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Abstract 

Photopolymerization is a technology that fulfills the requirements of instant production, 

especially when meeting medical emergencies. Recently. considerable biocompatible 

materials (e.g., poly(ethylene glycol), cellulose, etc.) have been involved in 

photopolymerization-based manufacturing. To achieve this, photoinitiator is a crucial 

component. Commercial photoinitiators, however, are synthetic and eco-unfriendly, causing 

potential health concerns due to their migration effect. Therefore, natural photoinitiators have 

drawn tremendous research interest due to their known bioactivities and nature-derived origin. 

In this regard, this thesis mainly concentrates on 1) the development of naturally occurring 

photoinitiators demonstrating excellent photoinitiation abilities, 2) the formulation of the 

investigated photoinitiators involved conventional commercial resins (i.e., dental resin and 

epoxy) or 3D resins for shape memory hydrogels. In the present thesis, four natural plant 

extracts are investigated as photoinitiator candidates, extracted from berries, citrus, 

pomegranate, and Indigofera, respectively. Moreover, the innovative designed functional 

materials have been successfully 3D printed. 

Before the discussion of the aforementioned four photoinitiator candidates, Chapter 1 

introduces the recent naturally derived photoinitiators applied to medical applications (e.g., 

regenerative medicines, antibacterial coatings, dental restoration, etc.). Specifically, riboflavin, 

hyaluronan-modified commercial photoinitiators, carbazole derivatives, anthraquinone 

derivatives, β-Carotene, cyclic acetals, chalcone derivatives, and an indigo derivative are 

enclosed in this chapter. Among the mentioned photoinitiators, carbazole derivatives, 

anthraquinone derivatives are big families of efficient photoinitiators, and their structural effect 

on photoinitiation ability has been also discussed. 

Chapter 2 investigates berries-extracted flavones, morin and quercetin, as photoinitiators for 

free radical, cationic, and thiol-ene polymerizations. Both morin and quercetin exhibit visible 

light sensitivity and demonstrate their photoinitiation abilities under the irradiation of visible 

light. However, their photoinitiation ability differences are observed in all kinds of 

photopolymerizations. Specifically, morin exhibits no photoinitiation ability in all but cationic 

polymerization of a vinyl, tri(ethylene glycol) divinyl ether (DVE-3). In contrast, quercetin 

demonstrates its versatile photoinitiation ability in all the mentioned photopolymerization 

categories. Its versatility enhances its involvement frequency in photocurable resin 

formulations. 

Chapter 3 introduces citrus-extracted naringin as a water-soluble natural photoinitiator. 

Naringin demonstrates its excellent visible light absorption in alkali environments and rapid 

photoreaction with the addition of a coinitiator upon exposure to visible light. Subsequently, a 

high-fidelity 3D printing is achieved. Meanwhile, the degree of alkalinity manipulates the 
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degree of crosslinking, reflected by the mesh sizes of the resultant polymer, and the mesh size 

influences the water uptake, thus determining the degree of shape transformation. Moreover, 

an additional monomer, sodium acrylate is introduced to endow the resulting materials with 

electro-active behavior. Crosslinked with sodium acrylate, the 3D-printed designed objects can 

transform their shape in the indicated direction in an applied electric field. In recent decades, 

few natural photoinitiator has been developed as a water-soluble photoinitiator. Considering 

the lack of natural water-soluble photoinitiators, the development of naringin offers an 

environmentally friendly option for light-based 3D printing of waterborne materials. 

Chapter 4 demonstrates a pomegranate-extracted ellagic acid as a water-soluble 

photoinitiator. Ellagic acid exhibits its light absorption in violet-cyan light range in alkali 

environments. Even though this finding is similar to the one of naringin, in identical conditions, 

ellagic acid can reach its best photoinitiation ability with less amount in photocurable resins. 

Furthermore, the water content is determined in terms of sufficient shear elasticity, ensuring 

successful bottom-up 3D printing without deficiency. With the optimized formula, a 3D-printed 

figurine with obvious facial texture is obtained. In addition, with the help of a bilayer multi-

material motif, a programmed water-driven actuator can play a role in a smart switch. The 

developed ellagic acid-based photocurable formula can therefore be used in the protection of 

water-sensitive devices in an environmentally friendly manner. 

Chapter 5 focuses on Indigofera extract, indigo carmine. Indigo carmine exhibits its light 

sensitivity and photoinitiation ability to violet-green light. This is the only organic salt natural 

compound among the ones mentioned in the present thesis. Because it’s a sodium salt, the 

excessive introduction of NaOH decelerates the photoinitiation ability of indigo carmine due to 

the common-ion effect inducing reduced water solubility of indigo carmine. After we further 

screen the chain length of PEGDA and water content, the optimized formula is developed, and 

a complex surface structure is successfully 3D printed. A water-driven shape memory polymer 

is thereafter fabricated and exhibits reversible shape transformation in the presence and the 

absence of aqueous NaCl solution. In addition, the optimized formula also affords the indigo 

carmine with sufficient photoinitiation abilities under irradiation of both violet and green LEDs. 

The wide spectrum of its light sensitivity endows indigo carmine with expanded applications in 

safer scenarios under long-wavelength irradiations, considering the healthy concerns of (near) 

UV irradiation.
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Chapter 1 Literature Review 

1.1 Abstract 

Rapid manufacturing of precise medical devices during unforeseen pandemics is imperative. 

In striving for shape-specific manufacturing efficiency, photopolymerization has emerged as a 

viable method for diverse healthcare applications in recent decades. Photopolymerization-

based 3D printing offers significant potential with a range of biocompatible materials (e.g., 

poly(ethylene glycol), cellulose, etc.), while minimizing waste generation. However, prevalent 

commercial photoinitiators used in this process are synthetic and environmentally unfriendly. 

Therefore, the naturally occurring and derived photoinitiators have drawn tremendous 

research interests due to their bioactivities and inherent environmental safety. This review 

comprehensively outlines the medical applications implemented by these photoinitiators, 

highlighting their inherent photoinitiation abilities. Moreover, it delves into the impact of 

substituent effects on the photoinitiation abilities of naturally derived photoinitiators. 

1.2 Introduction 

Immediate response to the escalating need of medical devices during recent pandemics has 

underscored the indispensability of rapid fabrication processes. Photopolymerization-based 

3D printing has evolved as a pivotal rapid fabrication technique across diverse fields, spawning 

extensive medical applications. Thanks to 3D printing technique in layer-by-layer manner, 3D 

constructs fabrication from 3D digital model including cancer tissue models, soft tissues, and 

more,1-17 becomes facile. Given the criticality of the medical applications for health and safety, 

extra features (e.g., biocompatibility, degradability, etc.) should be carefully considered. 

Biocompatible monomers and bio-sourced monomers have been intensively investigated in 

the preceding years.2 Photopolymerization is a strategy using light as energy to initiate 

polymerization. Therefore, a component, known as photoinitiator, takes responsibility for 

absorption of light and the bridge of active species generation. Specifically, photoinitiators 

absorb light, subsequently the excited photoinitiators either generate active species or facilitate 

reactions with coinitiators or monomers to form active species (i.e. free radicals or cations) that 

initiate polymerization. However, concerns persist regarding the potential adverse effects of 

commonly used synthetic photoinitiators such as lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) and bisacylphosphane oxide (BAPO), despite the 

presence of a catalytic quantity of photoinitiator in the composition.13, 14, 18 The biocompatibility 

and side effect concerns of these commonly used photoinitiators for medical applications were 

either negative or rarely evaluated.19 For instance, BAPO exposure has demonstrated 
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significant cytotoxicity in human oral keratinocytes and V79 fibroblasts.20 While 

photopolymerization boasts energy-saving and solvent-free properties, the environmental 

impact of 3D resin formulas- particularly regarding the migration of small molecular 

photoinitiators and the potential for increased environmental pollution-requires careful 

consideration.19, 21 

To address the abovementioned biocompatibility issues and environmental concerns, the 

exploration of naturally occurring biocompatible photoinitiators is a streamlined approach to 

broaden the applicability of photoinitiators for medical purposes, thanks to their inherent 

biocompatibilities and environmental friendliness.22-28 Nevertheless, limited biocompatibility 

assessment significantly restricts the potential medical applications of these naturally occurring 

photoinitiators. An exception is curcumin, and it has undergone cell viability assessment. 

Specifically, curcumin is a versatile natural photoinitiator thereof sensitive to a broad band of 

the light absorption spectrum and demonstrated excellent photoinitiation ability under various 

light sources (from violet to red lights).26 The biocompatibility evaluation of curcumin 

photoinitiated material was conducted. Even though the cell adhesion ability to the curcumin 

photoinitiated polymer impaired cell proliferation, the produced polymer demonstrated 

nontoxicity to human cells. Therefore, the development of naturally occurring photoinitiators 

for medical devices (e.g., microneedles, etc.) was considerably inspired. 

Besides, the derivation of photoinitiators from naturally occurring compounds offers a 

complementary approach. The abundance of natural products offers diverse parent structures 

for the design of promising biocompatible photoinitiators tailored to specific objectives. For 

example, modifications incorporating macromolecular moieties can mitigate migration issues, 

thus ease the contact with unfavourable residual photoinitiators.29 Extensive research has 

been conducted on naturally derived photoinitiators due to their notable advantages.30-34 These 

compounds, originating from nature, offering promising benefits, not only in their reduced 

environmental impact But also in their well-evaluated photoinitiation abilities. Moreover, some 

naturally derived photoinitiators have found applications in cutting-edge fields like regenerative 

medicines. Despite their potential in medical applications, there remains a noticeable gap in 

the discourse surrounding these specific areas of research. This paper aims to address this 

gap by shedding light on the underexplored domain of medical applications of naturally derived 

photoinitiators. 

In response to the escalating demands for rapid medical device manufacturing, this review 

aims to comprehensively examine the utilization of photopolymerization in medical applications, 
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employing either naturally occurring or naturally derived photoinitiators. The realization of the 

prospective applications utilizing photopolymerization technology and these specific 

photoinitiators in the production of functional medical devices stands as a crucial goal. To this 

end, this review summarizes and compares the functionality evaluations of the manufactured 

medical devices across the included research studies. Moreover, by delving into the typical 

correlation between chemical structure and photoinitiation ability, this review seeks to offer 

insights that could guide the future structural design of naturally derived photoinitiators 

possessing desired photophysical properties. Specifically, the discussion explores the impact 

of the substituent effect on the photoinitiation ability among the naturally derived photoinitiators 

with identical parent structures. This review endeavours to serve as a valuable resource, 

providing guidance for healthcare researchers in their selection or design of appropriate 

naturally occurring or naturally derived photoinitiators. 

1.3 Photoinitiators for regenerative medicines 

Regenerative medicines rely significantly on scaffolds that facilitate the treatment of damaged 

tissue.35 The advent of 3D printing technology has enabled the fabrication of complex 

structures crucial for regenerative medicines, 36, 37 including 3D printed organ-on-a-chip and 

customizable artificial organs.38-42 Photopolymerized scaffolds, among 3D printed materials, 

play a pivotal role in supporting cell proliferation. As a results, the photosensitive resin 

components must meet specific criteria such as biocompatibility, high porosity, and adequate 

mechanical strength.35 In recent decades, commercialized photoinitiators like BAPO, LAP, 

TPO and others have been employed in tissue engineering without definitive biocompatibility 

assessments.18, 35, 43 Consequently, there has been a growing focus on the development of 

naturally occurring and derived photoinitiator to enhance their suitability for fabricating 

regenerative medicines. 

Notably, certain chemicals and their derivatives have showcased exceptional photoinitiation 

abilities while promoting cell survival for the production of regenerative medicines. Hyaluronan, 

a well-known component of extracellular matrix in tissues, inherently exhibits non-toxic 

properties towards cells.44 Riboflavin, recognized as vitamin B and naturally water-soluble, is 

an essential nutrient for humans.45 Carbazole, found in coal tar and used in the treatment of 

psoriasis, has also demonstrated its efficacy.46 The compounds, or their derivatives, have 

demonstrated excellent photoinitiation abilities and promising biocompatibility profiles for the 

production of regenerative medicines. In particular, photoinitiator substituted hyaluronan (HA-

PI), riboflavin, and carbazole derivatives (CBZ) have been well-investigated as efficient either 
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one-photon or two-photon photoinitiators (Scheme 1.1) in the field of tissue engineering, and 

their biocompatibilities were also confirmed.47-52 

 

Scheme 1.1. Chemical structures of HA-PIs, riboflavin, and CBZs for the application of 
regenerative medicines. 

1.3.1 Regenerative medicines photoinitiated by hyaluronan-modified 
derivatives 

As aforementioned, hyaluronan naturally exists in extracellular matrix, making it inherently 

biocompatible with cells. In addition, this macromolecule also demonstrates inherent low 

migration through polymer networks. 53 Specifically, covalent bridged hyaluronan substituted 

photoinitiator could considerably reduce potential hazard of the sole photoinitiator due to 

migration. This strategy has been applied for the commercial photoinitiator, BAPO. The 

macromolecule used was poly (ethylene glycol) (PEG) and cellulose nanocomposite (CNC).29, 

54 These two developed macromolecular photoinitiators were incorporated into 3D inks, and 

their potential for broader applications remained unexplored. In contrast, hyaluronan was 

selected as the carrier for photoinitiator development for regenerative medicines due to its 

natural origin,47, 48 with the added advantage of its hydrophilic nature allowing for the inclusion 

of hydrophobic photoinitiators in water-rich formulas. This led to the synthesis of HA-PI1 and 

HA-PI2 (Scheme 1.1) via condensation, demonstrating two-photon and one-photon 

photoinitiation abilities, respectively. The resulting scaffolds from photopolymerization were 

subjected to biocompatibility assessments using both a cell line (MC3T3-E1 Subclone 4) and 

wild-type mice (strain C57BL/6). 

HA-PI1 (Scheme 1.1) was a macromolecular photoinitiator bridged by amide bond between a 

designed two-photon photoinitiator and hyaluronan.48 Utilizing the two-photon absorption 
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(2PA) (λ2P = 840 nm) and the 2PA cross-section of 400 GM of the two-photon photoinitiator, 

two-photon-polymerization-based 3D printing was successfully achieved encapsulating a 

MC3T3 cells within a 3D resin (Figure 1.1A-a)). Excellent cell viability was observed after 24 

hours and 5 days since two-photon printing (Figure 1.1A-b) and c)). Specifically, the cells in 

the cavity of the yin-yang structure exposed to laser exhibited proliferation proliferated and 

spindle morphology, while those embedded inside the yin-yang structure were protected from 

laser exposure and also maintained high viability. These findings underscored the exceptional 

biocompatibility of the selected two-photon photoinitiator, both in the presence and absence of 

laser exposure. Moreover, due to its large molecular size, HA-PI1 exhibited significantly 

reduced membrane migration compared to small molecular reference photoinitiator. 

Additionally, HA-PI1 demonstrated outstanding performance in the cytotoxicity assay. 

Specifically, the metabolic activity of HA-PI1-treated cells is the same as that of untreated cells. 

With confirmed biocompatibility and photoinitiation ability, HA-PI1emerged as a promising two-

photon photoinitiator for the micrometer structuring in cell media with concentrated initial cell 

loading. 

Expanding from the cell line investigations, the hyaluronan-modified photoinitiator was further 

investigated in mice (strain C57BL/6) to assess the feasibility of photopolymerization 

technology in living organisms.47 Considering the complexities in design and synthesis, the 

known efficient photoinitiator, 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone 

(Irgacure 2959), was selected and incorporated into the hyaluronan-photoinitiator complex 

(Scheme 1.1). Despite the potential cytotoxicity of Irgacure 2959, the photopolymerization 

mechanism of HA-PI2 itself eliminated the residual free radicals, preventing their escape. 

Interestingly, the recombination of free radicals of Irgacure 2959 moieties induced crosslinking 

networks under the irradiation of UVA light at 366 nm. Specifically, as Irgacure 2959 was 

substituted onto hyaluronan, the recombination of radicals from Irgacure 2959 moieties on 

random hyaluronan chains formed crosslinks.47 Therefore, HA-PI2 played dual roles as a 

photoinitiator and monomer simultaneously. The one-component photocurable formula 

ensures the homogenous phase, and the radical recombination motif prevents the potential 

harm of unreacted radicals to cells. In addition, given the size of hyaluronan, migration of 

unreacted HA-PI2 was significantly reduced, alleviating concerns of cytotoxicity associated 

with Irgacure 2959. Furthermore, the biocompatibility of HA-PI2 hydrogel was confirmed 

through implantation studies in tibialis anterior (TA) muscles. The hydrogel facilitated muscle 

recovery and exhibited gradual degradation within 8 days (Figure 1.1B). Hydrogel content was 

gradually replaced by growing muscles. This in vivo degradation of HA-PI2 obviated the need 

for scaffold removal, reducing the risk of surgical infection. 
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Bridging an effective photoinitiator to a natural macromolecular compound stands as a feasible 

and common strategy to minimize or eliminate cytotoxicity to living cells. In addition to post-

modification, the investigation and development of intrinsically biocompatible photoinitiators 

for regenerative medicine represents an intriguing avenue. The subsequent section delves 

deeper into the specifics of a naturally biocompatible photoinitiator. 

 

Figure 1.1. (A). a)3D model of a yin-yang structure and the cell-laden two-photon printed yin-
yang structure after b) 24 hours and c) 5 days photoinitiated by HA-PI1;48 (B) In vivo 
degradation of HA-PI2 implanted in TA muscles for 2-8 days.47 Adapted with permission from 
47, 48. Copyright 2011 FASEB and Copyright 2017 The Royal Society of Chemistry used under 
a Creative Commons Attribution 3.0 Unported License. 

1.3.2 Regenerative medicines photoinitiated by riboflavin 

As previously mentioned, the exploration of non-toxic natural compounds stands as a 

promising avenue to mitigate the risk of photoinitiator migration. Several naturally derived 
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compounds have demonstrated their efficacy as long-wavelength-sensitive photoinitiators.45, 

55 Notably, riboflavin (Scheme 1.1), a well-known member of the vitamin B family, has been 

well-investigated as a photoinitiator. Its photoinitiation ability has been evaluated in conjunction 

with various coinitiators.25, 56-61 Leveraging its effective photoinitiation ability and naturally 

occurring biocompatibility, riboflavin has found widespread use in biocompatible formulas for 

tissue engineering. 

The riboflavin-based photoinitiating system proved efficient when exposed to light within the 

range of 430-482 nm for the photopolymerization of a photocurable polymer, methacrylated 

glycol chitosan (MeGC) (Figure 1.2a). Synthesis of the photocurable polymer involved the 

incorporation of methacrylate groups (Figure 1.2a). Specifically, glycidyl methacrylate was 

grafted onto glycol chitosan to yield MeGC. The riboflavin and MeGC 3D bioink, facilitated the 

polymerization of MeGC upon irradiation, resulting in the production of a crosslinked MeGC 

hydrogel. This concept was further employed to design a cell-laden scaffold for 3D printing 

(Figure 1.2b). Initial confirmation of3D printability using riboflavin as the photoinitiator involved 

printing mesh-shape scaffolds.49 The resolution of the designed shape served as an 

assessment criterion for printability, which was modulated by varying the irradiation time. 

Insufficient irradiation might cause uncured damp materials, whereas excessive irradiation 

could lead to unnecessary shrinkage due to overcuring. Among a series of designated cure 

times, the 3D printed mesh-shaped scaffold exhibited the highest fidelity and precision after a 

70-second irradiation, striking a balance between under- and over-irradiation. 
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Figure 1.2. Scheme of (a) the formation of MeGC hydrogel and (b) the 3D printing of MeGC 
hydrogel scaffolds. Reproduced with permission from 49. Copyright 2022 Elsevier Ltd. 

 

The demonstrated remarkable photoinitiation ability of riboflavin under blue lights led to notable 

advancements in the development of corresponding 3D printed scaffolds for regenerative 

medicines. For example, scaffolds were successfully 3D printed using riboflavin integrated 3D 

ink.49, 50 The scaffolds of MeGC hydrogels both with and without collagen were 3D printed. The 
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biocompatibility of the 3D printed scaffold was evaluated through degradation studies, cell 

proliferation, ALP activity, and mineralization in cell-laden (MG-63 or BMSCs) hydrogels 

fabricated from MeGC photoinitiated by riboflavin under blue-cyan light (400-500 nm). 

Expanding on Section 2.1, the incorporation of biodegradable bonds endowed the scaffold with 

a removal-free feature. Both collagen-treated and untreated MeGC demonstrated excellent 

biodegradability upon exposure to 3 mg/mL lysozyme in a PBS solution. Specifically, only 25%-

30% hydrogel remained after incubation (Table 1.1). Interestingly, the introduction of collagen 

marginally affected the biodegradability of MeGC, slightly from 25% to 30% residual hydrogel 

under identical conditions. Additionally, an increase in MeGC concentration hindered 

biodegradation. Specifically, a 3% MeGC-involved hydrogel took 70 days to reach the 

remaining content of 25%, whereas a 2% MeGC hydrogel achieved a similar remaining content 

of 30% in just 21 days. 

Additionally, both MeGC hydrogels demonstrated outstanding cell viability (> 90%) in either 

human or mouse cells (Table 1.1).49, 50 Meanwhile, its hemocompatibility, assessed through 

the hemolysis level upon contact with anticoagulated blood, aligned with the ISO-10993-4 

standard, indicating its suitability for blood-contacting applications.49 Examining 

biocompatibility, cell proliferation serves as a significant indicator. Over a 7-day culture period, 

the 3D printed scaffold without collagen demonstrated a gradual increase in cell counts. 

Conversely, when treated with collage, the scaffold significantly enhanced the growth of cells. 

Specifically, cells exhibited elongated morphology, displaying continuous proliferation, and 

spreading. Evaluating cell viability and proliferation is crucial, yet cell differentiation is pivotal 

in determining the feasibility of the developed scaffold for regenerative medicine applications. 

Cultivating human bone cells (MG-63) within the scaffold revealed observed cell differentiation 

after 7-day culture period, evidenced by an ALP activity of 0.8 U/L (Table 1.1) and substantial 

calcium deposition of 3 at O.D. 540 nm.49 Additionally, using the mouse bone marrow stromal 

cells (BMSCs) resulted in lower ALP activity and calcium deposition.50 However, collagen 

treatment considerably increase the BMSC differentiation upon cell culture. Specifically, ALP 

activity notably increased from ~0.005 U/L (collagen-untreated) to ~0.18 U/L (collagen-treated) 

after a 14-day BMSC culture (Table 1.1). Furthermore, calcium expression in the collagen-

treated scaffold tripled compared to the collagen-untreated scaffold. Consequently, the 

combination of riboflavin and curable chitosan significantly contributed to the advanced 

fabrication of scaffolds tailored for regenerative medicine applications. 
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Table 1.1. The biocompatibility indicators comparison of collagen-treated and collagen-
untreated scaffold fabricated by riboflavin-induced 3D printing.49, 50 

 Collagen untreated Collagen treated 

Degradation 25%1|30%2 25%2 
Cell viability > 90% > 90% 
ALP activity ~0.8 U/L3| ~0.005 U/L4 ~0.18 U/L4 

1 Incubation of 3% MeGC hydrogel in 3 mg/mL lysozyme in PBS solution for 70 days49 
2 Incubation of 2% MeGC hydrogel in 3 mg/mL lysozyme in PBS solution for 21 days50 
3 MG-63 incubated for 7 days 
4 BMSCs incubated for 14 days 

 

Furthermore, the developed formula has shown remarkable potential in cartilage repair.62 The 

cell viability, proliferation, and in-situ gelation demonstrated the promising characteristics of 

the riboflavin photoinitiated MeGC gel for in situ cartilage regeneration. Specifically, the gel's 

ability to support cell viability and proliferation, as evidenced by chondrocyte viability 

surpassing 80% on the scaffold and observed cell growth over a 21-day incubation period, 

underscores its suitability for tissue regeneration. Practically, the riboflavin contained MeGC 

resin was evenly spread onto the cartilage defects of rabbit knee joints. Subsequently, the gel 

applied to the shallow defect exhibited sustained adhesion at the 14-day mark, ensuring 

continued attachment and delivery of the therapeutic agent. 

Besides bond (joint) tissue engineering, riboflavin was also involved in ocular prostheses as a 

photoinitiator. In the early 2000s, riboflavin-induced collagen crosslinking was employed in the 

treatment of keratoconus.63 The in-situ photopolymerization of collagen in the presence of 

riboflavin under the irradiation of UVA significantly improved corneal biomechanical stiffness, 

easing keratoconus. However, challenges related to corneal thickness requirements (> 400 

m) and patient discomfort due to direct irradiation exposure need to be addressed for wider 

application. Nonetheless, this concept holds promise for treating other ocular conditions such 

as myopia and hyperopia. Moreover, the versatility of riboflavin extends to alternative materials 

like silk fibroin for fabricating ocular prostheses. An ocular prosthesis of 40 m thick was 

fabricated using silk fibroin photoinitiated by riboflavin.64 The riboflavin-treated artificial cornea 

demonstrated outstanding adhesion to the cornea without degradation. Adjusting the thickness 

and the morphology of these riboflavin-treated artificial cornea offers a feasible avenue for 

treating myopia and hyperopia without invasive surgical procedures. 
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1.3.3 Regenerative medicines photoinitiated by carbazole Derivatives 

1.3.3.1 Hydrogel scaffold 

Tissue regeneration is a multiscale technology, occurring at scales ranging from centimeters 

down to nanometers.65 To achieve a desired scale of tissue regenerative medicine, careful 

consideration of the manufacturing method is crucial, and 3D printing stands out as a promising 

avenue. Within 3D printing, both one-photon and two-photon techniques offer capabilities 

across diverse scales. Specifically, compared to one-photon induced digital light processing 

(DLP) 3D printing, two-photon printing demonstrates better structural resolution at the micron 

scale.66, 67 Moreover, two-photon printing, utilizing red-infrared instead of UV-visible light, 

operates within the optical window in biological tissues (780-800 nm irradiation sources).68 This 

technique significantly mitigates photodamage, a critical factor for successful tissue 

regeneration processes.7 Therefore, the development of two-photon photoinitiating systems 

for biofabrication has garnered great attention in the field.69 In addition to dedicated two-photon 

photoinitiators such as the aforementioned HA-PI1, there's been exploration into leveraging a 

single-photon photoinitiator for two-photon photopolymerization through the host-guest 

interaction, allowing the two-photon absorption (TPA) cross-section to be enhanced. For 

instance, the carbazole derivatives are well-investigated guests to hydrophilic cucurbit[7]uril 

(CB7), exhibiting two-photon photoinitiation abilities.51, 52  

CBZ1 and CBZ2 demonstrated different physical and chemical properties in the complex with 

CB7. The binding interaction between CBZs (Scheme 1.1) and CB7 indicated stable 

complexes in solution (Table 1.2). CBZ1 demonstrated better binding with CB7 compared to 

CBZ2 in terms of both binding ratio and binding constant (Table 1.2), suggesting the effect of 

alkane on R group (Scheme 1.1) on binding interactions. In addition, CBZ1 and CBZ2 exhibited 

similar light absorption maxima (at ~ 450 nm) and negligible fluorescence upon the excitation 

at either 440 nm or 450 nm for CBZ1 or CBZ2, respectively. Contrarily, the addition of CB7 

drastically enhanced the fluorescence of CBZs in aqueous solution. Subsequently, complexed 

with CB7, the CBZs exhibited a considerably increased TPA cross-section of ~2500 GM (Table 

1.2). The substantial increase in the TPA cross-section can significantly reduce the laser power 

threshold, facilitating the initiation of two-photon processes. Demonstrating their capabilities, 

micron-scale objects produced through two-photon 3D printing further affirmed their printability 

for such applications (Figure 1.3a-d). 

Even though residual CBZs/CB7 complexes exhibited bright fluorescence in the 

microstructures from confocal fluorescence images (Figure 1.3e and g), their  
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biocompatibilities in terms of cell morphologies (Figure 1.3f and h) and cell density was 

exceptional. Specifically, the Hela cells (Figure 1.3f) and L929 (Figure 1.3h) maintained their 

morphologies, exhibiting continuous growth and reaching a cell density of ~ 550/mm2. This 

successful cell growth on the hydrogel scaffold fabricated by two-photon printing in the 

presence of CBZs/CB7 complexes confirms the potential application of host-guest motif in 

developing two-photon photoinitiating systems for regenerative medicines. 

Table 1.2. The binding interaction parameters and photophysical properties of CBZ1 and 
CBZ2.51, 52 

 CBZ1 CBZ2 

Binding ratio with CB7 0.97 ± 0.008 0.939 ± 0.027 
Binding constant with CB7 (6.01 ± 0.75) × 105 M−1 (2.18 ± 0.56) × 105 M−1 
TPA cross-section 613 GM 750 GM 
TPA cross-section with CB7 ~2500 GM ~2500 GM 

 

 

Figure 1.3. (a-d) SEM images of two-photon microfabricated structures in (a, c) top view and 
(b, d) side view, and (e-h) confocal fluorescence images of (e, g) hydrogel scaffold and (f, h) 
cell-laden hydrogel scaffold; (a-b, e-f) CBZ1/CB7 complex or (c-d, g-h) CBZ2/CB7 complex as 
two-photon photoinitiators. Adapted with permissions from 51, 52. Copyright 2019 American 
Chemical Society and Copyright 2021 American Chemical Society. 

1.3.3.2 Chemical structure effect on photoinitiation abilities of carbazole derivatives 

Besides the host-guest motif, esterification with oxime esters and structural modification can 

also promote the photophysics and one-photon and two-photon photoinitiation abilities.70 For 

instance, in the context of CBZ3-4 and CBZ5-6 (Scheme 1.2), their one-photon light absorption 

peaks at 377 nm and 371 nm respectively, highlight the red-shift induced by the para-

substitution. However, an intriguing observation emerges when comparing their molar 

extinction coefficients at these respective absorption maxima, with para-substituted CBZs 

(CBZ3-4) displaying higher molar extinction coefficients (~ 75,000 M-1 cm-1) compared to meta-

substituted CBZs (CBZ5-6) (~55, 000 M-1 cm-1). The effect of the end group of vinyl on the 
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photoinitiation ability of CBZ is noteworthy. The utilization of CBZ4 instead of CBZ3 led to an 

increase in double bond conversions of trimethylolpropane triacrylate (TMPTA) and 

ethoxylated trimethylolpropane triacrylate (TMP3EOTA) (functional group ratio = 1:1) from 

40% to 57%. This enhancement underscores the significant contribution of the vinyl end group 

to the superior photoinitiation ability of CBZ, particularly in achieving higher final double bond 

conversion. Interestingly, while CBZ5 exhibited limited free radical photoinitiation ability upon 

exposure to LED@405 nm, the introduction of vinyl substitution notably improved the 

photoinitiation capabilities of CBZ4 and CBZ6 to a level comparable to that of a commercially 

available photoinitiator, diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO). Notably, the 

exceptional photoinitiation ability of CBZ6 facilitated the successful 3D printing of a highly 

precise object with minimal 0.1-mm deviation. Moreover, the application of CBZ-oxime ester 

in two-photon 3D printing deserves attention. CBZ6, in particular, exhibited the highest TPA 

cross-section (136 GM) among CBZ3-6 along with demonstrating the broadest ideal 

processing window of laser power from 7 to 32 mW. These insights into the two-photon 

photophysical properties enabled the microfabrication of a microstructure using two-photon 3D 

printing technology. 
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Scheme 1.2. Chemical structures of carbazole derivatives. 

 
Furthermore, the addition of coinitiator(s) (e.g., bis-(4-tertbutylphenyl) iodonium 

hexafluorophosphate (Iod)) can also improve CBZ derivatives’ one-photon photoinitiation 

abilities. CBZ7-10 (Scheme 1.2) exhibited their maximum light absorptions at ~370 nm (Table 

1.3).71, 72 Initially, CBZ7 and CBZ9 exhibit identical light absorption maxima; however, the molar 

extinction coefficient of CBZ9 is significantly higher, indicating that the N-substitution merely 

influences the molar extinction coefficient rather than the absorption maxima. Furthermore, the 

substitution of aldehyde on CBZ9 blue-shifted its light absorption to 364 nm. In contrast, the 

push-pull effect between amine and nitro groups on CBZ10 induced a red-shifted light 

absorption.71 Interestingly, the extension of the conjugated band led to a blue shift when 

comparing CBZ11-14 (Scheme 1.2) with CBZ7-10 (Table 1.3). Incorporating CBZ7-14/Iod into 

monomers demonstrated their abilities in both free radical and cationic photoinitiation under 

the irradiation of LED@405 nm. Regarding the cationic photopolymerization of (3,4-
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epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX), CBZ11-14 showcased 

similar photoinitiation abilities. In contrast, the cationic photoinitiation abilities of CBZ7-10 were 

significantly distinct. Specifically, CBZ7/Iod resulted in the highest epoxy conversion of 76%, 

despite its comparatively low molar extinction coefficient at 405 nm. However, the energy of 

electron transfer between CBZ7-10 and Iod were similar.71 This may be attributed to the 

stabilizing effect of N-methyl substitution on CBZ·+, determining higher cationic reactivities. 

Moreover, regarding the free radical photopolymerization of TMPTA, CBZ7-10 exhibited 

similar free radical photoinitiation abilities, while significant differences were observed in 

CBZ11-14 (Table 1.3). Specifically, CBZ13 demonstrated the best free radical photoinitiation 

ability in the presence of Iod, achieving a 58% double bond conversion among CBZ11-14. The 

double bond conversion in the presence of CBZ12/Iod was reduced by 8% compared to 

CBZ13/Iod, suggesting that the halogenated substitutions on CBZ12 potentially weakened the 

free radical photoinitiation ability. Similar final conversions were found in the 

photopolymerization of TMPTA in the presence of CBZ11/Iod and CBZ14/Iod. Meanwhile, the 

addition of substituent (CBZ11 and CBZ14), -CN, reduced the free radical photoinitiation 

abilities as well. Consequently, this comprehensive investigation into the photoinitiation 

abilities of CBZs, validated the 3D printing capability of the developed CBZ-based 

photoinitiating systems (CBZ8/Iod and CBZ13/Iod) through laser write experiments, achieving 

writing in a remarkably short time (< 1 min), resulting in the written letters with thicknesses of 

only 230 m or 500 m. 

Table 1.3. The photophysical properties of CBZs and the final functional group conversions of 
TMPAT or EPOX in the presence of CBZ/Iod (0.5%/1%, wt). Adapted with permission from 71, 

72. Copyrights 2017 American Chemical Society. 

 max max 405 nm 
Conversion 
(EPOX) 

Conversion 
(TMPTA) 

CBZ7 364 nm ~11,750 M−1 cm−1 ~2600 M−1 cm−1 76% 46% 
CBZ8 374 nm ~11,180 M−1 cm−1 ~5200 M−1 cm−1 50% 56% 
CBZ9 364 nm ~25,000 M−1 cm−1 ~2450 M−1 cm−1 58% 49% 
CBZ10 388 nm ~6000 M−1 cm−1 ~5200 M−1 cm−1 70% 50% 
CBZ11 300 nm ~8800 M−1 cm−1 ~1350 M−1 cm−1 47% 23% 
CBZ12 340 nm ~40,000 M−1 cm−1 ~7800 M−1 cm−1 55% 50% 
CBZ13 333 nm ~3300 M−1 cm−1 ~5700 M−1 cm−1 55% 58% 
CBZ14 349 nm ~18,000 M−1 cm−1 ~3300 M−1 cm−1 50% 47% 

1.4 Photoinitiators for Antibacterial or Antifouling Coatings 

The pursuit of antibacterial surface modification and products aims to eradicate bacteria or 

hinder their growth. Recently, a 3D antibacterial hydrogel was produced using carbazole 

derivatives as photoinitiators via 3D printing technology.73 With the addition of silver 
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nanoparticles, this hydrogel disc demonstrated a visible antibacterial effect with a bacteria-free 

circle. However, while the creation of 3D antibacterial objects holds promise, surface 

modification through antibacterial coatings presents a simpler and more cost-effective manner 

for comprehensive protection. The antibacterial coatings can be in-situ fabricated on the 

surface of targeted objects via photopolymerization technology, preventing bacterial biofilm 

formation on various surfaces, particularly on medical devices.74-76 For instance, coatings were 

successfully fabricated within 15 min or less under exposure to UV LED@365 nm and 

exhibited excellent antibacterial effects for both Gram-positive and Gram-negative bacteria (> 

99% reduction rate of bacteria). However, the photoinitiators utilized in these processes, such 

as 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), 2-hydroxy-2-

methylpropiophenone (Irgacure 1173), and 2,2-dimethoxy-2-phenylacetophenone (DMPA), 

are synthetic and potentially pose environmental risks. In contrast, there is growing interest in 

employing naturally derived compounds like anthraquinone derivatives (AQDs) and naturally 

occurring β-carotene, derived from plants, fungi, fruit, or insects,77, 78 as photoinitiators for the 

fabrication of antibacterial/antifouling coatings. Some of the AQDs serve as food colorants, 

textile dyes, or even antimicrobial drugs.79-85 Besides, β-carotene functions as a food colorant 

and antioxidant.78 Leveraging these naturally occurring/derived photoinitiators (Scheme 1.3), 

antibacterial coatings were efficiently fabricated on substrates like either stainless-steel, cotton 

fabrics, or glass slides.86-88 These coatings exhibited resistance to bacteria, as demonstrated 

through investigations involving both the Gram-negative bacteria, such as Escherichia coli (E. 

coli), and the Gram-positive bacteria, including Staphylococcus aureus (S. aureus). This 

approach offers promise in developing environmentally friendly and effective antibacterial 

coatings, addressing concerns related to synthetic photoinitiators and promoting sustainable 

antibacterial surface modifications. 

 

Scheme 1.3. Chemical structures of anthraquinone derivatives (AQDs) and β-carotene for the 
fabrication of antibacterial coatings. 
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Table 1.4. The composition of prepolymers for the fabrication of antibacterial coatings.86-88 

Entr
y 

Photoinitiator
s 

Irradiation
s 

Reactive 
component
s 

Monomers
2 

Substrate
s 

Reduction 
rate of 
bacterial 
count 

Re
f 

E. 
coli 

S. 
aureu
s 

1 AQD1 

Xenon 
lamp 
(30 mW 
cm-2) 

GPTMS1 EPOX 

Stainless-
steel 
substrates 

97
% 

97% 86 

2 AQD2 
365 nm 
(3 mW cm-

2) 
AQD2 

AAm, 
DMMSA, 
OFA and 
BA 

Cotton 
fibers 

99
% 

99% 87 

3 β-Carotene 
405 nm 
(100 mW 
cm-2) 

Eugenol 
DPDO and 
Lim 

Glass 
slides 

80
% 

50% 88 

1 GPTMS: 3-glycidyloxypropyltrimethoxysilane 
2 EPOX: 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate; AAm: acrylamide; 

DMMSA: [2-(methacryloyloxy) ethyl] dimethyl-(3-sulfopropyl) ammonium hydroxide; OFA: 

1H, 1H, 5H-octafluoropentyl acrylate; BA: butyl acrylate; DPDO: dipentene dioxide; Lim: 

limonene 1,2-epoxide 

1.4.1 Anthraquinone derivatives 

1.4.1.1 Antibacterial or antifouling coatings 

Among effective AQD photoinitiators, AQD1 and AQD2 (Scheme 1.3) are the two exceptional 

photoinitiators for the fabrication of antibacterial coatings through either cationic or free radical 

polymerization.86, 87 Unlike the aforementioned synthetic photoinitiators, AQD1, in combination 

with diphenyliodonium hexafluorophosphate (Iod1), exhibited potent photoinitiation capability 

in the cationic polymerization of 3,4-epoxycyclohexylmethyl-3,4-

epoxycyclohexanecarboxylate (EPOX) under the irradiation of a commercially available xenon 

lamp (> 350 nm).86 Interestingly, the incorporation of benzoyl alcohols significantly accelerated 

the photolysis of the excited AQD1*, indicating subsequent photopolymerization. Particularly, 

the presence of benzoyl alcohol notably improved the conversions of epoxides up to 86%, 

surpassing the performance of the photoinitiating system in the absence of benzoyl alcohol 

(AQD1/Iod1). Notably, the rates of polymerization and the conversions of epoxides varied 

depending on the cations derived from benzoyl alcohols and their electron-donating 

substituents. Among the investigated benzoyl alcohols, 2,5-dimethoxybenzyl alcohol 

(DMBzOH) exhibited unprecedented improvement in the cationic photopolymerization of 

EPOX, achieving an 86% conversion rate. 
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Additionally, apart from cationic polymerization, AQDs was employed in free radical 

polymerization for the application of antibacterial coatings. Using AQD2-dyed (Scheme 1.3) 

cotton fabrics, a photocurable resin mixture (Table 1.4) were successfully grafted onto the 

ADQ2-dyes cotton fabrics under the irradiation of ultraviolet (UV) at 365 nm.87 The graft 

polymerization proceeded via a mechanism involving Reaction 1.1 to Reaction 1.3. 

Specifically, under irradiation, the excited AQD2 produced from Reaction 1.1 abstracts 

hydrogens from cotton fabrics (Reaction 1.2). Afterward, the monomers were grafted onto 

cotton fabrics through polymerization initiated by free radicals on cellulose chains (Reaction 

1.3). Notably, the radicals on AQD2 (AQD2∙-H) were less reactive than the ones on the 

cellulose chain (Cotton) due to the high steric hindrance of AQD2, thus the cotton radical rather 

than AQD2 radical served as the active species for subsequent polymerization.87 

AQD2 
𝑈𝑉
→   AQD2* Reaction 1.1 

Cotton-H + AQD2* →  Cotton∙ + AQD2∙-H Reaction 1.2 

Cotton∙+ M →→ Cotton-Mn∙ Reaction 1.3 

Consequently, employing the developed photoinitiating system (AQD1/Iod1/DMBzOH) along 

with the antibacterial reactive component and 3-glycidyloxypropyltrimethoxysilane (GPTMS), 

a coating was successfully attached to a stainless-steel substrate under irradiation. In addition, 

various coatings grafted with diverse monomers (Table 1.4: entry 2) were fabricated by the 

AQD2-dyed cotton fabrics. The resulting antifouling and antibacterial coatings exhibited 

substantial reduction in bacteria count: 97% for AQD1-initiated coatings and 99% for AQD2-

initiated coatings against both Gram-negative and Gram-positive bacteria (Table 1.4 and 

Figure 1.4). These coatings demonstrated comparable antibacterial effect to the ones 

fabricated by Irgacure 2959, although the mechanisms of the antibacterial process differed.74 

Typically, regarding the coatings on stainless steel initiated by AQD1, the reactive component 

GPTMS played an important role thanks to the silanol moieties in either the bacteria adherence 

or bacteria membrane disruption.89 In contrast, AQD2 directly engaged in the antibacterial 

process by generating reactive oxygen species under 365 nm illumination, hindering bacterial 

biofilm formation.87 Additionally, the presence of the grafted polymer favored the light-induced 

reactions. 
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Figure 1.4. The reduction rate of bacterial count on the coatings fabricated by AQD1, AQD2, 
and β-carotene under irradiations.86-88 

1.4.1.2 Substituent effect on photoinitiation ability 

In the quest for suitable photoinitiators for the fabrication of antibacterial coatings, 

anthraquinone-derivative dyes have emerged as promising candidates, as highlighted in both 

Scheme 4 and Scheme 5.30-32, 90-95 To further improve the efficiency of coating fabrication, it 

becomes imperative to delve deeper into understanding the influence of substitutions on the 

photoinitiation abilities of anthraquinone derivatives. In the 2000s, arylmethyloxyl-substituted 

anthraquinones were synthesized, which exhibited the ability to photoinitiate both free radical 

and cationic polymerizations.90 However, their photoinitiation abilities were found to be 

insufficient (< 20% double bond conversions under ambient conditions), thereby the effect of 

substitution was ambiguous. Recent advancements have demonstrated promising outcomes, 

notably with newly reported AQDs substituted with amino or hydroxyl groups (Scheme 1.4 and 

Scheme 1.5). These derivatives exhibited excellent photoinitiation abilities, particularly 

showcasing sensitivity to long-wavelength visible light (LED@518 nm, LED@594 nm, and 

LED@636 nm),31, 32, 92, 94, 95 which can avoid the potential damages caused by UV irradiation96-

99. Of particular interest is the sensitivity of most AQDs were to the entire band or visible light 

(Table 1.5), with some derivatives, notably, AQD-NH2-8, demonstrating sensitivity even to 

infrared irradiation.94 The newfound capability of these anthraquinone derivatives to effectively 

respond to longer-wavelength light sources not only opens new avenues for antibacterial 

coating fabrication but also presents a safer and more versatile approach by reducing potential 

damage to substrates and surrounding environments caused by UV irradiation. 
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Table 1.5. The irradiation sources for the investigated AQDs.30-32, 91-95 

Photoinitiators Irradiation Intensities References 

AQD-OH-1 

Halogen lamp (370 – 800 nm); 

Red laser diode (635 nm); 

LED@455 nm; 

LED@518 nm 

~12 mW cm-2; 

100 mW cm-2; 

100 mW cm-2; 

60 mW cm-2 

32, 93 

AQD-OH-2 

LED@455 nm; 

LED@518 nm 

100 mW cm-2; 

60 mW cm-2 
32 AQD-OH-3 

AQD-OH-4 

AQD-OH-5 

LED@518 nm 60 mW cm-2 95 AQD-OH-6 

AQD-OH-7 

AQD-NH2-1 

LED@455 nm 60 mW cm-2 91 AQD-NH2-2 

AQD-NH2-3 

AQD-NH2-4 LED@455 nm; 

LED@518 nm; 

LED@594 nm; 

LED@636 nm 

60 mW cm-2; 

60 mW cm-2; 

30 mW cm-2; 

60 mW cm-2 

30, 31 
AQD-NH2-5 

AQD-NH2-6 30, 31, 92 

AQD-NH2-7 

Halogen lamp (370 – 800 nm); 

Red laser diode (635 nm); 

LED@392 nm; 

LED@455 nm; 

LED@518 nm; 

LED@594 nm; 

LED@636 nm; 

Infrared bulb (590 – 1080 nm) 

~12 mW cm-2; 

100 mW cm-2; 

100 mW cm-2; 

100 mW cm-2; 

60 mW cm-2; 

30 mW cm-2; 

90 mW cm-2; 

100 mW cm-2 

93, 94 

AQD-NH2-8 
LED@392 nm; 

LED@455 nm; 

LED@518 nm; 

LED@594 nm; 

LED@636 nm; 

Infrared bulb (590 – 1080 nm) 

100 mW cm-2; 

100 mW cm-2; 

60 mW cm-2; 

30 mW cm-2; 

90 mW cm-2; 

100 mW cm-2 

94 

AQD-NH2-9 

AQD-NH2-10 
Halogen lamp (370 – 800 nm); 

Red laser diode (635 nm) 

~12 mW cm-2; 

100 mW cm-2 
93 

1.4.1.2.1 Hydroxyl-substituted anthraquinone derivatives (AQD-OHs) 
The introduction of hydroxyl groups into anthraquinone derivatives yielded diverse effects on 

their photoinitiation capabilities in cationic polymerization and free radical polymerizations. The 

positioning of these substitutions significantly influenced the anthraquinone derivatives' 

effectiveness in cationic polymerization, while their abilities in initiating free radical 

polymerization of bisphenol A glycerolate dimethacrylate (Bis-GMA)/triethylene glycol 

dimethacrylate (TEGDMA) (70%/30%, wt) remained relatively consistent across most cases 

(Table 1.6). For instance, photoinitiating systems based on AQD-OH-1, AQD-OH-3, and AQD-
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OH-4resulted in double bond conversions of 40%-50% in Bis-GMA/TEGDMA (70%/30%, wt) 

upon exposure to LED@455 nm. In contrast, the impact of hydroxyl substitutions on their 

photoinitiation abilities in cationic polymerization of EPOX varied significantly. The AQD-OH-

2/Iod1/NVK (0.5%/2%/3%, wt) failed to photoinitiated the polymerization of EPOX, whereas 

AQD-OH-4/Iod1/NVK (0.5%/2%/3%, wt) achieved an impressive 79% epoxide conversion of 

EPOX under LED@455 nm (Table 1.6). Moreover, trihydroxy-substituted AQDs (AQD-OH-

5~7) demonstrated notable photoinitiation abilities under green irradiation, as evidenced by 

the photopolymerization of Bis-GMA/TEGDMA (70%/30%, wt) upon exposure to green 

LED@518 nm (Table 1.6).95 AQD-OH-5/TEAOH/R-Cl (0.5%/2%/2%, wt) achieved a 

comparable double bond conversion of 49% under the irradiation of LED@518 nm. 

Furthermore, the polymerization of DVE-3 reached an impressive 90% for the AQD-OH-5-

based photoinitiating systems. These findings confirm the significant potential of multi-

substituted AQD-OH derivatives, not only in enhancing their photoinitiation abilities but also in 

potentially improving their water solubilities, rendering them suitable for applications in 

aqueous environments like hydrogels and related applications. 

Table 1.6. Final conversions of Bis-GMA/TEGDMA (70%/30%, wt), EPOX, and DVE-3 in the 
presence of AQD-OH-based photoinitiating systems upon exposure to LED@455 nm and/or 
LED@518 nm. (AQD-OH: 0.5 wt %; TEAOH, R-Br, or Iod1: 2 wt %; NVK: 3 wt %)32, 95 

Photoinitiating system 

Conversion (%) 

LED@455 nm LED@518 nm 

Bis-GMA/TEGDMA EPOX Bis-GMA/TEGDMA DVE-3 

AQD-OH-1/Iod1/NVK 50 67 47% - 

AQD-OH-1/TEAOH/R-Cl 48 - - - 

AQD-OH-2/Iod1/NVK 0 0 - - 

AQD-OH-2/TEAOH/R-Cl 0 - - - 

AQD-OH-3/Iod1/NVK 45 15 - - 

AQD-OH-3/TEAOH/R-Cl 38 - - - 

AQD-OH-4/Iod1/NVK 55 79 35% - 

AQD-OH-4/TEAOH/R-Cl 56 - - - 

AQD-OH-5/Iod1 - - 40% 90 

AQD-OH-5/Iod1/NVK - - - 90 

AQD-OH-5/R-Cl - - 40% - 

AQD-OH-5/TEAOH/R-Cl - - 49% - 

AQD-OH-7/Iod1 - - 38% - 
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Scheme 1.4. Chemical structures of hydroxyl-substituted anthraquinone derivatives (AQD-
OHs) for photopolymerizations. 

1.4.1.2.2 Amino-substituted anthraquinone derivatives (AQD-NH2s) 

 

Scheme 1.5. Chemical structures of amino-substituted anthraquinone derivatives (AQD-NH2s) 
for photopolymerizations. 

 
The introduction of amino groups into anthraquinone derivatives has demonstrated significant 

enhancements in their light sensitivities and the photoinitiation abilities, surpassing those 

achieved with hydroxyl substitutions. The modulation of these capabilities has been achieved 

by varying the amount of amino substituents, the substituted position, and the amino group 

structures. Therefore, AQD-NH2-1 ~ AQD-NH2-10 (Scheme 1.5) systematically examined to 

discern the impact of amino substituents on the photoinitiation abilities of anthraquinone 

derivatives, showcasing their effectiveness in inducing free radical or cationic 

polymerizations.31, 91-94 With the addition of Iod1 and N-vinylcarbazole (NVK), amino-

substituted AQDs (i.e., AQD-NH2-1 ~ AQD-NH2-3) displayed diverse photophysical properties 

and distinctive photoinitiation abilities in cationic photopolymerization of EPOX.91. For instance, 

AQD-NH2-1 exhibited its absorption maxima at 465 nm, suggesting its excellent overlapping 

with the emission spectrum of LED@455 nm. Subsequently, a 30% epoxide conversion was 

observed upon exposure to LED@455 nm. With the substitution of a N-methyl group, the light 

absorption of AQD-NH2-2 was blue-shifted slightly, and the overlapping with LED@455 nm 
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was significantly reduced. Consequently, a reduced epoxide conversion (12%) was observed 

after 780-second exposure to LED@455 nm. In contrast, the AQD-NH2-3 demonstrated a red-

shifted light absorption, showcasing the highest photoinitiation ability, achieving a 53% epoxide 

conversion, and the highest polymerization rate upon exposure to LED@455 nm (60 mW cm-

2). This can be ascribed to the significant orbital contribution from the benzamido substitution, 

offering low-lying nπ* states of AQD-NH2-3 that allows sufficient energy for electron transfer 

among AQD-NH2-3, Iod1, and NVK.91 

Moreover, investigations involving hetero/homo di-substituted AQDs unveiled intriguing 

insights into their photoinitiation abilities to both cationic and free radical photopolymerization 

under irradiations from blue light to red light (Table 1.7).30, 31 AQD-NH2-4, synthesized from 

AQD-NH2-1 with substitution of a hydroxyl group, exhibited insufficient photoinitiation ability in 

cationic polymerization of EPOX and no efficacy in free radical polymerization of 

trimethylolpropane triacrylate (TMPTA), tripropyleneglycol diacrylate (TPGDA), and bisphenol 

A epoxy diacrylate/TPGDA (75/25, w/w) (EB605) under all investigated conditions. AQD-NH2-

5 and AQD-NH2-6, modified from AQD-NH2-1 with substitution of an amino group, 

demonstrated exceptional capabilities, especially when paired with NVK, triethanolamine 

(TEAOH) and phenacyl bromide (R-Br). Compared to the AQD-NH2-5-based multi-component 

photoinitiating systems, the AQD-NH2-6-based corresponding photoinitiating systems 

exhibited comparable photoinitiation abilities for cationic polymerization and better 

photoinitiation abilities for free radical polymerization. Specifically, the epoxide conversions of 

EPOX in the presence of AQD-NH2-5-based and AQD-NH2-6-based three-component 

photoinitiating systems under the irradiations of LED@455 nm were 73% and 85%, 

respectively. The addition of amino substituent significantly improved the photoinitiation ability 

of amino-substituted AQD compared to AQD-NH2-1 (30% epoxide conversion under the same 

condition).30, 91 Moreover, under the irradiation of LED@518 nm, the epoxide conversions of 

EPOX were 80% and 83% in the presence of AQD-NH2-5-based and AQD-NH2-6-based 

three-component photoinitiating systems, respectively (Table 1.7). Impressively, AQD-NH2-5 

also exhibited red-light sensitivity and successfully photoinitiated EPOX polymerization (77%-

78% epoxide conversion) in the presence of Iod1/NVK (2%/3%, wt) under yellow and red 

LEDs.30 The cationic photopolymerization of tri(ethylene glycol) divinyl ether (DVE-3) followed 

a similar order.  

For the free radical photopolymerization, the double bond conversions of TPGDA were only 

14% and 15% in the presence of AQD-NH2-5/Iod1/NVK (0.5%/2%/3%, wt) upon exposure to 

LED@455 nm and LED@518 nm, respectively. In contrast, the double bond conversions of 
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TPGDA reached 63% and 59% when AQD-NH2-6 replaced AQD-NH2-5. In the presence of 

TEAOH and/or R-Br, AQD-NH2-4 exhibited no photoinitiation ability under irradiation of both 

LEDs, while AQD-NH2-5 notably induced TPGDA photopolymerization. Especially, compared 

to those in the presence of two-component photoinitiating systems, exceptional double bond 

conversions of 82% and 78% were observed for TPGDA in the presence of a three-component 

photoinitiating system (AQD-NH2-5/TEAOH/R-Br: 0.5%/2%/2%, wt) upon exposure to 

LED@455 nm and LED@518 nm.31 Besides TPGDA, a similar trend was observed in the 

photopolymerization of TMPTA. However, in the case of the monomer mixture, EB605, both 

AQD-NH2-4-based and AQD-NH2-5-based photoinitiating systems exhibited comparable 

performances, resulting in similar double bond conversions upon exposure to LED@455 nm. 

Notably, AQD-NH2-5 displayed better photoinitiation ability than AQD-NH2-4, attributed to its 

the extraordinary thermodynamic favorability.31 The exceptional photoinitiation ability of AQD-

NH2-6 paved the way for its successful application in rapid optical 3D printing, underscoring 

its potential for advanced technological applications.31, 92 
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Table 1.7. Final conversions of (a) EPOX and DVE-3, (b) TPGDA, (c) TMPTA, and (d) EB605 
in the presence of AQD-NH2-based photoinitiating systems upon exposure to LED@455 nm 
and LED@518 nm. (AQD-NH2: 0.5 wt %; TEAOH, R-Br, or Iod1: 2 wt %; NVK: 3 wt %)30, 31 

Photoinitiat
ing system 

Conversion (%) 
LED@455 nm LED@518 nm 

EPO
X 

DV
E-3 

TPGD
A 

TMPT
A 

EB60
5 

EPO
X 

DV
E-3 

TPGD
A 

TMPT
A 

EB60
5 

AQD-NH2-
4/Iod1 

15 - - - 0 26 - - - 0 

AQD-NH2-
4/Iod1/NVK 

31 - 0 0 - 35 - 0 0 - 

AQD-NH2-
4/TEAOH 

- - 0 - 0 - - 0 - 0 

AQD-NH2-
4/R-Cl 

- - 0 - 0 - - 0 - 0 

AQD-NH2-
4/TEAOH/R-
Cl 

- - - - - - - - - - 

AQD-NH2-
5/Iod1 

66 78 7 - 53 67 74 6 - 51 

AQD-NH2-
5/Iod1/NVK 

73 - 14 33 42 80 - 15 12 - 

AQD-NH2-
5/TEAOH 

- - 0 0 0 - - 0 0 0 

AQD-NH2-
5/R-Cl 

- - 0 0 0 - - 0 0 0 

AQD-NH2-
5/TEAOH/R-
Cl 

- - 0 0 - - - 0 0 - 

AQD-NH2-
6/Iod1 

75 78 0 - 59 72 87 17 - 53 

AQD-NH2-
6/Iod1/NVK 

85 80 63 36 52 83 87 69 35 - 

AQD-NH2-
6/TEAOH 

- - 66 37 54 - - 48 31 35 

AQD-NH2-
6/R-Cl 

- - 27 30 53 - - 41 26 57 

AQD-NH2-
6/TEAOH/R-
Cl 

- - 82 47 65 - - 78 44 57 

 

The impact of N-substituent on the photophysical property and photoinitiation ability of AQD-

NH2 has been a key focus. The design and synthesis of symmetrically N-substituted AQD-

NH2 (AQD-NH2-7~9)93, 94 have elucidated these effects, shedding light on their photoinitiation 

ability. With the N-substitution of alkyl and aromatic group, AQD-NH2-7~9 exhibited a red shift 

compared to AQD-NH2-5.30, 94 In most cases, AQD-NH2-7 and AQD-NH2-8 with alkyl N-

substitutions exhibited better photoinitiation abilities compared to AQD-NH2-9 with aromatic 

N-substitution (Figure 1.5a). As expected, the addition of NVK further improved the conversion 

of functional groups compared to the AQD-NH2/Iod1 systems for both the cationic 
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polymerization of EPOX and the free radical polymerization of Bis-GMA/TEGDMA (70%/30%, 

wt). Moreover, the symmetric N-substituted AQD-NH2 exhibited superior photoinitiation 

abilities in cationic polymerization compared to free radical polymerization (Figure 1.5a-b). 

Specifically, the AQD-NH2-8/Iod1/NVK system achieved notable epoxide conversion of EPOX 

(56%) and double bond conversion of DVE-3 (80%) under the irradiation of LED@636 nm. In 

contrast, the double bond conversions of TMPTA and Bis-GMA/TEGDMA (70%/30%, wt) were 

only 20% and 50% under the same conditions (Figure 1.5b). Similar trends were observed for 

AQD-NH2-7 and AQD-NH2-9 (Figure 1.5a). Besides, the broad light absorption of AQD-NH2-

7~993, 94 heightened their potential to photoinitiate polymerization under varied light sources. 

To identify their photoinitiation abilities under diverse lights, photopolymerization of EPOX and 

Bis-GMA/TEGDMA (70%/30%, wt) were involved under the irradiation of LED@392 nm, 

LED@455 nm, LED@518 nm, LED@594 nm, LED@636 nm and an infrared (IR) bulb (Figure 

1.5c). Generally, AQD-NH2-8/Iod1/NVK exhibited better photoinitiation abilities in cationic 

polymerization of EPOX than in free radical polymerization of Bis-GMA/TEGDMA (70%/30%, 

wt), except for the photopolymerizations upon exposure to LED@455 nm. Among the visible 

LEDs, the AQD-NH2-8 exhibited the best photoinitiation ability in cationic polymerization under 

the irradiation of LED@594 nm and LED@636 nm, which can be ascribed to the complete 

overlap between the LED emission spectrum and its absorption maxima.94 Regarding free 

radical polymerization of Bis-GMA/TEGDMA (70%/30%, wt), the photoinitiation ability of AQD-

NH2-8 appeared relatively similar under the investigated visible light irradiations. Notably, 

AQD-NH2-8 exhibited limited yet discernible photoinitiation capacity under IR, enabling 

specific applications like deep curing. 

Comparatively, amino-substituted AQD-NH2 outperformed hydroxyl-substituted AQD-OH, and 

alkyl N-substituted AQD-NH2 exhibited exceptional photoinitiation abilities, even under red 

light, surpassing unsubstituted AQD-NH2 (AQD-NH2-5) and phenyl N-substituted AQD-NH2 

(AQD-NH2-9). Nonetheless, while these observations provide valuable insights, a deeper 

understanding of the molecular-scale mechanism governing substitution effects on 

photoinitiation abilities remains elusive. Therefore, further systematic investigations are 

warranted to uncover these mechanisms, facilitating the informed selection of AQD-derived 

photoinitiators, and offering a more comprehensive understanding of their potential 

applications. 
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Figure 1.5. Final conversions of (a) EPOX and Bis-GMA/TEGDMA (70%/30%, wt) in the 
presence of AQD-NH2-based photoinitiating systems and (b) EPOX DVE-3, TMPTA and Bis-
GMA/TEGDMA (70%/30%, wt) in the presence of AQD-NH2-8-based photoinitiating systems 
upon exposure to LED@636 nm; (c) EPOX and Bis-GMA/TEGDMA (70%/30%, wt) in the 
presence of AQD-NH2-8/Iod1/NVK under irradiation from UV to IR bulb. (AQD-NH2: 0.5 wt %; 
Iod1: 2 wt %; NVK: 3 wt %)94 

1.4.2 β-Carotene 

In addition to the previously mentioned anthraquinone derivatives (AQDs, β-carotene has 

emerged as another effective photoinitiator for the fabrication of antibacterial or antifouling 

coatings.88 The creation of coatings requires careful consideration, particularly due to the 

significant impact of shrinkage from free radical polymerization on product quality. To mitigate 

this concern, thiol-ene crosslinking100 and ring-opening101 polymerization, known for their 

minimal shrinkage and tolerance to oxygen, have been extensively utilized in fabrication of 

coatings. Therefore, in the presence of a three-component photoinitiating system, β-

carotene/bis(4-methylphenyl)iodonium hexafluorophosphate (Iod2)/trimethylolpropane tris(3-

mercaptopropionate) (TT) (1%/3%/6%, wt), ring-opening cationic polymerization and thiol-ene 

polymerization under irradiation of blue LEDs were investigated. Specifically, the epoxide 

conversion of dipentene dioxide (DPDO) in the presence of β-carotene/Iod2 (1%/3%, wt) 

reached 58% upon exposure to LED@405 nm (100 mW cm-2) after 800 s. To incorporate with 

thiol-ene crosslinking, a compound consisting of epoxide, double bond (Lim: limonene 1,2-
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epoxide), and a thiol component (TT) as crosslinker, were incorporated into the formula. The 

epoxy and double bond conversions were 84% and 50%, respectively, in the presence of β-

carotene/Iod2/TT (1%/3%/6%, wt) under the irradiation of LED@405 nm (100 mW cm-2). 

Moreover, the epoxy and double bond conversions of the DPDO/Lim blend (50%/50%, wt) 

were 68% and 50%, respectively. The formulation was further modified to fabricate 

antibacterial coating by including the active component, eugenol. The presence of eugenol, 

owing to its double bond, facilitated surface modification on the coatings (Table 1.4 and Figure 

1.6). Notably, the addition of eugenol led to an enhancement in the epoxy, while reducing the 

double bond conversion. Specifically, in a DPDO/Lim/eugenol blend (50%/25%/25%, wt), the 

epoxy and lim- and eugenol-double bond conversions were 80%, 24%, and 20%, respectively. 

With the developed formula, an interpenetrating polymer network was successfully formed 

(Figure 1.6), and antibacterial coatings were fabricated on glass slides (Table 1.4). These 

coatings exhibited a better antibacterial effect on E. coli than S. aureus. Specifically, a 

reduction in bacterial count of 80% was observed for E. coli, while the reduction of S. aureus 

was 50% (Table 1.4 and Figure 1.4). Interestingly, the introduction of eugenol also imparted 

the waterproof properties to the coatings, evidenced by a water contact angle of 89.7º, 

surpassing the 71.2º angle exhibited by the coating without eugenol was. This enhancement 

in waterproofing represents an additional advantageous attribute of the modified coatings. 

 

Figure 1.6. The synthesis of antibacterial coatings via photopolymerization of epoxy limonene 
and eugenol in the presence of a β-carotene-based photoinitiating system and the structure of 
interpenetrating polymer network. Adapted with permission from 88. Copyright 2019 American 
Chemical Society. 

1.5 Photoinitiators/coinitiators for Dental Restoration 

Camphorquinone (CQ) in combination with amines has been a prevalent photoinitiating system 

employed in dental restoration practices.102 However, of the concern over aesthetic issues 

such as yellowing and discoloration arising from amines within dental fillings has led to a 

growing interest in developing amine-free photoinitiating systems. For instance, sulfinates and 
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sulfonates were reported as effective coinitiators capable of reducing yellowing in dental 

restorative materials.103 Components like sodium 1-methyl 3sulfinopropanoate (NaMeSP), zinc 

benzylsulfinate (ZnBnS), or zinc isopropylsulfinate (ZniPrS) have facilitated the CQ-based 

photoinitiating systems to achieve double bond conversions exceeding 50% within120 

seconds under LED@477 nm (300 mW cm-2) irradiation.103 However, the environmental impact 

posed by metal-based components necessitates the exploration of metal-free photoinitiating 

systems or photocatalysts.104-106 Cyclic acetals (CA), belonging to a family of heterocyclic 

compounds prevalent in nature, exhibit promising potential for amine-free and metal-free 

dental restorative formulas. For example, benzodioxole (BDO) ring system is widely found in 

natural products (e.g., sesamin, safrole, piperonal, etc.).107 Meanwhile, a few cyclic acetals 

(Scheme 1.6) have been reported as efficient coinitiators incorporated with commercially 

available photoinitiators for free radical photopolymerization.108-110. The newly developed 

CQ/cyclic acetals (e.g., sesamin, BDO, etc.) photoinitiating systems exhibited comparable 

photoinitiation abilities to the CQ/amine ones. Moreover, certain formulations have exhibited 

enhanced properties such as reduced yellowing and improved biocompatibility.111-114 

 

 

Scheme 1.6. Chemical structures of cyclic acetals (CAs) for the dental restorative formulas. 

1.5.1 Cyclic acetals as coinitiators 

The investigation into cyclic acetals (CA) as coinitiators in dental restoration has revealed 

promising outcomes, notably observed in the CQ/CA1 and CQ/CA2 photoinitiating systems. 

(Table 1.8).111-114 The dental resin consisted of Bis-GMA/TEGDMA (70%/30%, wt), and the 

photopolymerizations were performed upon exposure to blue lights (400-500 nm). Compared 

to the commonly used photoinitiating system, CQ/ethyl 4-N,N-dimethylaminobenzoate (EDB), 

CQ/CA1 (also known as sesamin), and CQ/CA2 exhibited comparable photoinitiation abilities 

at the same weight percentage and/or mole percentage in terms of the final double bond 

conversions (Table 1.8). Interestingly, with the molar ratio of CQ/CA2 at 1/1 (1.66%/1.22%, 

wt), the double bond conversion of dental resin was significantly improved and could reach 

90% (Table 1.8). Moreover, mechanical property assessments indicated comparable or even 

higher storage modulus at human body temperature for the polymers photoinitiated by CQ/CA1 

and CQ/CA2.111, 112  
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Furthermore, a polymerizable CA3 was designed and presented dual roles as a coinitiator and 

a diluent.114 The CQ/CA3 system, across varied concentrations, exhibited results comparable 

to CQ/EDB in terms of double bond conversions (Table 1.8). More interestingly, CA3, 

containing a polymerizable methacrylate group, could replace TEGDMA as a diluent, 

integrating within the polymer network. With the increase of CA3 content to 25 wt%, the double 

bond conversion of Bis-GMA/CA3 (75%/25%, wt) achieved 67.5%, and the storage modulus 

and Tg of the resultant polymer were similar to those of the polymer photoinitiated by 

CQ/EDB.114 

Given the application of dental restorative materials within aqueous environments (i.e., oral 

cavity), factors such as water sorption and water solubility are pivotal considerations. Therefore, 

dental restorative materials with low water sorption and water solubility are favorable. 

Encouragingly, the water sorption and water solubility of the polymer photoinitiated by CQ/CA1 

(0.5%/1%, wt) were comparable to the control group (CQ/EDB), and those initiated by CQ/CA3 

(0.5%/25%, wt) even exhibited lower values than the control.111, 114 Aesthetic considerations in 

dentistry, particularly the yellowing effect associated with amine byproducts during 

photoreaction, have been addressed by the CQ/CA1 system, significantly reducing yellowing 

compared to the CQ/EDB system.111 Moreover, CA1 also demonstrated favorable 

biocompatibility withL2959 cells after a 72-hr cell culture, suggesting its safety for oral cavity 

application.111 

 

Table 1.8. The composition of dental restorative formulas and their corresponding light 
intensity, double bond conversions, and maximum rates of photopolymerization of Bis-
GMA/TEGDMA (70%/30%, wt).111-114 

Photoinitiating 

system 

Concentration 

(wt%) 

Light source Double bond 

conversion 
Rp (min-1) 

Ref. 

CQ/CA1 0.5%/1% 
400-500 nm (100 

mW cm-2) 

~63% ~0.56 
111 0.5%/1.83% 71% - 

CQ/EDB 0.5%/1% 75% - 

CQ/CA2 
0.5%/1% 

400-500 nm (500 

mW cm-2) 

~70% ~0.016 

112 0.5%/2% ~72% ~0.024 

CQ/EDB 0.5%/1% ~72% - 

CQ/CA2 1.66%/1.22% 
400-550 nm (100 

mW cm-2) 
90% 1.51 113 

CQ/CA31 
0.5%/0.5% 

400-500 nm (100 

mW cm-2) 

64.8% 0.91 

114 0.5%/1% 67% - 

CQ/EDB1 0.5%/0.5% 66.4% 3.3 
1 Bis-GMA/TEGDMA ratio in the formulas was 75 wt%/25 wt%. 
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1.5.2 Substituent effect on photoinitiation ability 

The utilization of cyclic acetals in dental restoration presents numerous advantages, prompting 

a deeper exploration into their photochemical mechanism and structural effects (Scheme 1.7) 

on their photoinitiation abilities. This examination aims to broaden the scope of cyclic acetals 

as coinitiators and enhance their photochemical activities. Within the p-chlorobenzophenone 

(CBP)-based photoinitiating systems, CBP/CAs (2%/4%, wt), the comparative evaluation of 

various cyclic acetals (CAs) highlighted CA2 as the most efficient among CAs (i.e., CA2 – 

CA8). Specifically, the photoinitiation abilities of the CBP/CA photoinitiating systems followed 

the order: CA2 > CA4 > CA5 > CA6 > CA8 > CA7, in terms of both final double bond 

conversions and the rates of polymerization of 1,6-hexanedioldiacrylate (HDDA).112 The 

efficacies of CAs were further validated in three-component photoinitiating systems under the 

irradiation of an ion laser at 514 nm (100 mW cm-2).109 According to the photochemical 

mechanism elucidated in Scheme 1.8, the substitution (R group) on C2 could influence the 

hydrogen abstraction and consequentially impact the photopolymerization. To 

comprehensively understand the effect of substituents on photoinitiation, a study on CA9-12 

with selected substituents was conducted.110, 113 Notably, 2-monosubstituted BDO (i.e., CA9 

and CA10) demonstrated exceptional photoinitiation abilities in terms of double bond 

conversion of HDDA due to their sensitivity to hydrogen abstraction.110, 113 In contrast, unlike 

the 2-monosubstituted BDOs, the oxidation of 2,2-disubstituted CAs primarily occurred on the 

benzene ring rather than the dioxole ring.110 Therefore, while the corresponding benzophenone 

(BP)-based photoinitiating systems with CA11 and CA12 presented adequate efficacy for the 

photopolymerization of HDDA, their polymerization rate was significantly compared to the 2-

monosubstituted CAs. Specifically, the BP/CA9 and BP/CA10 systems achieved maximum 

polymerization within 2-min irradiation without any observable induction time, whereas the 

BP/CA11 and BP/CA12 systems initiated the photopolymerization only after ~20-second 

irradiation, and the double bond conversion of HDDA was slowly increased. Besides, the chain 

length of the substituent also affected the photochemical electron transfer between BP and 

CA. Shorter substituent chain lengths correlated with higher HDDA double bond conversions 

(CA2 > CA10 > CA9), thereby reducing the induction time. Additionally, the investigation 

encompassed CAs with substitution on other positions except for C2 (CA13-CA16) in both BP-

based and CQ-based photoinitiating systems.108 CA13 demonstrated photoinitiation ability 

comparable to CA2 for the photopolymerization of TMPTA in terms of both final double bond 

conversion and the rate of polymerization, underscoring the importance of the C2-substitution. 

However, CA14 and CA15 exhibited marginal improvement in the photoinitiation ability 



Chapter 1 

32 

compared to the BP alone and/or CQ alone systems, consistent with the quenching rate 

constants between excited BP and CA15 or CA16 (0.02 and 0). 

Interestingly, CA9, CA10, and CA16 were found to function as one-component photoinitiating 

systems.108, 110 The free radicals formed via -scission from the radical on C2 (Scheme 1.8). 

CA9 and CA10 as photoinitiators demonstrated sufficient photoinitiation abilities in 

polymerizing HDDA, comparable to CA2 in terms of double bond conversion, but weaker than 

BP. Meanwhile, in their roles as coinitiators, CA10 exhibited superior photoinitiation abilities 

compared to CA9. In contrast, CA16 exhibited better photoinitiation ability than BP in terms of 

both double bond conversion and rate of polymerization of TMPTA under UV irradiation.108 

 

 

Scheme 1.7. Chemical structures of cyclic acetals for CQ-based photoinitiating systems. 

 

 

Scheme 1.8. The proposed photochemical mechanism between photoinitiator and cyclic 
acetal, or cyclic acetals alone under irradiation. 

1.6 Photoinitiator Candidates for Other Medical Applications 

In addition to its profound contributions to tissue regeneration, antifouling/antibacterial coatings, 

and dental restoration, photopolymerization has been leveraged to great effect in a wide range 

of medical devices.115 For instance, microneedles,116, 117 organ-on-a-chip,118 biosensors119-121, 

and bio mimic microchips122 have been fabricated via photopolymerization technology. 

However, their reliance on photoinitiators such as phosphine oxide, N-phenylglycine (NPG), 

2,20-dimethoxy phenyl acetophenone (Irgacure 651), isopropylthioxanthone (ITX), and others 

raises concerns about their biocompatibility, limiting their practical application in clinical 
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settings. Despite ITX being a xanthone derivative, a core component found in various natural 

compounds,123, 124 its presence is associated with adverse effects on human health, including 

genotoxicity and other health-related concerns.125 Recognizing these limitations, the 

forthcoming section endeavors to introduce the naturally derived photoinitiators (Scheme 1.9: 

riboflavin, chalcone derivatives, an indigo derivative, and curcumin which have found 

application in diverse medical contexts. 

 

 

Scheme 1.9. Chemical structures of the introduced naturally derived photoinitiations. 

1.6.1 Microneedle initiated by riboflavin 

The fabrication of microneedles, an easy to us medical device, necessitates meticulous 

attention to factors such as mechanical strength, precision, and resolution, particularly 

considering the presence of physical barriers. Vat polymerization technology has been 

employed in the fabrication of microneedles.117 However, challenges persist due to the residual 

photoinitiator causing undesired damage through migration. In addressing this concern, 

employing inherently biocompatible photoinitiator emerges as a promising solution. Riboflavin 

has demonstrated excellent capability in tissue engineering as a photoinitiator, thanks to its 

inherent visible light sensitivity and natural origin. Its role in photoinitiating silk fibroin has been 

highlighted in our previous discussion on artificial cornea development (Section 1.3.2).64 Silk 

fibroin, due to its versatile applications, serves not only in ocular prostheses but also in the 

fabrication of microneedles used in drug delivery.126, 127 Therefore, a silk fibroin microneedle 

patch produced through riboflavin-photoinitiated polymerization has been successfully 

achieved (Figure 1.7).128 

As discussed in Section 2.2, the 3D printability should be carefully considered because the 

overcuring or damp materials considerably impact the strength and resolution of resulting 
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microneedles. A total pixel of 48m × 48 m was printed to define the printability and the 

corresponding resolution. A high-resolution pattern necessitated a minimum of 2-by-2 pixels 

requiring 3-minute irradiation. Using the correlation between resolution and irradiation time, 

microneedles were fabricated via 3D printing photoinitiated by riboflavin. However, dehydration 

led to microneedle deformation, resulting in roughly 50% shrinkage in both horizontal and 

vertical directions. Furthermore, unlike the horizontal direction, the vertical deformation 

exhibited a pronounced correlation with the layer thickness of the 3D printing settings. 

Specifically, augmenting the subsequent layered thickness escalated vertical shrinkage. While 

shrinkage impacted microneedle topology, diminishing the function of drug delivery, horizontal 

deformation of the microneedles facilitates sharpening, enhancing penetration performance. 

Therefore, controlling vertical shrinkage via 3D printing layer thickness manipulation 

determined microneedle functionality. 

The silk fibroin microneedle patch fabricated via 3D printing in the presence of riboflavin 

demonstrated exceptional flexibility (Figure 1.7A). Furthermore, the evaluation of the drug 

delivery was carried out via in vitro penetration of a model drug, rhodamine B, employing a 

microneedle patch (Figure 1.1B-D). Specifically, after microneedle penetration, evident 

puncture impressions were observed under natural light (Figure 1.1C), and the fluorescence 

of rhodamine B appeared under UV irradiation (Figure 1.1D). 
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Figure 1.7. Photographs of (A) the fabricated microneedle patch via 3D printing of silk fibroin 
in the presence of riboflavin, and swine skin (B) before and (C) after penetration, and (D) 
fluorescence of rhodamine B in the swine skin under UV illumination. Reproduced with 
permission from 128. Copyright 2020 The Korean Society of Industrial and Engineering 
Chemistry. 

1.6.2 Shape memory polymers initiated by chalcone derivatives and an indigo 
derivative 

Shape memory polymers have drawn great attention due to their various applications to 

electronic devices, aerospace engineering, biomedical applications, etc.129-131 Their origami 

capabilities endow materials with unique smart responses upon stimuli (e.g., light, heat 

moisture, pressure, electricity, etc.).132 The integration of 3D printing technology into the 

development of shape memory polymers has further enhanced their customizability and 

versatility.133-136 Particularly in medical device applications, the biocompatibility of these 

polymers plays a crucial role. Chalcone and indigo carmine are natural substances. Herein, a 

series of chalcone derivatives and an indigo derivative (Scheme 1.9) have been well-

investigated as photoinitiators for the fabrication of shape memory polymers.137-139 

Chalcone 1/(Iod) (1.5%/1.5%, wt) and chalcone 2/Iod/ethyl 4-dimethylaminobenzoate (EDB) 

(1.5%/1.5%/1.5%, wt) were two photoinitiating systems used to produce water-stimulated 

shape memory hydrogels (Figure 1.8). Under the irradiation of LED@405 nm, chalcone 1/Iod 

exhibited a remarkable 94% double bond conversion of PEGDA in 2 mm thickness samples. 

The excellent photoinitiation ability of chalcone1/Iod for thick samples endows the capability of 

one-step production of thick designs. Conversely, chalcone 2/Iod/EDB resulted in only 62% 

conversion upon exposure to LED@405 nm, which significantly improved to 86% when 

LED@375 nm was used. The chalcone derivatives (i.e., chalcone 1 and 2) demonstrated high 

conversion of PEGDA and were employed in producing shape memory polymers. Specifically, 

the cross-shape structures photoinitiated by chalcone 1/Iod (Figure 1.8A2) and chalcone 

2/Iod/EDB (Figure 1.8B2) exhibited symmetrical folding after immersion in water for 1 min 

(Figure 1.8A3 and B3). Subsequent 100-second dehydration at 100 ºC resulted in the recovery 

of these cross-shape structures to their original shapes (Figure 1.8A4 and B4). Further 

dehydration led to the invertedly curled cross structures (Figure 1.8 A5 and B5), which reverted 

to their original shapes under ambient conditions (Figure 1.8A6 and B6). Water and heat stimuli 

demonstrated excellent efficacy for the chalcone derivatives-photoinitiated poly(ethylene 

glycol) (PEG) hydrogels. 

In addition to chalcone derivatives, the exceptional water-soluble visible-light-sensitive 

photoinitiator, indigo carmine, was explored and investigated.139 Under violet light, PEGDA 
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achieved complete conversion within a short duration Interestingly, the introduction of NaOH 

manipulated the photoinitiation ability of indigo carmine. Specifically, the addition of hydroxides 

created the basic environment and facilitated the formation of the leuco form of indigo carmine. 

In addition, it improved the solubility of indigo carmine in the designed hydrogel formula, thus 

benefiting the photoinitiation ability. The exceptional photoinitiation ability endows the indigo 

carmine-involved formula with valuable 3D printability. A seashell-shaped structure was 3D 

printed to validate the shape memory behavior of the designed 3D resin (Figure 1.8C). Varied 

thicknesses of the designed model resulted in differences in crosslinking densities (Figure 

1.8C-a), impacting the swelling ratio. Upon hydration and dehydration, the seashell exhibited 

reversible changes in curvature (Figure 1.8C-b). 
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Figure 1.8. (A-B)Cross-shape structure (1) mold and (2-6) shape memory behavior upon 
stimuli: (2) after 1-min photopolymerization, (3) after 1-min immersion into water, (4) after 1-
min dehydration at 100 ºC, (5) after 10-min dehydration at 100 ºC, and (6) after 10-min 
exposure to open air under ambient condition; cross-shape structure fabricated using (A) 
chalcone 1/Iod (1.5%/1.5%, wt) and (B) chalcone 2/Iod/EDB (1.5%/1.5%/1.5%, wt). (C) The 
(a) design and (b) the shape memory behavior of the 3D printed seashell structure upon 
hydration and dehydration under ambient conditions. Adapted with permission from 137-139. 
Copyright 2020 The Royal Society of Chemistry, Copyright 2021 The Royal Society of 
Chemistry and the Chinese Chemical Society, and Copyright 2022 Elsevier B.V. 
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1.7 Conclusion and current challenges 

The evolution of photopolymerization technology has been rapid, particularly within the 

manufacturing industry, where it finds prominent applications in decoration and parts 

manufacturing, such as aerospace engineering and mechanical engineering. However, the 

scope of its practical medical applications remains limited, primarily focused on dental 

restoration. To expand the utility of photopolymerization within medical field, it is imperative to 

ascertain the safety of photopolymerizable formulas. While significant research has targeted 

the monomer utilized in bioink formulas,6, 7 the subsequent development of biocompatible 

photoinitiators is imperative. Leveraging the abundance of safe light-sensitive compounds in 

nature, numerous naturally occurring and naturally derived photoinitiators have been 

developed as photoinitiator candidates for medical applications. This review provides a 

comprehensive summary of these photoinitiators' benefits in medical device applications and 

their corresponding functional evaluations. 

A straightforward strategy of safe photoinitiator development involves the direct evaluation of 

naturally occurring biocompatible compounds. Riboflavin, for instance, stands as a versatile 

naturally occurring photoinitiator used in diverse medical applications, including regenerative 

medicines and microneedles. Another popular strategy involves establishing covalent 

associations between macromolecular natural products and commercially available 

photoinitiators such as hyaluronan and BAPO or TPO. These macrophotoinitiators have 

demonstrated excellent photoinitiation abilities and outstanding biocompatibility. The third 

strategy revolves around the development of small molecular naturally derived compounds 

(e.g., carbazole derivatives, anthraquinone derivatives, etc.). However, further assessments, 

particularly in terms of biocompatibility, are critical for their application in medical contexts. 

Moreover, further optimization of formulas and subsequent thorough safety assessments are 

essential steps toward producing medical devices Understanding the structural effect on 

photoinitiation ability, as discussed in Sections 1.3.3.2, 1.4.1.2, and 1.5.2, is crucial. 

Knowledge of the substituent effect on photoinitiation ability will guide future endeavors in 

designing naturally derived photoinitiators within an efficient framework. Continued research 

and development in this direction will contribute substantially to expanding the utility of 

photopolymerization in the medical domain. 

While numerous naturally derived compounds have been explored as efficient 

photoinitiators,22-24, 27, 28, 34, 140-142 many challenges of photocurable materials remain in medical 

contexts. First, there is still synthetic pollution brought by naturally derived photoinitiators. 
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Specifically, most of the aforementioned photoinitiators are modified with synthetic compounds. 

Second, most of the photopolymerization in the presence of those natural photoinitiators 

happened under near-UV irradiation, causing health issues. Third, there is limited natural 

photoinitiators for the fabrication of waterborne materials. 

1.8 Objectives and thesis outline 

To overcome the abovementioned limitations, the following objectives guided the present 

thesis directions. First, identify naturally occurring photoinitiators from a broader plant family. 

Second, develop visible-light sensitive natural photoinitiators. Third, employ natural 

photoinitiators in waterborne materials. 

In the present thesis, four natural biocompatible dyes have been developed as biocompatible 

photoinitiators sensitive to visible light. These natural dyes can be extracted from berries, 

citrus, pomegranate, or Indigofera.143-146 They are either antioxidant, anti-inflammatory 

substance, or food colorant.144, 147-151 Thanks to these reported effects, quercetin and morin 

from berries (Chapter 2), naringin from citrus (Chapter 3), ellagic acid from pomegranate 

(Chapter 4), and indigo carmine from Indigofera (Chapter 5) are inherently biocompatibilities, 

and the further safety assessment of them is unnecessary. Therefore, they have potential for 

direct use without further biocompatibility evaluation. Meanwhile, the direct use of these natural 

compounds as photoinitiators can prevent pollution from synthesis process.  

Quercetin and morin discussed in Chapter 2 demonstrated their photoinitiation abilities under 

violet light and expanded the scope of natural photoinitiator. However, these two natural 

compounds were only employed in hydrophobic monomer systems. To resolve this problem, 

another flavone derivative, naringin in Chapter 3, was developed as a water-soluble natural 

photoinitiator. The strategy of hydroxyl group ionization by adding alkane can potentially 

enable photoinitiators with hydroxyl groups to function in water/photocurable polymer blends. 

To expand the scope of natural photoinitiator candidate, a dark plant extract, ellagic acid, in 

Chapter 4 demonstrated its excellent photoinitiation ability in water/photocurable polymer 

blends. This polyphenol compound demonstrated its dual-role of photoinitiator and 

photoabsorber, which resulted in a highly precise 3D printing. However, the extra strong 

alkanes may also cause undesired safety issues. A natural sodium salt dye, indigo carmine, 

in Chapter 5 could significantly reduce the addition of alkane. In addition, indigo carmine also 

demonstrated its photoinitiation ability under green light, further reducing the capable health 

hazard brought by near UV. 
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In the following chapters, their photoinitiation abilities under visible light, 3D printability of the 

developed 3D resins in the presence of these photoinitiator candidates, and/or further 

applications will be discussed. 
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Chapter 2 Flavones: natural photoinitiators extracted 
from berries 

2.1 Preface 

A few synthetic and natural flavones have been investigated as effective photoinitiators.1, 2 

However, most of the investigated flavone derivatives merely exhibited UV absorption (i.e., < 

400 nm). Not only is the safety of photoinitiator, but the irradiation safety is also principal. 

Therefore, the development of visible-light-sensitive natural photoinitiators is imperative. 

Additionally, considering the photopolymerization types, for instance, free radical 

photopolymerization, cationic photopolymerization, thiol-ene photopolymerization, etc., 

versatile photoinitiators are anticipated in diverse demands. The reported flavone derivatives 

only demonstrated their free radical photoinitiation abilities to acrylates/methacrylates and/or 

cationic photoinitiation ability to epoxides. As a promising photoinitiator family, natural flavone 

derivatives could be developed as a versatile photoinitiator for other photopolymerization types 

(e.g., cationic photopolymerization of vinyl, thiol-ene photopolymerization, etc.). 

As the aforementioned objective in the Introduction, this chapter aims to develop a visible-light-

sensitive natural photoinitiator for diverse types of photopolymerization. To achieve this, 

berries-extracted flavone derivatives, quercetin and morin, were introduced in the present 

chapter to unravel the photoinitiation capability. Quercetin and morin exhibited their visible light 

sensitivities to violet-blue light and violet-yellow light, respectively. Furthermore, their 

photoreaction mechanism has been elucidated, and their photoinitiation abilities in diverse 

resins (i.e., bisphenol A glycidyl methacrylate (Bis-GMA)/triethylene glycol dimethacrylate 

(TEGDMA) blend, trimethylolpropane triacrylate (TMPTA), tri(ethylene glycol) divinyl ether 

(DVE-3), DVE-3/trimethylolpropane tris(3-mercaptopropionate) (TriThiol) blend, and DVE-

3/1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (Trione) blend) are presented. 

Additionally, their performance under two different light irradiations was also compared and 

discussed. 

Briefly, the developed photoinitiating systems demonstrated their efficient photoinitiation 

abilities in diverse hydrophobic polymerization formulations under violet-blue LEDs via a 

photo-redox reaction. 
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2.2 Statement of contribution 

I declare that the published research results enclosed in this chapter are the original work 

carried out by me for my Ph.D. program at Australian National University. 

As the first author, I contributed to the development of the concept, outline of the experiments, 

data analysis, figure production, and preparation of the original draft, under the supervision of 

my primary supervisor, Prof. Pu Xiao. 

2.3 Publication status 

The published manuscript entitled “Penta-Hydroxy Flavones-Based Photoinitiating Systems 

for Free Radical, Cationic, and Thiol-Ene Polymerization upon Exposure to Mild Blue LEDs” 

and the supporting information are reproduced as a chapter with permission3, Copyright 2021, 

Wiley-VCH GmbH. This manuscript has been published in the journal Macromolecular 

Materials & Engineering in 2021, and the citation of this published manuscript is: 

Zhu, D.; Peng, X.; Xiao, P. Penta‐Hydroxy Flavones‐Based Photoinitiating Systems for Free 

Radical, Cationic, and Thiol‐Ene Polymerization upon Exposure to Mild Blue LEDs. Macromol. 

Mater. Eng. 2021, 306 (6), 2100059. DOI: 10.1002/mame.202100059. 

2.4 Abstract 

Natural flavone-derivatives (i.e., morin and quercetin) are investigated as visible light-sensitive 

photoinitiators. The photochemical mechanisms of the radical generation from flavone-

derivative-based photoinitiating systems (PISs) upon exposure to mild blue light-emitting 

diodes are studied. The impact of the substituent site of functional groups on the photoinitiation 

ability is determined. The quercetin-based PISs exhibit more reactivity than the morin-based 

systems on free radical photopolymerization. Moreover, the investigated flavone-based PISs 

present their stabilities at room temperature, indicating that resins containing these systems 

barely require special storage requirements. Thiol-ene polymerization initiated by the flavone-

derivatives-based PISs is also investigated. 

2.5 Introduction 

Photopolymerization is an attractive strategy using light as an energy provider to initiate 

polymerization. Photoinitiator excited by irradiation is a pivotal component to initiate 

polymerization via the generation of active species (e.g., free radicals and cations).4, 5 
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According to previous reports, UV exposure is harmful to human beings.6-9 The investigation 

and development of novel photoinitiators sensitive to visible light are boosting.2, 10-21 Apart from 

synthetic photoinitiators sensitive to visible light (e.g., naphthalimide dyes, pyrromethene dye, 

etc.22, 23), numerous natural dyes were published as effective photoinitiators due to their 

fascinating photochemical properties.24-28 For instance, curcumin, riboflavin, and anthraquinone 

derivatives were well investigated.12, 13, 27, 29-34 Flavones, known as biosynthesized products 

with promising benefits according to in vivo studies,35 were revealed as effective visible light 

photoinitiators.1, 2 The hydroxyl substituted flavones exhibited better performance than flavone 

in the presence of N-phenyl glycine (NPG) under LED@405 nm.1 A flavone-derived 

photoinitiator was also investigated in atom transfer radical polymerization of methyl 

methacrylate.36 The flavone excited by 350-440 nm of light irradiation transferred electron to 

amine, then CuBr was reduced by the electrons from CuBr2. The radicals were produced from 

the oxidation of CuBr and then successfully initiated polymerization. The photopolymerization 

was well-controlled with living characters induced by flavone. These reports inspired us to 

explore flavone-derivatives as effective visible light sensitive photoinitiators and develop 

effective flavone-derivative-based PISs for various types of photopolymerization. Morin and 

quercetin, two penta-hydroxy flavones (PHFs) (Scheme 2.1), were discovered as dietary 

flavonoid inhibitors of monocarboxylate because of flavone derivatives metabolized by 

plants. Quercetin has been developed as a photosensitizer of iodonium salt to initiate the 

cationic photopolymerization of epoxy monomer under the UV light. Moreover, quercetin is an 

antibacterial agent to endow the photocured patches with antibacterial properties.37 However, 

quercetin has not been investigated as a photoinitiator for other types of photopolymerization 

reactions (e.g., free radical polymerization or thiol-ene polymerization). The photoinitiation 

ability of quercetin under the irradiation of mild light-emitting diodes (LED) lights was unclear. 

Accordingly, to characterize the photochemical mechanisms of two PHFs, ultraviolet–visible 

spectrophotometer (UV–vis) and electron paramagnetic resonance spin trapping (EPR-ST) 

were used. The comparison of photoinitiation abilities of morin and quercetin in the presence 

of diverse additives in free radical, cationic, and thiol-ene polymerization was determined by 

real-time Fourier-transform infrared spectroscopy (RT-FTIR). 

2.6 Experimental 

2.6.1 Materials 

The investigated compounds, morin (B.D.H), quercetin (L. LIGHT & Co. Ltd.), and additives, 

diphenyliodonium hexafluorophosphate (Iod), ethyl 4-(dimethylamino)benzoate (EDB), and N-

phenyl glycine (NPG) were purchased from Sigma-Aldrich. Bisphenol A glycidyl methacrylate 
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(Bis-GMA), triethylene glycol dimethacrylate (TEGDMA), trimethylolpropane triacrylate 

(TMPTA), tri(ethylene glycol) divinyl ether (DVE-3), 1,3,5-triallyl-1,3,5-triazine-

2,4,6(1H,3H,5H)-trione (Trione), and trimethylolpropane tris(3-mercaptopropionate) (TriThiol) 

were obtained from Sigma-Aldrich as well. The chemical structures are shown in Scheme 2.1. 

Isotope solvents for NMR characterization were obtained from Cambridge Isotope 

Laboratories, Inc., Andover, MA. Other solvents applied in experiments were from Merck 

KGaA, Darmstadt, Germany. 

 

Scheme 2.1. Chemical structures of the investigated photoinitiators (morin and quercetin), 
additives (NPG, EDB, and Iod), and monomers (Bis-GMA, TEGDMA, TMPTA, DVE-3, Trione, 
and TriThiol). 

2.6.2 Irradiation Sources 

LEDs with emission wavelengths centered at 394 nm (4 mW cm−2), 410 nm (110 mWˑcm−2), 

and 445 nm (80 mW cm−2) were used as the irradiation devices. 

2.6.3 Steady-State Photolysis 

Varian Cary 50 Bio UV–visible (UV–vis) spectrophotometer from Agilent Technologies was 

utilized in steady-state photolysis experiments. Investigated photoinitiators in ethanol were 

irradiated under UV LED@394 nm in the presence of iodonium salt, being recorded by UV-vis 

at different irradiation timepoint. 

2.6.4 Electron Paramagnetic Resonance Spin Trapping 

EPR-ST experiment was conducted via Bruker E500 spectrometer equipped with a Bruker 

ER4122 SHQ resonator. Samples were loaded into standard X-band EPR tubes of 2.8 mm i.d. The 

radicals were generated at room temperature upon exposure to UV LED@374 nm under nitrogen 
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purging. Radicals were trapped by phenyl-N-tert-butylnitrone (PBN). The simulation was 

processed via WINSIM application. 

2.6.5 Photopolymerization Experiments 

The free radical photopolymerization of Bis-GMA/TEGDMA (70%/30%, w/w) and TMPTA as 

well as cationic photopolymerization of DVE-3 in the presence of morin- or quercetin-based 

PISs were investigated. The degree of conversion of the functional group was monitored by 

INVENIOR, RT-FTIR, from Bruker. In detail, a thin layer of Bis-GMA/TEGDMA, TMPTA, or 

DVE-3 formulation was laid between two plastic laminates and sandwiched between two BaF2 

windows. The prepared sample was exposed to a selected LED, and RT-FTIR measured 

infrared absorption of samples along with time. The decreasing number of carbon–carbon 

double bonds of photopolymerized monomers (TMPTA, Bis-GMA/TEGDMA, and DVE-3) was 

followed by FTIR with a characterization band at 1620 cm−1. Double bond of Trione and thiol bond 

of TriThiol were located at 933 and 2569 cm−1, respectively, in FTIR. The degree of conversion 

was calculated by 𝐷. 𝐶.= (1 −
∫𝑂.𝐷𝑑𝜈̃|𝑡=𝑡

∫𝑂.𝐷.𝑑𝜈̃|𝑡=0
) 100%  (O.D.: absorbance; 𝜈̃: wavenumber.) 

2.7 Results and Discussion 

2.7.1 Light Absorption Properties of Morin and Quercetin 

The light absorption of two PHFs, morin and quercetin, were investigated in ethanol using the 

UV-vis spectrometer (Figure 2.1). Morin showed no distinctive absorption peak in UV-visible 

range while quercetin was characterized by the maximum absorption at 372 nm (372 nm = 

23,300 M-1 cm-1), ascribed to the molecular polar effect and the position of substituents.38 The 

phenomenon was also observed for other flavone and anthraquinone derivatives substituted 

with diverse groups at varied positions which resulted in various light absorption properties. 1, 

2, 12, 31, 33, 39 The corresponding molar extinction coefficients of morin and quercetin at their 

maximum absorption and the emission wavelengths of LEDs utilized in the present work were 

summarized in Table 2.1. 
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Figure 2.1. UV-vis absorption spectra of morin and quercetin in ethanol. 

 

Table 2.1. Light absorption properties of morin and quercetin in ethanol: maximum absorption 

wavelengths max, extinction coefficients at max and at the maximum emission wavelengths of 
the different LED bulbs. 

 
max 
(nm) 

max 
(M-1cm-1) 

374 nm 

(M-1cm-1)a) 

394 nm 

(M-1cm-1)a) 
410 nm 

(M-1cm-1)a) 
445 nm 

(M-1cm-1)a) 

Morin - - 5700 4300 3360 1560 
Quercetin 372 23,300 23,200 13,960 3260 360 

a) For different LEDs. 

2.7.2 Photochemistry of Morin and Quercetin 

The steady-state photolysis studies of PHF-based PISs in the absence and the presence of 

various additives (i.e., Iod, EDB or NPG) were carried out to investigate the efficiencies of the 

relevant PISs. As shown in Figure 2.2, the immediate photolysis of morin/Iod or quercetin/Iod 

was observed under light irradiation. The UV-vis absorption of morin/Iod was reduced in the 

range of 325-450 nm along with the light irradiation. The similar implication was concluded 

from the results of the steady-state photolysis of quercetin/Iod, and its UV-vis absorption was 

diminished at 374 nm. Little change of absorbance was found in morin or quercetin alone under 

the irradiation of the LED@394 nm (Figure S2.1a,b), indicating that they cannot undergo 

chemical bond cleavage route. Compared to the addition of Iod, the addition of EDB to the 

PHFs cannot lead to significant photolysis (Figure S2.1c,d) which revealed the ineffectiveness 

of the morin/EDB or quercetin/EDB systems. Remarkably, the systems in combination with 

NPG presented more drastic decreases of the morin- or quercetin-based systems absorption 

(Figure S2.1e,f) than that of PHFs alone and PHFs/EDB systems. This was ascribed to the 

weaker hydrogen abstraction ability of PHF from EDB compared to that from NPG.40 
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Figure 2.2. Steady state photolysis of (a) morin/Iod and (b) quercetin/Iod in ethanol ([Iod] = 8 
mM); UV-vis spectra recorded at different irradiation time; UV LED at 394 nm irradiation (4 
mWˑcm-2). 

 

Free radicals or cations are the active species for the initiation of photopolymerization. The 

active species were characterized by EPR-ST. The hyperfine splitting constants of PBN/radical 

adducts were aN = 14.3 G and aH = 2.2 G (Figure 2.3), which characterized the trapped radical 

as PBN/phenyl radical adduct in tert-butylbenzene.41, 42 In combination with the mechanism 

studies, the mechanism of radical generation starting at ground-state photoinitiator was 

proposed. The photoinitiator was excited by light (Reaction 2.1), and the excited molecules 

were reacted with Iod to produce free radicals or cations (Reaction 2.2 and Reaction 2.3). 

 

Figure 2.3. EPR spectra of the radicals generated in quercetin/Iod combination upon 
LED@374 nm exposure and trapped by PBN in tert-butylbenzene: (a) experimental and (b) 
simulated spectra. PBN/phenyl radical adducts formed in quercetin/Iod system: aN = 14.3 G, 
aH = 2.2 G., reference values in refs.41, 42. 

PHF → 1PHF (hν) → 3PHF Reaction 2.1 
1, 3 PHF + Ph2I+ → PHF •+ + Ph2I• Reaction 2.2 
Ph2I• → Ph-I + Ph• Reaction 2.3 
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2.7.3 Photopolymerization Kinetics in the Presence of Morin- and Quercetin-
Based PISs under Blue LEDs 

Morin and quercetin were considered as potential photoinitiator candidates according to the 

photochemical mechanism studies. To further confirm the efficiencies of these two compounds 

as photoinitiators, photopolymerization kinetics studies were conducted, where dental resin 

(Bis-GMA/TEGDMA (70%/30%, wt)), TMPTA, and DVE-3 were utilized. Bis-GMA/TEGDMA 

blend is a common dental resin in dentist clinics, thus using nontoxic photoinitiator to initiate 

restorative materials formation is indispensable.43 The photoinitiation ability of morin and 

quercetin with the addition of additives (i.e., Iod and/or NPG) upon exposure to LED@410 and 

LED@445 nm were summarized in Figure 2.4. To reveal the Iod influenced photoinitiation 

ability, the photopolymerization of Bis-GMA/TEGDMA (70%/30%, wt) initiated by NPG alone 

was also performed (Table 2.2). The NPG cannot initiate polymerization of BisGMA/TEGDMA 

under the irradiation of LED@410 nm (Figure 2.4a). With the addition of Iod, NPG/Iod formed 

charge transfer complexes (CTCs) being confirmed as a versatile initiating component 

reaching 60% final conversion (FC) of Bis-GMA/TEGDMA (70%/30%, wt).44 Morin/Iod cannot 

initiate polymerization of Bis-GMA/TEGDMA (70%/30%, wt) upon exposure to the LED@410 

nm and the LED@445 nm due to its lack of efficiency. As to quercetin-based PISs irradiated 

by LED@410 nm (Figure 2.4a), the two-component PIS, quercetin/Iod couple, reached only 

26% FC. The three-component system, quercetin/Iod/NPG, showed the highest efficiency (FC 

= 60%) equaled to that of NPG/Iod couple. Meanwhile, due to the efficient free radical 

production in the presence of NPG/Iod, the conversion of BisGMA/TEGDMA inclined 

continuously, while lack of free radical generation of quercetin/Iod resulted in rapid completion 

of photopolymerization (Figure 2.4a). When it came to LED@445 nm (Figure 2.4b), the 

presence of quercetin in the PIS (i.e., quercetin/Iod/NPG) enhanced both FC and RP of Bis-

GMA/TEGDMA (70%/30%, wt) compared to those in the presence of NPG/Iod couple. 

NPG/Iod initiated photopolymerization of Bis-GMA/TEGDMA (70%/30%, wt) (Figure 2.4b) was 

ascribed to the polymerization ability of CTC.44 Quercetin exhibited the light absorption at 445 

nm (Figure 2.1), therefore quercetin improved photopolymerization of Bis-GMA/TEGDMA 

(70%/30%, wt) under irradiation of LED@445 nm recognizably. The quercetin/NPG/Iod system 

displayed not only the best photoinitiation ability for free radical polymerization of Bis-

GMA/TEGDMA (70%/30%, wt), but also exceptional stability in a lightproof container at room 

temperature (Figure S2.2). 
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Figure 2.4. Photopolymerization profiles (double bond conversions vs time) of Bis-
GMA/TEGDMA blend (70%/30%, w/w) in laminate in the presence of NPG- and quercetin-
based PISs (quercetin: 0.5 wt%; NPG: 2 wt%; Iod: 2 wt%) upon exposure to (a) LED@410 nm 
(110 mW cm-2) and (b) LED@445 nm (80 mW cm-2). 

 

Table 2.2. Photopolymerization rates and double bond conversions of photopolymerization of 
Bis-GMA/TEGDMA blend (70%/30%, w/w) in the presence of quercetin-based PISs (quercetin: 
0.5 wt%; Iod: 2 wt%; NPG: 2 wt%) upon exposure to the LED@410 nm (110 mW cm-2) or the 
LED@445 nm (80 mW cm-2) for 300 s. 

PISs (Rp/[C=C])100a (s-1) Cb 

NPGc 0 0 
NPG/Iodc 6.0 60% 
Quercetin/Iodc 2.5 26% 
Quercetin/Iod/NPGc 6.3 60% 
NPG/Iodd 1.7 47% 
Quercetin/Iod/NPGd 5.3 57% 

a: maximum rates of photopolymerization, calculated from the maximum of the first derivative of the 
double bond conversions versus time curves during photopolymerization; 
b: final double bond conversions after photopolymerization for 300 s; 
c: photopolymerization under the LED@410 nm; 
d: photopolymerization under the LED@445 nm 

 

Photopolymerizations of a triacrylate monomer, TMPTA, initiated by quercetin/NPG/Iod 

(0.5%/2%/2%, wt) and NPG/Iod (0.5%/2% or 2%/2%, wt) were carried out upon irradiation with 

LED@410 and LED@445 nm (Figure 2.5). In Figure 2.5a (red and green curves), the 

photopolymerization of TMPTA initiated by quercetin/Iod/NPG (0.5%/2%/2%, wt) showed the 

same final FC as that of NPG/Iod (2%/2%, wt) (FC = 53%) upon irradiation with the LED@410 

nm in laminate, in accordance with the results of the photopolymerization of Bis-

GMA/TEGDMA (70%/30%, wt). In Figure 2.5b (red and green curves), quercetin reduced the 

RP of TMPTA while improved FC of TMPTA simultaneously upon exposure to LED@445 nm. 

Quercetin/NPG/Iod (0.5%/2%/2%, wt) and NPG/Iod (2%/2%, wt) presented lower initiation 

ability under the irradiation with LED@445 nm in the photopolymerization of TMPTA in 

comparison to the photopolymerization of Bis-GMA/TEGDMA (70%/30%, wt). The radical 
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generating rate cannot compensate for the oxygen inhibition effect because the fluidic formula 

of TMPTA allowed oxygen diffusion and the conserved oxygen in the formula to move freely. 

The effect of NPG concentration (0.5 wt% and 2 wt%) in a two-component system, NPG/Iod, 

on photopolymerization of TMPTA was reported in Figure 2.5a. The more concentrated NPG 

formula (2 wt%) resulted in higher FC (53%) of TMPTA compared to that of the diluter NPG 

formula (0.5 wt%, FC = 36%). Under the irradiation with LED@445 nm, NPG/Iod (0.5 wt%/2 

wt%) led to an undesirable photopolymerization profile of TMPTA (Figure 2.5b black curve, FC 

= 8%), whereas the FC of TMPTA was improved to 30% by the additional 1.5 wt% NPG. 

    

Figure 2.5. Photopolymerization profiles (double bond conversions vs time) of TMPTA in 
laminate in the presence of NPG- and quercetin-based PISs (quercetin-based PIS: quercetin: 
0.5 wt%, NPG: 2 wt%, Iod: 2 wt%; NPG-based PISs: NPG: 0.5 wt% or 2 wt%, Iod: 2 wt%) upon 
exposure to (a) LED@410 nm (110 mW cm-2) and (b) LED@445 nm (80 mW cm-2). 

 

In Figure 2.6, DVE-3 was used to investigate the photoinitiation abilities of quercetin- and 

morin-based PISs in cationic photopolymerization. Quercetin/Iod (0.5%/2%, wt) initiated 

polymerization of DVE-3 with a shorter induction period (25 s) than morin/Iod (0.5%/2%, wt) 

system (104 s). This could be ascribed to a higher oxygen tolerance of quercetin/Iod. 

Meanwhile, the quercetin/Iod (0.5%/2%, wt) couple converted 89% ene groups of DVE-3, while 

the morin/Iod system only resulted in 78% conversion of ene groups. 
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Figure 2.6. Cationic photopolymerization profiles (double-bond conversions vs time) of DVE-3 
in laminate in the presence of morin- and quercetin-based PISs (quercetin or morin: 0.5 wt%; 
Iod: 2 wt%) upon exposure to LED@410 nm. 

 

The photopolymerization of thiol-ene, i.e., DVE-3/TriThiol blend (1:1 by functional groups), was 

carried out with quercetin/Iod (0.5%/2%, wt) by FTIR (Figure 2.7a). In the presence of TriThiol, 

DVE-3 was entirely photopolymerized, which was initiated by quercetin/Iod (0.5%/2%, wt). The 

thiol-ene photopolymerization under the irradiation of LED@410 nm started after 8-s induction 

period and ended up with FC (DVE-3) of 100% and FC (TriThiol) of 51%. Compared to the 15-

s induction period of DVE-3 photoinitiated homopolymerization with FC of 89% (Figure 2.6 and 

Figure 2.7a), the induction period of thiol-ene crosslinking of DVE-3/TriThiol was shortened, 

and the FC of that was improved. Trione, a trivinyl monomer, in replacement of DVE-3, was 

also studied as the partner of TriThiol in thiol-ene photopolymerization in the presence of 

quercetin/Iod (0.5%/2%, wt) upon exposure to LED@410 nm in laminate (Figure 2.7b). The 

double bond conversion of Trione and the thiol bond conversion of TriThiol reached to 

approximately the same FC (≈80%). Interestingly, unequal consumption of thiol and ene was 

observed in DVE-3/TriThiol blend but not in Trione/TriThiol blend even though the blend had 

been prepared in equal functional group ratio. This was attributed to the fact that DVE-3 

underwent homopolymerization and thiol-ene reaction simultaneously. The occurrence of 

homopolymerization depended on the initiation mechanism. It was challenging for Trione to 

undergo homopolymerization due to its “degrative chain transfer,”45 and only thiol-ene reaction 

occurred in the Trione/TriThiol blend system resulting in equal consumption of thiol and ene.46, 

47 
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Figure 2.7. Thiol-ene photopolymerization profiles (a) (double-bond conversions vs time) of 
DVE-3 and (thiol bond conversions vs time) of TriThiol and (b) (double-bond conversions vs 
time) of Trione and (thiol bond conversions vs time) of TriThiol in the presence of PIS 
quercetin/Iod (0.5%/2%, wt) in laminate upon exposure to LED@410 nm. (Double-bond 
conversions: black curves; thiol bond conversions: red curves; ene:thiol = 1:1) 

2.8 Conclusion 

In the present work, the photochemical mechanism and the photoinitiation ability of penta-

hydroxy flavone derivatives, quercetin, and morin, were demonstrated. The interaction 

between excited PHF and Iod generated active species able to initiate free radical, cationic 

and thiol-ene photopolymerization upon exposure to blue LED@410 nm or LED@445 nm. The 

addition of additives to two-component PISs can enhance polymerization efficiency. 

Furthermore, quercetin improved the photoinitiation ability of a well-studied efficient CTC (i.e., 

NPG/Iod) under mild blue-light irradiation (LED@445 nm), as the light absorption profile of 

quercetin was overlapped with the emission wavelength of the irradiation source. The addition 

of thiol-substituted molecules enhanced the FC of polymerizable vinyl significantly to full 

conversion in the presence of quercetin/Iod system under the irradiation of blue LED@410 nm, 

which further solidified the cured materials. The EPR-ST experiment verified the production of 

the phenyl radicals generated from Iod through the interaction with excited quercetin. 
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2.10  Supporting Information 

 

    

 

Figure S2.1.. Steady state photolysis of (a) Morin, (b) Quercetin, (c) Morin/EDB, (d) 
Quercetin/EDB, (e) Morin/NPG and (f) Quercetin/NPG  in ethanol ([EDB] = 18 mM, [NPG] = 2 
mM); UV-vis spectra recorded at different irradiation time; UV LED@394 nm irradiation (4 mW 
cm-2). 
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Figure S2.2. Photopolymerization profiles (double bond conversions vs time) of Bis-
GMA/TEGDMA blend (70%/30%, w/w) along with storage time in laminate in presence of 
Quercetin/Iod/NPG (0.5%/2%/2%, w/w/w) PIS upon exposure of LED@410 nm (110 mW cm-

2). 
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Chapter 5 Indigo carmine: a natural photoinitiator 
extracted from Indigofera for the 3D printing application 
of shape memory hydrogel 

5.1 Preface 

In the previous chapters, the investigated photoinitiators were efficient in their sodium salt 

forms, thus additional NaOH was introduced to induce the formation of their conjugate base. 

A natural sodium salt dye could significantly reduce the amount of NaOH. Therefore, the indigo 

carmine was investigated as a natural photoinitiator candidate. Indigo carmine is a natural 

sodium salt (Scheme 5.1) and was originally extracted from Indigofera.1, 2 Furthermore, indigo 

carmine has been approved as a food colorant,2 guaranteeing its biocompatibility. To achieve 

the aforementioned objectives, the mechanism of photoreaction between indigo carmine and 

a selected coinitiator has been preliminarily revealed. Thereafter, the photoinitiation ability of 

indigo carmine has been investigated in diverse formulations. The composition of the 

formulation has been screened, and the photoinitiation ability of indigo carmine has been 

optimized. The optimized indigo carmine-based photoinitiating system demonstrated its 

capability in 3D resins. Additionally, the developed indigo carmine-based 3D resin achieved 

high-fidelity 3D printing, and an advanced 2D-3D conversion has been afforded upon water 

immersion and under airdrying. 

5.2 Author contributions to the published article 

I declare that the published research results enclosed in this chapter are the original work 

carried out by me for my Ph.D. program at Australian National University.  

As the first author, I contributed to the development of the concept, outline of the experiments, 

data analysis, figure production, and preparation of the original draft, under the supervision of 

my primary supervisor, Prof. Pu Xiao. 

5.3 Publication status 

The published manuscript entitled “Indigo carmine: A base and neutral electrolyte-mediated 

photoinitiator for 3D printing in high fidelity” is presented as a chapter with the following 

revision: the discussion of cage-escape yields effect on the photoinitiation ability of indigo 

carmine is supplemented in 5.7.3. The article with supporting information is reproduced with 

permission3. Copyright 2022, Elsevier B.V. in this chapter. This manuscript is published in the 

journal Additive Manufacturing in 2022, and the citation of the published manuscript is: 
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Zhu, D.; Peng, X.; Xiao, P. Indigo carmine: A base and neutral electrolyte-mediated 

photoinitiator for 3D printing in high fidelity. Addit. Manuf. 2022, 59, 103154. DOI: 

10.1016/j.addma.2022.103154. 

5.4 Abstract 

Volumetric additive manufacturing with light is an advanced technology in diverse conventional 

fields. However, with the raising awareness of environmental concerns and the growing 

interest in biomedical applications, the safety and water solubility of the existing photoinitiators 

are challenged. Herein, we developed a photoinitiating system based on a blue food colorant, 

i.e., indigo carmine. The indigo carmine-based photoinitiating system induced a rapid 

photochemical reaction and photobleaching under blue and green LEDs in the alkaline 

medium. The unprecedented photoinitiation ability of the indigo carmine-based photoinitiating 

system in terms of rate of photopolymerization and the final monomer conversion was 

achieved under the irradiation of low-intensity light sources. Subsequently, a sophisticated 3D 

printing in high fidelity was carried out and a 2D seashell was designed and printed with the 

function of 2D-3D reversible switching. These findings demonstrated that the indigo carmine-

based photoinitiating system could resolve the safety and water solubility challenges and be 

involved in the 3D printing of biomedical materials. 

5.5 Introduction 

The development of light-based 3D printing has improved and replaced conventional 

fabrication techniques in diverse applications.4-15 The existing and recently developed 

photoinitiators for vat photopolymerization/3D printing mainly exhibit hydrophobic properties,16 

limiting their capabilities of broadening the applications involving waterborne materials. As with 

the hydrogel formation process, the 3D printing technique can produce complex and designed 

hydrogel structures for biomedical applications in drug delivery, cell delivery, and scaffold, 

etc.4, 17-20 To meet the increasing demands of hydrogel-involved biomedical applications, 

several efforts have been devoted to exploring water-compatible photoinitiators. For instance, 

the non-covalent and covalent strategies of solubility modification were developed to allow 

numerous hydrophobic photoinitiators to be involved in the hydrogel formation. Specifically, for 

the non-covalent strategies, the nanoparticles of microemulsion formed by surfactant 

encapsulating the commercially available 2,4,6-trimethylbenzoyl-diphenylphosphine oxide 

(TPO) and 2,2-dimethoxyphenylacetophenone (DMPA).21, 22 In addition, the encapsulation of 

hydrophobic photoinitiators (e.g., a developed naphthalimide-derived photoinitiator and 2-

hydroxy-2methyl-1-phenylpropan-1-one) into the cavities of cyclodextrins can endow the 
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formed non-bonding host-guest complexes with hydrophilic property which can be used as 

waterborne UV/blue light sensitive photoinitiators and successfully applied in 

photopolymerization of hydrophilic monomers.23, 24 Alternatively, for the covalent strategy, the 

phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) grafted onto cellulose nanocrystals 

(CNCs) or poly(ethylene glycol) (PEG) via covalent bonds were prepared and exhibited 

exceedingly photoinitiation ability to hydrogel fabrication.25, 26 Although the solubility 

modification strategies expanded the scope of water-compatible photoinitiators, and the 

abovementioned water-dispersible photoinitiators substantially exhibited efficient 

photoinitiation abilities, these approaches can induce the steric effect adversely affecting the 

photoinitiation efficiency of the encapsulated or grafted hydrophobic photoinitiators dispersed 

in the prepolymers.24 Considering the above limitation, water-soluble photoinitiators are more 

favorable. The commonly used hydrophilic photoinitiators are 2-hydroxy-4’-(2-hydroxyethoxy)-

2methylpropiophenone (Irgacure 2959) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP).6, 18, 25-29 Despite the excellent photoinitiation ability, Irgacure 2959 and LAP are 

commonly used under the irradiation of ultraviolet (UV) irradiation (~365 nm) for 

photopolymerization,6, 27, 28 which can cause human health and environmental issues.30-33 

Therefore, it is desirable to develop visible-light sensitive waterborne photoinitiators due to the 

safety and environment concerns.34 Specifically, several salts, inspired by LAP, of commonly 

used hydrophobic photoinitiators were produced. For instance, the metal salts of BAPO and 

2-benzyl-2-(dimethylamino)1-(4-morpholinophenyl)-1-butanone (BDMB), and the ammonium 

salts of TPO were designed and developed, which exhibited the absorption around the violet 

light range (~440 nm).19, 25, 29, 35-37 Despite the exceptional water solubility of the metal salts, 

the cytotoxicity has been insufficiently investigated. Only few literature29 explicitly stated the 

low-cytotoxicity of water-soluble photoinitiator salts (i.e., the developed ammonium salts of 

BAPO). Concerning the favorable visible light absorption and cytocompatibility, a cell staining 

dye, eosin Y and a food content/dietary supplement, riboflavin, were well-investigated,38-41 and 

they display light absorption in the blue-green light range,27, 36, 37, 40 with which the thiol-ene 

hydrogelation was successfully achieved under the blue light irradiation.38, 41 Moreover, several 

planar and simple structures (e.g., planar sheets, rectangles, letters, planar honeycombs, etc.) 

have been fabricated via 3D printing technology with eosin Y- and riboflavin-based 

photoinitiating systems.42-48 However, considering the advanced applications (e.g., 

implantation with neural regeneration devices) of 3D printing, the printing complexity and 

shape-fidelity are indispensable.49  

To address the abovementioned challenges, the exploration and development of water-

soluble, visible-light-sensitive, and low-toxic photoinitiators capable of performing rapid and 
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high-fidelity 3D printing are highly demanded. Here, we explored a promising dye, indigo 

carmine (IDGCM), which is originally discovered in plants of the genus Indigofera,1, 50 playing 

a role as a food colorant.51 The blue appearance and the sodium salt form are indicative of 

visible light absorption (400 nm – 700 nm in neutral solution) and water-soluble properties, 

respectively. Besides, the safe threshold of IDGCM for cats/dogs and rats is 250 mg/kg body 

weight and 8259 mg/kg body weight/day, respectively.52, 53 For humans, there is no eye or skin 

irritant effect of IDGCM, and the average daily intake of 5 mg/kg body weight/day was 

established by European Food Safety Authority.2, 50, 53 Furthermore, IDGCM is a commercially 

available pH indicator (pH 11.4 – 13.0), and its light absorption can be mediated by basicity.54 

On the basis of pH-mediated photophysical properties reported previously,55-60 IDGCM 

demonstrates potential interest in pH-mediated photopolymerization. However, pH-mediated 

photopolymerization was scarcely investigated with few examples.61 Specifically, the N-

phenyl-p-phenylenediamine (PPD) was a coinitiator in a ruthenium-complex-based 

photoinitiating system whose photoinitiation ability was dominated by the pH-mediated 

reversible electrochemical reaction (protonation-deprotonation reaction) of PPD.61 

The photoinitiation ability of IDGCM mediated by basicity under visible light was investigated 

using the real-time Fourier-transform infrared spectroscopy (RT-FTIR), and the relevant 

photochemical mechanism of IDGCM-based photoinitiating systems in alkaline and the neutral 

salted solution was investigated using ultraviolet-visible (UV-vis) spectrophotometer and 

electron paramagnetic resonance (EPR) technique. As with the knowledge of the rapid 

photopolymerization of the poly(ethylene glycol) diacrylate Mn 700 (PEGDA 700)/water blend 

(25 mM NaOH) upon exposure to 400 nm (6.4 mW cm-2), we also demonstrated the 3D printing 

settings using a planar cat coin model for the further sophisticated structure. Ascribed to the 

dual role of IDGCM (photoinitiator and photoabsorber), a topography with exceptional shape 

fidelity was successfully fabricated via 3D printing. 62, 63 More interestingly, the reversible 2D-

3D transition of a planar sheet produced by vat photopolymerization was stimulated by the 

presence and the absence of NaCl aqueous solution. 

5.6 Experimental 

5.6.1 Materials 

Indigo Carmine (IDGCM), diphenyliodonium hexafluorophosphate (Iod), 2-hydroxy ethyl 

acrylate (HEA), and poly(ethylene glycol) diacrylate (PEGDA) Mn 700, 525, 200 were obtained 

from Sigma Aldrich and used as delivered. The chemical structures of mentioned compounds 

are summarized in Scheme 5.1. 
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Scheme 5.1. Chemical structures of IDGCM, additive, and monomer/oligomers. 

5.6.2 Irradiation sources 

LEDs with emission wavelengths centered at 400 nm (6.4 mW cm-2), 410 nm (110 mW cm-2), 

and 530 nm (25 mW cm-2) were used as irradiation devices. 

5.6.3 Steady-state photolysis 

The ultraviolet-visible light (UV-vis) absorption measurements of IDGCM dissolved in 

deionized (DI) water, 25 mM NaOH, or 25 mM NaCl aqueous solutions were carried out on 

Varian Cary 50 Bio UV-visible (UV-vis) spectrophotometer from Agilent Technologies. For the 

steady-state photolysis experiments, the solutions of IDGCM were irradiated under diverse 

LEDs with the addition of Iod, being recorded by the UV-vis spectrophotometer at different 

irradiation time. 

5.6.4 Electron Paramagnetic Resonance Spin Trapping (EPR-ST) 

EPR-ST experiments were carried out on a Bruker E500 spectrometer equipped with a Bruker 

ER4122 SHQ resonator. Samples were loaded into standard X-band EPR tubes of 2.8 mm i.d. 

The radicals were generated in a nitrogen atmosphere under LED@410 nm irradiation and 

trapped by phenyl-N-tert-butylnitrone (PBN). The simulation was processed via the WINSIM 

application. 

5.6.5 Photopolymerization kinetics 

The photopolymerization was investigated using INVENIO®R, Fourier-transform infrared 

spectroscopy (FTIR), from Bruker under the irradiation of the abovementioned LED sources. 

To monitor the progress of the reactions, the samples were sandwiched between two 

polypropylene films, ensuring no oxygen diffusion. The conversions of PEGDA/water blends 

were calculated by 𝐷. 𝐶.= (1 −
∫𝑂.𝐷𝑑𝜈̃|𝑡=𝑡

∫𝑂.𝐷.𝑑𝜈̃|𝑡=0
) 100% . (O.D.: absorbance; 𝜈 : wavenumber.), 

following the decrease of the acrylate absorbance at 1414 cm−1.64, 65 The thickness of the 

photosensitive layer was estimated at 25 µm for all samples. 
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5.6.6 Photorheology 

Photorheological measurements were performed in parallel plate mode using an Anton Paar 

MCR 702 multidrive rheometer under the irradiation of one of the abovementioned LEDs. The 

sample was placed under the plate geometry (PP25) with a 25 mm diameter at the gap 

between the two plates set to 0.02 mm – 1.00 mm. The tests were conducted at a constant 

temperature (25 °C) and constant normal force of 0 N, under the constant shear strain of 0.1% 

and constant frequency of 1 Hz. The LED placed under the lower plate was turned on after 70 

s upon stabilizing the system. Concomitant changes in the moduli and loss factor of 

investigated formulations during photopolymerization were measured as a function of 

exposure time. 

5.6.7 3D printing 

The 3D resin was prepared by adding the homogeneous aqueous solution of IDGCM and 

NaOH into the transparent solution of Iod in PEGDA 700 dropwise. The resultant mixture was 

stirred at ambient temperature until thoroughly mixed and then used for 3D printing. The 3D 

printing was performed layer-by-layer (thickness: 0.020 mm) using a Digital Light Processing 

(DLP) 3D printer (MAKEX) which is equipped with a LED@405 nm (3 mW cm-2). 

5.7 Results and discussion 

5.7.1 Light absorption properties of IDGCM 

The UV-vis spectra of IDGCM in different solutions demonstrated its light absorption properties 

in the visible range (Figure 5.1). The light absorption maxima (λmax), extinction coefficients at 

the maximum absorption (εmax) and used LEDs (ε400, ε410 and ε530) are summarized in Table 

5.1. The maximum absorptions of IDGCM in the different aqueous solutions were all located 

at 610 nm (Figure 5.1). Specifically, to determine the effect of ionic strength and/or basicity on 

light absorption of IDGCM, NaCl (25 mM) and NaOH (25 mM) were introduced to the solution 

of IDGCM in DI water. The ionic strength exhibited a bare effect on the light absorption profile 

of IDGCM in neutral aqueous solution according to the substantially overlapped light 

absorption profiles of IDGCM in DI water and aq. NaCl (25 mM) (Figure 5.1). In contrast with 

NaCl, the introduction of NaOH sharply altered the light absorption profile of IDGCM (Figure 

5.1), especially the extinction coefficients. Interestingly, the alkaline milieu compromised the 

green light absorption (505 nm - 650 nm) and improved the blue light absorption (400 nm - 500 

nm) and red-light absorption (675 nm – 800 nm) of IDGCM (Figure 5.1). The rising peaks 

centered at 440 nm and 760 nm can be assigned to the leuco form of IDGCM66-68 and the 
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anion species formed via deprotonation of N-H54 (Scheme S5.1). The IDGCM-leuco allows the 

rotation of the central C-C bond and subsequently the production of emissive species.66  

 

Figure 5.1. UV-vis absorption of IDGCM in water (black), 25 mM aq. NaCl (red), and 25 mM 
aq. NaOH (blue). 

 

Table 5.1. The extinction coefficients of IDGCM in neutral and alkaline solution at their 
absorption maxim, 410 nm, and 530 nm. 

 λmax 
εmax 
(M-1 cm-1) 

ε400 
(M-1 cm-1) 

ε410 
(M-1 cm-1) 

ε530 
(M-1 cm-1) 

IDGCM in aq. NaOH 610 nm 10,200 2300 2500 2500 
IDGCM in aq. NaCl 610 nm 17,800 500 600 3600 
IDGCM in DI water 610 nm 18,600 1000 1100 4100 

 
To investigate the effect of ionic strength and/or basicity on photochemical reactions between 

IDGCM and the coinitiator (Iod) in detail, the steady-state photolysis experiments of IDGCM in 

the aforementioned aqueous solutions were carried out under the irradiation of LED@410 nm. 

Upon the irradiation (Reaction 5.1) and with the introduction of Iod, the steady state photolysis 

of IDGCM was slow in the absence of electrolytes (Figure S5.1a). The addition of electrolytes 

enhanced the photolysis rate of IDGCM (Figure S5.1b-c). Specifically, as the electrolytes 

differed in basicity and anion sizes, the effect of electrolytes (i.e., NaOH and NaCl) on the rate 

of photolysis varied.69-72 With the inherent basicity and the large anion size, OH- can improve 

the solubility of IDGCM and provide spacious room for IDGCM to approach Iod, hence 

accelerating the electron transfer process (Reaction 5.2).71, 73, 74 The free radicals produced 

during photolysis via photoinduced electron transfer (Reaction 5.2) were subsequently 

characterized using EPR-ST technique and were determined as phenyl radicals (Figure 5.2). 

Notably, besides LED@410 nm, a blue LED with lower intensity (LED@400 nm, 6.4 mW cm-

2) and green LED (LED@530 nm, 25 mW cm-2) can also induce fast photolysis (Figure S5.2). 

Subsequently, the active species, phenyl radicals, could initiate polymerizations following by 

propagation (Reaction 5.3 - Reaction 5.5), which will be evaluated using real-time FTIR. 
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𝐼𝐷𝐺𝐶𝑀
ℎ𝑣
→  𝐼𝐷𝐺𝐶𝑀∗ Reaction 5.1 

 𝐼𝐷𝐺𝐶𝑀∗ + 𝑃ℎ2𝐼
+  →  𝐼𝐷𝐺𝐶𝑀·+ + 𝑃ℎ𝐼 + 𝑃ℎ· Reaction 5.2 
𝑃ℎ· +𝑀 → 𝑀· Reaction 5.3 

𝑀· +𝑀 →  𝑃𝑛−1
·  Reaction 5.4 

𝑃𝑛−1
· +𝑀 →  𝑃𝑛

·  Reaction 5.5 

 
 

 

Figure 5.2. EPR spectra of the radicals generated in IDGCM/Iod combination upon exposure 
to LED@410 nm and trapped by PBN in the aqueous solution of 25 mM NaOH: PBN/phenyl 
radical adducts formed in IDGCM/Iod system: aN = 16 G, aH = 4.23 G.75 

5.7.2 The effect of the amount of NaOH, PEGDA, and IDGCM in formulation on 
photopolymerization of PEGDA 

To preliminarily evaluate the effect of basicity on the photoinitiation ability of IDGCM, the 

photopolymerizations of PEGDA 700/DI water blends were carried out in laminate under 

LED@410 nm with the addition of diverse concentrations of NaOH in parallel (Figure 5.3). The 

increased concentration of NaOH facilitated the conversion of the final C=C double bond of 

acrylates and the maximum rate of polymerization of PEGDA 700 by means of the reduction 

of electrostatic repulsion61 until it plateaued and became constant (at 12.5 mM NaOH). In this 

case, at the higher concentration of OH-, the resultant high-density negative charge on IDGCM- 

reduced the electrostatic repulsion and enhanced attraction between oppositely charged 

IDGCM- and Iod+, which therefore facilitated the collision between IDGCM and Iod. In the same 

manner, the final C=C conversion and the maximum rate of photopolymerization of HEA 

reached a plateau at 125 mM NaOH (Figure S5.3). Nevertheless, the solubility of IDGCM was 

diminished by the overdose of NaOH, thereby reducing the conversion of the double bonds 

and the rate of polymerization (Figure S5.3), in light of the common-ion effect and basicity 

effect.76, 77 Meanwhile, the PEGDA 700 content in prepolymer dominated the 

photopolymerization except at boundary conditions. Specifically, the increased PEGDA 

700/water ratio promoted the final C=C conversion of PEGDA 700 (Figure S5.4: 40% - 80% 

PEGDA 700). While at boundary conditions, the distribution of dissolved IDGCM in uncured 

monomer dominated. Specifically, the insufficient water content limited the dissolution of 

3440 3460 3480 3500

(b)

B (G)

(a)
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IDGCM and NaOH, and subsequently reduced the polymerization of PEGDA 700 (Figure S5.4: 

99% PEGDA 700) compared to that of 80% PEGDA 700. In contrast, the higher photoinitiating 

system distribution in the monomer, due to the lower content of PEGDA 700, drastically 

enhanced the polymerization of PEGDA 700 (Figure S5.4: 20% PEGDA 700). 

  

Figure 5.3. Photopolymerization profiles (double bond conversions vs time) of PEGDA 
700/water (80%/20%, w/w) in laminate in the presence of IDGCM/Iod (0.5%/2%, wt) with 
1.25 mM – 50 mM NaOH upon exposure to the LED@410 nm (110 mW cm-2). 

 
Besides the water content percentage, the concentration of IDGCM can tune the 

photopolymerization of PEGDA 700/DI water blends. Due to the aforementioned common-ion 

effect, the amount of IDGCM can also impact the polymerization activity. In detail, under the 

irradiation of LED@410 nm (110 mW cm-2), the enhancement of conversion and 

polymerization rate of PEGDA 700 (Figure S5.5a and c: 0.05%-0.3%) was attributed to the 

increased concentration of IDGCM in formulations. In contrast, excess IDGCM (0.5%) was 

precipitated and induced G’ > G” for the uncured resin at a low thickness of 0.02 mm before 

irradiation (Figure S5.6: t = 0 s). Furthermore, the suspended IDGCM problematically impeded 

light penetration and substantially reduced the conversion and the rate of polymerization of 

PEGDA 700 (Figure S5.5a and c). A similar result was achieved using the parallel formulations 

under the irradiation of the blue light with lower intensity (LED@400 nm, 6.4 mW cm-2) (Figure 

S5.5b and d). In this case, it induced a longer duration of the electron transfer process (Figure 

S5.2a), slowly consuming the dissolved IDGCM during photolysis. Nevertheless the slow 

photolysis offered adequate time to reestablish the dynamic equilibrium between the dissolved 

IDGCM and the excess IDGCM in uncured resins.78 Therefore, although the 0.5 wt% IDGCM 

presented lower C=C conversion of PEGDA 700 than 0.3 wt% IDGCM due to compromised 

light penetration, it presented a higher rate of polymerization over 0.3 wt% IDGCM. 

Furthermore, the IDGCM was rapidly bleached over irradiation (Figure S5.7a) and the residual 
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IDGCM in the resulting polymer can be removed by immersion in DI water overnight (Figure 

S5.7b). 

5.7.3 The effect of chain length of PEGDA, LED and electrolyte on 
photopolymerization of PEGDA  

Besides the concentration and/or the content of components, the number average molecular 

weight (Mn) of PEGDA, irradiation source and the electrolyte also affect the 

photopolymerization of PEGDA. Specifically, the higher conversion (Figure 5.4: PEGDA 700 > 

PEGDA 575 > PEGDA 200) and the shorter induction time (Figure S5.6: PEGDA 700 < 

PEGDA 575) were observed in the polymerization of the PEGDA with higher Mn, ascribed to 

the relevant termination rate coefficients.79 Typically, the formulation with the increased chain 

length decelerated the termination rate and hence indirectly elongated the propagation 

process and improved the final conversion PEGDA 700. In contrast, with a longer chain length, 

the resultant larger mesh size of polyPEGDA 700 occupied more aqueous solution of IDGCM, 

hence producing a softer hydrogel determined by loss factors of 0.063 which is physically 

indicative of damping of polymers,80 compared to the loss factor (0.015) of polyPEGDA 575 

(Figure S5.6). 

 

Figure 5.4. Photopolymerization profiles (double bond conversions vs time) of diverse 
PEGDA/water (80%/20%, wt) in laminate in the presence of IDGCM/Iod (0.5%/2%, wt) upon 
exposure to the LED@410 nm (110 mW cm-2). (NaOH: 25 mM) 

 

IDGCM demonstrated profound green light absorption at 530 nm (Figure 5.1 and Table 5.1). 

In this regard, the photorheology measurements were carried out to assess the photoinitiation 

ability of IDGCM to the PEGDA 700/water (80%/20%, wt) blend under green light (LED@530 

nm). According to the gelation times, despite the identical extinction coefficients of IDGCM in 

alkaline medium at 410 nm and 530 nm (Table 5.1: 2500 M-1 cm-1), the gelation times (tgel) , 
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estimated by the crossovers of G’ and G”, under 530 nm illumination (tgel530(0.3 mm) = 176 s) 

was over that under 410 nm illumination (tgel410(0.3 mm) = 0.9 s) (Table 5.2), correlated to the 

photobleaching rate (Figure S5.1b and Figure S5.2b). Specifically, despite the light attenuation 

due to suspension of undissolved IDGCM (Figure S5.7a: t = 0 s) and the increasing light 

scattering over polymerization independent of wavelength,81 the obstacles were significantly 

overcome through the photobleaching behavior of IDGCM (Figure S5.7a). The tremendously 

rapid photobleaching behavior took place under the irradiation of LED@410 nm, allowing 

further light penetration into the resin and accelerated overall polymerization of the PEGDA 

700/water (80%/20%, wt) blend (Table 5.2). Contrary to LED@410 nm, the LED@530 nm 

induced a longer gelation time as the result of the slower photobleaching of IDGCM (Figure 

S5.2b) and the resultant light attenuation through samples (Table 5.2). Meanwhile the 1.0-mm 

thick sample further impeded the light penetration of LED@530 nm and compromised the 

photopolymerization of PEGDA 700 (tgel = 267 s). In comparison with the gelation time of the 

PEGDA 700/water (80%/20%. wt) blend upon exposure to LED@530 nm, that under the 

irradiation of LED@410 nm was scarcely dependent on the thickness in the range of 0.3 mm 

– 1.0 mm (0.9 s < tgel < 2.2 s) (Table 5.2) attributed its rapid photobleaching behavior and 

photochemical process (Figure S5.1b and Figure S5.6a).  

Table 5.2. Gel points of the photopolymerization of the blend of PEGDA 700/water (80%/20%, 
wt) at diverse thicknesses in the presence of IDGCM/Iod (0.5%/2%, wt) upon the exposure of 
LED@410 nm (110 mW cm-2) and LED@530 nm (25 mW cm-2). (25 mM NaOH) 

LED  
Thickness 0.3 mm 0.5 mm 1.0 mm 

410 nm 0.9 ± 0.7 s 1.6 ± 0.1 s 2.2 ± 0.3 s 
530 nm 176 ± 32 s 194 ± 1 s 267 ± 88 s 

 

To explicitly determine the effect of electrolytes, different electrolytes with identical 

concentrations were used to offset the ionic strength effect. The gelation times of the PEGDA 

700/water (80%/20%, wt) blend in the presence of 25 mM electrolyte (i.e., NaOH or NaCl) 

under LED@410 nm were complementary indicators to the aforementioned effect of salt on 

photolysis (Figure S5.1).  In accordance with the discussed steady-state photolysis above, the 

gelation time of the PEGDA 700/water (80%/20%, wt) blend in NaOH media took place 

conspicuously rapid in the initial irradiation at 0.3 mm – 1.0 mm with the tgel as low as 0.9 - 2.2 

s (Table 5.3). The implementation of NaCl instead of NaOH impeded the gelation time of thick 

sample (0.5 mm: tgel = 71 s and 1.0 mm: tgel = 132 s) 2 orders of magnitude longer than that 

with NaOH (Table 5.3) due to cage-escape reactions 82, 83 Specifically, the in-cage back 

electron transfer between IDGCM and Iod significantly reduced the generation of phenyl 

radicals. However, the - provide spacious pathways for caged Iod considering its larger ion 
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size compared to Cl- (Scheme S5.2).73, 74 Meanwhile, the OH- induced charged IDGCM, and 

the charged repulsion between IDGCM and Iod can enhance cage escape yields.84 

Consequently, the IDGCM in an alkaline medium presented better photoinitiation ability in 

terms of rate of polymerization, which was in line with the aforementioned results of steady-

state photolysis (Figures S1b and S1c). In contrast, the thin thickness of 0.3 mm induced a 

gelation time of 17 s which was shorter than the thick samples (Table 5.3 and Figure S5.8). 

Even though the intensity of blue light scarcely impedes the conversion of the PEGDA 

700/water (80%/20%, wt) blend in NaOH media (Figure S5.5), it predominantly manipulated 

the resin in NaCl media, determined by the significantly decelerated polymerization and the 

reduced conversion under LED@400 nm (6.4 mW cm-2) (Figure S5.9). 

Table 5.3. Gel points of the photopolymerization of the blend of PEGDA 700/water 
(80%/20%, wt) with 25 mM NaCl or 25 mM NaOH at diverse thicknesses in the presence of 
IDGCM/Iod (0.5%/2%, wt) upon the exposure of LED@410 nm (110 mW cm-2). 

Electrolyte 
Thickness 0.3 mm 0.5 mm 1.0 mm 

NaCl 17 ± 2 s 71 ± 11 s 132 ± 19 s 
NaOH 0.9 ± 0.7 s 1.6 ± 0.1 s 2.2 ± 0.3 s 

5.7.4 3D Printing 

The excellent photoinitiation ability of IDGCM in NaOH media under blue light with limited 

intensity endowed the developed formulation (Table S5.1) with the high ability for 3D printing. 

As aforementioned impairment of conversion of the PEGDA 700/water (80%/20%, wt) blend 

due to excess IDGCM (Figure S5.5a-b), the undissolved IDGCM can otherwise play a role as 

a photo absorber due to its inherent blue appearance ensuring the favorable shape-fidelity 

over 3D printing.85 To explicitly determine the layered exposure time and the layer thickness 

for rapid and high-fidelity 3D printing, a set of 3D printing was carried out in designed settings 

(Table S5.2). The thickness beyond the light penetration boundary and insufficient exposure 

time caused unevenly cured objects, while 4 seconds exposure/layer was appreciably 

adequate for edge sharpness on the basis of the layer thickness of 0.020 mm (Table S5.2). 

With the developed formulation and the optimum setting, a topography print with superior 

fidelity was successfully produced in 3.28 h using the 3D printer (Figure 5.5). As emphasized 

in the picture, a letter “N” (1 mm  0.3 mm  1 mm, L  W  H) on the tower was remarkably 

visualized with a sharp edge, exhibiting the excellent spatial resolution of the 3D printed 

topography. 
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Figure 5.5. The top view of STL model file and the topography print cured using the PEGDA 
700/water (80%/20%, wt) in the presence of IDGCM/Iod (0.5%/2%, wt) and 25 mM NaOH. 

(30  30  15 mm, L  W  H) 

 
Interestingly, a shape memory behavior reversibly switched between 2D and 3D was 

disclosed.86 A seashell was printed on the basis of the designed model (Figure 5.6a). 

Specifically, the a1 and the a2 were overlaid layer by layer, forming an 80-layer model a3. The 

layer thickness of 0.010 mm was applied to the seashell model intended for the overcuring to 

the preceding layer (a1). To achieve the 2D-3D conversion, the curvature of the planar seashell 

should be induced by the change of water content.86 Considering the excellent conversion of 

PEGDA 700 under the irradiation of LED@400 nm, the swelling induced enlarged dimensions 

can cause the fracture at high gel content,87 therefore, we reduced the water content instead 

as the strategy to fabricate the curvature structure. As the abovementioned concern of fracture, 

the reversed 2D-3D conversion should also avoid overwhelming swelling. With the knowledge 

of ionic strength-driven hydrophobic intramolecular interactions,88 the NaCl molecules swelled 

into the printed seashell without intensely changing the dimensions can efficiently avoid 

fracture due to overwhelming swelling. Therefore, the inherent water content in the printed 

planar seashell from the formulation was exchanged with 2% aqueous NaCl solution driven by 

osmotic pressure (Figure 5.6b).89 Eventually, the uneven crosslinking density induced 

correlated asymmetrical swelling ratio90 endowed the seashell with uneven curvature level by 

loss of water content under air (Figure 5.6b), and the reversible 3D-2D conversion was 

successfully achieved via re-swelling in 2% aqueous NaCl solution. 
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Figure 5.6. (a) The design of the seashell and (b) the transition of the seashell print cured 
using the PEGDA 700/water (80%/20%, wt) in the presence of IDGCM/Iod (0.5%/2%, wt) 

and 25 mM NaOH. (38  20  0.6 mm, L  W  H) 

5.8 Conclusion and outlook 

We have demonstrated that the photoinitiation ability of IDGCM can be mediated by either the 

concentration of each component in formulations, chain length of PEGDA, or different LEDs 

(i.e., emission wavelength and intensity). The underlying effect of the concentration of the 

investigated components was on the basis of the solubility of IDGCM except under some 

extreme conditions. With the increased solubility of IDGCM in the formulations, the 

photopolymerization efficiency of PEGDA was enhanced in terms of rate of 

photopolymerization under the irradiation of LED@410 nm. Besides, the PEGDA with a longer 

chain can improve the photopolymerization of PEGDA in terms of final C=C double bond. 

Interestingly, the IDGCM-based photoinitiating system also behaved efficiently under green 

LED and blue LED with low intensity (6.4 mW cm-2). With the guidance of the studies of the 

resin composition and relative concentration, IDGCM/Iod (0.5%/2%, wt) in the presence of 25 

mM NaOH was used in the 3D printing of PEGDA 700/DI water (80%/20%, wt). The dual role 

of IDGCM acting as both the photoinitiator and the light absorber can lead to rapid and high-

fidelity 3D printing and allow for the fabrication of sophisticated objects. Moreover, a printed 

planar seashell with stimuli-responsive function via swelling and evaporation using the 

developed formulation allowed reversibly switching. 
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5.10 Supporting Information 

 

 

Scheme S5.1. The chemical structures of different forms of IDGCM. 

 

 

Scheme S5.2. The schematic diagram for anion distribution surrounding Iod in formulation. 
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Figure S5.1. Steady-state photolysis of IDGCM/Iod in (a) water, (b) the presence of 25 mM aq. 
NaOH, and (c) the presence of 25 mM aq. NaCl upon exposure to LED@410 nm ([Iod] = 3.86 
mM); UV-vis spectra recorded at different irradiation time. 

 

 

Figure S5.2. Steady-state photolysis of IDGCM/Iod in water in the presence of 25 mM aq. 
NaOH ([Iod] = 3.86 mM) upon exposure to (a) LED@400 nm (6.4 mW cm-2) and (b) LED@530 
nm (25 mW cm-2); UV-vis spectra recorded at different irradiation time. 
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Figure S5.3. Photopolymerization profiles (double bond conversions vs time) of HEA/water 
(50%/50%, w/w) in laminate in the presence of IDGCM/Iod (0.5%/2%, wt) with 1.25 mM – 750 
mM NaOH upon exposure to the LED@410 nm (110 mW cm-2). 

 

 

Figure S5.4. Photopolymerization profiles (double bond conversions vs time) of PEGDA 
700/water in diverse ratios in laminate in the presence of IDGCM/Iod (0.5%/2%, wt) upon 
exposure to the LED@410 nm (110 mW cm-2). (NaOH: 25 mM) 
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Figure S5.5. Photopolymerization profiles (double bond conversions vs time) of PEGDA 
700/water (80%/20%, w/w) in laminate in the presence of IDGCM/Iod (0.05-0.5%/2%, wt) and 
25 mM NaOH upon exposure to the (a) LED@410 nm (110 mW cm-2) and (b) LED@400 nm 
(6.4 mW cm-2); (c) and (d) final bond conversion of PEGDA 700/water blend and Rp,max as a 
function of IDGCM weight percentage.  

 
  

 

Figure S5.6. Photorheology profiles (storage moduli (G’), loss moduli (G”) and loss factors vs 
time) of photopolymerization of (a) PEGDA 700/water blend (80%/20%, wt) and (b) PEGDA 
575/water blend (80%/20%, wt) in the presence of IDGCM/Iod (0.5%/2%, wt) upon exposure 
to LED@410 nm (110 mW cm-2). (25 mM NaOH) 
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Figure S5.7. (a) Photobleaching of photopolymerization of PEGDA 700/water (80%/20%, wt) 
in presence of IDGCM/Iod (0.2%/2%, wt) upon exposure to LED@410 nm (110 mw cm-2), 
recorded at different irradiation time (tir) and (b) photoinitiator leakage via immersion of cured 
rectangle at tir = 10 s in water (at immersion time, tim). (25 mM NaOH) 

 

 

Figure S5.8. Gel points of the photopolymerization of the blend of PEGDA 700/water 
(80%/20%, wt) at diverse thicknesses in the presence of IDGCM/Iod (0.5%/2%, wt) upon the 
exposure of LED@410 nm (110 mW cm-2). (25 mM NaCl or 25 mM NaOH) 
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Figure S5.9. Photopolymerization profiles (double bond conversions vs time) of the PEGDA 
700/water (80%/20%, wt) blend in laminate in the presence of IDGCM/Iod (0.5%/2%, wt) upon 
exposure to the LED@400 nm (6.4 mW cm-2) and LED@410 nm (110 mW cm-2). (25 mM 
NaCl) 

 

Table S5.1. Summary of sample composition for 3D printing. 

 Resin blend1 Photoinitiating system2 

 
PEGDA 700 
(wt%) 

DI water 
(wt%) 

IDGCM 
(wt%) 

Iod 
(wt%) 

NaOH 
(mM) 

Concentration 80 20 0.5 2 25 
1 Weight percentage (wt%) mixing ratios of PEGDA 700 and DI water used to formulate resin blend; 
2 The contents of the photoinitiating system were calculated in weight with respect to the resin blend. 
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Table S5.2. Cat coin (39  39  2 mm, L  W  H) print cured using the PEGDA 700/water 
(80%/20%, wt) in the presence of IDGCM/Iod (0.5%/2%, wt) and 25 mM NaOH under diverse 
settings. 

Entry 
Exposure 
time 

Result 

0.020 mm/layer  0.030 mm/layer 

1 4.0 s 

 

 

 

2 2.5 s 

 

 

 

3 2.0 s 
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Conclusions 

In this thesis, , one literature review (Chapter 1) and four research chapters were included, 

and five natural dyes have been investigated as efficient photoinitiators for either hydrophobic 

or hydrophilic light-sensitive resins. Their photoinitiation abilities were well investigated, and 

further applications were presented. 

Two natural flavone derivatives, morin and quercetin, were obtained from commercial vendors 

and investigated as effective photoinitiators for hydrophobic formulations in Chapter 2. In the 

presence of coinitiators (i.e., Iod, EDB, NPG) flavones demonstrated their versatilities under 

violet-blue light in diverse monomer systems, including free radical polymerization of Bis-

GMA/TEGDMA blend and TMPTA, cationic polymerization of DVE-3, and thiol-ene 

polymerization of DVE-3/Trithiol and DVE-3/Trione blends. Generally, quercetin exhibited 

better photoinitiation performance compared to morin. 

Upon the introduction of NaOH, the polyphenol compounds under investigation were 

transformed into salt form, resulting in an improvement in their water solubility. In Chapter 3, 

we investigated the use of citrus-extracted naringin as an excellent water-soluble photoinitiator 

with the assistance of NaOH. The concentration of NaOH was used to mediate the 

photopolymerization of the photocurable polymer, PEGDA 700, resulting in different mesh 

sizes of the cured polymer. This manipulation affected the swelling behavior of the resultant 

materials. Additionally, under mild light, 0.5 wt% naringin provided the best 

photopolymerization of PEGDA 700. Reasonable reduction of water content improved the 

photoinitiation ability of naringin, as long as the introduced naringin can be fully dissolved. With 

the optimization of 3D resins, naringin-involved formula achieved advanced applications. An 

actuator was successfully fabricated. With the help of the introduced conductive component 

(sodium acrylate) and an applied electric field, the 3D-printed actuator exhibited its actuation 

behavior. The transformation of the 3D printed hook-like actuator facilitates easing the storage 

shortage. 

In Chapter 4, a similar result was observed. The pomegranate-extracted ellagic acid 

demonstrated its excellent water solubilities in the presence of NaOH and photoinitiation 

abilities in water-existed formulations under mild visible light irradiation. However, due to its 

dark appearance, 0.3 wt% rather than 0.5 wt% was the best concentration of ellagic acid for 

photopolymerization of PEGDA 700. The dark appearance of concentrated ellagic acid would 

prevent light penetration in gradient. With reduced concentration, the ellagic acid endowed the 
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resin with printability. A Gandalf figurine was successfully 3D printed with detailed facial 

texture. Meanwhile, a bilayer hydrogel (PEGDA 700 and PEGDA 575) was fabricated via a 

multi-material 3D printing technique in the presence of ellagic acid-based 3D resin. With the 

knowledge of mesh size manipulated swelling behavior, the 3D-printed bilayer hydrogel 

demonstrated curling behavior in a programmed direction. Thanks to the programmable 

behavior, a smart switch was produced specifically for an origami room. Once water leaks, the 

smart switch can automatically open or close depending on the installation direction. 

Besides, an Indigofera extracted indigo carmine is a natural sodium salt. Considering its 

inherent ionic salt form, the amount of NaOH was considerably reduced in the formula of 3D 

resin due to common ion effect. As a result, a significantly reduced amount of NaOH (25 mM) 

was used in the indigo carmine-based 3D resin. Furthermore, the chain length of PEGDA was 

found to impact photopolymerization, with longer chain lengths resulting in higher functional 

group conversion of PEGDA. The optimized indigo carmine-based formula was used in 3D 

printing, resulting in the successful creation of a complex object with a well-defined surface 

texture. Indigo carmine's inherent dark blue color and excellent photobleaching property under 

blue irradiation allowed it to serve as both a photoinitiator and photoabsorber, resulting in high 

fidelity and precision in the 3D printing process. In addition, with the designed structure 

acquired via 3D printing with indigo carmine-involved 3D resin, 3D-2D reversible 

transformation was achieved upon water immersion and under airdrying. 

The findings mentioned above have broadened the scope of efficient photoinitiators due to the 

abundant availability of natural dyes in nature. Natural photoinitiators are considerably more 

sustainable than synthetic ones. They hold substantial potential across diverse applications, 

particularly in biomedical or environmental protection fields. However, a few challenges remain 

to allow them applicable in industry. For instance, there is stability issue of them in 3D resins, 

and the employment of synthetic coinitiator (e.g., Iod) remains environmental problem during 

their synthesis process.  

To address these issues, the following strategies could be considered. First, the development 

of a complex releasing photoinitiators upon a specific stimulus can improve the stability of 

photocurable resin even under daylight irradiation. Typically, without external stimulus, the 

photoinitiator could be stabilized by complex, and it could be activated by releasing itself from 

complex upon intentional stimulus. Second, the development of type I naturally derived 

photoinitiators could inherently resolve the pollution caused by the synthesis process of 

coinitiators. Specifically, type I photoinitiator works without coinitiators by homocleavage of 

chemical bond producing free radicals. For example, riboflavin in some contexts played the 
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role of one-component photoinitiating system.1 Considering its low photoinitiation ability 

determining intense light to initiate polymerization, further development of type I natural 

photoinitiators still holds great promise. A deeper structural insight into the photoinitiation 

behavior of natural photoinitiators can assist the exploration and the development of type I 

natural photoinitiators. Another strategy is to develop natural coinitiators such as cyclic acetals. 

However, the developed cyclic acetals demonstrated limited photoinitiation efficacy with 

camphorquinone. Therefore, the improvement of cyclic acetals or the development of new 

natural coinitiators are beneficial for environmental concerns. Their natural existence ensures 

sustainability inherently. All those strategies can facilitate environmental sustainability, 

eventually achieving the overarching goal of fostering environmentally friendly and ecologically 

responsible practices in the fields of materials science and technology. 
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