge (Fig. 1, right).*! Meanwhile,
DIW is compatible with a wide range of materials and crosslinking methods, but it is difficult to fabricate
architectures with large overhanging structures like gyroids.*? The resolution of DIW 3D-printing is largely
determined by the dimensions of the printing nozzles.! While nozzles as fine as 100-500 nm have been
reported for patterning® and DIW,* 45 most DIW 3D-printing practices are performed using printing
nozzles of 100 um to 1 mm (Table 1). From a materials development perspective, the rheological

requirements for vat-polymerization and DIW 3D-printers are nearly the opposite.*® Vat-polymerization-
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based 3D-printers require low-viscosity photo-resins for fast production, but DIW demands thick
viscoelastic pastes for smooth extrusion and shape retention. The crosslinking methods used in these
systems, however, are similar (e.g., photo-crosslinking) with interchangeable chemical designs.*’-4 While
this review discusses the supramolecular design of soft materials for DIW, we also want to draw design
connections to vat-based 3D-printing systems. Sometimes, if a functional material does not meet the

rheological requirements for DIW, it may be considered for vat-3D-printing with some modifications.*

direct ink writing vat photopolymerization

N —

-

high viscosity viscosity low viscosity
Fheahinning dndiee fluids Newtonian liquid desired
healing
multiple crosslinking methods [Weleli7ul=lFc1ile]i) largely photo-crosslinking
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environment (UV irradiation)
tip-determined resolution optical display-controlled
slow speed fast
multi-material integration integration mostly one material
bio-inks, hydrogels, material thermosets, elastomers,
organogels, elastomers systems hydrogels

Fig. 1 Comparisons between DIW and vat-polymerization-based 3D-printers.

A typical DIW system (Fig. 2a) contains ink-loading barrels (often syringes), extrusion heads, a
motorized printing arm or printing platform, and pneumatic pressure or mechanical dispensers. During DIW,
inks are dispensed onto the substrate guided by computer-aided design. Under the ambient temperature and
humidity, the viscosity of the ink is decreased to allow for smooth extrusion, and the viscosity is then
recovered to self-stand. The mild deposition requirement is compatible with various solvents and deposition
nozzles, allowing for multi-materials 3D-printing.*-5! Furthermore, DIW allows for reactive mixing-and-
printing,>? coaxial printing,3* photo-/acoustic-assisted fabrication,>* 3 magnetically guided printing,> gel-
in-gel printing,’-* liquid-in-liquid printing,® and temperature-varied 3D-printing.®’ ¢ This wide
compatibility and tunability of DIW has encouraged new chemical designs, such as integrations with frontal

polymerization,% sonochemistry,>* ¢ 9 mechanochemistry,®-® and supramolecular chemistry. 20- 2 69
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Fig. 2 (a) A typical setup of a DIW 3D-printer. (b) An image of a frontal polymerization 3D-printing.
Reproduced with permission from reference 63. Copyright 2018 Springer Nature. (c) An image of a
magnetic-guiding DIW. Reproduced with permission from reference 56. Copyright 2018 Springer Nature.
(d) Images of a gel-in-gel 3D-printing. Reproduced with permission from reference 59. Copyright 2017
Springer Nature. (e) Images of a coaxial 3D-printing. Reproduced with permission from reference 53.
Copyright 2019 IOP Publishing. (f) An image of a multi-nozzle multi-material 3D-printing. Reproduced
with permission from reference 51. Copyright 2019 Springer Nature. (g) An image of a liquid-in-liquid 3D-
printing. Reproduced with permission from reference 60. Copyright 2018 John Wiley & Sons, Inc.

Inks for DIW need to be shear-thinned during the extrusion and self-healed after the deposition. While
adding colloidal particles to inks for DIW has been demonstrated effective in tailoring their rheological
properties, they have been discussed in other reviews.”*’? The interactions in these systems are complicated
without clearly demonstrated binding models, and they are not discussed in this review. Hydrogels formed
by naturally occurring biopolymers such as alginate, chitosan, collagen, and gelatin meet these requirements
for DIW.”® The hydrogen-bonding networks formed within these hydrogels are disrupted during the
extrusion and rapidly reformed after dispensing.?” 2> Following this principle, other supramolecular gels or
pastes (Fig. 3), including hydrogen-bonded polymers,’* host-guest networks,’”> metal-ligand coordination
polymers,’¢ electrostatic polymer networks,”” and mechanically interlocked systems (e.g., polyrotaxanes),’®
have been successfully introduced as DIW inks (see Table 1). These 3D-printing materials demonstrated

exciting stimuli-responsive features and shape-morphing capabilities.! > These advancements also raise
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new challenges and opportunities. Unlike traditional solution-phase supramolecular assemblies, 3D-
printable supramolecular systems are formulated in highly concentrated and viscous environments. At the
molecular level, the van der Waals interactions among the supramolecular binding motifs and solvents are
no longer negligible, different from traditional binding studies carried out in dilute solutions (only
accounting for strong noncovalent interactions).” % Therefore, how can we understand, assemble,
characterize, and fabricate these molecular components in a controlled manner across the nano-to-
macroscale? In addition, the extrusion process of DIW has a strong non-equilibrium character. How can
we understand and take advantage of the non-equilibrium character of DIW in materials design? In this
review, we will walk through the fundamental design principles across the length scale, discuss the designs
and tools in these supramolecular systems, and showcase the properties of these 3D-printing materials. We
hope the general strategies and case studies presented in this review will inspire researchers to unfold the
answers to those questions and accelerate materials development with better mechanical performance and

biocompatibility for high-speed and high-resolution DIW.

supramolecular design of DIW inks
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Fig. 3 Supramolecular binding motifs for the design of DIW inks.
2. Tools and design considerations for DIW inks

When supramolecular inks are developed for DIW, their rheological behaviors are critical to evaluate the

3D-printability. In addition, the molecular arrangements in these 3D-printed materials are also critical to
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establish the structure-property relationship. To investigate the nano-to-macroscale features of 3D-printing
materials and the corresponding crosslinked monoliths, a series of tools have been employed to investigate

the hierarchical assemblies of these supramolecular materials.

Tools for molecular interactions. Supramolecular chemists have employed various tools to study
noncovalent interactions at the molecular level. For example, nuclear magnetic resonance (NMR)
titrations’® and isothermal titration calorimetry (ITC)3! are often employed to measure the binding affinities
(K,), binding enthalpy (4H), and entropy (4S) between the supramolecular binding motifs in solution.
Photospectrocopic measurements such as infrared (IR), Raman, and ultraviolet-visible (UV-Vis)
spectroscopies are also used to study the supramolecular assemblies.®? When supramolecular binding motifs
are embedded or grafted on polymer backbones, their multivalent and cooperative binding events®? are also
studied.®**¥"However, weak interactions such as van der Waals interactions are often neglected in these
studies. In highly concentrated 3D-printing inks, weak interactions cumulatively contribute to the overall
self-assembly and are no longer negligible. Currently, methods to quantitatively assess supramolecular

binding events in highly viscous gels are still missing.

(d) WAXS (e) micro-CT

Intensity

0 25 30 35 40 45 80
200

3D-printed MOFs

Fig. 4 (a) A TEM image of silver nanoprisms embedded in an F127 hydrogel. Reproduced with permission
from reference 88. Copyright 2017 John Wiley & Sons, Inc. (b) Phase separation of a PBA/P(AA-co-
PEGDA) assembly observed under AFM. Soft PBA block is shown in dark color. Reproduced with
permission from reference 89. Copyright 2022 John Wiley & Sons, Inc. (¢) SEM images of a 3D-printed
carbon monolith. Reproduced with permission from reference 90. Copyright 2021 Springer Nature. (d)
WAXS profiles of 3D-printable MOF gels. Reproduced with permission from reference 91. Copyright 2019

American Chemical Society. (¢) Micro-CT images of 3D-printed bioinks comprised of tyramine hyaluronan.

The CAD design is superpositioned on the sample shown on the left. Reproduced with permission from

reference 92. Copyright 2019 American Chemical Society.

Tools for hierarchical assemblies. The morphology of supramolecular assemblies in DIW inks and

printed monoliths are studied via different microscopies. Transmission electron microscopy (TEM), atomic
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force microscopy (AFM), and scanning electron microscopy (SEM) are often employed to capture the
assembled morphologies at different length scales. For example, TEM is used to characterize nanoparticles
and nanoporous structures in 3D-printed samples. Liu and Johnson ef a/. introduced silver nanoprisms into
F127-based hydrogels to fabricate plasmonic constructs,® with the silver nanoprisms of 15-79 nm shown
in the TEM images (Fig. 4a). AFM provides height, phase, and stiffness information of the material at the
nanometer scale. Boyer et al. designed a poly(n-butyl acrylate) (PBA)-based macromolecular chain-transfer
agent for the construction of 3D-printed objects via DLP (Fig. 4b).* In the presence of acrylic acid (AA)
and polyethylene glycol diacrylate (PEG-Ac,), polymerization-induced self-assembly led to phase
separation as observed in AFM studies (Fig. 4b). At a larger scale, SEM is powerful in revealing the micro-

meter sized features, including the monolith size and line width of the 3D-printed constructs (Fig. 4¢).%

The short- and long-range orders of supramolecular assemblies are studied using various X-ray scattering
diffractions. Wide-angle X-ray scattering (WAXS) is often used to study the structural information of
crystalline domains in (semi-)crystalline materials (Fig. 4d), including 3D-printed metal-organic
frameworks (MOFs)°! and covalent organic frameworks (COFs).”* Small-angle X-ray scattering (SAXS)
analysis provides structural information of assembled structures at 1-100 nm scale. Angelini ef al. 3D-
printed silicone structures in light mineral oil via self-assembled micro-organogels, which comprise a
polystyrene-b-poly(ethylene/propylene) (PS-b-PE/PP) diblock copolymer and a PS-b-PE/PP-b-PS triblock
copolymer in light mineral 0il.** The assembled structures at different diblock to triblock copolymer ratios
were revealed by SAXS. Beyond the range of SAXS, X-ray-computed tomography (XCT) is used to study
the 3D-printed objects.”> The experimentally generated 3D features are compared with the CAD design to
investigate the shape fidelity of the printing outcomes (Fig. 4¢).

Rheological studies for 3D-printability. Rheological studies are particularly powerful in revealing DIW
inks’ deformation and flow behavior under stress and their recovery after stress removal.” % Four
rheological sweeps are often measured for DIW inks. They are oscillation strain sweep, angular frequency
sweep, shear rate sweep, and step-strain sweep (Fig. 5),% where the viscosity and moduli change against
oscillation strain, angular frequency, shear rate, and step-strain are studied. In these measurements, the
elastic modulus (G’ in Pa) represents the solid-like behavior of the ink, and the loss modulus (G” in Pa)
represents the viscous feature of the ink.”® A typical 3D-printable ink possesses both good shear-thinning
and self-healing behaviors (Fig. 5), allowing it to flow under pressure (G" > G', Fig. 5a) and rapidly recover
after extrusion (G’ > G”", Fig. 5d). The viscoelastic properties of a DIW ink measured in the four rheological
sweeps not only determine its 3D-printability, but also represent the sum of supramolecular interactions at
the molecular level. Here, we offer our viewpoint to interpret these rheological data from a supramolecular

design perspective.
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In an oscillation strain sweep (Fig. 5a), two regions are worth attention— the plateau region and the yield
point (G' = G"). The plateau region informs the extent of an applied strain, indicating that the
supramolecular network remains the same degree of supramolecular (or physical) crosslinking. Beyond the
plateau region, the supramolecularly crosslinked network starts to dissociate and becomes extensively
dissociated at the yield point. For example, the yield points of inks with colloidal rheological modifiers
such as clay and salt particles are usually found at the low strain range (< 10% strain) due to the weak
colloid-colloid interactions.’” Inks connected via micro-crystalline domains show a yield point at the
medium strain range (10-20% strain).”® High yield points are often found in those inks with spatially well-

dispersed supramolecular crosslinks, which require a large strain (> 20% strain) to dissociate them

extensively.”®
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Fig. 5 Representative rheological investigations of DIW inks. (a) A shear-thinning ink studied in an
oscillation strain sweep. (b) Angular frequency sweeps of a DIW ink (/eff) and an extrudable ink (right).
(c) The shear-thinning feature in a shear rate sweep. (d) Supramolecular networks showing good self-

healing features (left) and limited self-healing capabilities (right) in step-strain sweeps.

Angular frequency sweeps are usually performed at a low strain (Fig. 5b), where the oscillation sweep
determines the strain in the plateau region. Good DIW inks usually show no frequency dependence, and G’
> (G" are consistently measured in a wide frequency range. In comparison, extrudable but not 3D-printable
supramolecular gels often show strong frequency dependence, where G" > G’ are measured at the low-

frequency range and G' > G" are measured in the high-frequency range (Fig. 5b, right). In these gels, the
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binding affinities or densities of the binding motifs are usually low. Hence, their effective supramolecular
crosslinking densities are limited. Therefore, they exhibit liquid-like behaviors at low frequencies. At
increased frequencies, the applied strains gradually match the on-off binding kinetics of these
supramolecular binding events,” thus increasing the effective crosslinking densities at these transient states,
resulting in the elastic and loss moduli cross-over.'® Having stronger supramolecular binding motifs in a
gel is usually beneficial to strengthen the network, shown as higher elastic moduli in angular frequency

sweeps.?- 2

Shear rate and step-strain sweeps are two measurements that are particularly important for the 3D-
printing practice (Fig. 5c-d). The viscosities of inks at different shear rates are correlated with their extrusion
flow rates during DIW.% 19! Step-strain sweep informs the extent of ink’s self-healing after the extrusion.®
39, 102104 These investigations provide researchers with suitable parameters for DIW—for example, the

pneumatic pressure applied to the ink and the corresponding printing speed.

What renders a good DIW ink? From the rheology standpoint, the ink needs to possess good shear-
thinning properties, as shown in the oscillation-strain and shear rate sweeps, as well as good self-healing
properties after the removal of the shear force, as shown in the step-strain sweep. The self-healing feature
of the ink determines whether this ink is extrudable or 3D-printable. Some inks with low-to-moderate elastic
moduli have been printed as 2D patterns on a supporting substrate. The claim of their 3D-printability is
debatable, and they are not considered as DIW inks in this review. At the molecular level, the formation of
the polymeric network needs to meet the rheological requirements for successful DIW. Three factors
contribute to the viscoelasticity: the individual binding strength of a supramolecular binding pair, the
supramolecular crosslinking density, and the network's topology. We will discuss these factors in the next

section.
3. Extrudable supramolecular networks

Supramolecular interactions are weaker than covalent bonds, but they are highly dynamic, which enables
the construction of supramolecular polymers with stimuli-responsiveness.!% 19 Many supramolecular gels
or pastes can be extruded from syringe nozzles.!?” 19 During the extrusion, the mechanical shear force
disrupts the supramolecular interactions and reduces the gel's viscosity. After the extrusion, if these
supramolecular interactions are re-established quickly to allow the gels to recover and self-support their
structures, they are considered 3D-printable gels for DIW. On the other hand, if supramolecular gels do not
self-stand after extrusion, they are only extrudable. This section will discuss extrudable supramolecular

networks from a DIW ink design perspective.
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Hydrogen-bonded supramolecular polymers. Hydrogen bonding interactions have been widely used to
construct supramolecular polymers and networks.!” Examples include small-molecular-weight gelators,
natural polymers, and synthetic polymers with hydrogen-bonding moieties. For instance, Wang et al.
discovered that a natural anthraquinone derivative rhein self-assembled in water to form a stable hydrogel
between pH 8.0 and 9.4 (Fig. 6a).''° The rhein hydrogel (17.6 mM) showed an elastic moduli G’ ~700 Pa
at 0.1% strain and ~100 Pa at 35% strain. Although good self-healing was shown in the step-strain sweep,
the low elastic modulus G' made this gel too weak to be self-supportive. In another example, Stupp et al.
reported a quinquethiophene-oligopeptide hydrogelator, which assembled into a gel slowly (hours to
days).!!! The slow gelation kinetics make this hydrogel unsuitable for DIW.
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Fig. 6 (a) A small-molecular-weight gelator rhein and its assembled hydrogel. The step-strain sweep is
shown on the right. Reproduced with permission from reference 110. Copyright 2019 Springer Nature. (b)
A Upy-based supramolecular polymer with a self-complementary hydrogen bonding pattern was 3d-printed
into meshes via FDM. Reproduced with permission from reference 112. Copyright 2005 Springer Nature.
(c) An extrudable hydrogel formed by a triblock copolymer poly(MMA-r-Upy)-b-PEG-b-poly(MMA-r-
Upy) and its step-strain sweep. Reproduced with permission from reference 113. Copyright 2022 MDPI.
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Other than small-molecular-weight gelators, supramolecular polymers with hydrogen bonding motifs are
also potential candidates for 3D-printing. In 2005, Meijer et al. introduced ureido-pyrimidinone (UPy)
moieties into poly(caprolactone) (PCL-UPy,, Fig. 6b).!'? The strong quadruple hydrogen bonds allowed
the assembly between PCL-UPy, to form a strong and elastic material, which was 3D-printed into lattices
using FDM (Fig. 6b). When Upy groups are introduced as the polymers side chains, their strong hydrogen
bonding interactions also enabled the formation of hydrogels. Yang ef al. synthesized a triblock copolymer
containing a central PEO (20 kDa) block and two poly(methylmethacrylate) (PMMA) blocks, in which the
UPy moieties were randomly incorporated to the PMMA block (Fig. 6¢).'"3 A hydrogel was formed by
dissolving 10 wt% of the copolymer, which exhibited good shear-thinning and self-healing properties (Fig.
6¢). However, its elastic modulus G’ ~103 Pa made it an extrudable hydrogel yet hardly self-supporting.
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Fig. 7 (a) A dibenzo[24]crown-8-dibenzylammonium conjugate (HG) self-assembled into a
supramolecularly crosslinked network as a viscous liquid. Reproduced with permission from reference 114.
Copyright 2011 John Wiley & Sons, Inc. (b) A tetra-arm host-guest gelator (H,G;) containing two

benzo[21]crown-7 and two dialkylammonium motifs. This gelator self-assembled to form a viscoelastic
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organogel in MeCN. The stress-strain sweep is shown on the right. Reproduced with permission from
reference 115. Copyright 2018 American Chemical Society. (c) A redox-active hydrogel formed by mixing
CD-PAA and Fc-PAA. Reproduced with permission from reference 116. Copyright 2011 Springer Nature.
(d) A supramolecularly crosslinked hydrogel formed by co-including naphthyl and viologen moieties in
CB[8]. The step-rate sweep data is shown on the right. Reproduced with permission from reference 117.

Copyright 2012 American Chemical Society.

Host-guest complex-based supramolecular polymers. Small molecular assemblies and polymers grafted
with host-guest binding motifs have been introduced to form supramolecular polymer networks.!'® For
example, dibenzo[24]crown-8 forms inclusion complexes with secondary ammonium guests, and the host-
guest complexes have been introduced as building blocks to form supramolecular networks. Huang et al.
synthesized a dibenzo[24]crown-8 and dibenzylammonium HG conjugate,''* forming linear
supramolecular polymers in dilute MeCN solutions (Fig. 7a). The supramolecular polymer aggregates as
3D fibrous networks at higher concentrations, affording a viscous organogel at 1.0 M. By further increasing
the concentration of the conjugate to above 1.5 M, elastic and transparent films were formed by casting.
Although this organogel is unlikely to meet the rheological requirements for DIW (low modulus and non-
self-supportive), the design could be further optimized toward this goal by reinforcing the supramolecular
fiber-fiber interactions. Instead of utilizing the monovalent HG conjugate, Yan et al. designed a tetra-arm
molecule (H,G,) containing two benzo[21]crown-7 and two dialkylammonium motifs.!"> This H,G, self-
assembled into a supramolecularly crosslinked network to afford a stable organogel (Fig. 7b). The stable
MeCN-gel (21 wt% of H,G, in MeCN) possessed an elastic modulus of 5 x 10* Pa with good shear-thinning
properties, exhibiting temperature and pH-responsive sol-gel transitions. The self-healing behavior of the
gel was not examined, but this example demonstrates the supramolecular design in altering the

viscoelasticity.

Cyclodextrins (CDs) bind hydrophobic guests in water due to the hydrophobic effect.!'” When CDs and
their corresponding guests are attached to polymer backbones, the side-chain host-guest complexations
crosslink the polymers and facilitate a sol-gel transition.'?° Harada et al. grafted B-CD and ferrocene (Fc)
moieties to polyacrylic acid (CD-PAA and Fc-PAA, M, =250 kDa, DP ~3,500), with grafting ratios of 4%
and 3%, respectively (Fig. 7¢).!'® When CD-PAA and Fc-PAA (1 wt% each) were mixed, a redox-active
hydrogel (G’ ~150 Pa) was formed. When Fc moieties were oxidized, a gel-sol transition was observed.
Although this host-guest hydrogel does not meet the rheological requirements for DIW, it provides a proof
of principle for the design of DIW-compatible host-guest hydrogels (see Section 4 for representative

examples).
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Cucurbit[n]urils (CB[n]s) bind with guests via ion-dipole interactions.'?! 12> The larger cavity of CB[8]
allows the formation of ternary inclusion complexes, in which two identical guests (e.g., tryptophan) or
charge-transfer complex (viologen and naphthalene) are included inside CBJ[8]’s cavity.!?*!25 For example,
Sherman et al. synthesized a naphtyl-grafted hydroxyethyl-cellulose (Nap-HEC) and a viologen-grafted
polyvinyl alcohol (Vio-PVA).!'7 In the presence of CB[8], a series of supramolecularly crosslinked
hydrogels were formed (Fig. 7d). At a concentration of 1.8 wt%, a hydrogel with an elastic modulus of ~
500 Pa was formed. Step-rate sweep showed that the hydrogel was shear-thinned and took 5-10 seconds to
recover (Fig. 7d). The hydrogel showed sol-gel transitions in response to competing guests and/or
oxidation/reduction. Although this hydrogel was not optimized for DIW, it is expected that this hydrogel
with a higher concentration of supramolecular entities is likely to be compatible with DIW. Sherman group
showed two identical guests, phenylalanine and tryptophan, also enabled the formation of supramolecular
hydrogels when they were grafted to a poly(vinylbenzyl)trimethylammonium chloride) polymer.!2¢
Phenylalanine and tryptophan assembled with CB[8] to form 2:1 complexes, and shear-thinning hydrogels
were obtained. The elastic moduli of the hydrogels were found to be highly frequency dependent, and they

are not 3D-printable as suggested by the angular frequency sweeps.
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Fig. 8 (a) An electrostatic hydrogel formed via the assembly of PEG-b-PCL, PCL-b-PHMG-b-PCL, and

sodium carboxymethyl cellulose. The strain-step sweep is shown at the bottom. Reproduced with
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permission from reference 127. Copyright 2020 The Royal Society of Chemistry. (b) A PEG-based polymer
network crosslinked via M,L, paddlewheel metal coordination cages. The frequency sweep is shown at the

bottom. Reproduced with permission from reference 128. Copyright 2015 Springer Nature.

lonic interactions and coordination bonds. Supramolecular network formation by polycations and
polyanions are highly dependent on the dielectric constant of solvents.'? Zhu ef al. designed a shear-
thinning electrostatic hydrogel via the ionic interactions between two polyelectrolytes (Fig. 8a).!?” Two
block copolymers PEG-b-PCL (M,, = 9.1 kDa) and polycaprolactone-b-(poly(hexamethylene guanidine)
hydrochloride)-b-polycaprolactone (PCL-6-PHMG-b-PCL, M, = 2.7 kDa) were synthesized via ring-
opening polymerizations. In water, PEG-b-PCL and polycationic PCL-b-PHMG-b-PCL assembled as
micelles with positively charged corona. When polyanionic sodium carboxymethyl cellulose (1 wt%) was
introduced to the micellar solution, an electrostatically crosslinked hydrogel was obtained with G’ ~200 Pa
measured at a low strain. This hydrogel showed good shear-thinning and self-healing properties, but it is

too weak to be self-supportive (Fig. 8a, bottom).

Metal-ligand coordinations are strong and highly directional. Metallogels with coordination polymer
networks have been well-studied.!3% 13! For example, Johnson et al. developed a supramolecular polymer
network using metal-coordination cages as supramolecular crosslinkers (Fig. 8b).!?® Telechelic PEG with
meta-bispyridyl (PEG-m-bispyridyl) end groups assembled with Pd?* to form a M,L, paddlewheel-cage
crosslinked network. This gel showed frequency independence in the angular frequency sweep and no
shear-thinning, suggesting that the coordination cage-connected network is much less dynamic for DIW.
Hence, the bonding association and dissociation kinetics need to be carefully examined when considering

metal-ligand coordinations.

Microcrytallization-enabled gelation. In semi-crystalline polymers such as PE,'3? PP,'3 and PLA,!**
segments of polymers are packed in an ordered manner to form crystalline domains, leaving the rest
amorphous. The formation of the crystalline domains drives the assembly of the polymers in solution. For
example, Manners et al. synthesized a variety of polyferrocenylsilane block copolymers and assembled 2D
and 3D superstructures via crystallization-driven self-assembly.!33-137 At higher concentrations, polymers
with self-assembled crystalline domains form viscoelastic gels.!*® The formation and disruption of these
crystalline domains facilitate the shear-thinning and self-healing features to the gels, making them
potentially suitable for DIW. Since the crystallization is largely kinetically controlled, the formation and
recovery of larger crystalline domains generally takes a long time since the adjustment of each polymer
segment with long-range order is kinetically slow. Hence, employing smaller crystalline domains for DIW

ink design is highly desired. Before extrusion, micro-crystalline domains serve as supramolecular

Page 14

Page 14 of 65



Page 15 of 65

Chemical Society Reviews

crosslinkages to increase the ink’s elastic modulus. Upon shearing, they are disrupted to reduce the viscosity

of the ink. After the extrusion, the fast recrystallization of these polymers allows for rapid self-healing.”®

It is well documented that a-CDs with PEG (400—5000 Da) form crystalline precipitates in water via a
two-step process (Fig. 9a).!3% 140 The first a-CD threads onto the PEG and assists the threading of subsequent
a-CDs via CD-CD hydrogen bonding interactions.!#! The formed rigid polypseudorotaxanes pack
hexagonally and crystallize in water. Tonelli ez al. proposed that these polypseudorotaxanes are stacked in
parallel based on the WAXS diffraction pattern (Fig. 9b, left).!4> 43 This proposed model was widely
referenced, implying that all polypseudorotaxanes need to possess the same number of o-CDs for
crystallization. We have corrected the stacking model and unit cell parameters by obtaining single crystal
structures of PEGgp-(OH),/6(a-CD) and [(EG)4/2(a-CD),] (Fig. 9c¢).!** In these X-ray structures, the
polypseudorotaxanes are stacked hexagonally in an offset unparalleled manner (Fig. 9b, right), which

allows for the crystallization of polypseudorotaxanes with ill-matched a-CDs.!#*
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Fig. 9 (a) Schematic illustration of the formation of polypseudorotaxanes, which involves multi-step ring
threading and crystallization. (b) The incorrect parallel stacking of PEGg/n(a-CD) polypseudorotaxanes
(left) and the corrected unparallel stacking (right). (c) Single crystal structures of two PEGgyy/n(a-CD)
polypseudorotaxane polymorphs. Water molecules bridge the polypseudorotaxanes and fill the voids.

Reproduced with permission from reference 144. Copyright 2021 Elsevier.

When a PEG (4 kDa) is mixed with a-CD, the formed hydrogel undergoes phase separation upon

vigorous shearing or shaking.'® Tto et al. isolated highly crystalline polypseudorotaxane nanosheets with
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thicknesses ranging from 14.6 to 33.8 nm.!*® The thicknesses of these nanosheets are well-correlated with
the PEG contour lengths (Fig. 10a). When the axle is changed from a linear to a 4-arm PEG (1.25 kDa per
arm), nanoplates with a thickness of 10.0 nm were also observed (Fig. 10b). These results suggest the close
packing of linear and star polypseudorotaxanes as hexagonal crystalline domains are thermodynamically
favored.'*® When linear PEGs with longer chain lengths are mixed with a-CD, hydrogels rather than
crystalline nanoplates are formed. In 1994, Harada et al reported the formation of stable
polypseudorotaxane hydrogels by mixing a-CDs with long-chain PEGs (M, > 20 kDa).'® In their proposed
model, segments of a-CDs are crystallized to form supramolecularly crosslinked networks (Fig. 10c). The
elastic moduli of PEGg,/a-CD and PEG,/a-CD polypseudorotaxane hydrogels were measured by Li et al.
later,'46 as G’ of 200 Pa and 2 x 10* Pa, respectively (Fig. 10d). Time-dependent rheological sweeps showed
that PEGg/a-CD and PEG,q/a-CD polypseudorotaxane hydrogels slowly recovered to their original
moduli (Fig. 10d), making them difficult for DIW. Cooper-White et al. investigated the rheological
properties of hydrogels formed by Pluronic F68 and a-CD (Fig. 10e).'4” When F68 (10 wt%) was mixed
with a-CD (10 wt%), a stable hydrogel with an elastic modulus of 4 x 10° Pa was formed, as shown in the
angular frequency sweep (Fig. 10e). However, this gel took more than 20 minutes to recover in the time-
dependent rheological studies. Zhang et al. introduced PEG-grafted heparin with a-CD to form strong
polypseudorotaxane hydrogels (Fig. 10f).'*® PEGs,-heparin was synthesized by coupling mPEGs,-NH, with
heparin sodium salt (M,, = 6—15 kDa) with a grafting ratio of 10%. In the presence of a-CD, a stable
hydrogel with an elastic modulus of 2 x 10* Pa was obtained (Fig. 10f). This hydrogel showed good shear
thinning feature, but the self-healing was not fast enough for DIW as suggested by the step-strain sweep.
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Fig. 10. (a-b) Schematic illustrations of the formation of polypseudorotaxane nanoplates using (a) linear

PEGs and (b) a 4-arm PEG. The SEM image of the polypseudorotaxane nanoplates is shown on the right.

Reproduced with permission from reference 140. Copyright 2019 American Chemical Society. (c)

Proposed gelation mechanism of polypseudorotaxane hydrogels formed by linear PEGs and a-CDs.

Reproduced with permission from reference 145. Copyright 1994 Springer Nature. (d) Time-dependent

self-healing sweeps of PEGg/a-CD and PEG,q/a-CD hydrogels. Reproduced with permission from

reference 146. Copyright 2020 American Chemical Society. (¢) Time-dependent self-healing sweeps of a

polypseudorotaxane hydrogel formed by Pluronic F68 and a-CD. Reproduced with permission from

reference 149. Copyright 2013 American Chemical Society. (f) A polypseudorotaxane hydrogel formed by
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PEGs,-heparin and its step-strain sweep. Reproduced with permission from reference 148. Copyright 2010

American Chemical Society.

Many a-CD-based polypseudorotaxane hydrogels,!*® which use high-molecular-weight PEG, ! 152 PEG
block copolymers, '3 15* and branched/star PEG polymers'>> 156 as the axles, show high elastic moduli of G’
> 10* Pa and they are suitable for extrusion. More often than not, they are not great for DIW due to their
limited self-healing capability shown in the step-strain sweeps. In Section 4.4, we will discuss the strategies

for designing 3D-printable polypseudorotaxane hydrogels.
4. Supramolecularly designed DIW inks
4.1 DIV inks designed based on hydrogen-bonding interactions

Hydrogen bonds are prevalently used to build supramolecular assemblies. Natural polymers such as
DNA,'57 proteins,!®® 37and polysaccharides'>® with rich carbonyl, amide, and hydroxyl groups form
hydrogels via the hydrogen-bonded networks. Some of these hydrogels formed by alginate, chitosan,
carrageenan, gelatin, and xanthan, are extrudable at suitable concentrations,!®® which are potential
candidates for DIW. To optimize the rheological properties for DIW, these natural polymers are chemically
modified to introduce additional supramolecular and/or chemical crosslinking moieties. For example, when
methacrylate sodium alginate (MA-SA) was mixed with a 2-(dimethylamino)-ethyl-methacrylate
comonomer and a photoinitiator, an extrudable ink was formulated with an elastic modulus of ~200 Pa after
photo-crosslinking the methacrylate groups.!® The extruded structures were reinforced by Ca?" and
chitosan subsequently, demonstrating the feasibility of utilizing hydrogen bonding networks for DIW ink

design.

Synthetic polymers like PV A also feature abundant hydroxyl groups for hydrogen-bonding.'> Wang and
Cai et al. reported the preparation of 3D-printable hydrogels (Fig. 11a) using PVA (10 wt %) and «-
carrageenan (k-CA) (1-4 wt%),'% in which inter-polymer hydrogen bonds are formed between the hydroxyl
groups of PVA and sulfonate groups of k-CA. The hydrogel exhibited good shear-thinning and self-healing
properties for DIW (step-strain sweep, Fig. 11a). Multilayer complex structures such as quadrangular
pyramids, dendritic tubes, and hydrogel letters were 3D-printed with adjustable linewidths (220—-850 um).
Interestingly, PV A micro-crystallizes after freeze-thaw cycles, forming nano-crystalline domains.'** Hence,
these 3D-printed samples were mechanically strengthened after several freeze—thaw treatments. Under a
similar principle, Wang et al. 3D-printed hydrogen-bond crosslinked PVA/chitosan hydrogels and
reinforced the 3D-printed materials through freeze—thaw cycles (Fig. 11b).!%> The PV A/chitosan ink was
prepared by mixing PVA (12.5 wt%) and chitosan (12.9 wt%) to allow for hydrogen bonding between PVA
and chitosan. Notably, the hydrogel exhibited high yield stress at 3.8 kPa and an elastic modulus G’ of 5
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kPa (Fig. 11b). After DIW, the freeze-thaw processed samples were soaked in sodium citrate solutions to
form a secondary electrostatically linked network. After this treatment, the tensile strength, stretchability,
Young’s modulus, and work-to-rupture of the hydrogel reached 12.7 MPa, 300%, 14 MPa, 22 MJ/m?,

respectively.
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Fig. 11 (a) PVA/x-CA hydrogels designed for DIW and their post-printing freeze-thaw treatments. Shear-
rate and step-strain sweeps of the hydrogels are shown below. Reproduced with permission from reference
163. Copyright 2019 Royal Society of Chemistry. (b) PV A/chitosan hydrogels used for DIW and their shear
stress sweeps. The 3D-printed samples were reinforced by freeze-thaw and sodium citrate treatments.

Reproduced with permission from reference 165. Copyright 2020 American Chemical Society.
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Fig. 12. (a) An extrudable hydrogel formed by self-assembled UPy,-PEGyq, via complementary hydrogen
bonding interactions. (b) The step-strain sweeps of the Upy,-PEG, hydrogel. Reproduced with permission
from reference 74. Copyright 2018 John Wiley & Sons, Inc. (¢) BTA(Cgs, Ce1a, Ci12)-PEGyg with
different lengths of side arms self-assembled into 1D supramolecular polymers. (d) The step-strain sweeps
of BTA(Cgjs, Ce12, Ci212)-PEGyo hydrogels. Reproduced with permission from reference 166. Copyright
2022 American Chemical Society. (¢) BTU-PEG-OMe monomer and BTU,-PEG (2, 6, 10, 20 kDa)
crosslinkers self-assembled into 3D-printable hydrogels. (f) The step-strain sweeps of the hydrogels before

and after the addition of the crosslinkers. Reproduced with permission from reference 167. Copyright 2022

American Chemical Society.
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Synthetic polymers with multivalent hydrogen bonds also assemble to form viscoelastic gels for DIW.
In an aqueous solution, Upy,-PEG g self-assembled into 1D supramolecular polymers (Fig. 12a), and these
supramolecular polymers further aggregated to form a crosslinked network.” At a concentration of 10 wt%,
Upy,-PEG ¢ self-assembled into a strong hydrogel with an elastic modulus of 10* Pa. In the step-strain
sweep, the hydrogel showed promising self-healing properties but required some extra time (2-3 s) for the
network to recover fully (Fig. 12b). The hydrogel was extruded from a syringe needle into a neutral PBS
solution to give fine filaments, showing pH-switchable sol-gel transitions, despite the fact that the hydrogel
was not examined for DIW. Besides Upy motifs, benzene-1,3,5-tricarboxamide (BTA) derivatives with
long alkyl arms have been extensively investigated to form supramolecular polymers.!%-172 When PEG
arms are introduced to BTAs, water-soluble supramolecular polymers are formed via hydrogen bonding
and hydrophobic effects.!”> 174 Meijer et al. synthesized telechelic PEGs (20 kDa) with BTA end groups of
different alkyl arms.'”> They discovered that longer alkyl arms on BTA favor supramolecular
polymerization. At a concentration of 10 wt%, BTA,-PEG,q self-assembled in water to form a
supramolecular hydrogel with strong frequency-dependent moduli. Baker et al. optimized the system and
synthesized three BTA-PEG derivatives (Fig. 12¢).!% At a concentration of 10 w/v%, BTA(Cg/12)2-PEGag
and BTA(C12/12),-PEG,g formed stable hydrogels with an elastic moduli of ~10* Pa. Step-strain sweeps
(Fig. 12d) showed that the BTA(Cg/6)2,-PEG,0 and BTA(Cg/12),-PEGy hydrogels possess good self-healing
properties, making them promising for DIW. At the same time, Brendel ef al. synthesized a benzene trisurea
(BTU)-based supramolecular monomer and a crosslinker (Fig. 12e) to construct supramolecularly
crosslinked hydrogel.'®” BTU-PEG,-OMe monomers self-assembled to form a weak hydrogel with an
elastic modulus of ~10 Pa. In the presence of the BTU,-PEG crosslinker ([monomer]/[crosslinker] = 100),
a supramolecularly crosslinked hydrogel was formed (G' ~100 Pa). This hydrogel showed fast self-healing
property and it was successfully 3D-printed via DIW into a hollow cylinder (Fig. 12e).

DNAs are also used for the construction of hydrogen-bonded hydrogels, such as artificial extracellular
matrices.'”® Liu and Shu et al. developed free-form 3D-printable DNA-based hydrogels (Fig. 13).%® In this
work, polypeptide—-DNA hydrogels were prepared by mixing a polypeptide—-DNA conjugate with a double-
stranded DNA (Fig. 13). The double-stranded DNA acted as a supramolecular crosslinker to form
complementary hydrogen bonds with the grafted DNA on the polypeptide-DNA conjugate. A
supramolecular hydrogel was formed within one second at 5 wt% of the polypeptide-DNA conjugate and
the double-stranded DNA. The frequency sweep of the hydrogel showed G'/G"” = 10. The yield strain
reached 30% in the strain sweep, suggesting that a large deformation is required to extensively break the
hydrogen-bonded network. Co-extruding microdroplets of polypeptide-DNA conjugate and double-
stranded DNA solutions allowed for the rapid gelation and successful 3D-printing of self-supportive

architectures (20 layers) within a few minutes. Living cells were added to the ink solutions and 3D-printed
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as cell-laden hydrogels, achieving good 3D-printability and cell viability at the same time. Further
introducing protease into the hydrogel led to the degradation of polypeptide backbone and the collapse of
the hydrogel networks.

Very recently, three-arm synthetic polypeptides-polymer conjugates with hydrogen-bonded B-sheets
have been introduced for DIW.!7 In this design, hydrophobic poly(tyrosine) or poly(valine) have been
introduced to form anti-parallel B-sheets, which serve as supramolecular crosslinkers for the network. The
polypeptides-polymer conjugate hydrogels showed good shear-thinning and self-healing rheological
properties, which were 3D-printed and photo-crosslinked as bio-compatible scaffolds to house bacteria.
Under a very similar principle, Hartgerink et al. reported a nanofibrous hydrogel comprised of multidomain
peptides with good viscoelastic properties for DIW.!”® The 3D-printed peptide hydrogels demonstrated their

bio-computability for cell culturing.
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Fig. 13. DNA-based hydrogels formed by mixing solutions of polypeptide-DNA and double-stranded DNA.
Samples were 3D-printed by co-extruding microdroplet of these solutions. The frequency sweep is shown

at the bottom. Reproduced with permission from reference 98. Copyright 2015 John Wiley & Sons, Inc.

4.2 DIW inks designed based on host-guest interactions
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Host-guest complexes such as f-CD/adamantyl (Ad) complexes (K, = 103105 M1)!!° have been widely
used to construct linear and crosslinked supramolecular polymers.'!® 17181 Groll et al. proposed in a
review?? to introduce a variety of host-guest binding motifs to construct DIW-compatible hydrogels.
Employing host-guest complexes to facilitate shear-thinning and self-healing properties to DIW inks seems
straightforward. However, only limited successful examples have been reported so far, despite the
disruption and reformation of host-guest complexes is highly reversible and kinetically fast. In these
reported examples, host-guest-based gels usually possess good shear-thinning features, but only a few of
them demonstrated fast self-healing and excellent self-supporting. Among these notable examples,>® 7> 182
a secondary covalent or supramolecular network is introduced to the ink for successful DIW. Nonetheless,

these host-guest-based DIW inks made them particularly attractive for biomedical applications.
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Fig. 14. (a) Modified HA derivatives used to construct hydrogels with host-guest networks. (b) Shear-
thinning hydrogels formed by mixing CD-HA (red) with Ad-HA (blue). Reproduced with permission from
reference 149. Copyright 2013 American Chemical Society. (¢) 3D-printable HA hydrogels formed by
methacrylate-modified CD-HA and Ad-HA, followed by photo-crosslinking. An ink gel (red colored) was
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printed into a support gel (green colored), and 3D-printed self-supporting hydrogels were formed after
photo-crosslinking and removal of the support. The confocal fluorescent image of the 3D-printed hydrogel
was shown at the bottom. Reproduced with permission from reference 75 Copyright 2015 John Wiley &
Sons, Inc. (d) DLP fabrication of IPN hydrogels consisting of a covalently crosslinked HA network and a
supramolecularly crosslinked host-guest network. The host-guest network was formed by Nor-HA, CD-
SH, and Ad-SH. Fluorescent images of the 3D-printed knotted mesh and gyroid structures are shown at the
bottom. A jammed hydrogel DIW was performed using crosslinked IPN microgels as the ink. Reproduced
with permission from reference 48. Copyright 2022 John Wiley & Sons, Inc.

An early example of B-CD/Ad complexation-enabled gelation was reported by Burdick et al. (Fig. 14a-
b).!* In this work, a series of B-CD and Ad grafted hyaluronic acid (HA) with different grafting densities
were synthesized (M, = 74 kDa, DP ~186). The grafting density of B-CD is 20%, and the grafting density
of Ad groups varied between 20% and 50%. Upon mixing these two HA derivatives in 1:1 CD to Ad ratio,
a stable hydrogel (5 wt%) was obtained with an elastic modulus G’ of ~103 Pa. At a concentration of 7.5
wt%, the host-guest hydrogel showed good shear-thinning and rapid self-healing. However, this hydrogel
was only extrudable because the loss modulus was close to the elastic modulus (G"/G’ ~1). The high loss
modulus in this hydrogel was attributed to the fast binding-site exchange between -CD-HA and Ad-HA.
To address this problem, CD-HA and Ad-HA with higher grafting densities (25% or 40%) were synthesized
(Fig. 14a).”> When CD-HA and Ad-HA polymers were mixed at 1:1 ratio, supramolecular hydrogels (3—7.5
w/v%) were formed at variable CD/Ad grafting densities (25%, 40%) through host-guest complexation.
Step-strain rheological studies demonstrated that both hydrogels showed good self-healing properties upon
repeated shearing. Different from conventional DIW, an interesting gel-in-gel printing was developed (Fig.
14c). They employed the hydrogel formed by 25% grafted CD-HA and Ad-HA at 5 w/v% as the ‘ink’ gel,
and the hydrogel formed by 40% grafted CD-HA and Ad-HA at 4 w/v% as the ‘support’ gel. By printing
the ink hydrogel into the support hydrogel, complicated architectures were obtained in the supported gel.
This gel-in-gel printing design overcame traditional obstacles of DIW, such as 3D-printing large
overhanging structures using ultra-soft 3D-printing inks. Subsequently, methacrylate groups were
introduced to the host-guest polymers, and 3D-printed architectures were photo-crosslinked (Fig. 14c).
After removing the supporting gel, 3D-printed hollow architectures and free-standing monoliths were
obtained. To visualize the DIW process, a fluorescent tag was attached to the Ad-HA macromonomers.
This tagged hydrogel also allowed for in vivo monitoring of the hydrogel degradation and the release of

biomolecules.>®

The host-guest-based supramolecular polymers are not only compatible with DIW designs, but also

suitable for constructing interpenetrated polymer networks (IPNs)!#3-186 for vat-polymerization-based 3D-
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printing. Recently, Burdick ef al. reported a DLP printing of interpenetrated host-guest networks at a low
polymer concentration (5 wt%, Fig. 14¢).*® In this design, CD-Ad complexes were prepared by mixing
adamantane thiol (Ad-SH) and B-CD thiol (CD-SH) stoichiometrically. This host-guest complex reacts with
norbornyl-modified HA (Nor-HA) to form a host-guest crosslinked network. Partially methacrylated HA
(MeHA) was mixed with a photoinitiator to form the secondary covalent network. Since these two networks
were simultaneously formed by light-irradiated radical reactions, an one-pot photopolymerization afforded
an interpenetrating network with good DLP processability. Complex architectures such as snowflakes,
knotted mesh, and gyroids were printed at high speeds. Notably, the 3D-printed IPN hydrogels exhibited
variable mechanical properties (stretchability, Young’s modulus, and work of fracture) by tuning the
proportions of MeHA to host-guest crosslinked networks. Interestingly, IPN hydrogel microparticles were
synthesized using a microfluidic droplet method. These granular hydrogels were 3D-printed into jammed
hydrogel monoliths via conventional DIW (Fig. 14e). These results highlight the interchangeable

supramolecular designs and practices for DIW and vat-polymerization-based 3D printing.
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Fig. 15. Illustration for the fabrication of IPN hydrogel microfibers through host-guest complexation and
microfluidic manufacturing. A hot agar solution with CB[8], AAm, and BVIm flowed through a cold-
water jacked microfluidic channel. The extruded microfibers were photo-polymerized subsequently.

Reprinted with permission from reference 182. Copyright 2020 American Chemical Society.

CBJ8]-based inclusion complexes have also been introduced for IPN design to reinforce the fabricated
hydrogels.!®% 137 As shown Fig. 15, IPN hydrogel microfibers comprised of a supramolecularly crosslinked
agar network and an interpenetrated CB[8]-based polyacrylamide (PAAm) network were obtained.
Experimentally, a hot aqueous solution of agar, acrylamide (AAm), CB[8], and I-benzyl-3-
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vinylimidazolium bromide (BVIm) was injected into a water-cooled microfluidic channel. The rapid
cooling enabled the gelation of agar. UV-induced radical co-polymerization of AAm and BVIm in the
presence of CB[8] formed the second supramolecularly crosslinked network. The continuous flowing of
the hot solution through the water-cooled channel afforded meter-long, tough, and highly stretchable

hydrogel microfibers (Fig. 15). Since this microfluidic device is similar to a DIW extrusion system (using

a temperature-controlled printing head), we expect this supramolecular design is readily convertible to DIW.

4.3 DIV inks designed based on metal-ligand and electrostatic interactions

Compared to other supramolecular interactions, metal-ligand coordinations are generally stronger and
more directional.’®® When metal ions are added to solutions of ligand-grafted polymers, the formed
coordination complexes act as supramolecular crosslinkers.'® Notably, the stability and reversibility of the
coordination complexes could be adjusted by varying the metal ions, ligands, concentrations and ratios of
metal/ligand, and pH/temperature of the environment.'”® For example, histidine-rich decapeptide/Zn?*
complexes have been used to build a coordination network in tough IPN hydrogels.!! At different Zn?* to
histidine ratios, the coordination complexes adopted linear or tetrahedral geometries with different binding
affinities. In particular, a tandem-multiple ligand binding showed strong binding (K,; ~ 3x10* M}, K, ~
9x10° M), which endowed the IPN hydrogel with good energy dissipation capability, compressibility, and
fast recovery. On the other hand, self-healing polymers have also been constructed via metal-ligand

coordinations due to their inherent reversibility.!?

Page 26

Page 26 of 65



Page 27 of 65

Chemical Society Reviews

(@) W3 (AP, Fed*, Vo) (b) W
HQ HO o7 oHOT O FeCI3

+ OH e ——
HO—{ b » o .
0,,{0\’),\0 .{‘D\#H a%< ¥
H o 0 o OH Fe3*: COOH
HO. N?r\c/—% F——\O);( i
o g nu\,O’OH Poly(MAA-co-OEGMA) -G = G* 1:50
pH 8"‘91 m:n = 3:1 . G oG 175
LTI TR T 1 10 100
, Frequency (Hz)
1
i 4 = k B
L e T @ 2/\03 o, o g Ink: AAm + alginate/Ca2*
I QOH Hﬂ@ﬂf jQ” ”‘7@_& 2 \?»’Lo\,g’ ﬂ/a R e R ]
F A I H ,.C>=D H 5=0 > 1 ey, v~ G i 6.5 wt% alginate
o a bbbt " v
PP N 3:& Pt o= oH 10° s - G" ] 0.4 wit Ca?
7 ‘i N "Nlow o "o 0 i
/ \ B o 5 0‘$ = G i 3.3wt% alginate
i i o " o‘é\' W o a 102 g*] 0.2wt% Ca2
Bt Jonaicer Bl TN
\ S . . e
R AL | Sodium alginate/Ca2* 0 X ~+-G' ] 1.7 wt% alginate
+ o ~—G"} 0.1 wi% Ca?*
104 100 4
AAM/AA/NIPAM
102
102 PVA/gelatin/PDMS

& S, Dop-PEG/AR
* & Dop-PEG/Fe™
2 8. Dop-PEGIV®

Fig. 16. (a) Illustrations of inks formed by mixing Dop-PEG and metal ions (Al**, Fe3*, and V3*). The
dynamic metal-ligand coordination and angular frequency sweep are illustrated below. During DIW, the
ink was further reinforced by NalO, oxidation, forming an additional covalently crosslinked network
Reproduced with permission from reference 76. Copyright 2020 IOP Publishing Ltd. (b) DIW inks formed
by carboxylic/Fe3* coordination and hydrogen bonding using poly(MAA-co-OEGMA). The angular
frequency sweeps of the inks are shown on the right. Reproduced with permission from reference 193.
Copyright 2021 Royal Society of Chemistry (c) Aglinate/Ca®>" hydrogels with AAm, AA, NIPAM
monomers or PVA, gelatin, PDMS polymers were 3D-printed. Inks with monomers were photo-crosslinked
in the next step. Rheology data of the AAm/alginate/Ca?" hydrogel was shown here. A 3D-printed PVA-
alginate/Ca?" artificial heart beating upon pneumatic pumping Reproduced with permission from reference

194. Copyright 2019 American Chemical Society.

Catechol coordinates with various metal ions, forming different coordination geometries.'”> In nature,
marine mussels took advantage of the triscatechol/Fe** complex (K, ~10* M-!) in their byssal threads to
adhere firmly on various surfaces.’®® Introducing catechol/metal complexes to form metal-ligand
crosslinked hydrogels have been demonstrated with good self-healing properties.'”® For instance, Campo
and Wlodarczyk et al. reported a series of catechol-metal-based DIW-compatible inks comprised of
dopamine-functionalized PEG (Dop-PEG, 5 w/v%) and trivalent metal ions (M3*: V3*, Fe3*, and AI**, Fig.
16a).7¢ Dop-PEG/M3" networks were formed by mixing the Dop-PEG and M?** in acidic solutions and then
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increasing the pH to 8.6-8.9. Since the pK,, of catechol are 9.25 and 13.0,'7 despite the Dop:M>* ratio being
fixed at 3:1, a mixture of mono-, bis-, and tris-coordinated crosslinkages were formed, and they were
interconverting (Fig. 16a).'® Rheological studies showed that all Dop-PEG/M?3* hydrogels were shear-
thinning for extrusion, but the loss moduli G” are larger than elastic moduli G’ at low frequencies in the
angular frequency sweep (Fig. 16a). These studies suggest that these hydrogels are not self-supportive over
a long period; hence only low-profile lattices were 3D-printed. Sodium periodate was added to each printed
layer before printing the next layer to oxidize the catechol end groups to polyquinones. The oxidative
condensation of Dop-PEG formed a covalently crosslinked network, thus reinforcing the 3D-printed

structure.

Connal ef al. employed poly(MAA-co-OEGMA)/Fe*" coordination complexes for DIW ink design (Fig.
16b).'3 Copolymerizing MAA and OEGMA at a 3:1 molar ratio afforded poly(MAA-co-OEGMA), which
self-assembled as a hydrogen-bonding crosslinked network. Next, FeCl; was added to poly(MAA-co-
OEGMA) to form an additional low crosslinking-density coordination network. The dual-crosslinked
hydrogels with different Fe**-to-COOH ratios (1: 75 to 1: 5) showed significantly higher elastic moduli G’
and loss moduli G” than the hydrogen-bonded network. The elastic moduli G’ were higher than loss moduli
G" over the whole frequency range for the dual-crosslinked hydrogels. The hydrogel with a 1:75
Fe3*:COOH molar ratio possesses high toughness (13 MJ-m3) and stretchability (180%) with good self-
healing features. Therefore, it was selected to build humidity-sensitive actuators. A flower was printed as a
demonstration to show humidity-driven shape transformations (Fig. 16b), where reversible bending

motions were observed by changing the relative humidity.

The sodium alginate/Ca®>" complex represents another commonly used coordination complex for
hydrogel formation.'” In these hydrogels, the divalent Ca?" cations bind to multiple guluronic acids of
sodium alginate, forming the well-known “egg-box” crosslinkages.?** Ho ef al. reported the construction of
DIW inks comprised of sodium alginate and CaCl, supramolecular network and a series of polymer
precursors (Fig. 16¢).** Sodium alginate/Ca”* complex solutions were mixed with monomers (AAm, AA,
NIPAM) or polymer precursors (PVA, gelatin, PDMS). After adding sodium alginate (6.5 wt%) and CaCl,
(0.4 wt%) to a non-viscous AAm solution (n = 1.5 mPa-s), the viscosity of the ink reached ~1.6x10*Pa-s
at a low shear rate (0.01 s') and decreased to ~50 Pa-s at a high shear rate (50 s™). The elastic moduli G’
reached 4650 Pa and are constantly higher than G” (Fig. 16c). After photo-polymerization, a secondary
covalent network was formed in the 3D-printed samples, which exhibited the typical mechanical features
of IPN gels. Consequently, soft robots were fabricated with different functions, e.g., a PVA-based robotic
heart with beating-transporting motions (Fig. 16c).
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Electrostatic interactions between polycations and polyanions have also been explored to design 3D-
printable supramolecular networks, facilitating shearing-thinning and self-healing features. However, when
oppositely charged polyelectrolytes are mixed, the solubility of the complex drops significantly,?"!
rendering problems such as inhomogeneity and complex sol-gel transitions. For example, the rapid
assembly of two polyelectrolytes at the interface hinders the extensive diffusion of these polyelectrolytes,
resulting in a high crosslinking density at the interface but low crosslinking density inside of the ink.?%?

Hence, limited successful examples have been reported so far.

Electrostatically crosslinked 3D-printing inks have been synthesized using natural polymers (e.g., gelatin
and sodium alginate) or synthetic polymers (e.g., polyacrylic acid). For example, Li ef al. reported an
alternating DIW of two oppositely charged ionic hydrogels by binding hydrogels layer-by-layer (Fig.
17a).19% A group of polymers, including cationic chitosan, anionic sodium alginate, xanthan, x-CA,
zwitterionic gelatin, and GelMA, underwent gelation in buffer solutions. These cationic, anionic, and
zwitterionic hydrogels showed shear-thinning behavior under a wide range of shear rates (0.5-500 s™!) and
thixotropic properties under high shear rates (100 s™'). Zwitterionic GeIMA hydrogel (10 wt%) and anionic
k-CA hydrogel (2 wt%) were printed alternately as 20-layered grids with good structural integrities (Fig.
17a). Cao and Zhen et al. reported a polyionic ink comprised of a cationic chitosan and an anionic sodium
alginate (Fig. 17b).”7 In a sodium alginate solution (10 w/v%), chitosan (0—1.2 equiv. to alginate) was
dissolved at pH <4, forming electrostatically crosslinked hydrogels. During DIW, an HCI solution (0.5 M)
was sprayed onto each layer of the extruded inks to protonate the chitosan to induce fast and uniform
electrostatic crosslinking. Accordingly, the inks became viscous with shear-thinning characteristics, and
the viscosity reached 3600 Pa-s at a 0.01 s! shear rate and quickly decreased to below 10 Pa-s at a 100 s'!
shear rate. The HCl-treated chitosan/alginate constructs showed good compressibility (¢ > 90%) and high

toughness (> 100 kJ/m?®) due to the strong electrostatic interactions.
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Fig. 17 (a) Chemical structures and step-strain sweeps of the zwitterionic GeIMA and anionic k-CA
hydrogels. The image of a 3D-printed x-CA/GelMA heterogeneous lattice was shown on the right.
Reproduced with permission from reference 160. Copyright 2018 American Chemical Society. (b)
Ilustration of DIW of alginate/chitosan inks with HCI sprayed after the deposition of each layer. The shear
rate sweeps of the inks at various alginate/chitosan ratios without the HCI treatment were shown on the

right. Reproduced with permission from reference 77. Copyright 2018 MDPI.
4.4 DIW inks designed based on micro-crystallization

As discussed in section 3, PEG (M,, > 20 kDa) and a-CD form extrudable polypseudorotaxane hydrogels,
but they have limited self-healing properties for DIW. From a molecular design perspective, the limited
self-healing ability of polypseudorotaxane hydrogels comes from the slow re-crystallization of the disrupted
crystalline domains after the removal of shear forces. Increasing the density of the crystalline domains by
threading more a-CDs onto the polymer axle in the hydrogel is one possible approach to improve the self-
healing property of polypseudorotaxane hydrogels. Hence, we chose Pluronic F127 triblock copolymer as
the axle to test the feasibility (Fig. 18a).”® In an aqueous solution of F127 (5 wt%), a-CDs thread on the
PEG blocks, leaving the PPG block uncovered, forming viscoelastic hydrogels at various a-CD

concentrations. The rheological properties of these hydrogels were investigated at different a-CD-to-F127
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ratios (Fig. 18b). At 10 wt% a-CD, a hydrogel with G' ~10° Pa was obtained, but the elastic moduli of the
hydrogel dropped to 20 Pa after one step-strain cycle (Fig. 18b, leff). At 15 wt% a-CD, the elastic moduli
of the hydrogel reached 10* Pa. In the step-strain sweep, the elastic moduli G’ of the hydrogel was reduced
to 103 Pa after the first step-strain cycle, and it was further weakened under multiple step-strain cycles (Fig.
18b, middle). 1t is worth noting that a-CD reached saturation at 15 wt% at room temperature, and most
investigations on a-CD-based polypseudorotaxane hydrogels did not seek higher a-CD concentrations for
gelation. To thread more a-CDs onto F127, we prepared a 20 wt% a-CD solution at 60 °C, since the
solubility of a-CD is significantly higher at this temperature. After mixing F127 and a-CD at 60 °C followed
by natural cooling, a stronger polypseudorotaxane hydrogel was formed with an elastic modulus G' of 4 x
10* Pa. This hydrogel showed outstanding self-healing properties in the step-strain investigations (Fig. 18b,
right). The significantly improved self-healing property of the polypseudorotaxane hydrogels at higher a-
CD concentrations confirmed that increasing the crystalline domain density effectively promotes the

rheological properties for DIW.
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Fig. 18. (a) Schematic illustration of the formation of 3D-printable polypseudorotaxane hydrogels using a-

CD with Pluronic polymers and long-chain PEGs. (b) Step-strain sweeps of polypseudorotaxane hydrogels
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with different amounts of F127 and a-CD. (c) 3D-printed PMs underwent DMSO/H,0-induced shape
morphing. The threaded a-CDs were switched between crystalline and random shuttling states. A PM lattice
lifted a US dime after the DMSO-to-H,0 exchange. (b-c) reproduced with permission from reference 78.
Copyright 2017 John Wiley & Sons, Inc. (d) 3D-printed PMs underwent pH-induced shape morphing. ()
Numbers of mechanically interlocked a-CDs in PMs obtained at different fed a-CD concentrations. (f) A
pH-responsive worm-mimic fabricated by PM and PM/PAA showed multi-stage shape morphing. (d-f)
reproduced with permission from reference 203. Copyright 2018 The Royal Society of Chemistry.

The polypseudorotaxane hydrogel with 20 wt% of a-CD was 3D-printed as woodpile lattices (Fig. 18¢).”®
When telechelic MA,-F127 was used, crosslinked polyrotaxane monoliths (PMs) were generated after post-
printing photo-polymerization (Fig. 18c). In these PMs, a-CDs were mechanically interlocked by the
crosslinked F127 network. They crystallized as micro-crystalline domains, being static along the F127 axle.
When these micro-crystalline domains are disrupted, a-CDs are freed to shuttle randomly along the F127
axle. For example, the micro-crystalline domains were gradually dismantled when a PM lattice was
immersed in DMSO. The elastic modulus of the PM was reduced, and the 3D-printed lattice collapsed into
a soft puddle (Fig. 18c). Re-establishing the hydrogen bonding interactions between a-CDs allows for rapid
re-crystallization, thereby regenerating the micro-crystalline domains. In water, the deformed DMSO-gel
recovered its shape within two minutes. The disruption and crystallization of a-CD crystalline domains are
visible as the PM changed from opaque to transparent and returned to opaque during these reversible
processes (Fig. 18c). The chemical energy of the reformation of a-CD crystalline domains in PM was
transferred to perform useful work, lifting a US dime against gravity (2.268 g, more than 20-time as the dry

gel’s weight, Fig. 18c, bottom).

We later noticed that the hydrophobic PPO block in F127 is not required for the formation of 3D-printable
polypseudorotaxane hydrogels, and high molecular-weight PEGs with a-CDs also form viscoelastic
hydrogels for DIW.2> When o-CD (20 wt%) was mixed with PEG,g (5 wt%), a viscoelastic hydrogel
formed. In this hydrogel, a-CDs segregated on the PEG axle and crystallized to form crystalline domains,
and the unthreaded PEG acted as amorphous chains to connect the crystalline domains (Fig. 18a). The
polypseudorotaxane hydrogel showed similar rheological features to those formed by F127 and a-CD. After
photo-polymerizing the methylacrylamide end groups of MA,-PEG,, and removing the free a-CDs, a PM
pyramid was obtained (Fig. 18d). By comparing the amounts of fed a-CD in the hydrogel formation to the
mechanically interlocked a-CD in the PM, we noticed that a large amount of free a-CD was critical for the
formation of a 3D-printable hydrogel (Fig. 18e). An excess of free a-CD allowed for the threading of more
a-CDs onto the PEG axle, thereby promoting viscoelasticity for DIW. When a PM was immersed into a
NaOH solution, the hydroxyl groups of a-CD were deprotonated (pK, = 12.3 and 13.5)?** and the crystalline

Page 32

Page 32 of 65



Page 33 of 65

Chemical Society Reviews

domains were dismantled. As shown in Fig. 18d, a 3D-printed pyramid was deformed into a transparent
hydrogel at pH 14. Reducing the pH to below 9 allowed for a rapid shape recovery of the PM. When the
pH-responsive PM was integrated with polyacrylic acid (pK, = 4.5) through multi-material 3D printing, a
worm-mimic showed multi-stage shape morphing at different pHs (Fig. 18f).
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Fig. 19. (a) Post-printing methylation of PM. (b) Illustration of a two-stage thermal-induced aggregation of
MPM. A crystalline phase was observed at 90 °C in the WAXS analysis. (¢) Thermal-induced shape
morphing of a bilayer monolith. Its top layer consists of MPM, and its bottom layer consists of a crosslinked

PDMA. Reproduced with permission from reference 205. Copyright 2020 The Royal Society of Chemistry.

We also demonstrated post-printing methylation of a-CDs of 3D-printed PM (Fig. 19a).2%5 To control the
degree of methylation, the a-CDs must be deprotonated while the PM is maintained in a swelled state.
When -BuOK deprotonation was carried out in DMSO, the deprotonated a-CDs aggregated and de-swelled
the PM, preventing further diffusion of +-BuOK for additional deprotonation. When NaOH deprotonated
PMs in water, the hydrogel remained swelled for controlled deprotonation (Fig. 19a). In the MPM,
methylated a-CDs shuttle freely along the PEG axles since the a-CD-a-CD hydrogen bonding interactions
have been diminished (Fig. 19b). From 4 °C to 25 °C, these methylated a-CDs aggregate as supramolecular

crosslinkages, strengthening the network macroscopically (Fig. 19b). This lower critical solution
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temperature (LCST) is consistent with other methylated a-CDs and polyrotaxanes.?¢-2% Interestingly, we
discovered a new crystalline phase when the MPM was heated to 70 °C (Fig. 19b). Unlike amorphous
methylated-a-CD aggregates, the MPM showed a clear long-range order in the WAXS analysis (Fig. 19b).
When the MPM is integrated with a conventional poly(dimethylacrylamide) (PDMA) hydrogel through
multi-material 3D printing, the 3D-printed bilayer showed a two-stage shape curving in water at 4, 40, and
90 °C, respectively (Fig. 19¢). The two-stage shape-morphing was attributed to the two-stage methylated-
a-CD aggregation and crystallization, highlighting the molecular-motion induced macroscale shape-

changes.

Different from long-chain PEGs, medium molecular weight PEGs (2—5 kDa) form meta-stable hydrogels
with a-CD (Fig. 20a), which gradually precipitate as crystallites. Kinetically, a-CDs rapidly thread onto the
PEG axle and then the formed polypseudorotaxanes slowly crystallize as precipitates. When a large
hydrophobic end group (e.g., Ad-, d = 6.6 A) is installed onto the PEGs, the formation kinetics of the
polypseudorotaxanes is changed (Fig. 20a).!# a-CDs are attracted to the Ad- group to form side-on
inclusion complexes. Hence, they need to translocate the entire length of an Ad-PEG to reach the Ad- group.
The extended translocation distance decelerates the threading and translocation of a-CDs, thereby slowing
down the formation of polypseudorotaxanes. As a result, blocks of a-CDs are segregated on the PEG axles,
which crystallize to form kinetically trapped hydrogels (Fig. 20a). Instead of using bulky Ad- groups,
installing two Nor- end groups (d = 4.7 A) as ‘speed bumps’ also enabled the kinetic trapping of
polypseudorotaxane hydrogels (Fig. 20b).

The kinetically trapped polypseudorotaxane hydrogels showed drastically different viscoelasticity to
those formed by bare PEG and o-CDs (Fig. 20c).'** Ad-PEGs,/0-CD polypseudorotaxane hydrogels possess
much higher elastic moduli G' than those of PEGs-OH/a-CD hydrogels. The crystalline network densities
and micro-crystal domain sizes were tuned by varying the fed EG/a-CD ratios. In contrast, a minimum
variation of elastic moduli was observed in HO-PEGs/a-CD hydrogels at different EG/a-CD ratios.
Kinetically trapped Ad-PEGs,/a-CD hydrogels exhibited good self-healing properties for DIW, but HO-
PEGs,/a-CD hydrogels were not 3D-printable (Fig. 20c).
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Fig. 20. (a) Kinetically trapping polypseudorotaxane networks using Ad-PEG and a-CD. (b) Angular
frequency and step-strain sweeps of polypseudorotaxane hydrogels formed at different EG/a-CD ratios. (c)
Kinetically trapping polypseudorotaxane networks at room temperature and 60 °C. PMs with different
numbers of threaded a-CDs were formed after photo-crosslinking. (d) Fabrication of heterogenous moisture
actuators using one ink printed at different temperatures. Shape morphing occurred when the actuators were

exposed to moisture. Reproduced with permission from reference 144. Copyright 2021 Elsevier.
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The kinetic trapping method enables simultaneous access to multiple PMs using a single
polypseudorotaxane ink (Fig. 20b). In a DIW ink formed by Nor,-PEGy and a-CDs, two kinetically trapped
polypseudorotaxane hydrogels with different numbers of threaded a-CDs on the PEG axle were formed at
25 °C and 60 °C. When this ink was 3D-printed through two temperature-controlled nozzles at room
temperature and 60 °C, heterogeneous constructs with different polypseudorotaxanes were fabricated. After
photo-crosslinking, the heterogeneous construct consisting of two PMs was formed. These PMs have
identical covalently crosslinked PEG networks but different numbers of threaded a-CDs (Fig. 20b). When
the heterogenous PM constructs were exposed to moisture, they morphed into designed shapes due to their
different ability to swell (Fig. 20d). The PM with more threaded a-CDs swelled less, due to the denser

micro-crystalline a-CD domains formed in the hydrogel.

Instead of using sterically demanding end groups on medium-chain PEGs, the kinetic trapping synthesis
of 3D-printable hydrogels is expanded to short-chain PEGs (M, =950 Da).?® As a result, a series of PEGos-
grafted copolymers (P1-P10, M,, = 6.5-24.0 kDa, Fig. 21a). with different degrees of polymerization (DP)

and grafting densities were synthesized via reversible addition-fragmentation chain-transfer polymerization.

Copolymers P1 and P2 with low DPs (41, 60, M, = 6.5, 9.4 kDa) formed crystalline precipitates in the
presence of a-CD (Fig. 21a). In contrast, copolymers with higher DPs (P5-P10) formed viscoelastic
hydrogels, because the folding of the copolymer backbone acts as the kinetic barrier to slow down the
crystallization of the side-chain polypseudorotaxanes. Therefore, less-ordered crystalline domains were
kinetically trapped in these 3D-printable hydrogels. The decreased sizes of crystalline domains were evident

in SAXS studies (Fig. 21b).

PS5 (PEG grafting density 5%) and P6 (PEG grafting density = 27%) showed exceptional 3D printability
with a-CD and were synthetically modified with methacrylate into P5-MA and P6-MA (Fig. 21b). The P5-
MA/a-CD and P6-MA/a-CD hydrogel were photo-crosslinked after DIW, affording crosslinked polymers
CP5 and CP6. The previously threaded a-CDs on the PEG side chains of CP5 and CP6 were dethreaded
after a DMSO washing. When 3D-printed CP5 and CP6 were immersed into a-CD solutions, the re-
threading of a-CD and reformation of micro-crystalline domains triggered an elastic-to-plastic
transformation as shown in the tensile tests (Fig. 21c). CP5 and CP6 showed two orders of magnitude
enhancement in their elastic moduli (Fig. 21 ¢). We further introduced a slide-ring crosslinker?'%-212 to
synthesize a highly stretchable CP10, which demonstrated multi-stage shape morphing at different
concentrations of a-CDs (Fig. 21d). Since CP6 and CP10 showed drastically different mechanical
properties at the same concentration of the a-CD solution, we sought to design a sea cucumber mimic
through multi-material 3D-printing (Fig. 21e). In this sea cucumber mimic, papillae and skin were made of

CP6 and CP10, respectively. In the absence of a-CD, the soft monolith deformed to mimic sea cucumbers’
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soft bodies. In a 50 mM a-CD solution, the papillae drastically increased its rigidity, but the skin remained
flexible. In a 150 mM o-CD solution, the monolith was reinforced into a rigid construct, mimicking the

state that sea cucumbers defend against predators.
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Fig. 21. (a) PEG-grafted copolymer P1-P10 used to form kinetically trapped hydrogels with a-CDs. (b)
SAXS profiles of the P1-P5/a-CD polypseudorotaxane hydrogels. (c) Crosslinked side-chain polymer
networks CP5 and CP6, and their tunable mechanical properties at different concentrations of a-CD. The
elastic moduli change of CP5 and CP6 using rheometer and their tensile strain-stress profiles are shown.
(d) Multi-stage shape morphing of CP10. (¢) A sea cucumber mimic comprised of rigid papillae and soft
skin fabricated with CP6 and CP10. The mimic undergoes a gradual modulus change upon a-CD threading.
Reproduced with permission from reference 209. Copyright 2021 John Wiley & Sons, Inc.

4.5 DIV inks designed based on non-specific supramolecular interactions

Block copolymers with dissimilar blocks self-assemble in solution as spherical micelles, worm-like

micelles, and vesicles at the nanometer scale and cubic, hexagonal, lamellar, and bi-continuous mesophases
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at the sub-micrometer scale.?'3-2!'” These nano-to-meso scale assemblies are spatially arranged to form
viscoelastic gels for DIW. A typical example is Pluronic F127, in which the PPO block aggregates above
the critical micelle concentration (CMC, 0.2 mM) to form spherical micelles with sizes ranging from 8§ to
16 nm.?'%21% Above 20 wt%, F127 self-assembled into DIW-compatible hydrogels.??°-22 SAXS and small-
angle neutron scattering (SANS) showed that 2D hexagonally packed layers of micelles are vertically
stacked in a face-centered cubic or hexagonal packing mode (Fig. 18a).223-226 SANS reveals that micelles
glide along the direction of the shear force.??* Once the shear force is removed, the original micro lattice is
reformed. The elastic modulus of the F127 hydrogel is measured as ~ 5 x10° Pa (1 rad/s).?*> The F127-gel
is also temperature sensitive, showing a gel-sol transition below the critical micelle temperature (CMT). 227
The thermal reversibility of F127-gel enables its use as a templating ink in DIW, which can be removed at

a lower temperature.??!- 227, 228
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Fig. 22 (a) Illustrations of the self-assembly of a Pluronic F127 gel and its shear-thinning behavior.
Reproduced with permission from reference 25. Copyright 2019 John Wiley & Sons, Inc. (b) Illustrations
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of the hierarchical co-assembly enhanced direct-ink-writing. Reproduced with permission from reference

229. Copyright 2018 John Wiley & Sons, Inc.

The amphiphilic nature of F127 hydrogels also allows for the incorporation of a variety of guest
molecules for controlled release.??* 23! Recently, we developed an F127/small molecule co-assembly
approach to construct functional DIW inks (Fig. 18b).2%° In this design, F127 micellar gel is a polymer
template for the co-assembly and a rheological template for DIW. Co-assembled gels comprised of reactive
molecules and F127 were 3D-printed into different architectures. Finally, the 3D-printed samples undergo

a post-printing assembly and crosslinking to form 3D-printed monoliths with ordered molecular features.
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Fig. 23. (a) Fabrication of 3D-printed mesoporous silica monoliths enabled by hierarchical co-assembly of
TEOS and F127. (b) Aggregation-induced-emission of a TPE-based siloxane tracker during the
evaporation-induced co-assembly. This TPE-based siloxane also formed 3D-printed porous materials
through the hierarchical co-assembly enabled DIW. Reproduced with permission from reference 229.
Copyright 2018 John Wiley & Sons, Inc. (¢) A 3D-printed mesoporous silica monolith formed by THEOS,
P123, and TEOG Glide 440. Optical and TEM images of the 3D-printed lattice are shown on the right.
Reproduced with permission from reference 232. Copyright 2018 John Wiley & Sons, Inc.

We demonstrated the feasibility of the design using tetraethyl orthosilicate (TEOS) as the reactive

molecule (Fig. 23a).*° TEOS and F127 have been shown to co-assemble for the synthesis of mesoporous
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silica.?3? Different from conventional mesoporous silica synthesis,?33-23¢ where the polycondensation is
carried out in a reaction vessel, the polycondensation of TEOS in a 3D-printed monolith needs to be
controlled to retain the macroscale architecture. We noticed that during the polycondensation, the generated
ethanol severely reduced the stability of the macroscopic structure. Therefore, only a small amount of acetic
acid was introduced to the F127/TEOS ink to limit the polycondensation rate. After DIW, the monolith was
placed in a humidity-controlled chamber to slowly evaporate water and EtOH, matching the rates of
evaporation and polycondensation. Next, the dried monolith was gradually heated to 200 °C, 700 °C, and
1000 °C. Above 300 °C, the monolith underwent extensive polycondensation and F127 decomposed
completely. SEM and TEM analysis showed that samples calcinated at 600 °C showed typical mesoporous

structures (5 nm pore) with a BET surface area of 304 m?/g.
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Fig. 24. (a) The hierarchical co-assembly enabled DIW for the fabrication of 3D-printed /-ketoenamine
COF TpPa-1. (b) The strain sweep and step-strain sweep of TpPa-1/F127 co-assembled gel. (c) Fabrication
of a 3D-printed TPE-COF pyramid through the transamination method. (d) Dual-COF DIW and 3D-printed
dual COF monolith comprised of TpPa-1 and TpBD-Me,. A SEM image was recorded at the interface of
the two COFs. Reproduced with permission from reference 93. Copyright 2019 American Chemical Society.

To offer molecular insights into the hierarchical co-assembly, a tetraphenylethylene (TPE)-based siloxane
tracker was added to the hydrogel as a dopant.??° Upon evaporation, the linewidth of the 3D-printed
monolith shrunk, and localized fluorescence enhancement was observed due to aggregation-induced
emission.?3”-238 The localized fluorescent emission change provided molecular evidence of controlled post-
printing assembly in a 3D-printed monolith. This TPE-based siloxane was also used to construct 3D-printed
porous organosilicate. Mixing this molecule with F127 formed a viscoelastic ink for DIW. The 3D-printed
monolith underwent similar post-printing processes to afford a mesoporous organosilicate monolith with

5-20 nm pores and a BET-surface area of 177 m%/g.

Husing et al. fabricated porous silica using Pluronic P123 and tetrakis(2-hydroxyethyl)orthosilicate
(THEOS) (Fig. 23¢).2*2 A triblock copolymer TEGO Glide 440 (PEG-PDMS-PEG, 0.8 wt%) was added as
a rheological additive to P123 and THEOS to form viscoelastic hydrogels for DIW. The 3D-printed
monolith was aged in a sealed chamber at 40 °C for 7 days to allow for extensive polycondensation. Then,
P123 and TEGO Glide 440 were removed by organic solvent extraction. As a result, a 3D-printed
mesoporous silica monolith was obtained with ordered cylindrical mesopores with a BET surface area of

678 m?/g (Fig. 23c¢).

The hierarchical co-assembly enhanced DIW also applies to other reactive molecules, such as amines
and aldehydes. As such, we expanded this method to construct 3D-printed imine and B-ketoenamine COFs
TpPa-1 and TpBD-Me,.?? In a mixture of F127, amine, and aldehyde (Fig. 24a), the extension of the imine
polycondensation needs to be limited to allow the formation of viscoelastic hydrogels for DIW. 1,3,5-
Triformylphloroglucinol (7p), p-phenylenediamine (Pa), p-toluenesulfonic acid (TsOH), and Pluronic
F127 were mixed for the construction of a f-ketoenamine TpPa-1 COF. The 3D-printable ink showed
similar viscoelastic properties to the F127-only hydrogels with a measured elastic modulus of 1.2 x 10* Pa,
possessing rapid self-healing property in the step-strain sweep (Fig. 24b). Large amounts of TsOH and
water limited the imine condensation during the hydrogel formation and DIW processes. After 3D-printing,
the sample underwent controlled evaporation followed by heating, during which the imine condensation
proceeded extensively and an amorphous-to-crystalline imine network transformation occurred.?*® 3D-
printed TpPa-1 monolith was obtained after removing the F127 template via solvent extractions with

acetone. TpPa-1 was annealed in dioxane/mesitylene/acetic acid mixture at 150 °C for 72 hours to further
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enhance the crystallinity. The annealed 3D-printed monolith showed a similar powder X-ray diffraction
(PXRD) profile and BET surface area of 587 m?/g to those polycrystalline TpPa-1 powders synthesized
conventionally.?#% 24! If the reactive molecules polymerize rapidly, the polymerization must be further
retarded during the ink formation. For example, tetrakis(4-aminophenyl)ethene and terephthalaldehyde
polymerized rapidly in the F127-templated gel, affording yellow precipitates. Hence, aniline was introduced
to react with terephthalaldehyde to form an imine intermediate, which slowly reacted with tetrakis(4-
aminophenyl)ethene through trans-imination (Fig. 21c). The trans-imination allowed for the formation of a
3D-printable ink, and this TPE-COF was successfully fabricated with a BET surface area of 1373 m?/g.
When two COF precursor inks were employed for multi-materials 3D printing (Fig. 24d), heterogeneous
dual-COF monoliths were fabricated. SEM studies at the COF-COF interface revealed that two COFs were
bound together tightly via the cross-imination at the interface (Fig. 24d).
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Fig. 25 Construction of a crosslinked BTA network through co-assembly and thiol-ene crosslinking. A

recovered

water-soluble trihydroxyethyl-BTA was supramolecularly inserted into the crosslinked BTA monolith,
inducing a macroscopic size expansion. Reproduced with permission from reference 229. Copyright 2018

John Wiley & Sons, Inc.

Compared to the previously discussed approaches, the hierarchical co-assembly approach allows for the
incorporation of reactive small molecules that are otherwise difficult to satisfy the rheological prerequisites
of DIW. For example, the design of 3D-printable BTA-based supramolecular polymers (section 4.1)
requires water-soluble PEG arms and hydrophobic alkyl arms installed on the BTA. In contrast, co-
assembling BTA-based molecules with the F127 template to form 3D-printable inks simplifies the
supramolecular design. We synthesized a triallyl-BTA (Fig. 25), and mixed it with a tetra-thiol crosslinker,

a photoinitiator, and the F127 template in water to form a viscoelastic hydrogel.??° The hydrogel possessed
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similar viscoelastic properties as pure F127 gels due to the co-assembly, with an elastic modulus of 2 x 10*
Pa and rapid self-healing properties. The hydrogel was 3D-printed into a woodpile cube and photo-
crosslinked via a thiol-ene reaction. After ethanol extraction to remove the F127 template, a BTA-based
monolith was obtained. When a trihydroxyethyl-BTA was introduced to the BTA monolith in water, it was
inserted between the crosslinked BTA moieties and expanded the hydrogel macroscopically (156% volume
expansion). Removing this trihydroxyethyl-BTAs from the 3D-printed monolith allowed for recovery to
the original state (Fig. 25). It is worth noting that since the crosslinking density of the BTA monolith is
much higher than those discussed in section 4.1, the BTA monolith obtained via the co-assembly method
only allowed for the insertion of 1-2 trihydroxyethyl-BTA rather than the supramolecular copolymerization.

Future designs of BTA-based 3D-printable monolith can combine the benefits of both approaches.
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Fig. 26. (a) Integration of living bacterial cells with F127-Ac, gels. A living tattoo was fabricated, emitting
fluorescent signals upon chemical stimuli. Reproduced with permission from reference 222. Copyright
2018 John Wiley & Sons, Inc. (b) Preparation of a 3D-printable MOF hydrogel by mixing ZIF-67 with
F127. The strain sweep of the hydrogels and the 3D printed ZIF-67 with porous structures are shown at the
bottom. Reproduced with permission from reference 242. Copyright 2019 John Wiley & Sons, Inc. (c)
Fabrication of plasmonic constructs comprised of silver nanoprisms and F127. Constructs with discrete and
gradient materials were printed using multi-material extruders. Reproduced with permission from reference

88. Copyright 2017 John Wiley & Sons, Inc.

When the F127 hydrogel was only used as a rheological template, it enabled 3D-printing of a variety of

functional materials. For example, Zhao et al. presented a method to fabricate living responsive materials
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by introducing bacterial cells, chemicals and nutrients into the F127 micellar hydrogels (F127-Ac,, Fig.
26a).222 The F127 hydrogels at concentrations of 20-35 wt% are 3D-printable, and the samples were photo-
crosslinked after DIW to form robust covalent networks. As such, a living tattoo was fabricated by
integrating bacterial cells into a covalently crosslinked network (Fig. 26b). When the tattoo was exposed to
rhamnose, S-D-1-thiogalactopyranoside, and N-acyl-homoserine lactone, the corresponding regions of the
living tattoo emitted different colors of fluorescence as the bacterial cells expressed green fluorescence
protein (Fig. 26b). Wang et al. reported 3D-printing of MOF-derived carbon frameworks as Li/O, battery
cathode materials (Fig. 26¢).?*> A Co-based MOF (ZIF-67) and F127 were mixed to form a viscoelastic
hydrogel, which was printed into lattices (Fig. 26¢). Calcination of the printed monolith at 800 °C in N,
removed the F127 template and converted the ZIF-67 to a microporous carbon with embedded Co
nanoparticles (Fig. 26¢). The carbon material demonstrated good electric conductivity with the redox active
Co nanoparticles, affording the 3D-printed Li/O, batteries good performance. Johnson and Liu et al.
fabricated a series of plasmonic constructs by introducing silver nanoprisms (AgNPs) into the F127
hydrogel (Fig. 26d).88 AgNPs and F127 are bound via non-specific supramolecular interactions, and the
optical properties of F127/AgNPs hydrogels remained the same compared to their solution states. Using a
mixing-and-printing extruder, heterogenous 3D-printed constructs comprising up to eight inks were

fabricated (Fig. 26d).

Bottlebrush copolymers also self-assemble into mesoscale cubic or hexagonal lattices.?* 244 Recently,
Chabinyc and Bates et al. provided an example of using a bottlebrush copolymer poly(PDMS)-stat-
poly(PEO) for DIW to construct ultra-soft and solvent-free elastomers.?*> The bottlebrush copolymers
poly(PDMS)-stat-poly(PEO) were synthesized by copolymerizing Nor-PEO and Nor-PDMS via ring-
opening metathesis polymerization?*® 247 (Fig. 27a). The statistical bottlebrush copolymer self-assembled
into a body-centered cubic (BCC) phase in a solvent-free condition as indicated by SAXS. The self-
assembly is driven by the phase separation of the polar PEO and non-polar PDMS segments. The step-
strain measurements indicated the copolymer had suitable shear thinning and fast self-healing properties
for DIW, with an elastic modulus of ~10° Pa (Fig. 27a). When the copolymer is mixed with a telechelic
benzophenone-PDMS crosslinker, 3D-printed elastomers were obtained, exhibiting ultra-soft mechanical
properties (Young’s moduli: 32, 7.7 kPa) and excellent recovery during cyclic loading-unloading
measurements. These mechanical properties of the elastomer are attributed to the reversible structural
transition between the BCC and disordered micelles phases. The 3D-printed samples showed similar

mechanical properties when they were stretched and released (Fig. 27a).

Diao et al. incorporated photonic crystals into 2D-patterned structures using bottlebrush block

copolymers and the setup of a DIW.2# A Bottlebrush block copolymer poly(PDMS)-b-poly(PLA) was
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synthesized via ring-opening metathesis polymerization using Nor-PDMS and Nor-PLA macromonomers
(Fig. 27b). When the PDMS-b-PLA was dissolved in THF, the concentrated polymer solution was ready
for patterning. The photonic properties of the block copolymer were successfully transduced into the printed
patterns uniformly in a controlled and highly tunable manner. Both the printing speed (15 — 480 mm/min)
and temperature (25 — 70 °C) determined the structural colors of the patterns by changing the d-spacings of
the lamellar mesophases, where redshifts were observed when the patterns were printed at a lower speed or
higher temperatures- Although 3D-printed architectures are not shown here, we envision that evaporation-

controlled block copolymer self-assembly and DIW deposition could be integrated in the near future.
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Fig. 27. (a) Bottlebrush statistical copolymer poly(PDMS)-stat-poly(PEO) self-assembled into BCC
spheres, which enabled solvent-free DIW. Step-strain sweep of the copolymer and 3D-printed samples are
shown on the right. Reproduced with permission from reference 245. Copyright 2020 American Association
for the Advancement of Science. (b) Extrusion and evaporation of a bottlebrush block copolymer
poly(PDMS)-b-poly(PLA) to generate 2D patterns with structural colors. Reproduced with permission from

reference 248. Copyright 2020 American Association for the Advancement of Science.

5. Summary and outlook

The past two decades have witnessed tremendous advancements in soft materials 3D printing. In earlier
days, the development of 3D printers and the associated materials were largely independent. Recently,

materials development has started to show a significant impact on the development of 3D printers, as 3D
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printing materials with tailored chemical features inspire new designs of the corresponding 3D printers,
e.g., fast SLA/DLP printing.?* Furthermore, the development of viscoelastic inks for DIW has started to
unleash the potential of this fabrication tool, such as bioinks for biomedical uses.” > The fundamental
understanding of supramolecular interactions in viscoelastic inks have greatly accelerated the materials
development for DIW. For example, particle-based rheological modifiers were often needed in the early
designs of DIW inks,3%- 251252 but they were gradually phased out due to more sophisticated design to enable
the ink’s innate viscoelasticity. Supramolecularly designed inks for DIW started to attract more awareness
in chemistry, materials science, and engineering communities due to their highly dynamic and reversible
features.?® © 3D-printed soft materials with self-healing properties,>® 166 167. 192 ephanced mechanical
strengths, 93 193, 194 multiple-stimuli responsiveness,’ 78 144,193 and complex shape-morphing capabilities?3:
205, 209 have been demonstrated and discussed in this review. These exciting features come from the
functional motifs that are hydrogen bonded,”>* host-guest bound,!'® metal-ligand coordinated,'3' or
assembled via van der Waals forces.??0- 234255 While this review mainly focuses on the development of self-
supporting viscoelastic inks for DIW, it must be noted that extrudable inks could also be converted to self-
standing constructs through post-printing or in-printing treatments. Notable examples include ink-in-bath
printings®% 220: 221,256,257 and in-situ photopolymerizations.?*3-2° However, they often require adjustments to
the DIW printers.?® The supramolecular design principles discussed in this review are also transferable to

other 3D printing systems, such as SLA, DLP, CLIP, and CAL.!3-18.26

Currently, only a small fraction of supramolecular binding entities has been successfully introduced for
DIW, leaving an extensive library of supramolecular systems under-utilized. For example, the extrudable
supramolecular networks discussed in Section 3 could be tailored for DIW after some chemical
modifications. Notable examples include crown-ether/ammonium-based polymers,!!>: 130 261 cucurbituril-
based host-guest polymers,'?? polymers with self-complementary hydrogen bonding motifs,’* ' and
supramolecular systems that are connected via halogen bonds?62-2° and chalcogen bonds.?¢7-28 Introducing
high-affinity binding motifs to the construction of DIW inks is another promising strategy,?*® allowing for
the formation of 3D-printable inks at lower concentrations. The multivalency and positive cooperativity®3
in supramolecular binding are also helpful in the DIW ink designs. Multivalent interactions® afford much
higher overall binding affinities, which could be further strengthened by positive cooperativity.?*%7 At bulk,
the inks will possess higher elastic moduli and more effective self-healing property for successful DIW.
Furthermore, the development of DIW inks will be benefited by establishing clear structure-property
relationships between the binding motifs at the molecular level and their viscoelastic properties at bulk. For
example, the on-off kinetics of supramolecular binding motifs can significantly impact the self-healing rate

in the step-strain sweeps.”
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While supramolecular interactions facilitate the self-healing properties in the materials,?’% 27! these
materials are usually soft. Introducing another interpenetrated covalent network effectively addresses this
problem, and this approach has been demonstrated in this review.*® Future advancements could benefit from
developing more orthogonal supramolecular and covalent crosslinking methods and introducing high-
performance polymers to the supramolecularly crosslinked networks. For example, DIW inks with micro-
crystalline domains are opaque, which limits the light penetration depths for effective photo-crosslinking.
The covalent networks currently mostly constitute acrylate-based polymers, but their mechanical
performance is often limited. Another benefit of introducing supramolecular binding motifs to DIW inks is
that the binding association/dissociation dissipates energy, which enhances the toughness of the
materials.?’> 273 Depending on the on-off binding rates, large or small mechanical hysteresis are observed
during the loading/unloading experiments.?’> 27* Opportunities will arise when sophisticated
supramolecular designs are introduced to the DIW inks to enhance the toughness of the material or reduce
the loading/unloading hysteresis. Slide-ring gels?!9-212-274-277 gnd other mechanically interlocked systems,?’®

279 such as polycatenanes,?®° are particularly attractive in this aspect.

During DIW, shear-thinned inks may have inhomogeneous materials distributions at flow. Introducing
dynamic covalent chemistry could mitigate this problem for the construction of isotropic constructs. On the
other hand, the complex flow opens up exciting opportunities to produce meta-stable materials that are out
of equilibrium. For example, the integration of microfluidic designs and kinetically trapped supramolecular
systems is expected to enable more soft robotic designs beyond the capability of liquid-crystalline

materials-based DIW constructs 6! 281-283

Since DIW is particularly powerful at integrating multiple materials, the binding between two materials
at the interface is also critical.*” Delamination often occurs when there is insufficient binding at the interface
of different materials. In addition, undesired diffusions between two inks also need to be mitigated. Hence,

supramolecularly designed solutions are particularly welcome to address these problems.

The development of computational simulations and designs for DIW is also crucial.?#+2% Current
structural simulations of 3D-printing designs are primarily based on the assumption of linear elasticity of
the printed materials.?® However, most DIW inks are viscoelastic. Hence, the current simulation and design

need to go beyond elastic voxels to account for the viscoelastic properties.

Compared to vat-polymerization-based 3D printing, DIW fabrication at the large-scale remains a
significant bottleneck. Moreover, DIW inks often show large variations when printed at different speeds
using different extrusion pressures or shear forces. Hence, many 3D-printing demonstrations discussed in

this review are small laboratory-scale productions, and constructs are optimized individually with
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significant human interventions. Automation and in-line monitoring systems?*-22 with advanced machine
learning algorithms are crucial to mitigate printing defects within each printed construct. From a material
design perspective, producing consistent 3D-printed constructs requires more defect-tolerated
supramolecular designs. We envision the integration of supramolecular designs with the advancement of
automatic and inline-correcting DIW will greatly shorten the timeline from materials to products. Lastly,
reducing energy footprint and establishing a sustainable life cycle for DIW materials is critical for the
development of a sustainable society. The incorporation of supramolecular designs is particularly attractive

since these materials can be recycled or repaired easily.
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Table 1. A summary of DIW inks designed based on supramolecular interactions

nozzle size

sul.)ramole.cular composition network architecture G or line width application reference
interaction P (Pa) pp
(nwm)
PVA, x-CA dual-H-bond 103-10* 220-850 cell proliferation 163
PVA, chitosan crosslinked 103-10% 500 shape morphing 165
H-bond polymer . a drug delivery for
Upy>-PEGiox crosslinked via aggregation 10 n.d. heart disease treatment 4
BTA,-PEG 103-10% n.d. cytocompatibilit 166
hydrogen BTU PZEG (2)0;/[ H-bond ? P ?
bondin ~PEL-OMe crosslinked 2 103
g BTU,-PEG 10%-10 n.d. n.d. 167
polypeptide-DNA i . 3 10 .
double-stranded DNA DNA-crosslinked 10°-10 500 cell adhesion 98
polypeptide star copolymers [-sheets 10%-10°6 600 bacterial composite 177
multidomain peptides [-sheets fibrilization 103-104 310-500 cell culturing 178
CD-MeHA 4 in vivo degradation and
Ad-MeHA 10 100 biomolecule release s
H-G and covalently
host-guest MeHA crosslinked n.d. .
100 11 adh 48
interaction NorHA + CD-SH (DLP) celt adhesion
Agar, H-bond and n.d. 200 fabrication of 182
P(AAm-co-BVIm) + CB[8] H-G crosslinked (microfluidics) microfibers
Dop-PEG coordination 3 1nd . .
A Fedt / V3+ crosslinked 10°-10 260 cell proliferation 76
metal-ligand poly(MAA-co-OEGMA) H-bond and 103-10° humidity-sensitive
Lo " I . 03-10 300 193
coordination Fe coordination crosslinked actuators
Alginate + Ca?", coordination and covalently 3 10d
crosslinked PAAM crosslinked 10°-10 n.d. soft robots 194
electrostatic GelMA electrost.atlcally 102-103 250 cell adhesion 160
k-CA crosslinked
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interaction i
pro tor?alfel (r;actﬁi tosamn n.d. n.d. cell adhesion 77
MA,-F127 10*-10° 400 solvent-induced 73
a-CD actuator
MA,-PEG, 105106 400 pH-induced 203
o-CD actuator
micro- MA,-PEG, ol Cg};tgg;(z)fgxane 105-10° 400 thermal-induced 205
crystallization methylated a-CD® poiyp network 10%-103" actuator
Norb,-PEGy 105-10° 400 humidity-induced 144
a-CD actuator
PPEG-co HIEA) 10105 400 biomimicry 209
TEOS an dFigZierivatives 10%-10° 25-200 mesoporous silica 229
+ e
1?];(2}30 G?i}dlfgélso n.d. 800 mesoporous silica 232
F127 " micro-and mesoporous
amine + aldehyde 2x10 400 COFs 93
F127 . 1 1S . .
co-assembly triallyl-BTA micellar network 10%-10 200 supramolecular insertion 229
balztlezritﬁc Cezlls 2x10% 30-200 living sensing tattoo 222
ZFI;ZZ% 2x10% 200400 Li-O, battery 242
silver lflallinlates n.d. 200 plasmonic constructs 88
i hical PDMS-stat-PEO 104103 152410 soft elastomer 245
erare phase-separation structural color
assembly PDMS-5-PLA n.d. 100 248

patterning

an.d. stands for ‘not described’. ® Examples synthesized after post-printing methylation. The rheology data was recorded on the methylated samples.
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