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Recent Trends in Advanced Photoinitiators for Vat

Photopolymerization 3D Printing

Yinyin Bao

3D printing has revolutionized the way of manufacturing with a huge impact
on various fields, in particular biomedicine. Vat photopolymerization-based
3D printing techniques such as stereolithography (SLA) and digital light
processing (DLP) attract considerable attention owing to their superior print
resolution, relatively high speed, low cost, and flexibility in resin material
design. As one key element of the SLA/DLP resin, photoinitiators or
photoinitiating systems have experienced significant development in recent
years, in parallel with the exploration of 3D printing (macro)monomers. The
design of new photoinitiating systems cannot only offer faster 3D printing
speed and enable low-energy visible light fabrication, but also can bring new

functions to the 3D printed products and even generate new printing methods

in combination with advanced optics. This review evaluates recent trends in
the development and application of advanced photoinitiators and
photoinitiating systems for vat photopolymerization 3D printing, with a wide
range of small molecules, polymers, and nanoassemblies involved. Personal
perspectives on the current limitations and future directions are eventually

potential in customized fabrication of tis-
sue scaffolds,'*!*l medical devices,!!>1]
soft robots,['718] dental implants,!*?° mi-
crofluidic devices?'??l and drug delivery
systems.[6:23]

SLA and DLP usually rely on the layer-by-
layer solidification of a liquid resin contain-
ing (macro)monomers that can be photo-
crosslinked under light irradiation in the
presence of a photoinitiator.”#! With a dig-
ital micromirror device, DLP can more effi-
ciently generate 2D light shapes than SLA
(Figure 1A,B). On the other hand, CLIP
enabled continuous fabrication with much
higher speed by introducing an oxygen-
permeable window to form a dead zone of
photopolymerization at the bottom of the
resin (Figure 1C). Recently, emerging tech-
niques such as tomographic?*%°! or lin-
ear volumetric printing!?’! completely re-

provided.

1. Introduction

Since last decade, 3D printing (also called additive manufactur-
ing) has brought enormous opportunities for rapid production
of complex architectures and experienced exponential growth in
both techniques and materials.['3] As a chemical process-based
3D printing technique, vat photopolymerization possesses re-
markable advantages, such as flexible material design, high print
resolution, fast printing, and smooth print surface.**) As most
commonly used vat photopolymerization methods, stereolithog-
raphy (SLA),I7#! digital light processing (DLP),*1% and contin-
uous liquid interface production (CLIP)'12] have shown wide
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voked the layer stepping process in vertical
direction (Figure 1D,E), and further push
the boundaries of photopolymerization 3D
printing in terms of speed, resolution and
material scope.

Photopolymerization has a long-standing history in the field of
photochemistry. Due to its great advantages such as solvent-free
and energy-efficient processes, photopolymerization has been
widely applied in coating industry, painting/printing inks, adhe-
sives, and dentistry.[?2"] Photopolymerization is considered as a
chain polymerization process initiated by ionic or radical species
generated by light irradiation of a photoinitiator or photoinitiat-
ing systems.[?*<d] When successive layers of photopolymerized
materials are stacked to form a controlled 3D structure thanks
to the computer-aided design and precision light engineering,
photopolymerization transforms into 3D printing. To enable fast
photopolymerization and hence high-quality 3D printing, the
photoinitiator should have an adequately high molar extinction
coefficient at the light source wavelength and generate active ini-
tiating species (e.g., free radicals) under excitation by photons.[!
In recent years, a large amount of photoinitiators or photoiniti-
ating systems for 3D printing have been reported with high effi-
ciency, with some of them working in the visible light range and
thus compatible with the commercial 3D printers using 405 nm
light-emitting diodes (LED).[?73!l To facilitate the application
of photopolymerization 3D printing in biomedical applications,
the development of visible light photoinitiators beyond 405 nm
that can use low-energy visible LEDs would be highly desired
but much less reported.[*2] On the other hand, photoresponsive

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 1. Representative vat photopolymerization 3D printing techniques using photoinitiators. A) SLA; B) DLP; C) CLIP; D) Tomographic volumetric
printing. Adapted with permission.[?>] Copyright 2019, the American Association for the Advancement of Science (AAAS). E) Linear volumetric printing.

Adapted with permission.[’] Copyright 2020, Springer Nature.

molecules such as molecular photoswitchs**! or reversible
addition—fragmentation chain-transfer (RAFT) agents** have
been introduced to vat photopolymerization for functional
3D printings. In addition to small molecules, photoinitiating
polymers®>3 and nanoassemblies!*¥] have been designed
to benefit the additive manufacturing of sustainable materials,
biodegradable elastomers, biocompatible hydrogels, etc.

In this work, instead of providing a comprehensive summary
of photoinitiators used in 3D printing, we focus on these re-
cently emerging trends in the development and application of
advanced photoinitiators or photoinitiating systems for vat pho-
topolymerization 3D printing mainly in last three years. The 3D
printing systems and applications are discussed with a perspec-
tive on current limitations and future research directions eventu-
ally provided. The readers can refer to recently published review
articles?*311 for more thorough overview of the visible light pho-
toinitiators.

2. Low Molecular Weight Photoinitiating Systems

As one of the two most important elements of a photopolymer-
ization system, photoinitiator directly undergoes chemical reac-
tions upon light irradiation. Dependent on the specific photoin-
duced reactions, different types of photoinitiators involving one
or more components have been designed. In general, the pho-
toinitiation process can be achieved in two different ways: i) the
photoinitiator undergoes a home-cleavage to produce free radi-
cals after light absorption (type I photoinitiator) and ii) noncleav-
able molecules generate free radicals with hydrogen abstraction
from hydrogen donors as co-initiators (type II photoinitiator).!?’!
The commonly used commercial photoinitiators are usually
type I photoinitiators, such as 2,4,6-trimethylbenzoyldiphenyl
phosphine oxide (TPO, Figure 2) and phenylbis(2,4,6-trimethyl-
benzoyl)phosphine oxide (BAPO, or Omnicure 819, previously
known as Irgacure 819, Figure 2),3%3%40] which have been ex-
tensively applied in SLA and DLP printing with both UV light
and 405 nm LED. Recently, the emerge of photoredox catalysts
enabled the development of highly efficient photoinitiating sys-
tems that can be activated by low-energy irradiation, and thus

Macromol. Rapid Commun. 2022, 43,2200202 2200202 (2 of 15)

applicable with green-to-near infrared (NIR) light.*”) Both metal
complexes (e.g., zinc tetraphenylporphyrin, ZnTPP,[*!)) and or-
ganic dyes (e.g., eosin Y,*?! Figure 2) have been discovered as
photoredox catalysts that can react with reducing or oxidizing
agents at excited states, resulting in electron transfer and gen-
eration of radicals or ion species.?**3~] This system has most
recently shown great potential in visible light 3D printing, which
may facilitate the biomedical applications of vat photopolymer-
ization, especially for the production of tissue constructs, drug
formulations and medical implants.

2.1. Visible Light Photoinitiators beyond 405 nm

Although the commercial photoinitiators like TPO and BAPO
have maximum molar extinction coefficient below 400 nm, their
absorption spectra still cover the violet light region. Therefore,
they are compatible with the commercial SLA and DLP printers
using 405 nm LED, benefiting from their highly efficient photon
absorption. On the other hand, despite numerous newly synthe-
sized visible light photoinitiators (e.g., Ivocerin,[*l NDP2*74 and
TPA-DTP,I*’"! Figure 2), they were rarely tested for 3D printing
under light irradiation beyond 405 nm. In this section, we focus
on the commercial or synthetic visible light photoinitiators that
have been used in vat photopolymerization with light of relatively
longer wavelength, such as green, red, white or even NIR irradi-
ation.

As a commercially available dye and biocompatible photoini-
tiator, eosin Y can be activated by green light and used in
bioprinting.!*®*! Kim and co-workers reported the first cell-
attachable SLA bioink containing gelatin methacryloyl (GelMA)
and eosin Y.*?] As shown in Figure 3A, patterned cell-laden hy-
drogels were printed using commercial projector beam light cov-
ering whole visible light range (400-700 nm) and the cells can
well proliferate inside the hydrogels to form 3D intercellular net-
works.

Tris(2,2’-bipyridyl)dichloro-ruthenium(II), or Ru(bpy),>* is a
metal complex-based visible light photoinitiator.[*®!] Recently,
Zhang and co-workers demonstrated that the camera light of

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH



tMIFSS
ADVANCED Olecular
SCIENCE NEWS Rapid Communications

www.advancedsciencenews.com www.mrc-journal.de

©

(0]

n'd

- Ol o . &,

I ZnTPP (550, 600%)
B2 8 S B zaBr (660)
N~9,N\ =
o ) O ! O o
= M B 523
= % O EosmY 514) es-Br (523) o O
— o = Cs'lhs O NH,
= = F: N(j
& O ~C e L, O O
a Q\Ti E @ &
(3p] ~ NH, O
F‘Z §_N Rose begnal (565)
° 3 DAAQ (480) Safranine O (520)
: —_— Irgacure 784 (400, 470) =
L
2
= \ N—-Ruz‘-N
> )
2 9
w5 KCD 458
: 2 @ @
>
ZnTPP (420* 'Wt @ ”ocmg
TPA-DTP (4
— ° ) N0 (470)
S ey @* 3%

E é Ivocerln 408 CQ (468)

o \;;q

>

BAPO (370) @ HN
TPO (380) NDP2 (417 R
| | | | |
300 400 500 600 700

Maximal absorption wavelength (nm)

Figure 2. Visible light photoinitiators for photopolymerization 3D printing using violet to red light irradiation: BAPO (Omnicure 819),[46] TPO,[3%]
Ivocerin,[*6] NDP2,[472] CQ,[541 ZnTPP, 132411 Ru(bpy);2*,[59-521 TPA-DTP,[*7Ib H-Nu470,132] KCD,1*°! Irgacure 784,154 DAAQ,[552P] CurCz,[55¢! safranine
0,181 eosin Y,[424849] Mes-Br,[°¢] rose bengal,132] aza-Br.[6] #ZnTPP has two absorption bands locating at blue and yellow color region, respectively.
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Figure 3. Commercial photoinitiators for visible light 3D printing. A) Eosin Y-based SLA printing of GelMA bioink and cell-laden hydrogels. Reproduced
with permission.l42] Copyright 2018, American Chemical Society. B) Ru(bpy);2*-based smartphone-enabled DLP printing of complex constructs from
PEGDA 575. Reproduced with permission.[2] Copyright 2021, Wiley-VCH GmbH. C) Irgacure 784- and CQ-EDAB-based OLED-modulated DLP printing
of lattice structure, multimaterial layers and hydrogel scaffold for cell attachment from PEGDA 700 resins. Reproduced with permission under the terms
of the Creative Commons License.[*] Copyright 2021, the Author(s), published by Cell Press.
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smartphone enabled efficient 3D printing of commercial pho-
topolymers using Ru(bpy);** hexahydrate with sodium persul-
fate on a portable DLP printer!®?! (Figure 3B). A series of com-
plex structures as well as hydrogel tissue analogs were success-
fully fabricated from polyethylene glycol diacrylate (PEGDA) 575
or GelMA solutions. The authors anticipated this smartphone-
powered DLP printing strategy could be highly useful for the
fabrication of point-of-care medical implants and cell-laden tis-
sues in situ, especially in resource-limited situations. At the same
time, Goyanes et al. reported another smartphone-enabled 3D
printing system using the same Ru(bpy);** photoinitiator.l**!
Warfarin-loaded tablets of various sizes and tailored shapes were
printed from PEGDA 575 with high dimensional precision, and
sustained release characteristics were observed. This study ex-
panded the scope of point-of-care manufacturing of personalized
drug formulations.

Fang and co-workers recently reported another visible light 3D
printing platform using an organic light-emitting diode (OLED)
microdisplay with two different well-established photoinitiat-
ing systems involved, that are Irgacure 784 (type I) and cam-
phorquinone (CQ)-ethyl 4-dimethylaminobenzoate (EDAB) (type
11).1°*] This visible light OLED-modulated digital platform offered
scalable printing of commercial resins, PEGDA photopolymers
and bioactive hydrogels while being simple and low-costly. In ad-
dition, multimaterial printing was also achieved with excellent
resolution and complex architectures, by incorporating an air jet
set for resin exchange (Figure 3C).

In addition to the commercial photoinitiators, the exploration
of tricomponent photosystems based on a photoredox catalyst
together with electron donor/acceptor pair has brought new
opportunities for 3D printing with visible light, in particular
green light.[>®] Page and co-workers evaluated the photopolymer-
ization kinetics of isobornyl acrylate using a series of mesityl-
functionalized boron-dipyrromethene (BODIPY) dyes under a
green LED light at 530 nm.1**! Only 0.1 mol% dye molecule was
used for resin preparation with 0.1 mol % donor 2-(butyryloxy)-
N,N,N-trimethylethan-1-aminium  butyltriphenylborate, and
1.0 mol % acceptor [4-(octyloxy)phenyl|(phenyl)iodonium hex-
afluoroantimonate (diphenyliodonium). By using an attenuated
total reflectance (ATR)-Fourier transform infrared spectroscopy
(FTIR) spectroscopy, it is revealed that the monomer conversion
reached maximum value (~80%) after only 8.5 and 6.5 s for
brominated and iodinated BODIPYs (Mes-Br and Mes-I), respec-
tively (Figure 4A). The green LED light intensity was as low as
0.44 mW cm~2, which is much less intense than commercial
DLP light resource (%20 mW cm™2).

The authors found that the high photopolymerization rate was
due to the halogenation-induced efficient intersystem cross (ISC)
of the dyes from S, to T, state under photoexcitation, which re-
sulted in longer lifetime of the excited state.’®) Using Mes-Br sys-
tem, they realized rapid 3D printing of a hierarchical octet-tuss
lattice structure by DLP with 530 nm green LED (~1.8 mW cm™?)
(Figure 4A). A BODIPY derivative (aza-Br) with red light absorp-
tion (660 nm) was also synthesized and maximum conversion
was achieved in 11.4 s using the same system under 740 nm far-
red LED light at 16.0 mW cm~2. This rapid far-red or NIR light-
triggered photopolymerization was unprecedented.

The same group also developed tricomponent photosystems
using 5,7-diiodo-3-butoxy-6-fluorone (H-Nu470), rose bengal,

Macromol. Rapid Commun. 2022, 43, 2200202 2200202 (4 Of'|5)
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and ZnTPP, respectively.®?] Based on similar donor/acceptor co-

initiators, rapid photocuring of the resins containing dimethyl
acrylamide and trimetylolpropane triacrylate was achieved with
blue (2460 nm), green (=525 nm), or red (%615 nm) light using
the corresponding dye. This is comparable with the conventional
BAPO photoinitiator under violet light (405 nm), while the con-
centration of the dyes was only 0.1-0.3 wt% versus 0.5 wt% for
BAPO. The highly efficient photopolymerization enabled rapid
high-resolution 3D printing by a DLP system with blue, green,
and red LEDs, respectively (Figure 4B). Most recently, Page group
further employed a cyanine 7 derivative called H-Nu 815, which
even pushed the 3D printing light scope to NIR region. It was
demonstrated that 3D architectures could be fabricated by invis-
ible light (~850 nm) with a low intensity (<5 mW cm™2).15)

Allonas and co-workers developed another tricomponent pho-
tosystem using safranine O with green light absorption in
combination of tetraphenylborate salt as electron donor and 2-
(4-methoxyphenyl)-4,6-bis(trichloromethyl)-1,3,5-triazine (TA) as
electron acceptor (Figure 4C).[®] The photopolymerization kinet-
ics of a resin containing ethoxylated bisphenol A diacrylate and
0.1 wt% safranine O was evaluated under green laser irradiation
(532 nm). The tricomponent system showed much higher poly-
merization rate compared to the bicomponent systems using ei-
ther dye/donor or dye/acceptor (conversion 57.3% vs 9.9% and
1.5% in 20 s) at light intensity of #50 mW c¢cm~2. Increasing the
dye concentration to 0.4% allowed high-resolution printing of an
Eiffel tower model by a DLP printer with a polychromatic Xenon
arc lamp covering full visible spectrum, at a layer exposure time
of 5s.

Using the same TA acceptor, Xie and co-workers prepared
a bicomponent photosystem using commercially available 3,3’
carbonylbis(7-diethylaminocoumarin) (KCD) regarding its high
ISC efficiency up to 92%.11 The photooxidation of KCD by TA
could produce the initiating radical (TA®) for rapid photopoly-
merization and a deethylated product (i.e., KCD_2) which can
confine the light penetration due to its high absorption coeffi-
cient at 448 nm (4.3 x 10* L mol~! cm™!). On the other hand,
if photoreduced by N-phenylglycine, the generated amino-alkyl
radical and ketyl radical result in a significant blueshift of the ab-
sorption (261 nm) compared with KCD (Figure 4D). The pho-
tooxidation of KCD (~3 X 107 m) enabled high print fidelity
upon visible light irradiation using a digital light projector cov-
ering 420-780 nm. This is indicated by the high-resolution 3D
printed objects from a monomer mixture composed of N,N-
dimethylacrylamide, trimethylolpropane ethoxylate triacrylate,
and pentaerythritol tetraacrylate (Figure 4D, inset). The minimal
feature with 20 um in height and 23 pum (1 pixel) in width could
be achieved at a light intensity of 60 mW ¢cm~2.

From the chemical structure of the photoinitiators or photo-
sensitizers discussed in this section, we can see there are two gen-
eral ways to push their absorption to longer wavelength: i) to de-
sign large z-conjugated structure such as conjugated macrocycle
(e.g., ZnTPPI*), spirocyclic dye (e.g., eosin Y!*?)) and extended
linear molecule by cross-coupling (e.g., CurCz!>>?); and ii) to in-
troduce electron-donating and electron-accepting substituents to
generate intramolecular charge transfer (e.g., Mes-Br and aza-
Br*®)). This is consistent with the general principle for chemical
design of organic dye molecules but with additional requirement
for the efficient phototriggered cleavage or redox reaction.

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. Emerging photoinitiating systems for visible light 3D printing. A) Mesityl BODIPY dye-based photoinitiating systems (top left), its double bond
conversion versus irradiation time (bottom left) and green LED light 3D printed lattice structure (right). Reproduced with permission.[*¢] Copyright 2020,
American Chemical Society. B) H-Nu470, rose bengal, and ZnTPP for 3D printing with blue, green, and red light, and the 3D printed lattice structure
based on ZnTPP system. Reproduced with permission under the terms of the Creative Commons License.[32] Copyright 2020, the Author(s), published by
American Chemical Society. C) Safranine-based photoinitiating system and the 3D printed Eiffel tower model. Reproduced with permission.[*8] Copyright
2019, Wiley-VCH GmbH. D) KCD-based photoredox processes and the 3D printed boat and knot models. Reproduced with permission under the terms
of the Creative Commons License.[>° Copyright 2021, the Author(s), published by Springer Nature.

2.2. RAFT Photoinitiating System

In parallel, the introduction of RAFT agents (e.g., trithio-
carbonate) to 3D printing resins has attracted increasing at-
tention due to the post-printing transformation enabled by
reactivation.?*%] Jin and co-workers reported the first visible
light 3D printing via photo-RAFT polymerization at 405 nm
(Figure 5A).1°) Using a trithiocarbonate-based iniferter (e.g., 4-
cyano-4-[(dodecylsulfanylthiocarbonyl) sulfanyl] pentanoic acid,
CDTPA, or dibenzyl trithiocarbonate, DBTTC), PEGDA 250 or
tetra(ethylene glycol) diacrylate (TEGDA) can be printed by DLP.
“RAFT” letters have been fabricated using a low-intensity violet

Macromol. Rapid Commun. 2022, 43,2200202 2200202 (5 of 15)

LED (1.8 mW cm™2). Despite the relatively long exposure time
(>8 min for each layer), this strategy allowed controlled attach-
ment of functional moieties on the 3D printed object surface.
Furthermore, they designed a photoinduced electron/energy
transfer-RAFT (PET-RAFT) system by incorporating an organic
dye (e.g., erythrosin BB or eosin Y®!l), which greatly accelerated
the photopolymerization with maximum conversion reached in
2-5 min (Figure 5B,C). Subsequently, DLP printing with green
light (525 nm, 4.3 mW cm~2) was realized with exposure time
of 20-30 s. This system also offered an opportunity to design
4D printed materials by controlling the spatially resolved light
doses.?* As claimed by the authors, the inclusion of RAFT agent

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 5. RAFT systems for visible light 3D printing. A) Trithiocarbonate-based photoiniferters and the 3D printed “RAFT” letters. Reproduced with
permission.!®%] Copyright 2020, Royal Society of Chemistry. B) Erythrosin B-based PET-RAFT system for green light 3D printing. Reproduced with
permission.34l Copyright 2019, Wiley-VCH GmbH. C) Eosin Y-based PET-RAFT system for green light 3D printing and the photoredox processes.
Reproduced with permission.[®1] Copyright 2020, American Chemical Society. D) Self-healing 3D printed violin model based on DBTTC-TPO system. Re-
produced with permission under the terms of the Creative Commons License.[%3] Copyright 2021, the Author(s), Wiley-VCH GmbH. E) 3D printed lattice
structure using RAFT resin (left) or RAFT-silica nanoparticle resin (10 wt% silica, right) based on methyl 2-(n-butylthiocarbonothioylthio) propanoate

(MBTP)-TPO system. Reproduced with permission.[®4] Copyright 2022, Royal Society of Chemistry.

in the photopolymerization resin allowed the 3D printed materi-
als to be postfunctionalized with the residue active moieties, and
this strategy can potentially provide control over the mechanical
properties of 3D printed products due to the more regularly or-
ganized networks formed by controlled radical polymerization.

The addition of commercial photoinitiator (e.g., BAPO or
TPO) to RAFT system could significantly improve the print-
ing speed and resolution, while maintaining the postfunction-
alization activity.[®?] Interestingly, self-healing 3D printed objects
could be fabricated from a RAFT resin containing 2-hydroxyethyl
acrylate and ethylene glycol dimethacrylate using DBTTC (1.5
mol%) and TPO (0.75 mol%) as coinitiators (Figure 5D).l%! Fur-
thermore, Boyer group demonstrated that RAFT 3D printing can
be used for silica/polymer composite fabrication (Figure 5E)(** as
well as micro- to nanoscale structure control in 3D printed com-
plex objects.%]

Macromol. Rapid Commun. 2022, 43, 2200202 2200202 (6 Of'|5)

Recently, Jin and co-workers explored the possibility of RAFT
3D printing under red LED light (635 nm, 0.5 mW cm™2) by intro-
ducing ZnTPP to the resin, with a disk-shaped model printed.(°®]
Meanwhile, Zhu and co-workers attempted cationic RAFT poly-
merization toward NIR light 3D printing by using a commercially
available iron catalyst, cyclopentadienyl iron dicarbonyl dimer
(Fe,(Cp),(CO),) as the photocatalyst.[”] Although further opti-
mization is required, photomediated RAFT system(*’! has broad-
ened the scope of additive manufacturing in a living manner.(®®]

2.3. Functional Photoswitches
The photoswitch-incorporated photoinitiating systems represent

another important trend in photopolymerization 3D printing.
With light-triggered isomerization offering tunable functions in

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

{M}gggjlor

Rapid Communications

www.advancedsciencenews.com

Photosensitizer

www.mrc-journal.de

X 540

NZN '
\ O =
N—< >—(
f NS
CQ-EDAB o-CI-HABI

Local ke
% NG
strain »

W*M

A
— Polymerization

Figure 6. Photoswitches for functional 3D printing. A) Liquid mask photoswitches with corresponding photoinitiators, and multimaterial 3D printed
butterfly specimen with soft joints. Reproduced with permission under the terms of the Creative Commons License.l33] Copyright 2018, the Author(s),
Wiley-VCH GmbH. B) Photoinhibitor (o-Cl-HABI)-photoinitiator (CQ-EDAB) system and the volumetric 3D printed solid block M and tug boat model.
Reproduced with permission under the terms of the Creative Commons License.l”3] Copyright 2019, the Author(s), published by AAAS. C) Bifunctional
photoswitch DCPI for dual-color volumetric printing and the 3D printed test plate and nested fullerene molecular model with scanning electron micro-
scope (SEM) images. Reproduced with permission under the terms of the Creative Commons License.[?’] Copyright 2020, the Author(s), published by

Springer Nature.

3D microstructures,|®7! photoswitches have been employed

for multimaterial vat photopolymerization!**72! and volumetric
printing.[?7374 Hawker and co-workers reported the first one-
step multimaterial 3D printing using photochromic molecules
which can control polymerization through coherent bleaching
fronts.33 As shown in Figure 6A, two different diarylethene
photoswitches, 1,2-bis(2-methyl-1-benzothiophen-3-yl) perfluo-
rocyclopentene (DAEs;,) and 1,2-bis(3-methyl-1-benzothiophen-
2-yl)perfluorocyclopentene (DAE,,,), were used as the solution
masks for CQ and a xanthene green light absorbing dye HNus;;.
In this way, when mixed with both epoxy- and acrylate-based
monomers, the photoswitch-photoinitiator system allowed selec-
tive photocuring by controlling the exposure to blue (470 nm) or
green light (530). This is because the blue exposure led to dual
radical and cationic curing, while green exposure only caused
radical crosslinking, so that 3D objects with spatially resolved
chemical and mechanical domains can be directly fabricated by
wavelength-selective printing (Figure 6A). This so-called solu-
tion mask liquid lithography (SMaLL) realized multimaterial 3D
printing from one single-resin. Later on, dual-wavelength DLP
was also employed for multilateral printing of epoxy-acrylate
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resin using UV (365 nm) and visible light (full spectrum).””! De-
spite the good spatial control, the printing resolution was less
satisfying in the absence of functional photoswitches.

The dual wavelength was also used to achieve volumetric print-
ing that does not rely on layer-by-layer stacking for conventional
vat photopolymerization.[”737#] Scott and co-workers introduced
bis[2-(ochlorophenyl)-4,5-diphenylimidazole] (o-CI-HABI) as a
photoinhibitor to the CQ-EDAB photoinitiating system.!”! Un-
der 365 nm UV irradiation, o-Cl-HABI can generate lophyl radi-
cals rapidly recombining with propagating carbon-centered rad-
icals and thus inhibit the photopolymerization. On the other
hand, when irradiated with visible light (470 nm), o-CI-HABI is
almost transparent while CQ-EDAB can efficiently initiate the
phtopolymerization due to the strong absorption. Consequently,
concurrent photoinitiation and photoinhibition can be achieved
using two-color light with variable intensity. It allowed single
step volumetric fabrication of complex objects. This technique
enabled rapid 3D printing by overcoming the time-consuming
layer-stacking steps (Figure 6B).

On the other hand, in combination of a dual-function pho-
toswitch and light-sheet technology, Hecht and co-workers
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developed a linear volumetric printing approach for rapid high-
resolution manufacturing.”’] By attaching a benzophenone
type II photoinitiator into a spiropyran photoswitch molecule,
a dual-color photoinitiator (DCPI) was synthesized with both
photoswitching and photoinitiating activities. Absorbing UV
light at 375 nm, DCPI can switch to the latent merocyanine state,
which has a broad absorption covering 450-700 nm. In the pres-
ence of a coinitiator (e.g., triethanolamine), the switched DCPI
can generate the excited benzophenone moiety under red light
irradiation (e.g., 585 nm), and initiate the photopolymerization
of acrylate monomers (e.g., pentaerythritol tetraacrylate, PETA).
Importantly, the photoswitch will come back to the initial state by
thermal relaxation to the ground state, if not exposed to the vis-
ible light. As shown in Figure 6C, by intersecting light beams of
different wavelengths for linear excitation, local polymerization
inside a confined monomer volume can be achieved, resulting
in high-speed 3D printing with better resolution compared to
tomographic volumetric printing (25 um vs 80 um).[2>-27]

3. Polymeric Photoinitiators

In addition to small molecule-based photoinitiating systems,
polymeric photoinitiators or macrophotoinitiators recently ap-
peared for functional photopolymerization 3D printing. Usu-
ally by covalent linkage of photoinitiating groups to a poly-
mer chain either by polymerization or postfunctionalization,
the initiator—polymer conjugates can be easily obtained.[*+7¢]
This strategy can improve the biocompatibility and solubility
of the molecular photoinitiators while reduce the migration of
the photolysis byproducts.l**’®) Owing to the requirement of hy-
drogel fabrication for biomedical applications, the development
of water-soluble photoinitiators is highly important.*"® Com-
pared to hydrophobic photoinitiators, water-soluble photoinitia-
tors for 3D printing are relatively less reported, especially for vis-
ible light ones.””] In addition to the type II photoinitiators such
as eosin-Y!*2l and riboflavin,/’”’! TPO- and BAPO-based organic
salts have been designed as the representative water-soluble
photoinitiators.’'>77<¢] Employing a different strategy, Griitz-
macher and co-workers synthesized a water-soluble macropho-
toinitiator by attaching BAPO group to a PEG oligomer (950 g
mol ') via one-pot reaction (Figure 7A).**¥ The resulted BAPO-
PEG exhibited higher molar extinction coefficients in the visi-
ble region (390—430 nm) in water compared to BAPO salt-based
photoinitiators, BAPO-ONa and BAPO-OLi. Based on 50 wt%
PEGDA 700 aqueous formulation, the authors found that BAPO-
PEG offered much faster photopolymerization under 460 nm
LED light, with tys, of 53 s versus 76 and 70 s for the salts. At
a concentration of 0.7 wt%, BAPO-PEG enabled high-resolution
DLP printing of a well-defined gyroid structure. This work
opened new perspectives on the visible light photopolymeriza-
tion 3D printing of complex hydrogel structures using macropho-
toinitiators.

As a wood-derived natural product, lignin is one of the most
abundant biopolymers on earth.l”8] Its phenolic structure allows
chemical modification to introduce functional groups for either
photoinitiation or polymerization.””! Zhao and co-workers ex-
plored the intrinsic photoinitiating ability of dealkaline lignin
(DAL) for 3D printing owing to its ketyl and phenoxyl moi-
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eties that can generate free radicals under light irradiation
(Figure 7B).*] By derivatization with long alkane or alkene
chains onto the DAL backbone, the resulted two products DAL-
1lene and DAL-12ane showed improved solubility. Using 1,6-
hexanediol diacrylate as the monomer, both derivatives facilitated
the photopolymerization with double bond conversion twice of
the value for DAL within same time. With EDAB as the coini-
tiator and 10 wt% DMSO as the solvent, the system can reach
maximal conversion in ~2 min at 0.5 wt% of DAL-11ene or DAL-
12ane. Despite their absorption in UV region (e.g., maximal peak
at 280 nm), visible light DLP 3D printing was realized using 1,6-
hexanediol diacrylate and the lignin photoinitiator (1 wt%) with
a 405 nm LED and relatively high exposure time (60 s). Impor-
tantly, the cytocompatibility of the 3D printed products was eval-
uated on murine 1929 fibroblast cells by live/dead staining and
the cells incubated with 3D printed tablets showed comparable
viability to the negative control. This work represents a good ex-
ample using sustainable polymers for high-value product devel-
opment.

To also overcome the solubility or compatibility issue of molec-
ular photoinitiator (e.g., BAPO) for solvent-free 3D printing,
we recently synthesized BAPO-conjugated polyesters by ring-
opening polymerization of p,1-lactide (DLLA) and e-caprolactone
(CL) initiated by hydroxyl BAPO molecules.’®] The random
copolymerization can convert the solid BAPO molecules to lig-
uid macrophotoinitiators (BAPO-poly(DLLA-co-CL)), and thus
enabled the solvent-free resin preparation that is desired for 3D
printing of biodegradable elastomers.[*>#!1 The macrophotoini-
tiators showed slightly lower molar extinction coefficient but
with a red-shift to the longer wavelength compared to the com-
mercial BAPO photoinitiator (Figure 7C). By using a series of
biodegradable macromonomers with similar chemical structures
(poly(DLLA-co-CL methacrylate)) and varied molecular weight,
high-resolution DLP printing of biodegradable elastomers with
tunable mechanical properties was achieved. The macropho-
toinitiators are well compatible with different types of 3D print-
ing monomers (e.g., PEGDA), and shape-memory devices can
also be fabricated based on the semicrystalline polycaprolactone
dimethacrylate.

Chiappone, Griitzmacher and co-workers attached BAPO to
another type of biopolymer, y- cyclodextrin, and simultane-
ously introduced acrylate groups to the platform, resulted in en-
hanced crosslinking ability.¥*#*] The macrophotoinitiator named
BAPO-y-cyclodextrin showed almost ten times higher molar ex-
tinction coefficient than commercial BAPO and thus enabled
ultrahigh polymerization rate. BAPO-y-cyclodextrin was used
as a photoinitiator and also a crosslinker for the DLP print-
ing of monofunctional monomers, 2-hydroxyethyl methacrylate
(HEMA) and poly(ethylene glycol methyl ether methacrylate)
(PEGMEMA). Stabilized by thermoreversible hydrogen bonding
interactions, the 3D printed products exhibited excellent ther-
mally triggered shape memory response with strain recovery of
99% (Figure 7D). In addition to conventional macrophotoini-
tiators, hybrid composites®! and charge transfer complexes!®°!
have also been designed for improving the performance of vat
photopolymerization 3D printing. Furthermore, this strategy was
also found valuable in two-photo polymerization for microstruc-
ture fabrication.[®!
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Figure 7. Polymeric photoinitiators for vat photopolymerization. A) BAPO-PEG structure (left top), its absorption spectrum compared to other water-
soluble photoinitiators (right) and 3D printed gyroid hydrogel structure (left bottom). Reproduced with permission.[333] Copyright 2018, Royal Society
of Chemistry. B) Lignin-based photoinitiating system and the 3D printed hollow spheres. Reproduced with permission.[33] Copyright 2020, American

Chemical Society. C) BAPO-poly(DLLA-co-LA)s (left top), their absorption spectra compared to BAPO (right), and 3D printed biodegradable shape-
memory NaCl crystal lattice model (left bottom). Inset: 3D printed ETH logo. Reproduced with permission under the terms of the Creative Commons
License.3¢] Copyright 2021, the Author(s), published by American Chemical Society. D) BAPO-y-cyclodextrin and the 3D printed shape memory flower

model. Reproduced with permission.[83] Copyright 2021, Elsevier Ltd.

4. Nanoassemblies as Photoinitiators

Nanotechnology has become a pivotal tool in the development
of novel therapeutic and diagnostic medical systems.[-%°] Re-
cently, its alliance with 3D printing brought new opportunities
for the advance of multifunctional customized medical devices
and pharmaceutical products.[! For example, nanoformulation
of commercial hydrophobic photoinitiator enabled the 3D print-
ing in aqueous solutions without the need of tedious synthetic
procedures.’”) As a commonly used commercial photoinitiator
with good thermal and shelf stability, TPO has high molar ex-
tinction coefficient (300 to 800 M~ cm™!) with absorption spec-
trum extending up to 420-440 nm.°! However, its low water sol-
ubility limited the application of TPO (similar to BAPO) in hy-
drogel fabrication and further biomedical applications. Magdassi
and co-workers prepared water-dispersible TPO nanoparticles by
spray drying of volatile microemulsions, and up to 3 wt% TPO
can be dispersed in water which is 100 times higher than that of
bulk TPO molecule.l’”] The TPO nanoparticles preserved strong
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UV absorption in water with molar extinction coefficient of 218
M~! em™! at 365 nm. Using an aqueous ink containing acry-
lamide (38.5 wt%) and ethoxylated trimethylolpropane triacrylate
(8.9 wt%), a woodpile-structured hydrogel scaffold was printed by
SLA at a TPO concentration of 2.4% (Figure 8A).

Later on, the same group discovered another nanoparticu-
lar system enabling rapid photopolymerization in aqueous solu-
tions, however, with no conventional molecular photoinitiators
incorporated.[®293] The system was based on a semiconductor—
metal hybrid structure made from cadmium sulfide (CdS)
nanorods with gold tips. Unlike conventional photoinitiators, the
CdS-Au nanorods can produce hydroxyl radicals while simulta-
neously scavenging oxygen to generate additional superoxide and
hydroxyl radicals.[®] As a result, the molar extinction coefficient
is four orders of magnitude larger than BAPO- and TPO-based
salts (107 vs 250 M~ cm™).[°! As shown in Figure 8B, a spher-
ical C180 buckyball hydrogel model (73 wt% water) was success-
fully printed by a DLP printer from acrylamide-PEGDA ink with
a tiny amount of CdS—Au nanorods (0.5 X 10 m). Recently, CdSe
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Figure 8. Nanoassemblies as photoinitiators for vat photopolymerization. A) Cryogenic transmission electron microscopy (cryo-TEM) image of TPO
nanoparticles (left), photograph of 3D printed woodpile hydrogel structure (middle) and the SEM image (right). Reproduced with permission under the
terms of the Creative Commons License.[3”] Copyright 2016, the Author(s), published by AAAS. B) TEM image of CdS—Au nanorods (left), photograph of
3D printed Buckyball hydrogel structure under UV irradiation (middle) and the SEM image of the dried structure. Reproduced with permission.[>*] with
permission. Copyright 2017, American Chemical Society. C) Illustration of BAPO-cellulose nanocrystals (left), AFM image (middle) and the 3D printed
cubic-lattice hydrogel structure after swelling for 1 h. Reproduced with permission.[38! Copyright 2018, Wiley-VCH GmbH.

quantum dots!®! and carbon dots!*®! were also explored as vis-
ible light photoinitiators for hydrogel 3D printing, due to their
respective photoredox catalytic properties.

Compared to inorganic nanoparticles, naturally occurring
nanomaterials are more biocompatible and sustainable with po-
tential biomedical applications.’? As a unique type of nanoma-
terials, cellulose nanocrystals are derived from the most abun-
dant natural polymer, cellulose. Griitzmacher and co-workers
proposed a strategy to develop highly efficient nanophotoinitia-
tors by surface immobilization of cellulose nanocrystals with
BAPO groups.*¥] By elemental analysis, it was found that about
2100 BAPO groups were bound to one single nanocrystal, and
the morphology of cellulose nanocrystals was maintained with
slight aggregation. Based on 50 wt% PEGMEMA aqueous ink,
the BAPO nanocrystals offered faster photopolymerization kinet-
ics compared to BAPO-ONa, with a gelation time twice as short.
Using BAPO nanocrystals (6.14 wt%) as both a photoinitiator and
crosslinker, the 3D printed hydrogel from PEGMEMA showed
higher mechanical modulus than the BAPO nanocrystal-free hy-
drogels, despite the high swelling ratio in water. This facile sur-
face modification with BAPO moieties may become a general
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strategy for the functionalization of various nanomaterials and
thus 3D printing of nanocomposites.!*”"]

Another type of nanoassembiles used in photopolymeriza-
tion 3D printing is upconversion nanoparticles (UCNPs), ow-
ing to their capability in converting NIR light excitation into
visible and ultraviolet emission, which can be further used for
photolithography.[%®%°] Different from other nanoformulations
that were used to enhance the initiation/crosslinking efficiency
or to improve the solubility/compatibility of the photoinitiators,
UCNPs were employed to achieve vat photopolymerization un-
der NIR light irradiation with conventional UV or blue light pho-
toinitiators. It is well known that two-photon polymerization al-
lows volumetric printing without the layer-by-layer stacking man-
ner for SLA or DLP. This is because the photopolymerization
can only occur at the focal point of a laser beam benefiting from
the nonlinear light absorption of a photoinitiator under high-
intensity laser radiation. However, the femtosecond NIR laser re-
quired for two-photon polymerization has limited print size and
speed (voxel size 100 nm) while being much more expensive
than conventional LED, which made its wide application like SLA
or DLP difficult.[10%101]
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Figure 9. Upconversion nanoparticle-assisted 3D printing. A) Luminescent voxel formation in a cuvette containing photocurable resin and NaYF,-based
UCNPs under NIR light illumination (top), SEM image of 3D printed microstructure (bottom left) and SEM image of rice-like structures formed when
the UCNP concentration is below the threshold (bottom right). Reproduced with permission under the terms of the Creative Commons License.[1%]
Copyright 2018, the Author(s), published by Springer Nature. B) Schematic diagram of UCNP@ LAP-based noninvasive 3D bioprinting (top), SEM images
of 3D printed constructs (bottom left) and noninvasive in vivo printed vitamin B12-stained triangle and two-layer cake-like constructs (bottom right).
Inset: TEM image of UCNP@LAP nanoinitiator. Reproduced with permission under the terms of the Creative Commons License.l'%] Copyright 2020,
the Author(s), published by AAAS. C) Chemical structures of annihilator (Br-TIPS-anthracene) and sensitizer (PdTPTBP), the upconversion light beam
excited by 645 nm red light imaged through a 600 nm shortpass filter (left), TEM of the upconversion nanocapsules (middle) and 3D printed Stanford
logo and gear (right). Reproduced with permission under the terms of the Creative Commons License.l'%"! Copyright 2021, the Author(s), published by

Elsevier.

To combine the advantages of two-photopolymerization
and vat photopolymerization, Khaydukov and co-workers re-
ported the high-resolution NIR light 3D printing assisted by
UCNPs, 2% following the pioneering studies about upconversion
photolithography.[*>192-1%4] Inorganic UCNPs with a core/shell
structure (8-NaYF,:Yb** Tm**/NaYF,) were synthesized as an in-
ternal NIR-triggered UV source inside the photocurable resin
thanks to the deep penetration of NIR light.'% Under 975 nm
laser irradiation at 15 W cm™2, the nanoparticles can emit UV
fluorescence at 288, 345, and 360 nm, which overlapped with
the absorption of commercial photoinitiators such as TPO. By
mixing the nanoparticles with photocurable resin in a cuvette,
a voxel structure similar to that generated by two-photon exci-
tation can be formed by the NIR irradiation (Figure 9A). Us-
ing a commercial resin containing TPO as the photoinitiator,
a model microstructure was fabricated with NIR laser at 7 W
cm~? and scanning speed of 0.2 mm s~!. It was found that rice-
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like microparticles instead of continuous structure were formed
when the UCNP concentration was below a threshold, likely due
to the heterogeneous distribution of emission intensity around
the nanoparticle. To enable the formation of geometrically con-
nected phases growing from nanoparticle surfaces, the mini-
mum nanoparticle concentration was calculated to be 16.8 mg
mL!. The authors envisaged this strategy could be translatable
for the applications in biomedicine such as tissue bioprinting.
Subsequently, Gou and co-workers realized noninvasive in vivo
3D bioprinting using an UCNP coated with UV/blue-light pho-
toinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP, Figure 9B).[1%] Upon 980-nm excitation (power 1.5-3.5 W)
the UCNP@LAP nanoinitiator showed upconversion emission
located at 345 and 361 nm, which can be further absorbed by
LAP. Using a GelMA solution (15 wt%), 3D hydrogel structures
can be printed with 1 wt% UCNP@LAP and exposure time of 15
s. This process was further evaluated in vivo by subcutaneously

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

{M}glg&lor

Rapid Communications

www.advancedsciencenews.com

injecting 50 pL of a precursor solution into the BALB/c mice.
By hematoxylin and eosin (H&E) staining of tissues surrounded
to the printed hydrogel constructs, the surrounding tissues did
not show significant inflammation and abnormal defects in 7 d
after printing, indicating the biocompatibility of the 3D printed
products. Moreover, customized living construct was fabricated
in vivo by this noninvasive technique using an ink containing
adipose-derived stem cells, and applied to tissue defect repair.
After 10 d, the 3D printing treatment group showed signifi-
cant improvement in wound closure compared to the control.
Therefore, together with other 3D printing techniques,!1%¢107]
the potential of UCNP-assisted NIR light photopolymerization
has been witnessed in biomedical applications. Recently, upcon-
version photopolymerization has also been introduced to CLIP
system.[1%8]

Despite these promising results, the challenges in
upconversion-assisted vat photopolymerization remain. For
example, high power density is required for inorganic UC-
NPs, and the nanoparticle synthesis can be challenging to
scale, which may limit the versatility of this technique for
wide applications.['!] Most recently, Congreve and co-workers
reported a volumetric printing strategy using triplet fusion
upconversion nanocapsules.l'!l Tt is based on the photopoly-
merization at a focal point driven by triplet-triplet-annihilation,
through nanoencapsulation of photon upconversion solution
within a silica shell decorated with PEG. Instead of using
inorganic nanoparticles, triisopropylsilyl ethynyl anthracene
(TIPS-anthracene) and palladium (II) meso-tetraphenyl tetra-
benzoporphine (PATPTBP) were selected as the annihilator
and sensitizer, respectively, for the preparation of upconversion
nanosystems (Figure 9C). Based on the TIPS-anthracene resin
containing PETA as the monomer and Ivocerin as the photoini-
tiator, a Stanford logo and a gear were successfully printed in
8 min using a 625 nm LED at 78 mW c¢cm~2. The minimal print
feature can reach 50 pm at a power density of 224 mW cm™.
This approach is particularly useful for the 3D printing of highly
viscous resins as it does not reply on the layer-by-layer stacking.
But still, high nanocapsule loading (15 wt%) is needed to ensure
the maximal upconversion efficiency.

5. Conclusion and Perspectives

In parallel with the advances of photocuring techniques and
monomers, significant progress in the development and applica-
tion of advanced photoinitiators for vat photopolymerization has
been witnessed in the past years. Highly efficient and multifunc-
tional photoinitiators or photoinitiating systems including small
molecules, polymers, and nanoassemblies were widely explored
for their potential in 3D printing. In this review, recent five main
research trends in this field are focused on: i) visible light pho-
toinitiators beyond 405 nm, especially for the ones compatible
with white, green, red or even NIR light LEDs, which may facili-
tate the application of vat photopolymerization such as SLA and
DLP in biomedicine due to the low-energy excitation; ii) RAFT
photoinitiating systems for living 3D printing, which enabled
the post-functionalization of 3D printed objects in a controlled
or “living” manner; iii) molecular photoswitches for functional
3D printing, especially multimaterial fabrication and volumetric
printing that brought new scope to the field of vat photopoly-
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merization; iv) polymeric photoinitiators that can tackle the sol-
ubility/compatibility issue of small molecules, increase the ini-
tiation efficiency and simultaneously enhance the crosslinking
density; v) nanoparticular systems or upconversion nanosystems
for visible-to-NIR light photopolymerization using conventional
UV/blue light photoinitiators, which enabled high resolution hy-
drogel fabrication or even noninvasive in vivo printing.

Although many exciting results have been achieved in vat pho-
topolymerization 3D printing using advanced photoinitiators,
numerous challenges and opportunities remain in both molec-
ular design and physical/biological characterization for their ap-
plications:

i. The white or green-to-NIR light photoinitiating systems that
allow rapid and high-resolution 3D printing are still rare
compared to blue/UV light systems. Systematic investiga-
tion of various promising organic photoredox dyes, includ-
ing both commercial dyes and newly synthesized ones which
were not used in 3D printing, would be appealing. Machine
learning could be an invaluable tool for performance predic-
tion based on the reported data,[1%11% and thus facilitate the
selection of most interesting photoinitiators in particular tri-
component systems with minimal experimental work.

ii. Despite the advantage of RAFT-mediated 3D printing, its
print speed and resolution are still limited if commercial pho-
toinitiators (e.g., TPO) are not added. Therefore, more effi-
cient RAFT systems insensitive to oxygen and water are to
be developed, especially for visible light 3D printing (e.g.,
green light). Although some preliminary results have been
observed,""!] more detailed comparison between RAFT sys-
tem and conventional 3D printing could be done regard-
ing the mechanical properties and crosslinking networks of
the printed products, to further understand the structure—
property relationships. On the other hand, other photo-
controlled polymerization techniques (e.g., atom transfer
radical polymerization, ATRP) could be also explored with a
different perspective in terms of chemistry.

iii. The scope of suitable materials is relatively small for the mul-
timaterial 3D printing using photoswitches compared with
the air jet-based technique, as only the combination of epox-
ides and acrylates was tested. In parallel, only several com-
mercial monomers (e.g., PETA and diurethane dimethacry-
late) have been employed in photoswitch-based linear volu-
metric printing. More materials such as biodegradable pho-
topolymers (e.g., polyester acrylates) that can have practical
impact (e.g., bioresorbable device fabrication) may be worth
investigating in addition to the design of new photoswitch-
able molecules.

iv. In contrary to the large amount of polymeric photoinitiators
developed for non-3D printing purpose, there are only very
few examples used in SLA and DLP. A large space in bio-
compatible and biodegradable macrophotoinitiators for 3D
printing remains unexplored regarding the rapid progress
of vat photopolymerization in biomedical applications. Bi-
functional photoinitiators bearing polymerizable groups!'?!
could also be designed to enhance the crosslinking network
for specific applications. In addition, polymer-based charge
transfer systems!®>113] may be worth evaluating for their pho-
toinitiating ability.
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v. Customized nanocomposites with different functions (e.g.,
drug delivery or medical imaging) may be conveniently
manufactured by using the corresponding nanophotoinitia-
tors in combination with other functional photopolymers
(e.g., drug- or fluorophore-conjugated polymers!!'*11%]). On
the other hand, upconversion nanoparticle-assisted NIR 3D
printing is still in its infancy, which still requires parame-
ter optimization for more general applications, for example
lowering light intensity, reducing nanoparticle concentration
and improving printing resolution. New triplet fusion up-
conversion systems may be further explored by combining a
wide range of molecular annihilators and sensitizers as well
as highly efficient visible light photoinitiators.

In general, the multicomponent photoinitiating systems were
rarely evaluated for their biocompatibility which, however, is
highly important for their application in biomedicine. In partic-
ular, the electron donors or acceptors were sometimes used with
even higher concentration than the dye molecules. The residues
in the 3D printed products may bring non-negligible cytotoxic-
ity to the living cell-related environment. Therefore, systematic
in vitro characterizations would be important for the real appli-
cation of these advanced photoinitiating systems. Overall, the ex-
ploration of novel photoinitiators or photoinitiating systems is
believed to be an essential part to further push the boundaries
of photopolymerization 3D printing for broad applications, in al-
liance with the development of new printing techniques and the
design of photopolymerizable materials.
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