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ABSTRACT 

NOVEL PHOTOBASE GENERATORS FOR PHOTOINDUCED 

POLYMERIZATION AND PH REGULATION  

by 

Shupei Yu 

 

Photochemistry encompasses the investigation of chemical processes instigated by light 

absorption. As important branches of photochemistry, photosensitive and optical 

materials have attracted extensive research interests in both academia and industry. 

Photosensitive and optical materials are composed of polymers / small molecules with 

photo-responsive properties. These materials not only can absorb light in the desired 

energy spectrum, but also exhibit chemical / physical reactions, which can be applied to 

different fields such as photoredox, photo-heat, phototherapy, solar cells, diodes, etc. 

Among them, photobase generators (PBGs) are a series of photosensitive compounds, 

which absorb the incident light, then release the basic species that can trigger the 

consequent reactions such as thiol-Michael reaction and ring-opening polymerization 

reactions. 

Boron-dipyrromethene (BODIPY)-based chromophores have emerged as highly 

intriguing moieties within the realm of chromophores. The prominence is attributed to its 

remarkable properties, including a high fluorescent quantum yield, pronounced chemical 

stability, and minimal Stokes shift. The core structures of BODIPY have been subject to 

thorough investigations and refinements, resulting in the development of a spectrum of 

BODIPY derivatives that find applications within the domain of chemical synthesis and 

biological science. 



In this work, three projects about BODIPY-based photobase generators are 

included with demonstration and discussion of their bio-applications. Firstly, BODIPY 

based PBGs are synthesized and the photochemical/photophysical properties are 

characterized. Secondly, the applications of BODIPY based PBGs in photoinduced thiol 

Michael reaction and ring-opening reaction are explored. Thirdly, the feasibility of using 

PBGs in lysosome pH regulation light is demonstrated and the potential usage in cancer 

therapy is discussed. 
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CHAPTER 1 

 

PHOTOBASE GENERATORS AND BODIPY 

 

 

1.1 Photobase Generators 

 

A photobase generator (PBG) is a type of photolatent compound that generates organic 

bases upon exposure to light. PBGs have been systematically developed to cater to 

diverse applications within the domain of polymer science and technology. These 

applications encompass a spectrum of processes, including photo-induced 

polymerization, depolymerization, crosslinking, de-crosslinking, and photo-imaging. The 

versatility of PBGs positions them as invaluable tools for manipulating and controlling 

polymerization reactions with precision and adaptability. PBGs are desirable because 

they can be used to generate organic bases under mild conditions, without the need for 

high temperatures.  

 

1.1.1 Introduction 

Similar to PBGs, photoacid generators (PAGs) are chemical compounds that have the 

ability to initiate polymerization reactions by liberating acid species upon exposure to 

light.1 Within the realm of polymer science, PAGs find extensive applications in various 

domains, including coatings, adhesives, inks, and semiconductor materials.2 Over the 

years, significant developments have taken place in the field of PAGs, particularly to 

facilitate photoinitiated cationic polymerization processes. This advancement has paved 

the way for the utilization of a myriad of monomeric materials, including vinyl ether, 

epoxy and oxetane. Each of these materials boasts distinct attributes, such as exceptional 
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adhesion, mechanical strength, and chemical resistance.3 Ionic PAGs primarily 

encompass onium salt derivatives,4 a class of compounds with a century-long history in 

applications such as deprotection methods in chemically-amplified photoresists. However 

their utilization in photopolymerization has only been recently developed. Onium salts 

comprise an onium functional group as the cationic component, exemplified by 

diarylhalonium and triarylsulfonium, paired with a counter anion. When exposed to light, 

onium salts undergo photolysis, a process leading to the concurrent generation of 

Brønsted acids and cations.5 The rate at which these acids are liberated is influenced by 

both the cationic and anionic constituents. Indeed, the cation plays a direct role in 

photochemical reactions, the anion dictates the acid's strength resulting from the cation's 

photolysis and regulates the kinetics of polymerization. 

Cationic photopolymerization offers distinct advantages, primarily due to the 

absence of termination reactions, ensuring high curing efficiency.6 Additionally, it 

exhibits insensitivity to oxygen and affords a wide range of polymer backbones. 

Moreover, the reliance on high-energy UV light (wavelengths < 300 nm) introduces 

several drawbacks, including potential harm to cells and tissues, as well as limited 

penetration depth. Consequently, significant research efforts have been directed towards 

the development of compounds that are sensitive to visible light, addressing these 

concerns.6 

In comparison to PAGs, PBGs have seen comparatively less development. The 

inception of organic photobase generators dates back to 1990, as initially introduced by 

Fréchet’s group.7 They employed a photo-response carbamate group to yield basic 

species through photochemical activation. Subsequent to this seminal work, various other 
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classes of PBGs have been formulated, encompassing salts and O-acyloximes. These 

photolatent compounds have found utility in diverse applications, acting as crosslinking 

agents, and more recently, garnering acknowledgment for their role as initiator in base-

catalyzed reactions.8  Recent progress in PBGs has focused on the synthesis of ionic 

derivatives that exhibit easy tunability. Their ionic characteristics enable the adjustment 

of the photosensitive fragment, with the goal of enhancing quantum yield and absorption 

at extended wavelengths. Furthermore, these derivatives allow for the easy incorporation 

of diverse active protonated latent superbases through a straightforward acid-base 

reaction.  

PBGs have many advantages. For example, they can be used to initiate 

polymerization reactions under mild conditions, such as at room temperature, and with 

low-energy visible light, which is less damaging to cells and tissues than high-energy UV 

light. PBGs can also be used to initiate anionic polymerization reactions in the presence 

of oxygen and water.9 

PBGs have found applications in various domains, notably in the synthesis of 

polyurethanes and the ring-opening polymerization (ROP) of epoxides and lactones. (1) 

In the synthesis of polyurethanes, PBGs serve as initiators for the polymerization of 

isocyanates and polyols, leading to the formation of polyurethanes. This polymerization 

process boasts the advantage of being feasible under mild conditions, including room 

temperature, and with the utilization of low-energy visible light.10 (2) PBGs play a crucial 

role in initiating the ROP of epoxides and lactones, offering a versatile approach for 

crafting polymers with diverse properties.11 (3) Step-growth polymerization: PBGs have 

been used to initiate step-growth polymerization reactions, which can be used to 
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synthesize a variety of polymers, including polyesters and polyamides.12 (4) Fabrication 

of micro- and nanostructures: PBGs have been used in the fabrication of micro- and 

nanostructures, such as photonic crystals and microfluidic devices. PBGs exhibit the 

capability to initiate polymerization reactions in designated regions of a substrate, thereby 

enabling meticulous control over the dimensions and configurations of the ensuing 

structures.13 Overall, PBGs have shown great potential for use in a wide range of 

applications in the field of photopolymerization. Their ability to initiate polymerization 

reactions under mild conditions and with low-energy visible light makes them an 

attractive alternative to traditional thermal polymerization methods. However, due to the 

relatively high cost of PBGs and the fact that almost any base generated during use is 

easily oxidized into colored substances and difficult to remove from polymer products. 

This greatly limits the application of PBGs in photopolymerization. Therefore, it is 

necessary to develop a new generation of PBGs. 

 

1.1.2 Recent Development of Photobase Generators 

1.1.2.1 Salt 

The utilization of salts as precursors for the generation of bases initially manifested in the 

form of quaternary ammonium salts (QAs), as documented in a foundational study 

conducted by Sarker et al. in the year 1998.14, 15 The investigation conducted by Sarker 

and colleagues centered on the conversion of QAs to tertiary amines in the presence of 

borate anions, the chemical structures of which are delineated in Figure 1.1a.16, 17 

Notably, ammonium salts possess the capacity to liberate free amines upon exposure to 

irradiation. Consequently, irradiation of quaternary ammonium salts (QASs) results in the 
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production of tertiary amines. A distinctive characteristic of QAs lies in their structural 

configuration, defined by a direct linkage with a chromophore. Under the UV light 

irradiation, this chromophore undergoes homolytic cleavage of the C-N bond, thereby 

engendering the formation of the corresponding amine.9  

 

Figure 1.1 a) QAs with borate anions as PBGs. b) Examples of QAs. 

Source: Zivic, Nicolas, et al. "Recent Advances and Challenges in the Design of Organic Photoacid and 

Photobase Generators for Polymerizations." Angewandte Chemie International Edition 58.31 (2019): 

10410-10422. 

These compounds, marking a significant breakthrough, ushered in the ability to 

liberate tertiary amines, thereby broadening the scope of utilization for photobase 

generators (PBGs) to encompass a wider array of bases (as shown in Fig 1.1b).9      

Figure 1.2 elucidates the proposed photochemical mechanism, wherein an initial single 

electron transfer (SET) transpires from the borate anion to the cation, yielding an 

intermediate species. Subsequently, homolytic cleavage of the C-N bond within the 
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cation takes place in the subsequent step, culminating in a secondary SET event from an 

unspecified species to the cation, ultimately leading to the formation of a radical and an 

amine.18 Significantly, the experimental results highlight the absence of concurrent side 

reactions, and product analysis confirms the nearly quantitative efficiency in amine 

generation. The quantum yield of QAs photolysis is contingent upon the electron-

donating propensity of the anions and the steric effects associated with the cations. 

 

Figure 1.2 Photochemical reactions of QAs with borate anions. 

Source: Suyama, Kanji, and Masamitsu Shirai. "Photobase Generators: Recent Progress and Application 

Trend in Polymer Systems." Progress in Polymer Science 34.2 (2009): 194-209. 

Nevertheless, it is crucial to highlight that a significant fraction of these 

compounds exhibits restricted solubility and compromised stability when exposed to 

organic solvents, notably demonstrating diminished thermal endurance. Additionally, it is 

salient to acknowledge that the photolytic efficiency predominantly hinges upon the 

specific structural attributes of the amines, thereby rendering the endeavor to engender 

versatility in the incorporation of amines into QA compounds inherently impracticable.9 

To address these constraints, Sun and colleagues developed a series of PBGs 

based on tetraphenylborate salts of 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD⋅HBPh4). 

Upon short-wave UV light irradiation these PBGs exhibit the ability to effectuate the 

photo-induced liberation of the free base through a process in which the BPh4
− anion 

undergoes a structural rearrangement and subsequently acquires a proton from TBD⋅H+ 
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(Scheme 1.1).19  It is noteworthy that the pKa value of TBD in acetonitrile is recorded at 

26.03. This distinctive attribute plays a pivotal role in facilitating the process of 

photoinduced living ring-opening polymerization of cyclic esters and the photoinduced 

cross-linking of a diverse range of polymeric materials incorporating the hydroxyl ester 

functional group.9 However, it is worth noting that the PBGs based on tetraphenylborate 

salts are limited to the absorption of high-energy UV light, thereby impacting their 

potential utility in biological applications. This limitation is primarily due to the fact that 

UV light can induce substantial photodamage in cells and tissues, in addition to its 

limited penetration depth compared to visible light. Furthermore, it is important to note 

that the quantum yields for base generation of these PBGs (Φ254=0.18 for TBD salt) are 

typically low which can be unfavorable for photo-triggered polymerization reactions. 

 

 

Scheme 1.1 Proposed mechanism for the photo-generation of TBD from TBD*HBPh4. 

Source: Sun, Xun, Jian Ping Gao, and Zhi Yuan Wang. "Bicyclic Guanidinium Tetraphenylborate: A 

Photobase Generator and A Photocatalyst for Living Anionic Ring-opening Polymerization and Cross-

linking of Polymeric Materials Containing Ester and Hydroxy Groups." Journal of the American Chemical 

Society 130.26 (2008): 8130-8131. 

 

1.1.2.2 Carbamates 

 

The carbamate-based photobase generator involve employing a photolabile protecting 

group (PPG) attached to an amine through a carbamate linker. This configuration 

undergoes photodecarboxylation, resulting in the liberation of primary or secondary 

amines (as shown in Scheme 1.2).9 Compared with the salt-based PBGs, the carbamate-
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based PBGs provide higher base photo-releasing efficiencies, and better solubilities in 

organic solvents. Therefore, many of these PBGs are commonly used to date. However, 

these PBGs are only able to liberate relatively weak base that are generally inefficient in 

the activation of anionic polymerizations during their early applications. In addition, due 

to the weak bases released, the system needs a second thermal treatment to form the 

polymeric network, which may affect the final polymer structure. 

 

Scheme 1.2 General photolysis of photolabile carbamates. 

Source: Zivic, Nicolas, et al. "Recent Advances and Challenges in the Design of Organic Photoacid and 

Photobase Generators for Polymerizations." Angewandte Chemie International Edition 58.31 (2019): 

10410-10422. 

This situation was changed in 2014, Bowman and colleagues showcased the 

photo-uncaging of a robust base, specifically 1,1,3,3-tetramethylguanidine (TMG, 

pKa=23.4 in MeCN), through the use of carbamate bond photo-cleavage property. The 

researchers employed 2-(2-nitrophenyl)propoxycarbonyl (NPPOC) as the PPG, a 

compound previously recognized for its high quantum yields at 365 nm (Φ365=0.15) 

(Scheme 1.3).20 Subsequently, NPPOC-TMG was employed in the photoinduced thiol-

Michael addition reaction involving a tetrathiol and a trimethacrylate, resulting in 

expeditious polymerization within a brief time frame. 

 



9 

 

 

 

Scheme 1.3 Photolysis of NPPOC-TMG. 

Source: Xi, Weixian, et al. "Spatial and Temporal Control of Thiol-Michael Addition via Photocaged 

Superbase in Photopatterning and Two-stage Polymer Networks Formation." Macromolecules 47.18 

(2014): 6159-6165. 

The expeditious kinetics observed in this process facilitated a further 

demonstration of precise spatial control via photopatterning. This control was 

instrumental, particularly in scenarios where rapid network formation is imperative to 

curtail catalyst diffusion and achieve high-resolution patterning. The attainment of spatial 

control in this context would have been rendered unfeasible in the presence of primary or 

secondary amines. This is substantiated by the observation that the thiol-Michael addition 

reaction exhibited considerable deceleration when conducted in the presence of 

compounds like hexylamine or diethylamine.21 

In 2018, Bowman and his colleagues further optimized the structure of NPPOC-

TMG.22 They enhanced the performance by modifying the structure of the (3,4-

methylenedioxy-6-nitrophenyl)-propyloxycarbonyl (MNPPOC) protected base. This 

modification facilitated photocleavage kinetics and led to a red-shifted absorption. This 

allows for low-energy, visible light irradiation to initiate thiol-Michael addition 

polymerizations with limited visible light exposure, reducing photochemical side 

reactions and avoiding damage to UV sensitive cells or tissues in biomedical 

applications. The investigation proposes that o-nitrobenzyl-based PBGs hold promise for 

applications in biocompatible and UV-sensitive materials. Additionally, they could find 

utility in the synthesis of gene assembly, nucleopeptide/peptide microarrays. The 
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researchers also discussed the importance of minimizing photo released radical side 

products or intermediates during the photolysis of PBGs to avoid radical-mediated 

homopolymerization and maintain the orthogonality of the thiol-Michael system. 

 

Figure 1.3 o-Nitrobenzyl-based photobase generators. 

Source: Zhang, Xinpeng, et al. "o-Nitrobenzyl-based Photobase Generators: Efficient Photoinitiators for 

Visible-light Induced Thiol-michael Addition Photopolymerization." ACS Macro Letters 7.7 (2018): 852-

857. 

 

 

To enable PBGs to absorb within the visible-light range, Xinpeng Zhang et al. 

developed a new strategy for efficient network formation in thiol-Michael 

polymerizations using a coumarin-based photobase generator.23 The photobase generator 

is devised to shield a potent base, TMG, utilizing a visible-light-responsive group, 

specifically a coumarin derivative. Under visible-light irradiation, the TMG coupled with 

the coumarin derivative demonstrates exceptional catalytic activity in initiating the thiol-

Michael reaction, including thiol-Michael addition-based polymerization. This leads to a 

stoichiometric reaction involving both thiol and vinyl functional groups. This pioneering 

approach exhibits promise for its application in additional visible-light-induced, base-

catalyzed thiol-click processes, such as reactions involving thiol-isocyanate and thiol-

epoxy network formation. They also explain the advantages of using the thiol-Michael 

addition "click" reaction in materials science. This includes the easy creation of strong, 
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interconnected polymeric materials with high success rates. The reaction happens 

quickly, and it can be carried out under mild conditions. 

 

Figure 1.4 Coumarin-based photobase generators. 

Source: Zhang, Xinpeng, et al. "Visible-light-initiated Thiol-Michael Addition Polymerizations with 

Coumarin-based Photobase Generators: Another Photoclick Reaction Strategy." ACS macro letters 5.2 

(2016): 229-233. 

 

1.1.2.3 O-Acyloximes 

 

O-Acyloximes constitute a subset of PBGs designed to produce organic bases upon 

exposure to light. This class of PBGs stands out as a promising candidate, characterized 

by its notable photosensitivity, robust thermal stability, and low toxicity profile. O-

Acyloximes have found utility across a diverse spectrum of applications within the 

realms of polymer science and technology, encompassing photo-crosslinking, photo-

patterning, and photo-cleavage. 
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Figure 1.5 Multifunctional O-acyloximes. 

Source: Suyama, Kanji, and Masamitsu Shirai. "Photobase Generators: Recent Progress and Application 

Trend in Polymer Systems." Progress in Polymer Science 34.2 (2009): 194-209. 
  

A notable advantage inherent to O-acyloximes is their ability to effectuate the 

generation of organic bases under mild reaction conditions, obviating the necessity for 

elevated temperatures or strong acidic environments. Their relative ease of synthesis and 

potential for customization to suit specific applications through structural modifications 

of the acyloxime group further enhances their appeal.24 

However, it is pertinent to acknowledge a few limitations associated with O-

acyloximes. Their susceptibility to moisture-induced degradation, leading to premature 

decomposition, poses a notable challenge. Additionally, their lower quantum yields in 

comparison to alternative PBG varieties can curtail their overall efficiency in specific 

applications.25 

The photolysis mechanism underlying O-acyloximes-based PBGs is predicated 

upon the absorption of incident light by the PBG molecule, thereby engendering the 

transient formation of an excited state. The ensuing fate of this excited state is contingent 

upon the specific structural attributes of the PBG molecule and the prevailing reaction 

conditions (Figure 1.6).9 In the context of O-acyloximes, the excited state undergoes a 



13 

 

 

homolytic cleavage reaction, culminating in the generation of an acyloxime radical and a 

carbonyl compound. The acyloxime radical, in turn, engages in a subsequent reaction 

with a proton source, such as water or a protic solvent, ultimately yielding an organic 

base.8 

 
Figure 1.6 Photochemical reactions of O-acyloximes. 

Source: Suyama, Kanji, and Masamitsu Shirai. "Photobase Generators: Recent Progress and Application 

Trend in Polymer Systems." Progress in Polymer Science 34.2 (2009): 194-209. 
 

1.2 BODIPY 

BODIPY is a fluorescent dye widely applied in science, medicine, and biotechnology due 

to its high fluorescence quantum yield and chemical stability, making it valuable for 

various applications, including molecular imaging and biosensing.26 BODIPY dyes are 

characterized by their high molar extinction coefficients, high fluorescence quantum 

yields, and excellent photostability. They are also highly tunable, with a wide range of 

absorption and emission wavelengths, and can be easily functionalized with various 

reactive groups for further derivatization. BODIPY dyes play a multifaceted role in 

medical diagnostics, antimicrobial applications, biomolecule labeling, and the 

functionalization of drug micro- and nanocarriers. Additionally, they serve as valuable 

fluorescent probes for bioimaging, allowing for the precise targeting of various 

biomolecules both within and outside cellular environments. In the field of material 

chemistry, BODIPY dyes have been instrumental in crafting novel light-responsive 
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materials, ranging from energy cassettes and light-harvesting substances to laser dyes and 

polymers. Their versatile applications extend to areas like photovoltaics, artificial models 

of photosynthesis, BODIPY–porphyrin conjugates, and dye-sensitized solar cells.27,28 

Furthermore, BODIPY derivatives linked to metal centers serve as multifaceted tools in 

life sciences, demonstrating their efficacy in photodynamic therapy (PDT).29 

1.2.1 Core Structure 

The core structure of BODIPY (boron dipyrromethene) is a boron-dipyrrin complex, 

which consists of a central boron atom, two pyrrole rings, and two meso carbon atoms. 

The boron atom in BODIPY carries a formal negative charge, while the positive charge is 

distributed across the ring structure. The central 8-position is termed the meso-position, a 

concept derived from porphyrin chemistry. Importantly, the BODIPY core structure 

remains electrically neutral, emphasizing the molecule's relatively nonpolar nature.26 

 

Scheme 1.4 Core structure of BODIPY. 

Source: Boens, Noel, et al. "Synthesis of BODIPY Dyes Through Postfunctionalization of the Boron 

Dipyrromethene Core." Coordination Chemistry Reviews 399 (2019): 213024. 

Additionally, one can alter the photophysical properties by attaching functional 

groups at appropriate positions in the BODIPY structure. For positions 2, 6, and 8, 

extending the π-conjugated system by connecting benzene rings did not result in a 
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significant increase in excitation/emission wavelengths. In contrast, for positions 3, 5, 

and 7, a direct attachment of benzene rings through a C=C bond led to a significant 

increase in excitation/emission wavelengths, resulting in a redshift. When designing 

novel BODIPY derivatives with good photostability, it is essential to study the 

correlation between photophysical properties and molecular structure. Therefore, this 

family of fluorescent dyes plays a crucial role in long-wavelength emission markers used 

in biological applications. 

1.2.2 Modification of BODIPY Structure 

BODIPY, a fluorescent dye molecule, has garnered widespread recognition owing to its 

commendable optical and structural stability.27, 28 Nevertheless, the native form of 

BODIPY is associated with certain constraints that curtail its utility in specific domains.29 

For instance, the emission wavelength of BODIPY falls below the 600 nm threshold, 

limiting its suitability for imaging applications that necessitate longer wavelengths.30-32 

Moreover, BODIPY is intrinsically hydrophobic, rendering its utilization in aqueous 

environments challenging and imposing constraints on its biocompatibility.33 

To ameliorate these inherent limitations, researchers have diligently devised 

diverse strategies for the structural modification of BODIPY. Such structural refinements 

can enhance various properties of BODIPY, encompassing its water solubility, emission 

wavelength, and biocompatibility, thus rendering it more adaptable across a spectrum of 

applications (Fig 1.7).34 For example, introducing structural modifications at specific 

positions of the BODIPY molecule, such as aryl, ethynyl, and styryl substitutions, can 

lead to a significant redshift in both the UV absorption maximum and fluorescence 
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emission.35 The introduction of charged or neutral groups can similarly enhance the water 

solubility of BODIPY, facilitating its deployment in aqueous environments.36, 37 

 

 
Figure 1.7 The modification of BODIPY. 

Source: Lu, Hua, et al. "Structural Modification Strategies for the Rational Design of Red/NIR Region 

BODIPYs." Chemical Society Reviews 43.13 (2014): 4778-4823. 
 

1.2.2.1  8/meso-Substituted BODIPY 

 

8/meso-substituted BODIPY entails a structural modification of the BODIPY 

molecule, characterized by the introduction of a substituent at the 8/meso-position. This 

particular adaptation has minimal influence on the absorption and emission wavelengths 

of BODIPY. Consequently, researchers predominantly concentrate their efforts on 

enhancing the water solubility of the molecule by introducing neutral or charged 

groups.38, 39 

Numerous strategies have been devised to enhance the water solubility of 8/meso-

substituted BODIPY. One viable approach involves the incorporation of a water-soluble 

polymer chain, such as poly(ethylene glycol), at the 8/meso-position. Alternatively, the 

introduction of an acid-functional substituent, such as carboxylic acid, emerges as 

another strategy, known for its capacity to augment the fluorescence of BODIPY in 

aqueous environments.40 This enhancement not only empowers effective labeling through 
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the plasma membrane but also bolsters the overall biocompatibility of 8/meso-substituted 

BODIPY. 

In essence, the structural modification of 8/meso-substituted BODIPY represents 

an avenue conducive to heightening the water solubility of BODIPY through the 

introduction of neutral or charged groups.39 This adaptation broadens the spectrum of 

applications by enhancing the versatility of BODIPY in aqueous environments, 

consequently augmenting its utility in diverse domains.41 

 
Figure 1.8 Selected structurally modified 8/meso-substituted BODIPY. 

Source: Lu, Hua, et al. "Structural Modification Strategies for the Rational Design of Red/NIR Region 

BODIPYs." Chemical Society Reviews 43.13 (2014): 4778-4823. 
 



18 

 

 

 

 

1.2.2.2  2/6-Substituted BODIPY 

 

2/6-Substituted BODIPY denotes a structural alteration of the BODIPY molecule, 

characterized by the introduction of a substituent at the 2/6-position. This specific 

adaptation serves to ameliorate the water solubility of BODIPY, thereby broadening its 

utility in aqueous environments and augmenting its versatility across a myriad of 

applications.42 

One prevalent strategy for the modification of 2/6-substituted BODIPY entails the 

introduction of a hydrophilic group, exemplified by sulfonate or carboxylate 

functionalities, at the 2/6-position.43 This approach effectively amplifies the water 

solubility of the molecule and elevates its fluorescence emission through the 

establishment of a p-p conjugated system. 

Another modification avenue for 2/6-substituted BODIPY revolves around the 

incorporation of a near-infrared (NIR) fluorophore at the 2/6-position. This modification 

effectuates a shift in the emission wavelength of BODIPY into the NIR region, which 

holds considerable relevance for imaging applications reliant on longer wavelengths.44 

In summation, the structural modification known as 2/6-substituted BODIPY 

stands as an instrumental means to enhance the water solubility and fluorescence 

properties of BODIPY. This adaptation, by enhancing the biocompatibility of BODIPY 

and enabling its efficacious deployment in aqueous environments, engenders a 

heightened degree of versatility across diverse applications. 
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Figure 1.9 Selected structurally modified 2/6-substituted BODIPY. 

Source: Lu, Hua, et al. "Structural Modification Strategies for the Rational Design of Red/NIR Region 

BODIPYs." Chemical Society Reviews 43.13 (2014): 4778-4823. 
 

 

 

1.2.2.3  3/5-Substituted BODIPY 

Concerning 3/5-Substituted BODIPY, this pertains to a structural alteration of the 

BODIPY molecule, entailing the introduction of a substituent at the 3/5-position. This 

specific modification finds its primary utility in effecting a wavelength shift in the 

emission spectrum of fluorescent dyes, facilitating emission in the NIR region.45 

Through the strategic introduction of a substituent at the 3/5-position, it becomes 

feasible to shift the emission wavelength of BODIPY into the near-infrared range. This 

adjustment holds particular significance in imaging applications that necessitate longer 

wavelengths. Moreover, this structural adaptation concurrently contributes to the 

enhancement of water solubility and augments the biocompatibility of BODIPY, thereby 

rendering it a more versatile entity for a diverse array of applications. 3/5-substituted 

BODIPY stands as a pivotal structural modification capable of enhancing the emission 
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wavelength and water solubility of BODIPY.46 This adaptation not only elevates the 

biocompatibility of BODIPY but also renders it amenable to utilization within aqueous 

environments, thus endowing it with greater versatility across an array of applications. 

 
Figure 1.10 Selected structurally modified 3/5-substituted BODIPY. 

Source: Lu, Hua, et al. "Structural Modification Strategies for the Rational Design of Red/NIR Region 

BODIPYs." Chemical Society Reviews 43.13 (2014): 4778-4823. 

 

1.2.3 BODIPY based photoremovable protecting groups (PPGs) 

Photoremovable protecting groups (PPGs) are temporary functional group protections 

that can be removed by light irradiation. PPGs play a crucial role in shielding specific 

functional groups from undesired chemical alterations, offering a high level of precision 

in their removal with spatial and temporal control. In the realm of biological research, 

PPGs are particularly valuable, allowing for the targeted release of biologically active 

compounds with exceptional precision. Because of BODIPY dyes offer several notable 

advantages. For examples, firstly, they exhibit high absorption coefficients, enabling 
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efficient light absorption. Furthermore, BODIPY dyes possess high quantum yields of 

fluorescence, facilitating the straightforward detection and monitoring of the photocage. 

In addition, they are known for their stability and can be readily synthesized with a 

variety of functional groups, rendering them versatile for a wide range of applications. 

Therefore, BODIPY is highly suitable for use as a photoprotective group. In 2017, Winter 

and colleagues utilized BODIPY photocages to explore the mechanism of photorelease of 

a leaving group (LG) and to determine the ideal structural features for achieving high 

quantum yields of photorelease.47  

 

 
Scheme 1.5 Photorelease of a leaving group (LG) from the BODIPY cage. 

Source: Slanina, Tomas, et al. "In Search of The Perfect Photocage: Structure–reactivity Relationships in 

Meso-methyl BODIPY Photoremovable Protecting Groups." Journal of the American Chemical Society 

139.42 (2017): 15168-15175. 

 

The process of photoreleasing a LG from a BODIPY photocage involves the 

absorption of light by the photocage, which promotes the molecule to an excited state. In 

the realm of BODIPY photocages, the excited state can take the form of either a singlet 

or a triplet state. Subsequently, intersystem crossing (ISC) transpires, giving rise to the 

triplet state. This triplet state plays a crucial role in liberating the LG and engendering the 

carbocation. The efficiency of photorelease is notably influenced by substituent effects, 

with superior LGs being released much more efficiently than less favorable ones. 

Derivatives with higher intersystem crossing quantum yields show improved quantum 
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yields of photorelease, and the presence of core heavy atoms can facilitate this 

enhancement. The optimal structural feature for achieving high quantum yields of 

photorelease with BODIPY photocages include the use of better LGs and core heavy 

atoms (Scheme 1.5). 

Moreover, Winter and his team undertook modifications to the BODIPY core 

structure, leading to the development of a family of BODIPY-derived photocages.48 

These photocages are distinguished by their ability to be cleaved by individual photons of 

visible/near-infrared light. Notably, they exhibit tunable absorption profiles across the 

visible/near-infrared spectrum and have the capacity to release chemical cargo upon 

irradiation. The discussion in the study centers on the advantages inherent to the 

utilization of these photocages in comparison to other commonly employed photocages, 

along with an examination of the influence of appended styryl groups on their absorption 

properties. 

 

Figure 1.11 BODIPY based photocages. 

Source: Peterson, Julie A., et al. "Family of BODIPY Photocages Cleaved by Single Photons of 

Visible/near-infrared Light." Journal of the American Chemical Society 140.23 (2018): 7343-7346. 
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1.2.4 BODIPY Based PAGs 

PAGs represent a class of compounds designed to induce the generation of acid upon 

exposure to light, thereby serving as initiators for polymerization reactions.1 The 

development of PAGs has been driven by the desire to facilitate polymerization reactions 

under mild conditions, including ambient temperature, and with the utilization of low-

energy visible light, which minimizes potential damage to cells and tissues compared to 

high-energy UV light.49 

PAGs offer several advantages over traditional thermal polymerization 

methodologies. Notably, they enable polymerization reactions to proceed in the presence 

of oxygen, a feat unattainable with thermal polymerization. Additionally, PAGs afford 

precise spatial control, empowering the meticulous regulation of resulting structure 

dimensions and configurations.2 

Nonetheless, PAGs are not without their limitations. Their sensitivity to water 

presence can potentially disrupt polymerization reactions, presenting a challenge. 

Furthermore, the synthesis of PAGs can be intricate, and their quantum yields may be 

modest, thereby impacting their efficiency in initiating polymerization reactions. 

Our research group has introduced an innovative strategy aimed at mitigating 

chemoresistance in cancer treatment.50 This strategy leverages a triarylsulfonium 

photoacid generator (BD-PAG) featuring a BODIPY chromophore, with the primary 

objective of modulating mitochondrial pH and inducing mitochondrial membrane 

depolarization. To substantiate the efficacy of this approach, we conducted 

comprehensive cell viability assays and live cell imaging studies. The results of our 
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research hold promise for the advancement of more efficacious cancer treatment 

modalities in the future. 

 

 

Figure 1.12 Molecular structure of BD-PAG and photophysical properties (left). 

Illustration of photo-induced pH drop in mitochondria and potential pathway leading to 

cell death (right). 

Source: Zhao, Tinghan, et al. "Regulating Mitochondrial pH with Light and Implications for 

Chemoresistance." Chemistry–A European Journal 27.1 (2021): 247-251. 
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CHAPTER 2 

DESIGN, SYNTHESIS, PHOTOCHEMICAL AND PHPTPPHYSICAL 

PROPERTIES OF NOVEL BODIPY-BASED PHOTOBASE GENERATOR 

 

2.1 Introduction 

 

PBGs are a series of photosensitive compounds, which absorb the incident light, then 

release the basic species that can deprotonate a thiol and trigger the consequent reactions. 

The ideal characteristics of PBGs include: (1) strong absorption in the visible region;     

(2) high quantum yield to generate a base; and (3) chemical stability in the dark before 

photolysis.51 Compared with PAGs, PBGs are much less developed and the common 

structures are based on quaternary ammonium salts (QAs),16, 52, 53 tetraphenylborate salts 

(TBD),54 and carbamates.12, 20, 22 Most of these common PBGs are only able to liberate 

relatively weak primary and secondary amines that are generally inefficient in the 

activation of anionic polymerizations.9 For example, Sarker’s group utilized QAs to 

generate tertiary amines upon UV light irradion.16, 55 In addition, due to the weak bases 

released, the system still needs a second thermal treatment to form the polymeric 

network, which may affect the final polymer structure.  

Another challenge that remains in the field is the design and synthesis of visible 

light-sensitive PBGs.9 Most typical PBGs absorb strongly only under high-energy UV 

and/or blue light, which presents a series of fatal disadvantages including: (1) causing 

irreversible damage to cells and tissues limiting their applications in biological 

environments, and (2) shallow light penetration depth.56 Recently, there has been 

increasing interest in the development of photoinitiators that work under visible light 
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excitation and the popularity of energy efficient LED light paved the way for low energy 

consumption and low heat generation. For example, Hillet et al. reported a 

photopolymerziation approach for facial soft tissue restoration in small animals,57 and 

Pioletti et al. studied the photopolymerization process of a hydrogel behind a soft tissue.58 

For these reasons, new classes of photobase systems were reported by Bowman et al., 

who utilized 2-(2-nitrophenyl)-propyloxycarbonyl (NPPOC), (3,4-methylenedioxy-6-

nitrophenyl)-propyloxycarbonyl (MNPPOC), and coumarin as PPGs to photocage the 

strong base 1,1,3,3-tetramethylguanidine (TMG, pKa =13.6).22, 23 In another work, 

Truong et al. reported a thioxanthone based structure for 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU) release under blue light and used this for polymer crosslinking.59 

Although, these reports extended the excitation wavelengths, the compounds that 

based on coumarin and thioxanthone are still absorbed primarily in the blue region - 

around 400 nm. Therefore, there is an urgent need for novel PBGs that can generate 

strong bases with absorption at wavelengths further in the visible range for deep tissue 

regeneration and engineering. 

 

2.2 Design of Photobase Generators 

Compared with chromophores used in the reported PBGs (such as nitrobenzene or 

coumarin), BODIPY derivatives have several advantageous properties, such as stability 

in various media, sharp absorbance spectra, high molar absorptivity, low toxicity, high 

quantum yields, and color shifts by simple structure modification.60 For these reasons, 

BODIPY derivatives have experienced wide use as fluorescent probes,61-65 

photocatalysts,66, 67 photosensitizers in photodynamic therapy,68, 69 and cell visualization 

agents30, 70 in biolabeling,71, 72 and bioimaging.73, 74 Recently, Winter and co-workers 
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reported a family of BODIPY-derived photocages that can release carboxylic acid under 

targeted light irradiation. The BODIPY core in 3, 5 meso-position was modified with 

different substituents to adjust conjugation and hydrophilic properties, which greatly 

changed the λmax and deprotection efficiency of the target molecule.48, 75 Moreover, 

Sitkowska and co-workers reported a series of BODIPY-based photo-protecting groups 

for primary and secondary amines.60 Inspired by these promising findings, we designed 

novel BODIPY-based PBGs that utilized BODIPY core as the photocage and TMG as the 

leaving group, while retaining the excellent photophysical properties of BODIPYs. The 

strong basicity of TMG is used to efficiently trigger the thiol-ene Michael addition 

reactions in a light guided manner. Moreover, to improve the photo-uncaging efficiency, 

heavy atom iodine was introduced to the BODIPY structure (BD-I-TMG).76 Compared 

with the derivative without iodine (BD-TMG), BD-I-TMG exhibit increased intersystem 

crossing (ISC) and, consequently, improved the release of TMG from the long-lived 

triplet excited state.77 

To investigate the photoactivating ability of BD-TMG and BD-I-TMG, we 

employed various thiols and vinyl-containing compounds as model reactions. The 

reaction kinetics and yields were monitored by 1H NMR. Furthermore, butyl 3-

mercaptopropionate and ethyl acrylate were implemented to investigate the 

photoactivator’s efficiency by monitoring the conversion of thiol function groups through 

FT-IR spectral analyses. The synthetic route for the BD-TMG and BD-I-TMG is 

presented in Scheme 1. The BD-OH and BD-I-OH were synthesized through a modified 

version of the reported methods.60, 77 All reactions were conducted under mild conditions. 
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2.3 Experimental Section 

 

2.3.1 Materials and Instruments 

2,4-Dimethylpyrrole, N,N-diisopropylethylamine, pentaerythritol 

tetrakis(mercaptoacetate) were purchased from TCI America. Acetoxyacetyl chloride, 

and boron trifluoride diethyl etherate were purchased from Thermo Scientific. 

Triphosgene, N-iodosuccinimide, 1,1,3,3-tetramethylguanidine, butyl thioglycolate, 

divinyl sulfone, ethyl acrylate, butyl 3-mercaptopropionate and trimethylolpropane 

trimethacrylate were purchased from Sigma-Aldrich. All chemicals were used as received 

and without further purification. 1H NMR (500 MHz) and 13C NMR (126 MHz) spectra 

were recorded on a 500 MHz Bruker ultrashield spectrometer. Mass spectra were 

recorded on a high-resolution Orbitrap Q Exactive mass spectrometer (Thermo Scientific, 

San Jose, CA). UV-vis absorption spectra were obtained on a Tecan Infinite M200 PRO 

plate reader spectrometer in 1 cm path length quartz cuvettes. Fluorescence spectra were 

recorded on an Edinburgh FLS980 fluorescence spectrometer. FT-IR spectra were 

recorded using a SHIMADZU IRAffinity-1 instrument. The letter mold used for 

photopolymerization is made of silicone and the size of each letter is about 0.6 × 0.3 × 

0.3 inches. 

 

2.3.2 Synthesis Route 

The synthesis began with the preparation of the BODIPY core with an ester at the meso-

position (BODIPY-OAc) by reacting 2,4-dimethyl pyrrole with acetoxyacetyl chloride. 

Then the ester was hydrolyzed to liberate the hydroxyl group for postmodification in the 
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following steps. The hydrolysis procedure was modified based on a reported protocol.60 

To introduce a heavy atom to the BODIPY core, NIS was used in THF under the dark as 

the iodination agent to add an iodine atom to the BODIPY core at 2-positon (Scheme 

2.1). When compared to other heavy atoms, such as bromine and chlorine, iodine can 

greatly enhance the spin-orbit coupling that results in an efficient intersystem crossing 

rate.78, 79 At this stage, we obtained two photocages BD-OH and BD-I-OH that we will 

further conjugate with TMG to realize photolysis and photobase release. 

 

Scheme 2.1 Synthesis of BODIPY-TMG and BODIPY-I-TMG 

 

In the last step, we attempted to use the transesterification mechanism to convert 

the alcohol of BD-OH and BD-I-OH into ester through carbonyldiimidazole (CDI) under 

the catalysis of the DMAP.30 However, we rarely obtained the final product via this 

synthetic route. We then tried to convert the alcohol of BD-OH and BD-I-OH into 

chloroformate with triphosgene, and then used it to react with the amino group of TMG 

to give the final products. Here, we first reported the method to conjugate TMG with 

BODIPY esters by amidation. This approach provides a high yield and high reaction rate, 

such that BD-OH and BD-I-OH were obtained separately as dark red and dark purple 
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solids with reasonable yields of 28% and 31%, respectively. It is worth noting that the 

preparation of the derivative with di-iodine failed using a similar synthesis approach.    

Synthesis and characterization of BODIPY-OAc: 2,4-dimethyl pyrrole (3.00 g, 

31.53 mmol) was dissolved in dry CH2Cl2 (40 mL) under nitrogen. Acetoxyacetyl 

chloride (2.58 g, 18.92 mmol) was added into the solution dropwise, and the mixture was 

stirred at room temperature for 30 min. The solution was then refluxed at 40 ˚C for 2 h. 

The solution was cooled to room temperature and then N,N-diisopropylethylamine 

(DIPEA, 8.15 g, 63.06 mmol) was added dropwise. After stirring for 1 h, BF3•OEt2 (8.95 

g, 63.06 mmol) was added dropwise, and the mixture was stirred for another 1 h. After 

this time, the solvents were partially evaporated and the residue was extracted with 

CH2Cl2 (3 × 20 mL), then the mixture was washed with brine (2 × 20 mL) and dried over 

anhydrous Na2SO4. The mixture was then evaporated to remove the solvent, and the 

residue was purified on a silica column using CH2Cl2 and hexanes (1:2, v/v), affording 

BODIPY-OAc as a dark red solid, as reported in literature80 (3.120g, 51.5% yield). 1H 

NMR (500 MHz, CDCl3) δ (ppm): 6.08 (s, 2H), 5.30 (s, 2H), 2.53 (s, 6H), 2.36 (s, 6H), 

2.13 (s, 3H). 

Synthesis and characterization of BODIPY-OH: The synthesis was slightly 

modified based on a reported method.81 A mixture of NaOH water solution (13 mL, 0.10 

M) and methanol (40 mL) was stirred for 10 min and then added to a solution BODIPY-

OAc (1.00 g, 3.12 mmol) in CH2Cl2 (20 mL). The reaction mixture was then stirred 

overnight in the dark at room temperature. Next, the solvents were partially evaporated, 

and the residue was extracted with CH2Cl2 (3 × 20 mL). The combined organic layers 

were then washed with 1 M HCl (2 × 20 mL) and brine (1 × 20 mL), and dried over 
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anhydrous Na2SO4. BODIPY-OH was purified on a silica column using ethyl acetate, 

CH2Cl2, and hexanes (1:18:2, v/v/v), yielding red precipitate (0.55 g, 63.1% yield). 1H 

NMR (500 MHz, CDCl3) δ (ppm): 6.24 (s, 2H), 5.54 (s, 1H), 4.73 (s, 2H), 2.51 (s, 6H), 

2.42 (s, 6H). 

Synthesis and characterization of BODIPY-I-OH: similar to a reported method,82 

BODIPY-OH (60 mg, 0.22 mmol) was dissolved in dry tetrahydrofuran (2.5 mL) in dark 

conditions under nitrogen. A solution of N-iodosuccinimide (106 mg, 0.475 mmol) in dry 

THF (3 mL) was added dropwise into the preceding solution. The mixture was stirred at 

room temperature for 4 h and evaporated to remove the solvent. The residue was 

extracted with CH2Cl2 (3 × 20 mL), and then the organic layer was washed with brine (2 

× 10 mL) and dried over anhydrous Na2SO4. BODIPY-I-OH was purified on a silica 

column using ethyl acetate and CH2Cl2 (1:20, v/v), providing a purple solid (53.6 mg, 

60% yield). 1H NMR (500 MHz, CDCl3) δ (ppm): 6.17 (s, 1H), 5.33 (s, 1H), 4.95 (s, 2H), 

2.64 (s, 3H), 2.57 (s, 3H), 2.55 (d, 6H). 

Synthesis and characterization of BD-TMG: BODIPY-OH (50 mg, 0.18 mmol) 

and triphosgene (37.3 mg, 0.13 mmol) were added to a cold anhydrous CH2Cl2 solution 

(40 mL, 0 ˚C). A solution of pyridine (35.6 mg, 0.45 mmol) and anhydrous CH2Cl2 (2 

mL) was stirred for 2 min and then added into the above solution dropwise. The mixture 

was stirred for 30 min at 0 ˚C. Next, the solution of TMG (49.7 mg, 0.43 mmol) and 

anhydrous CH2Cl2 was stirred for 2 min and then added to the above mixture. The 

reaction mixture was stirred overnight at room temperature. After this, the solvent was 

carefully evaporated, and the residue was washed with brine (3 × 30 mL). The organic 

layer was dried over anhydrous Na2SO4 and purified by silica gel chromatography with 



32 

 

 

CH3OH and CH2Cl2 (1:20, v/v), affording BODIPY-TMG as a dark purple solid. (21 mg, 

28% yield). 1H NMR (500 MHz, CDCl3) δ (ppm): 6.05 (s, 2H), 5.25 (s, 2H), 2.88 (s, 12 

H), 2.52 (s, 6H), 2.44 (s. 6H). 13C NMR (126 MHz, CDCl3) δ (ppm): 166.65, 159.75, 

155.74, 155.59, 141.75, 135.46, 121.84, 121.77, 58.13, 39.89, 15.62, 14.64. HRMS 

(ESI+) calculated for [M+H]+ (C20H29BF2N5O2) 420.23769; Found 420.23828. 

Synthesis and characterization of BD-I-TMG: BODIPY-I-OH (50 mg, 0.12 

mmol) and triphosgene (36.7 mg, 0.12 mmol) were added to a cold anhydrous DCM 

solution (40 mL, 0 ˚C). The solution of pyridine (29.4 mg, 0.37 mmol) and anhydrous 

DCM (2 mL) was stirred for 2 min and then added into the above solution dropwise. The 

mixture was stirred for 30 min at 0 ˚C. Next, the solution of TMG (42.8 mg, 0.37 mmol) 

and anhydrous DCM was stirred for 2 min and then added to the above mixture. The 

reaction mixture was stirred overnight at room temperature. After this, the solvent was 

carefully evaporated, and the residue was washed with brine (3 × 30 mL). The organic 

layer was dried over anhydrous Na2SO4 and purified by silica gel chromatography with 

CH3OH and CH2Cl2 (1:20, v/v). BODIPY-I-TMG as the final product (21 mg, 31% 

yield). 1H NMR (500 MHz, CDCl3) δ (ppm): 6.10 (s, 1H), 5.24 (s, 2H), 2.88 (s, 12H), 

2.58 (s, 3H), 2.52 (s, 3H), 2.45 (d, 6H). 13C NMR (126 MHz, CDCl3) δ (ppm): 166.74, 

159.62, 158.37, 154.64, 143.88, 141.56, 135.30, 133.62, 132.20, 123.08, 58.28, 39.94, 

29.72, 17.71, 15.98. HRMS (ESI+) calculated for [M+H]+ (C20H28BF2IN5O2) 546.13433; 

Found 546.13460.   
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2.4 Photophysical and Photochemical Properties 

 

 

The photophysical properties of BD-TMG and BD-I-TMG were then investigated by 

UV-vis absorption and steady-state fluorescence emission spectroscopy (as shown in 

Figure 2.1). The absorption spectra of BD-TMG and BD-I-TMG showed an intense peak 

centered at 520 nm and 535 nm, respectively, and the emission was located at 531 nm 

and 551 nm, respectively. Furthermore, the molar absorptivity values (ε) of BD-TMG and 

BD-I-TMG were 5.69×104 M-1 cm-1 and 3.13×104 M-1 cm-1. Compared with BD-TMG, 

BD-I-TMG exhibited a red-shifted absorbance, emission, and molar absorptivity, which 

is similar to literature reports.60, 77 The fluorescence quantum yields (Φf) were measured 

in dichloromethane, and calculated using Rhodamine 6G as the standard. The 

fluorescence quantum yield, Φf, values for BD-TMG and BD-I-TMG in CH2Cl2 were 

0.84 and 0.09, respectively (Table 2.1). Moreover, the fluorescence lifetime (τ) of BD-I-

TMG exhibited an obvious decrease compared with BD-TMG, consistent with a heavy 

atom effect from the iodination of the BODIPY core causing quenching of fluorescence 

by increasing the intersystem crossing (ISC) from the first excited singlet to the triplet 

state. 

Table 2.1 Photophysical Properties of BD-TMG and BD-I-TMG 
 (nm)a (nm)b ε  

(104 M-1 cm-1)c 

Φf
d τ (ns)e ΦTMG

f εΦTMG 

 (M-1 cm-1) 

BD-TMG 520 531   5.69 ± 0.173 0.84 4.37 0.009 512.1 

BD-I-TMG 535 551   3.13 ± 0.12 0.09 0.66 0.029 907.7 
aWavelength of maximum absorption. bWavelength of maximum emission. cExtinction coefficient. 
dFluorescence quantum yield (Error in measurement±1.2%). eFluorescence lifetimes (Error in 

measurement ≤ 10 ps). fPhotobase generation quantum yield (Error in measurement ±2.9%). 
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Figure 2.1 Normalized UV-vis absorption (a) and emission spectra (b, λex = 480 nm for 

BD-TMG and 485 nm for BD-I-TMG) of BD-TMG and BD-I-TMG in CH2Cl2. 

 

Before studying the release of TMG under light irradiation, we first explored the 

stability of our PBGs under dark conditions. The results showed that after 24 h in the 

dark, both BD-TMG and BD-I-TMG have a negligible change in their UV-vis spectra, 

indicating high dark stability (as shown in Figure 2.2). In addition, we also verified the 

stability with increased temperature and found the compounds were stable even at 60℃ 

(as shown in Figure 2.3). 

 
Figure 2.2 UV-vis absorption spectra of BD-TMG (a) and BD-I-TMG (b) at 0 min and 

24 h in methanol in the dark condition (all measurements were conducted at room 

temperature). 
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Figure 2.3 UV-vis absorption spectrums of BD-TMG (a) and BD-I-TMG (b) after kept at 

20, 40, 60 °C for 30 min. Spectra were recorded after slowly cool down the solution to 

room temperature 

 

Absorption, Emission spectra and fluorescent quantum yield of compound BD-

TMG and BD-I-TMG: All steady-state absorption, fluorescence emission, of compound 

BD-TMG and BD-I-TMG were investigated in 10 mm path length quartz cuvettes at 

room temperature. The absorption spectra were measured with a Tecan Infinite M200 

PRO plate reader spectrometer in 1 cm path length quartz cuvettes. Fluorescence 

emission and excitation spectra were obtained using an Edinburgh Photonics FLS980 

spectrometer equipped with a thermoelectric cooled photo multiplier detector 

(Hamamatsu). All measurements were carried out with the optical density below 0.12 at 

the excitation wavelength to avoid reabsorption. The excitation and fluorescence 

emission spectra were corrected for the spectral sensitivity of Edinburgh Photonics 

excitation and detection sys using factory-measured correction files. 

Fluorescence quantum yields were determined by a reference point method. 

Rhodamine 6G (Φf = 0.95) / exe at 490 nm in DCM (0.1 μM) was used as a standard 
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sample to calculate the fluorescence quantum yield of BD-TMG and BD-I-TMG. The 

equation is as follows. 

                            

=
(Abs)RAs

AR

s
2

R
2

s

R (Abs)s

                                        (1.1) 

Where Φ represents quantum yield, Abs represents absorbance, A represents area 

under the fluorescence curve, and η is refractive index of the medium. The subscripts S 

and R denote the corresponding parameters for the sample and reference, respectively. 

LED light emission profile. In the photo-releasing and photopolymerization 

experiments, we select the green LED light (Thorlabs M505L3, nominal wavelength 505 

nm with adjustable power control via voltage control). The emission profile of the LED 

light showed significant overlap with the absorption spectra of BD-TMG and BD-I-TMG, 

as shown below (Figure 2.4). 

 

Figure 2.4 Normalized UV-vis absorption for BD-TMG and BD-I-TMG and the emission 

spectra of Thorlabs M505L3 LED light. 
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Quantum yield of base generation (Φb): we used UV-vis measurement of 

photolysis of BD-TMG and BD-I-TMG to monitored changes in the 450 to 500 nm 

region that correspond to base generation. BD-TMG and BD-I-TMG were dissolved in 

CD3OD (~1×10-4 M) and then irradiated by 505 nm LED light in a 1 cm length path 

cuvette. The light source is Thorlabs M505L3 which has the nominal wavelength is 505 

nm and the irradiance is 11 mW/cm2. The distance between the LED light and the sample 

is 1 cm. After irradiation, the BD-TMG and BD-I-TMG samples were transferred and 

concentrated to NMR tube for NMR measurement. Because before and after photolysis 

the peaks of TMG only shifted from 2.85 ppm to 3.01 ppm, and the total integration is 

consistent, we used the ratio of TMG to calculate the rate of base production. The amount 

of photobase generators consumed was obtained by calculating the integral rate of the 

peak area of BD-TMG and BD-I-TMG in the target area of 1H NMR. The power density 

of the LED light was determined using PM100D-Compact Power and Energy Meter 

Console manufactured by Thorlabs, and confirmed the value by using photometer 

IL1400A (International Light Inc.). The photon numbers were calculated by integrating 

the spectrum plot using power density times the percentage to the power of this 

wavelength region. All areas and accumulated number of photons was used for the 

calculation of rate of photon absorption.83, 84 The quantum yield measurements were 

repeated three times with independently prepared samples. The equation is as follows. 

 

           (1.2) 
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Where rate of photon absorption is expressed as moles of photons absorbed per 

unit volume per unit time. 

Fluorescence lifetimes (τF) were determined with the single photon counting 

technique (TCSPC) and the same fluorescence spectrometer using a pulsed picosecond 

diode laser (EPL-505) as the excitation source. Molar absorption coefficient (ε) and 

maximum absorbance wavelengths (λmax) were determined by Beer’s law, from plots of 

absorbance vs. concentration (Figure 2.5). Recordings were performed in 10 mm path 

length quartz cuvettes at room temperature. 

 
Figure 2.5 Extinction coefficient calculation fit lines of BD-TMG (a) and BD-I-TMG (b) 

measured in dichloromethane. 

 

Photolysis of BD-TMG and BD-I-TMG: PBGs (2 ml of 0.6 × 10-3 M in methanol) 

were placed in quartz cuvette (10 mm path). The cuvettes were placed in front of a light 

source (Thorlabs M505L3) mounted LED that has a nominal wavelength 505 nm with a 

power density of 11 mW/cm2, 1 cm distance and was irradiated for the indicated times. 

The photo-behaviors were monitored by UV-vis spectra. 

To confirm the value of molar absorption coefficients for both compounds BD-

TMG and BD-I-TMG, we measured the molar extinction coefficients in triplicate and 
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started from milligrams. We respectively weighed 5 mg, 10 mg, 20 mg of BD-TMG and 

BD-I-TMG to prepare the stock solutions. The detection concentrations of BD-TMG are 

5 μM, 10 μM, and 20 μM, and the detection concentration of BD-I-TMG are 6.25 μM, 

12.5 μM, and 25 μM. To ensure the accuracy of the measurements, each concentration 

was measured in triplicate. BD-TMG has a molar extinction coefficient of 5.69 × 104, and 

the value for BD-I-TMG is 3.13 × 104. Regarding the decrease in the molar extinction 

coefficient after iodination of BODIPY, and the half of typical value of molar extinction 

coefficient of BD-I-TMG, we looked at the reported values in literature and found out 

that this drop in molar extinction coefficient is common after modification with heavy 

atoms (such as Br and I).60, 77, 85 For example, in 2018, Szymanski reported60 the molar 

extinction coefficient for BODIPY core of 4.2 × 104 M-1cm-1 and after modified with one 

iodine atom the molar extinction coefficient dropped to 1.4 × 104 M-1cm-1. In another 

example, Ortiz reported85 the molar extinction coefficient for the BODIPY core of 6.9 × 

104 M-1cm-1 and after modified with one iodine atom the molar extinction coefficient 

dropped to 2.2× 104 M-1cm-1. 

Thermal stability: BD-TMG and BD-I-TMG (2 ml of 0.6 × 10-3 M in DCM) in a 

cuvette was merged in a water bath with controlled temperatures (20, 40, and 60 °C), 

separately. After 30 minutes, the cuvette was slowly cool down to room temperature for 

the UV-vis measurement. The absorbance showed ignorable changes in varied 

temperatures. 

Dark stability: BD-TMG and BD-I-TMG (dissolved in methanol) was placed in 

quartz cuvette (10 mm path). The cuvettes were placed in the dark condition at room 
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temperature. After 24 hours the cuvette was analyzed by UV-vis absorbance spectra. 

There were no changes in the absorbance spectra. 

 

 

 

 

 

2.5 BD-TMG and BD-I-TMG Photo Degradation and Photolysis Path 

 

 

Furthermore, to show these structures can release TMG under green light irradiation, we 

investigated the photolysis process of BD-TMG and BD-I-TMG by monitoring the 

reaction with 1H NMR. The PBGs were dissolved in CD3OD. A 400 mW, 505 nm LED 

lamp was used to irradiate the sample (irradiance: 80 mW/cm2) and the irradiation-time 

dependent 1H NMR spectrums were recorded (Figure 2.6). With increasing irradiation 

time, the peak around 2.9 ppm decreased which corresponds to the methyl groups of 

TMG of BD-TMG and BD-I-TMG. This decreasing peak results from the photolysis 

process of the carbamate group on BD-TMG and BD-I-TMG. At the same time, the peak 

from free TMG at 3.01 ppm increases gradually. More importantly, the TMG releasing 

speed of BD-I-TMG is much faster than BD-TMG, with more TMG released within the 

first 2 min, and fully released TMG in the period of 60 min light irradiation. This also 

supports the heavy atom effect, in which the iodine in BD-I-TMG can enhance ISC and 

facilitate conversion from the singlet state to the triplet state. Furthermore, as reported in 

the literature,77 BODIPY-based PBGs’ carbamate cleavage relaxation mainly occurred 

from the T1 state, implying that iodination can improve the deprotection efficiency of 

TMG. The photolytic efficiency tests substantiated this.  
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Figure 2.6 BD-I-TMG (a) and BD-TMG (b) photo degradation in CD3OD. The samples 

were irradiated by Thorlabs M505L3 LED light source (nominal wavelength 505 nm, 

power density is 80 mW/cm2, samples were concentrated for 1H NMR measurements).   

 

To further investigate the role of triplet states on the photo-releasing process, the 

Stern-Volmer quenching experiment was utilized. Photolysis of 1 × 10-5 M BD-I-TMG in 

dichloromethane was irradiated with or without the addition of 5 mM triplet quencher 

potassium sorbate (PS).86 A significantly slower photolysis rate was observed using UV-

vis when PS was introduced, confirming the improved TMG releasing efficiency is 

facilitated by the heavy atom effect (Figure 2.7). Moreover, we also studied the effect of 

oxygen in the solvent on the photolysis rate of BD-I-TMG. 1 × 10-5 M BD-I-TMG in 

degassed dichloromethane was prepared for the photolysis analysis. The irradiation time-

dependent photolysis was monitored by UV-vis (Figure 2.8). The result showed that the 

rate of photolysis of BD-I-TMG in the degassed solvent is slightly higher than in the non-

degassed solvent, indicating the energy transfer from triplet states to oxygen. However, 

the difference is minor and non-degassed conditions are used in the experiments below.    
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Figure 2.7 Time course of photolysis for the BD-I-TMG with different conditions (black 

curve: dark condition, blue curve: in presence of 5 mM of triplet quencher potassium 

sorbate (PS), red curve: with irradiation, green curve: BD-I-TMG in degassed 

dichloromethane). Concentration of BD-I-TMG is 1 × 10-5 M. BD-I-TMG was irradiated 

by 505 nm LED lamp (Thorlab’s M505L3, power density: 80 mW/cm2, 1 cm irradiated 

distance).   

 

 

 

 
Figure 2.8 UV-vis absorption changes of BD-TMG (a) and BD-I-TMG (b) during 

photolysis in Methanol. BD-TMG and BD-I-TMG were irradiated by 505 nm LED lamp, 

separately. 
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The photobase generation quantum yield of BD-I-TMG (ΦTMG = 0.029) and 

photolytic efficiency (εΦTMG = 907.7) were superior to the BD-TMG (ΦTMG = 0.009, 

εΦTMG = 512.1) system. Moreover, the photolytic efficiency of BD-I-TMG is much 

greater than traditional o-nitrobenzyl-based PBGs,22 and the quantum yield is close to the 

coumarin-based PBGs.30 In addition, we observed a significant decrease in photolysis 

rate when aprotic CDCl3 was used (as shown in Figure 2.9) as the solvent. This result 

indicates that the nucleophilic solvent (e.g., CH3OH) facilitates the photodecomposition 

rate. Additionally, to confirm this photolysis process, time-dependent UV-vis 

measurements were used. As expected, under 505 nm light irradiation, a decrease in the 

peaks at 520 and 535 nm of BD-TMG and BD-I-TMG were observed, respectively.  

 
Figure 2.9 1H NMR of BD-TMG photo degradation test in CDCl3. 
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We postulate that the photolysis mechanism of BD-TMG and BD-I-TMG 

proceeds as described in Scheme 2.2. A similar photo-heterolysis mechanism was 

reported by Winter et al. with similar BODIPY cage structures.87 Under visible light 

irradiation, the BODIPY-based photocages were excited to the excited singlet and triplet 

states. A photocleavage process ensued, where the C-O bond broke and then produced 

the BODIPY methyl cation and the corresponding anion leaving group. Among them, the 

BODIPY methyl cation group was restabilized by nucleophiles such as MeOH while the 

carbamate anion underwent the decarboxylation process to produce TMG and CO2.  

 
Scheme 2.2 Possible pathway for the photolysis of photocaged TMG. 

 

To further study the photodegradation process and photolysis products of BD-

TMG, we used 1H NMR to monitor the mixture after green light irradiation (80 mW/cm2, 

505 nm LED light for 2 and 60 min, Figure 2.10). The 1H NMR showed a peak at 5.53 

ppm increases with irradiation time, which is corresponding to the OH after the 

carbocation intermedia reacts with H2O in the solvent. Moreover, the CH2 peak shifted 

from 5.32 ppm to 4.72 ppm, indicating the environment changes from an ester and an 

alcohol after TMG release. It is worth mentioning that the basicity of protected TMG and 

free TMG is significantly different57 to allow the regulation of thiol-ene Michael addition 

reactions. BD-TMG and BD-I-TMG (dissolved in CDCl3 or CH3OD) was placed in 
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cuvette, and were subject for light irradiation (green LED light, irradiation distance: 1 

cm, 80 mW/cm2). After 30 minutes under light, the samples were concentrated to 0.5 mL 

for 1H NMR measurements. 

 

Figure 2.10 1H-NMR monitors photo-degradation process of BD-TMG in DMSO-d6. The 

sample was irradiated by the Thorlab’s M505L3 LED light source (nominal wavelength 

505 nm, power density is 80 mW/cm2, irradiated distance: 1 cm) for 2 min and 60 min 

respectively.  

 

 

2.6 Conclusion 

 

In summary, two novel BODIPY-based TMG-protected photobase generators, BD-TMG 

and BD-I-TMG, have been successfully synthesized for green light-initiated thiol-ene 

Michael addition photopolymerization. Both the PBGs’ photophysical properties and 

photolysis efficiencies were studied. These two PBGs exhibited long wavelength 

absorption ability in the visible wavelength window above 500 nm. Compared with BD-

TMG, the heavy atom (iodine) labeled BODIPY derivative, BD-I-TMG, had much 

greater photo-releasing efficiency resulting from the heavy atom effect.
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CHAPTER 3 

VISIBLE-LIGHT-INITIATED THIOL-MICHAEL ADDITION 

POLYMERIZATION AND RING-OPEN POLYMERIZATION ENABLED BY 

BODIPY-BASED PHOTOBASE GENERATOR  

 

3.1 Introduction 

Since the definition of a “click reaction” by Sharpless and co-workers in 2001,88 this 

concept has been employed to great effect in bioconjugation, drug synthesis, materials 

science, and radiochemistry.89 Among “click” reactions, the base-catalyzed thiol-ene 

Michael addition reaction is considered a prized tool in materials synthesis, which 

provides high functional group conversion, high reaction rate, and mild reaction 

conditions.90 The thiol-ene Michael reaction proceeds via an anion-mediated pathway, in 

which a base deprotonates a thiol, forming a thiolate anion that reacts with electron-

deficient alkenes to generate a thioether bond.91 The versatility of the thiol-ene Michael 

reaction has been implemented in polymer science, including polymer-based gene 

delivery systems,92 dendrimer synthesis,93, 94 polymer surface modification,95, 96 3D 

printing,97-99 hyperbranched polymers,100, 101 and other polymer syntheses.102 However, it 

is still challenging to provide the spatial and temporal control for the thiol-ene Michael 

reaction, because the polymerization reaction is initiated immediately after the 

introduction of the base.103 To address this issue, PBGs have been utilized, which provide 

photoinduced control and are capable of releasing base species under irradiation of light 

at a specific wavelength (as shown in Figure 3.1).  
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Figure 3.1 BODIPY based PBGs for photo-induced polymerization. 

 

Moreover, Photobase generator also can induced ring-open polymerization. 

Photobase generator-induced ring-opening polymerization (photoinduced ROP) is a 

polymerization methodology predicated on light-induced initiation of the ring-opening of 

cyclic monomers, exemplified by lactones and lactides, for the synthesis of linear 

polymers.104 In this modality, a photobase generator serves as the pivotal component, 

harnessing light exposure to engender a potent base that, in turn, catalyzes the 

commencement of the polymerization process. The distinctive merits of this approach 

encompass precise control over polymerization rates and the facilitation of milder 

reaction conditions when compared to conventional polymerization techniques. 

Furthermore, photoinduced ROP enables the tailored production of polymers possessing 

specific attributes, such as biodegradability and biocompatibility, rendering it a highly 

promising technique within the realm of biomedical applications. 
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3.2 Thiol-Michael Reaction Photo-induced by BODIPY Based PBGs 

3.2.1 The applications of BD-TMG and BD-I-TMG in Thiol-Michael Reaction 

To further explore the activation activity of BD-TMG and BD-I-TMG toward the thiol-

ene Michael reaction, different monothiols were evaluated with ethyl acrylate and divinyl 

sulfone separately as model substrates. The light source used was Thorlabs M505L3 

(nominal wavelength is 505 nm with an irradiance of 80 mW/cm2, irradiated distance: 1 

cm). The reaction yields were determined by 1H NMR. 2.5 mol% of photobase generators 

was found to be efficient for the reaction Table 3.1 and Figure 3.2 includes the results, 

which indicate that using a 2.5 mol% catalyst loading of BD-TMG or BD-I-TMG showed 

high catalyst efficiency, and all the entries reaction conversions were completed in 30 

min. The result shows that the activation of the thiol-ene additions with BD-I-TMG has a 

higher yield than the BD-TMG. This result can be attributed to the BD-I-TMG having 

much higher photolysis efficiency than BD-TMG. In addition, by comparing the reaction 

yield after 30 min of irradiation, both BD-TMG entries and BD-I-TMG were close to 

100%, which indicated that 2.5 mol % of catalyst loading is in excess for the 1 mmol of 

thiol and ene. 
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Table 3.1 Scope of Photo Thiol-ene Michael Addition Catalyzed by BD-TMG and BD-I-

TMG.  

 
Entry Thiol Vinyl Catalyst Yielda(%) 

1 butyl thioglycolate ethyl acrylate BD-TMG 63 

2 butyl 3-mercaptopropionate divinyl sulfone BD-TMG 94 

3 butyl thioglycolate divinyl sulfone BD-TMG 68 

4 butyl 3-mercaptopropionate ethyl acrylate BD-TMG 98 

5 butyl thioglycolate ethyl acrylate BD-I-TMG 98 

6 butyl 3-mercaptopropionate divinyl sulfone BD-I-TMG 95 

7 butyl thioglycolate divinyl sulfone BD-I-TMG 76 

8 butyl 3-mercaptopropionate ethyl acrylate BD-I-TMG 96 

(a) Reaction yields are determined by 1H NMR. (b) Reaction conditions: thiol (1 mmol), vinyl (1 

mmol) and PBGs (2.5 mol%) irradiated using a 505 nm LED light source (power density is 

80 mW/cm2, irradiated distance: 1 cm) for 30 min 

 

 

Figure 3.2 The thiol and vinyl small molecules used in photo thiol-ene Michael addition model 

reaction. 
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To examine the kinetics of the photoactivation of the thiol-ene Michael reaction, 

BD-TMG and BD-I-TMG were implemented as photoactivators in the butyl thioglycolate 

and ethyl acrylate reaction under continuous visible light irradiation (505 nm, 80 

mW/cm2). The thiol conversion was monitored by FT-IR spectroscopy (Figure 3.3), 

monitoring the reduction of peak intensity around 2650 cm-1, which corresponds to the 

thiol group of butyl thioglycolate. The final thiol conversion yield was confirmed by 1H 

NMR. 

 
Figure 3.3 Thiol conversion versus time monitored by FT-IR for the model reaction between butyl 

thioglycolate and ethyl acrylate with 2.5 mol % photoinitiator loading. Light source: Thorlab’s 

M505L3 LED light (nominal wavelength 505 nm, power density is 80 mW/cm2, irradiated distance: 1 

cm). 
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In Figure 3.3, the results indicate that both BD-TMG and BD-I-TMG exhibited 

fast reaction kinetics; however, the reaction rate of BD-I-TMG was higher than BD-TMG 

during the first 2.5 min of irradiation. In addition, the final thiol conversion of BD-I-

TMG (ca. 85%) was also higher than BD-TMG (65%) under 20 min of continuous 

irradiation. Furthermore, it is shown that the PBGs and visible-light irradiation are both 

necessary to initiate the thiol-ene Michael reaction. In the absence of either PBGs or 

green light, no apparent reaction was observed. In addition, we also conducted the dark 

cure test for the BD-TMG and BD-I-TMG. The model reaction mixture was irradiated 

with LED light for 2.5 min and the thiol conversion was monitored in the dark using FT-

IR (as shown in Figure 3.4). The result showed that BD-TMG and BD-I-TMG have the 

ability for dark cure, but the reaction rate after 2.5 min irradiation was slower than in 

continuous irradiation trials. 

 
Figure 3.4 Thiol conversion versus time monitored by FT-IR: butyl thioglycolate and 

ethyl acrylate with 2.5 mol% BD-TMG (a) and BD-I-TMG (b) respectively, The 

mixture was initiated with the Thorlabs M505L3 LED light source (nominal 

wavelength 505 nm, power density is 80 mW/cm2, irradiated distance: 1 cm). The 

controlled experiment was conducted under continuous irradiation (black curve), and 

the dark cure experiment was only irradiated for 2.5 min (red curve). 
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To demonstrate the utility of the BODIPY PBGs, a photopolymerization study 

was conducted. To form a polymer network, we implemented BD-I-TMG as the 

photoactivator. A mixture of pentaerythritol tetrakis(mercaptoacetate) (PETMA 1 mmol), 

trimethylolpropane trimethacrylate (TMPTMA 1 mmol), and 2.5 mol% of BD-I-TMG 

were well mixed and placed in a rubber mold. After 1 h of 505 nm LED light (80 

mW/cm2) irradiation, a soft rubbery polymer was obtained (Figure. 3.5), which indicated 

BD-I-TMG successfully initiated the polymerization reaction and formed cross-linked 

polymer during the photopolymerization process. Finally, to assess the mechanical 

properties of the polymer, the 0.5 mm thick film made of a stoichiometric mixture of 

PETMP and TMPTMA (molar ratio = 1:1) was cured in the presence of 2.5 mol% BD-I-

TMG and tested via dynamic mechanical analysis (DMA) experiments (as shown in 

Figure. 3.5). Both the glass transition temperature (Tg = 17.36 ℃) and narrow tan δ 

indicated the formation of a homogeneous polymer network under the activation of BD-I-

TMG and green LED light. In addition, we also evaluated rheological and mechanical 

properties of the BD-I-TMG-catalyzed crosslinked sample (Figure 3.6). The compressive 

modulus values obtained from compression tests were 11.9 ± 2.8 MPa (Figure 3.6a). The 

frequency sweep results confirm that the polymer is crosslinked and well structured, as 

the storage modulus (G') values were higher than the loss modulus (G'') values over a 

wide range of frequencies (Figure 3.6b). 
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Figure 3.5 Plots of tan δ and elastic modulus vs temperature for polymer networks 

formed through the monomer cross-linking PETMP/ TMPTMA (molar ratio = 1:1) and 

2.5 mol % BD-I-TMG catalyst loading. The sample was irradiated with 80 mW/cm2, 505 

nm LED light for 1 h. The irradiated distance is 1 cm. 

 

 
Figure 3.6 a) Representative stress-strain curve of a crosslinked sample under 

compressive force. b) Representative frequency sweep test of a crosslinked sample under 

0.5% constant strain.  
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IR analyses were performed on FT-IR, SHIMADZU IRAffinity-1 instrument. 

Samples were injected into the space between two NaCl slides (the thickness of the NaCl 

plate is 5 mm). The LED lamp (nominal wavelength 505 nm, power density is 80 

mW/cm2, irradiated distance: 1 cm) was placed in the FTIR instrument to irradiate the 

sample vertically. The LED light was turned off when the sample is measured with FTIR. 

IR data was recorded every 2.5 minutes after LED light irradiation. By measuring IR 

peak area decreasing around 3150 cm-1, and 2650 cm-1, functional group conversion of 

vinyl and thiol can be calculated by the ratio of peak area to the peak area prior to the 

reaction. 

To study the yield of thiol-ene Michael addition reaction with different PBGs 

catalyst loading, 1 mmol butyl 3-mercaptopropionate and 1 mmol ethyl acrylate with 

different BD-I-TMG loading (0.5 mol%, 1.5 mol%, 2.5 mol%, 3.5 mol%) were utilized. 

The mixture was placed 1 cm in front of the 505 nm LED light source (power density is 

80 mW/cm2), and irradiated for 30 min. The reaction yield monitored by 1H NMR (as 

shown in Figure 3.7). The results shows that the yield reach to 85% even at 0.5% BD-I-

TMG loading. Moreover, the yield reached a plateau at 2.5% BD-I-TMG loading. 

Therefore, we selected 2.5% catalyst loading for subsequent experiments. 
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Figure 3.7 Photo thiol-ene Michael addition reaction yield versus different BD-I-TMG 

loading (0.5 mol%, 1.5 mol%, 2.5 mol%, 3.5 mol%) monitored by 1H NMR for the 

model reaction between 1 mmol butyl 3-mercaptopropionate and 1 mmol ethyl acrylate. 

Light source: Thorlab’s M505L3 LED light (nominal wavelength 505 nm, power density 

is 80 mW/cm2, irradiated distance: 1 cm) for 30 min.  

 

The polymerization conversion yield was determined by a gravimetric method. 

The yield was the weight ratio of the dried polymer product after soaking in DMSO for 3 

days to the initial weight of starting materials including the photobase generator. Polymer 

was prepared using 1:1 ratio of PETMP and TMPTMA loaded with 2.5 mol% of BD-I-

TMG under 30 min of green LED light irradiation at the power density of 80 mW/cm2. 

The conversion yield was calculated to be 92.5%. 

To monitor the BD-I-TMG induced photopolymerization reaction, FT-IR 

spectrum was utilized. 2.5 mol% BD-I-TMG was mixed with 1 mmol PETMA and 1 

mmol TMPTMA. After measured the FT-IR spectrum of the mixture before LED light 

irradiation, the mixture was irradiated by Thorlabs M505L3 LED light (nominal 

wavelength 505 nm, power density is 80 mW/cm2, irradiated distance: 1 cm) for 30 min 
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then measured the FT-IR spectrum again. The photopolymerization product was then 

soaked in DMSO overnight then dried by oven (120 °C, 6 h), then measured by FT-IR (as 

shown in Figure 3.8). The result shows that the S-H peak (around 2600 cm-1) and the sp2 

C-H peak (around 3100 cm-1) obviously decreased after photopolymerization, which 

proved that BD-I-TMG effectively initiated the thiol-Michael additional reaction. 

 
Figure 3.8 FTIR spectrum of the mixture of BD-I-TMG (2.5 mol%) with PETMA (1 

mmol) and TMPTMA (1 mmol) in dark condition (blue line) and after 30min irradiation, 

the polymer was washed with DMSO 3 days (red line). Light source: Thorlab’s M505L3 

LED light (nominal wavelength 505 nm, power density is 80 mW/cm2, irradiated distance: 

1 cm, irradiation time: 30 min). 

 

Mechanical property analysis of network photoinitiated polymer was utilized by 

DMA 850 dynamic mechanical analyzer. The standard film (0.5 mm thickness) made of a 

stoichiometric mixture of PETMP and TMPTMA (molar ratio = 1:1) and 2.5 mol % BD-

I-TMG was prepared by injecting between two glass slides with 0.5 mm thickness spacer 
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and then the sample irradiated with 505 nm LED light (11 mW/cm2) for 1 h. Then the 

film was demolded carefully and trimmed into disk shape with 20 mm diameter for the 

DMA test. The temperature was ramped at 3 °C / min with the frequency of 1 Hz. 

Prior to rheological and mechanical characterization, BD-I-TMG catalysted 

crosslinked samples were immersed in DI water for one week to ensure equilibrium 

swelling. To analyze the rheological and mechanical properties of the samples, Mavern 

Ultra+ Rheometer (flat plate geometry, 4 mm) was used. All the tests were performed at 

room temperature. For the rheological characterization, storage (G') and loss (G'') moduli 

values were recorded at 0.5% oscillatory strain from 0.1 to 100 Hz frequency. For the 

mechanical characterization, a compressive normal force was applied to 2.5 mm thick 

samples while recording the change in gap distance to calculate strain. 0.05 N initial force 

was applied to ensure contact between the upper plate and the sample. The compressive 

force was continuously increased (0.1 mm/s) up to 15 N. The compressive modulus 

(Young’s modulus, E) was calculated from the slope of stress-strain curves obtained 

(using the linear range within 10 to 20% strain). 

To find out if the BODIPY photoproduct can be removed from the polymer 

matrix or not, we formed a cross-linked polymer film (PETMP and TMPTMA) use BD-I-

TMG under LED light. After solidifying, the as-prepared polymer was placed into 

DMSO and soaked for 7 days. After the polymer film was fully soaked in DMSO for 7 

days, while the color of the polymer film faded a bit, we did not observe complete 

removal of the photoproduct (as shown in Figure 3.9). The color of film after soaking in 

DMSO still showed red, pink color evenly. Moreover, under UV lamp fluorescence was 

still observed. The high degree of polymer crosslinking may have impeded the extraction 
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of colored photoproducts (Figure 3.10). On the other hand, these properties will be 

helpful to apply BODIPY-based PBGs to biological and medical field with low leakage 

and potentially low toxicity. 

 

Figure 3.9 Films preparation steps include mixing the PETMP, TMPTMA and BD-I-

TMG (ratio: 1 mmol : 1 mmol : 0.05 mmol) in a glass vial, loading the mixtures in the 

mold, then the mixture was irradiated by the Thorlab’s M505L3 LED light source 

(nominal wavelength 505 nm, power density is 80 mW/cm2, irradiated distance: 1 cm) for 

30 min. After solidifying, the film was soaked in DMSO for 7 days.    

 

 
Figure 3.10 a) Green light-initiated polymer at the thickness of 10 mm. b) Photos of 

experiments demonstrating the photocuring conditions over different light irradiation 

time. The polymer networks formed through the monomer cross-linking PETMP/ 

TMPTMA (molar ratio = 1:1) and 2.5 mol % BD-I-TMG loading. The sample was 

irradiated with 80 mW/cm2, 505 nm LED light for up to 60 min without dark cure. The 

irradiated distance is 1 cm. 
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3.3 The applications of BD-TMG in Ring-opening (ROP) Reaction 

3.3.1 Background 

Synthetic polypeptides, characterized by structural similarities to natural proteins, have 

garnered significant attention owing to their considerable potential for application in 

diverse domains, encompassing but not limited to tissue engineering, drug delivery, 

antimicrobial agents, and battery technologies.105-107 The ring-opening polymerization 

(ROP) of α-amino acid N-carboxyanhydrides (NCAs) stands as a prominent approach for 

the large-scale synthesis of polypeptides.108 Central to this process is the cleavage of the 

cyclic anhydride ring within NCA monomers, culminating in the establishment of peptide 

bonds among the monomeric units.109 The ROP of NCAs may be activated by diverse 

catalysts and initiators, yielding polypeptides characterized by controlled molecular 

weights and dispersities. This method has been the subject of extensive investigation, 

leading to the development of diverse initiator-catalyst systems and polymerization 

conditions aimed at achieving both controlled and expeditious NCA polymerization.110 

However, several limitations are associated with the ROP method. Firstly, the 

sensitivity of NCA ROP to reaction conditions, encompassing factors like temperature, 

pressure, and the presence of impurities, can impede the precise control of the 

polymerization process and influence the characteristics of the resultant polypeptides.111 

Secondly, the availability of appropriate initiators and catalysts can constrain the ROP of 

NCA. While an array of initiator/catalyst systems exists, certain systems may prove 

unsuitable for specific applications or exhibit limitations concerning their efficiency and 

selectivity.112 Lastly, the accessibility of NCA monomers may present a limitation. While 

a diverse range of NCAs exists, some may be challenging to synthesize or have limited 
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availability, potentially impacting the scalability of the process. Therefore, it is urgent 

need for a new strategy to induced ring-opening polymerization.113  

Photocaged superbase photoinduced ROP is a methodology wherein a photocaged 

superbase serves as the initiator for ROP upon exposure to UV irradiation.114, 115 The 

photocaged superbase is characterized by its inactivity until subjected to UV light, at 

which point it liberates the superbase, instigating the polymerization process.116 This 

approach offers several advantages over conventional ROP techniques, foremost among 

them the capacity to regulate the polymerization process via light exposure, affording 

meticulous control over both the molecular weight and dispersity of the resulting 

polymers.117, 118 The origins of photocaged superbase photoinduced ROP date back to the 

early 2000s, when researchers embarked on explorations into light as a stimulus for 

external control over polymerization initiation.119 Subsequently, the technique has 

undergone extensive examination in the realm of crafting non-biodegradable polymers 

through controlled radical polymerizations (CRP).120-122 This avenue has facilitated 

precise surface modifications and the construction of intricate structures, catering to 

diverse applications. Photocaged superbase photoinduced ROP offers a series of notable 

advantages.123 Foremost among them is the capacity to govern the polymerization process 

with light, affording meticulous control over both the molecular weight and dispersity of 

the resulting polymers.108 Furthermore, this technique enables the initiation and 

termination of the polymerization process at will, achieved by the simple act of activating 

and deactivating the light source.124 Additionally, the resultant polymers exhibit a high 

degree of molecular weight control, characterized by narrow dispersities, thereby yielding 

well-defined polymers. The applications of photocaged superbase photoinduced ROP 
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include the preparation of sophisticated materials where the precise control of space is 

essential, such as microelectronic devices and DNA microarrays.125, 126 This technique 

can also be used in the preparation of biodegradable polymers such as aliphatic polyesters 

and polycarbonates, which has been hardly explored. The resulting polymers can be used 

in a wide range of biomedical applications, including medical implants and drug 

delivery.109, 123 

 

3.3.2 Experimental Section 

3.3.2.1 Preparation of γ-benzyl-L-glutamate N-carboxyanhydride NCA (BLG-NCA) 

To a Mixture of γ-benzyl-L-glutamate acid (5 g, 0.021 mol) and triphosgene (4.5 g, 0,015 

mol) under nitrogen was added anhydrous THF (200 ml). The solution was then heated to 

50 °C for 4h, after which the solvent was removed under vacuum. A clear and colorless 

solution was obtained. The solvent was removed under vacuum. The residue (crude 

NCA) was transferred to a glovebox, dissolved in ca. 25 mL dry THF and recrystallized 

by layering 3 volumes of dry hexanes, and allowing to stand for 48 h. This procedure was 

repeated three times to yield a white crystalline.  

3.3.2.2 General Polymerization Procedure using BD-TMG and Green LED Light 

BLG-NCA (1 g, 3.80 mmol) was dissolved in DMF (1 mL) and H2O (0.5 mL), followed 

by BD-TMG (80 mg, 0.19 mmol). The reaction solution was then subjected to green LED 

light for 3 h and purified by precipitation in hexane (3 ×) and ethyl ether (1 ×) to yield 

final product. 
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3.3.3 Results and Discussions 

BLG-NCA was deliberately selected as the model monomer for this study, owing to its 

ready synthesis in high purity and favorable yield. The ring-opening polymerization of 

NCA was executed in the presence of BD-TMG (1 equivalent) and NCA (20 equivalent) 

within a dry DMF solvent under a nitrogen atmosphere at room temperature. As 

illustrated in Scheme 3.1, green light irradiation prompts the photo-uncaging of 

"superbase" TMG from BD-TMG, concurrently stabilizing the BODIPY cation to BD-

OH. Subsequently, the alcohol group in BD-OH initiates the ring-opening of NCA, thus 

initiating the polymerization process. Simultaneously, the photo uncaged TMG serves to 

catalyze the polymerization reaction further. This reaction may persist until all NCA 

monomers have been consumed or until it is terminated via the introduction of a 

terminating agent, such as an acid. The resultant polypeptides, in turn, exhibit controlled 

molecular weights contingent on the ratio of BD-TMG to BLG-NCA. In contrast to 

traditional ROP of NCA, BD-TMG photoinduced ROP obviates the need for additional 

initiators and catalysts. Furthermore, it affords both temporary and spatial control over 

ROP polymerization.  
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Scheme 3.1 Photo-triggered ROP of BLG-NCA using BD-TMG under green light 

irradiation.  

 

Subsequently, the end groups of polypeptides prepared by the BD-TMG 

photoinduced ROP polymerization were investigated by mass spectroscopy (Fig. 3.11). 

As the Figure 3.11 shown, the end groups of the polypeptides can be either BODIPY, 

TMG or hydroxyl end group. This demonstrates that in the NCA ring-opening 

polymerization reaction, not only BD-OH but also TMG and water in the solvent can act 

as initiators. According to this reference,108 the reactivity of the alcohol in ring-opening 

polymerization is significantly higher than that of TMG and water.  



64 

 

 

 

Fig 3.11 MS spectra of PBLG obtained via the initiation by BD-TMG. 

 

3.3.4 Conclusion 

In conclusion, we successfully employed BD-TMG as a photo-initiator and catalyst for 

the ring-opening polymerization of BLG-NCA. The inclusion of additional alcohol as an 

initiator for the ring-opening reaction is unnecessary in this process, as the photolysis 

product BD-OH from BD-TMG serves as an effective initiator for ring-opening 

polymerization. Moreover, the strong base TMG acts as a catalyst, further enhancing the 

polymerization reaction. High-resolution mass spectrometry was utilized to monitor the 

products of ring-opening polymerization, leading to the identification of three PBLG 

products with distinct end groups: polymers terminated with BODIPY, TMG, and OH. 

Our subsequent efforts involve controlling the photocatalytic ring-opening 

polymerization product by adjusting the initiator-to-monomer ratio. The purified polymer 

with BODIPY as the terminal group was subjected to cell imaging and toxicity testing. 
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CHAPTER 4 

REGULATE LYSOSOMAL PH WITH LIGHT AND PHOTOBASE 

GENERATOR 

 

 

4.1 Introduction 

Lysosomes are membrane-bound, highly acidic intracellular organelles, that play 

important roles in numerous cellular processes including breakdown of macromolecules, 

worn-out organelles, endocytosis, autophagy, phagocytosis etc.127 The pH value of the 

lysosomal is maintained at a range of 4.5 to 5.5, which provides an optimal catalytic 

environment for various acid hydrolysis enzymes that degrade engulfed biomolecules 

such as proteins, lipids, and nucleic acids.128, 129 However, series of recent studies 

identified that impairment of lysosomal acidification affects the structural integrity and 

functional balance of lysosome.127, 130, 131 In fact, dysregulation of lysosomal pH value 

disrupts cellular phagocytosis and autophagy, which leads to lysosomal membrane 

permeabilization (LMP) and causes the leakage of multiple contents, cascade hydrolysis 

of cytoplasmic contents, and extensive cytoplasmic acidification, thus result in 

irreversible cell damage and even cell death.131 Moreover, impaired structure and 

function of lysosomes may directly or indirectly lead to various diseases, such as cancer, 

neurodegenerative diseases, metabolic disorders, and cardiovascular diseases.132-135 

Therefore, lysosomal pH has gained increasing attention as a therapeutic target as well as 

in disease prevention in recent years. 
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Most cancer cells are starved of oxygen (hypoxia), which significantly hinders the 

reactive oxygen sensitized photodynamic therapy (PDT) for cancer treatment.136, 137 In 

contrast, an oxygen-independent approach that directly disrupts lysosomal pH balance 

may circumvent this limitation. Currently, there are limited methods that can specifically 

target lysosomes and precisely regulate lysosomal pH.138-140 The reported reagents for 

lysosomal pH modulation can be divided into two categories: 1) decreasing the lysosomal 

pH, and 2) increasing the lysosomal pH. Materials that lower the lysosomal pH include 

polyester, poly (lactic-co-glycolic acid) (PLGA), and photo-activated nanoparticles 

(paNP).141 For example, Grinstaff and teammates utilized PLGA nanoparticles (with 

diameters of ≈  100 nm) to target lysosomes and released lactic (pKa is 3.86) and 

glycolic acid (pKa is 3.83) upon polymer degradation.142 In general, drugs for lysosomal 

pH elevation are mostly hydrophobic and the pKa of the basic components are higher 

than the basal lysosomal pH. Such properties facilitate the travel of the substances across 

lipid membranes and accumulate in lysosomes thanks to the pH gradient between 

lysosomes and cytosol.127, 141 For example, hydroxychloroquine (HCQ) and chloroquine 

(CQ) are weak bases that have been proved to be efficient in many anticancer treatment 

due to their ability to inhibit lysosomal acidification.143-148 Furthermore, Obatoclax can 

also target lysosomes and induce lysosomal pH elevation, lysosomal dysfunction, 

subsequent lysosomal permeabilization, and cell apoptosis.149, 150 In addition, Vegi’s 

group discovered s-triazine analogs for the usage as a lysosomal autophagy inhibitor. 

These s-triazine derivatives are basic compounds that can deacidify lysosomes inhibit the 

maturation of lysosomal enzymes and cause lysosomal dysfunction.151 In summary, 

regulating the lysosomal pH to induce cell apoptosis is an intriguing anticancer strategy 
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with great potential. However, current drugs used in regulating lysosomal pH still have 

limitations, such as 1) off-target effects due to the lack of spatial and temporal control;    

2) the effective components are weak acids or bases; 3) the requirement of additional 

fluorescent probes for tracking. 

The strategy of using PAGs and PBGs to induce lysosomal pH change may 

overcome the above-mentioned limitations. PAGs and PBGs are a series of 

photosensitive compounds, which absorb the incident light and then release the acidic or 

basic species. They have found many applications in click reaction, photopolymerization, 

and photodynamic therapy.152 However, there have been few reports of regulating the 

lysosomal pH through PAGs or PBGs. We first reported a series of sulfonium-based 

PAGs and used one-photon and two-photon techniques to selectively induce cell death 

upon photo-released acid in lysosomes.136 This work inspired us to attempt to modulate 

lysosomal pH by PBGs. Recently, we developed one novel BODIPY based green-light-

sensitive PBGs (BD-TMG) that can release a strong base (tetramethyl guanidine, TMG, 

conjugate acid pKa = 13.6) for photoinduced polymerization..153 Furthermore, we 

confirmed that BD-TMG has a great ability to target lysosomes in cells. BD-TMG also 

exhibited no acute toxic effects, over a range of concentrations, in dark conditions. In 

contrast, after green LED light irradiation, BD-TMG showed significant cytotoxicity in 

HeLa cells. More importantly, using a confocal microscope, we successfully monitored 

the process of lysosomal pH elevation under green light irradiation, followed by 

lysosome rupture, and cell apoptosis. In summary, herein, we provide the first report of 

using PBGs to regulate lysosomal pH to induce cancer cell apoptosis. 
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4.2 Experimental Section 

 

4.2.1 Materials and General Equipment 

BD-TMG was synthesized according to our previous reported procedures. (1) All other 

reagents and solvent were purchased from commercial suppliers and used without further 

purification. UV-vis absorption spectra were recorded on a Tecan Infinite M200 PRO 

plate reader spectrometer. Cell images were recorded by a Zeiss LSM 780 confocal 

microscope. All the cell images were processed by ImageJ. 

 

4.2.2 Cell Culture 

Human cervical cancer cells HeLa were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin at 37 

°C in a humidified 5% CO2 incubator. 

 

4.2.3 Dark Cell Viability 

To assess the cytotoxicity of BD-TMG, HeLa cells were cultured in the Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 1% 

penicillin/streptomycin at 37 °C in a humidified 5% CO2. Cells were placed in 96 well 

plates and incubated until there are no fewer than 5 × 103 cells per well for the 

experiments. Next, cells were incubated with different concentrations of BD-TMG (1, 

2.5, 5, 10, 20, 40, and 80 μM). After 22 h incubation, replace fresh cell culture medium 

into each well and then 20 μL of the Cell Titer 96 Aqueous One solution reagent (for 

MTS assay) was added into each well, followed by further incubation for 2 h at 37 °C. 
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The respective absorbance values were read on a Tecan Infinite M200 PRO plate 

reader spectrometer at 490 nm. Cell viabilities were calculated based on the following 

equation: 

 

                            (4.1) 

 

Where Abss
490nm is the absorbance of the cells incubated with different 

concentrations of experimental probe solutions, AbsD
490nm is the absorbance of cell-free 

well containing only BD-TMG at the concentration that was studied, Absc
490nm is the 

absorbance of cells alone incubated in the medium, and AbsD2
490nm is the absorbance of 

the cell-free well. 

 

4.2.4 BD-TMG Dark Stability Test 

BD-TMG dark stability in cell culture medium. 1×10-5 M BD-TMG were dissolved in 

cell culture medium (DMEM with 10% FBS and 1% PS) for 1h, 2h, 3h, and 4h in dark 

condition separately. UV-vis absorption was recorded by a Tecan Infinite M200 PRO 

plate reader spectrometer (Figure 4.1). There are no significant changes of BD-TMG 

absorbance in different time with cell culture medium which demonstrate BD-TMG is 

stable in cell culture medium in the dark condition. 

BD-TMG dark stability in different pH solution. 1×10-5 M BD-TMG were 

dissolved in pH=4, pH=7, and pH=10 solutions in the dark condition separately. UV-vis 

absorption was recorded by a Tecan Infinite M200 PRO plate reader spectrometer (Figure 

4.2). There are no significant changes of BD-TMG absorbance in different pH solutions 

which demonstrate BD-TMG is stable in cell culture medium in the dark condition. 
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Fig 4.1 BD-TMG dark stability test in cell culture medium. 

 

 
Fig 4.2 BD-TMG stability test in different pH environments. 
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4.2.5 Cellular Uptake and Colocalization 

To investigate the efficiency and specificity of BD-TMG, HeLa cells were employed. All 

cells were seeded on confocal dish (MatTek) at the density of 4×104 cells per dish and 

incubated for 24 h at 37°C. Stock solution of BD-TMG dissolved in DMSO were 

prepared at a nominal concentration of 2 mM. The stock solution was diluted to 20 μM 

with DMEM cell medium and freshly placed over cells for a 30 min incubation period. 

Cells were washed three times with PBS and further incubated with LysoTrackerTM Red 

DND-99 (working concentration: 75 nM) before cell imaging. Cells were then washed 

with PBS three times, and then the live cell imaging solution (Molecular Probes) was 

added to confocal dishes. Fluorescence images were obtained using a Zeiss LSM 780 

confocal microscope (BD-TMG Ex: 514 nm, Em: 530~550 nm. LysoTrackerTM Red 

DND-99 Ex: 561 nm; Em: 580 ~ 620 nm). Pearson’s correlation coefficients were 

determined using ImageJ. 

In addition, cell images for different concentrations of BD-TMG treated HeLa cell 

also collected. HeLa cells were treated with 5 μM, 10 μM, and 20 μM BD-TMG for 30 

min separately. After washed with PBS three times, the live cell imaging solution was 

added. Fluorescence images were obtained using a Zeiss LSM 780 confocal microscope 

(BD-TMG Ex: 514 nm, Em: 530~550 nm). As Figure 4.3 shown. 
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Figure 4.3 Cellular uptake image. HeLa cells were incubated with 5 μM, 10 μM, 20 

μM of BD-TMG at 37 °C for 30 min separately, cell imaging was performed by 

confocal microscope after washing with PBS. (Ex: 514 nm, Em: 530~550 nm) 

 

4.2.6 Lysosomal pH Measurement 

For measuring the lysosomal pH changes in BD-TMG treated HeLa cells, HeLa cells 

were seeded on confocal dish at the density of 4×104 cells per dish and incubated for 24 h 

at 37°C. Then HeLa cells were incubated with 20 μM BD-TMG for 30 min. Cells were 

washed three times then 1000-fold dilution of pHLys Red (Lysosomal pH detection 

reagent. Order from Thermo Fisher Scientific) was added and incubated for another 30 

min. In addition, for the control group, HeLa cells were only stained with 1000-fold 

dilution of pHLys Red for 30 min. The treated HeLa cells were used in photobleaching 

experiments by Zeiss LSM 780 confocal microscope. 

Photobleaching experiments set up: photobleaching experiments performed on a 

Zeiss LSM780 scanning confocal microscope with 40× objective. The microscope was 

set to a pixel size of 0.19 μm and a pixel dwell time of 0.79 μsec. The pinhole was set to 

the maximum value. A 100 × 100 μm area was monitored by a 415 nm 100 mM diode 

laser at 100% maximum power for 80 scan cycles.  
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4.2.7 Time -lapse Cell Imaging 

To observe lysosomal morphological changes during the BD-TMG photolysis. HeLa 

cells were employed. All cells were seeded on confocal dish (MatTek) at a density of 4 × 

104 cells per dish and incubated for 24 h at 37 °C. HeLa cells were incubated with 20 μM 

of BD-TMG for 30 min. Cells were washed three times with PBS and the live cell 

imaging solution (Molecular Probes) was added to confocal dishes. BD-TMG was 

irradiated directly by the laser source of Zeiss LSM780 scanning confocal microscope a 

415 nm 100 mM diode laser at 100% maximum power for 30 min.  

 

4.3 Results and Discussion 

BD-TMG is a BOIDPY-based PBG we developed recently that can absorb green light 

and then release a “super base” TMG (Figure 1a).153 In addition, BD-TMG has a 

maximum absorbance of 520 nm and an emission maximum of 531 nm (Figure 4.4b). 

Compared with traditional PBGs that absorb high-energy UV and/or blue light, the 

advantages of visible light absorbance include less irradiation damage to cells and deeper 

light penetration depth.56 Moreover, BD-TMG exhibits weak basicity before photolysis in 

the dark. The basicity of BD-TMG photo-released substance is much stronger than 

common lysosomal pH-elevating drugs, which helps alkalize the environment more 

efficiently. The mechanism of photolysis and release of TMG involves photo-cleavage 

and decarboxylation which is based on our previous report (Figure 4.4a).153 It is worth 

noting that after releasing TMG, the main photolysis product is BD-OH in an aqueous 

solvent, which is a non-basic species. Moreover, the high fluorescence quantum yield of 

BD-TMG (Φf = 84%) permits easy tracking using a fluorescence confocal microscope. 
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Figure 4.4 a) PBG BD-TMG releases strong base TMG under visible light. b) 

Normalized UV-vis absorption and emission of BD-TMG. 

 

First, the dark stability of BD-TMG in a cell culture medium was performed by 

dissolving 1×10-5 M BD-TMG in a cell culture medium and UV-vis absorption was 

recorded to check the stability (Figure 4.1). During the measurement, there was no 

apparent change in BD-TMG absorption that indicated BD-TMG was stable in the cell 

culture medium in the absence of light. Moreover, we also dissolved 1×10-5 M BD-TMG 

in different pH solutions to analyze the pH stability. As Figure 4.2 showed, BD-TMG 

remains stable in different pH environments ranging from pH 4 to pH 10. After 

confirming the stability of BD-TMG in varied dark conditions, cellular uptake of BD-

TMG was performed in HeLa cells after incubating with 5 μM, 10 μM, and 20 μM of 

BD-TMG at 37 °C for 30 min separately, After washing with PBS and replacing with 
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fresh cell culture medium, the treated cells showed clear fluorescence and the 

fluorescence intensity was increased with the increasing incubation concentration of BD-

TMG, indicating higher cellular uptake (as shown in Figure 4.5).  

In general, organic compounds that are hydrophobic and basic are easy to cross 

membranes and accumulate in lysosomes. For examples, daunorubicin (DNR), 

doxorubicin (DOX), mitoxantrone (MTX), chloroquine (CHQ), clomipramine (CLO).154 

Because BD-TMG is a weak base and hydrophobic, it should accumulate in lysosomes 

via the cation trapping mechanism due to the pH gradient between the cytoplasm and 

lysosomes.155 Based on the reported lysosomal targeted hydrophobic weak base drug,155 

we presume that BD-TMG can diffuse across membranes because of its hydrophobicity 

and BD-TMG will be sequestered in lysosomal acid lumen caused by the protonation. To 

confirm the lysosomal targeting capability of BD-TMG, the colocalization study of BD-

TMG in HeLa cells was monitored using a ZEISS confocal fluorescence microscopy and 

compared with commercial lysosomal targeting dye Lysotracker Red (as Figure 4.5 

shown). HeLa cells were treated with 20 μM of BD-TMG for 30 min, after washing the 

cells were stained with LysoTracker Red (Ex: 561 nm; Em: 580 ~ 620 nm). Fluorescence 

images were recorded and the distribution of BD-TMG showed good colocalization with 

LysoTracker Red with Pearson’s correlation coefficient value of 0.83. The degree of 

colocalization Pearson value indicates that BD-TMG was mainly localized in the 

lysosomes after 30 min of coincubation. 
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Figure 4.5 HeLa cell incubated with 20 μM of BD-TMG (green channel, Ex: 514 nm, 

Em: 530~550 nm) at 37 °C for 30 min. After washed by PBS 3 times, commercial dye 

(LysoTrackerTM Red DND-99, 75 nM) was added in treated HeLa cell for another 30 min. 

Pearson’s colocalization values is shown as R. 

 

To further demonstrate the ability of BD-TMG in the regulation of lysosomal pH, 

we conducted co-staining experiments of HeLa cells with BD-TMG and pHLys Red. 

pHLys Red is a commercial lysosomal pH fluorescence indicator, which accumulates in 

the intact lysosome, and its fluorescence intensity decreases as the basicity increases. 

HeLa cells were incubated with 20 μM BD-TMG for 30 min, after washed with PBS, 

1000-fold diluted pHLys Red was added and incubated for another 30 min. The treated 

HeLa cells were used in cell imaging (pHLys channel: Ex: 561nm, Em: 560 ~ 650 nm). 

As shown in Fig. 4.6a), the same group has HeLa cells treated with both BD-TMG and 

pHLys Red, and the pHLys channel exhibited a clear basicity increase when BD-TMG 

was activated under a 514 nm laser in a time-dependent manner. This result indicates that 

BD-TMG can increase lysosomal pH under green light. Moreover, to count the effects of 

pHLys Red photobleaching due to prolonged exposure to light, we also ran a control 

group that stained with pHlys Red only and conducted the laser irradiation experiments at 

the same condition. The results showed a slight fluorescence decrease in the control 

group due to photobleaching of pHLys, but not as significant as the sample when BD-
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TMG was introduced. This further suggests that the elevation of lysosomal pH was 

caused by basic species release from BD-TMG. To quantitatively assess the fluorescence 

intensity changes from the light activation of BD-TMG, we carried out real-time intensity 

monitoring experiments (Figure 4.6). A confocal microscope was utilized to record the 

fluorescence intensity of the pHLys channel of the experimental group and control group. 

The results showed that the normalized fluorescence intensity of the control group only 

decreased by about 25%, however, there was an almost 60% fluorescence intensity 

decrease in the experimental group, which strongly indicates that BD-TMG is effective in 

elevating lysosomal pH. 

 

Fig 4.6  a) Time-lapse cell imaging of HeLa cells treated with 20 μM BD-TMG and 

1000-fold dilution of pHLys Red, and HeLa cells only stained with pHLys Red (Control 

group) separately exposed to varied time of 514 nm laser light (pHLys Red Ex:561 nm, 

Em: 560 ~ 650 nm). b) Fluorescence intensity of BD-TMG  group and control group 

(Fluorescence intensities were recorded by Zeiss LSM 780 confocal microscope).  

 

Lysosomes are highly dynamic organelles that can move rapidly in cells.156  After 

demonstrating the feasibility of lysosomal pH regulation using BD-TMG and light, we 
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then performed time-lapsed cell imaging to monitor the cells’ morphologies during 

treatment. HeLa cells were incubated with 20 μM BD-TMG for 30 min, after washing 

and removing the extracellular BD-TMG, the cells were used in the light activation 

experiments. The sample was irradiated continuously with direct 514 nm laser light from 

the Zeiss LSM 780 confocal microscope, and fluorescence images were recorded from 0 

to 30 min (Ex: 514 nm, Em: 530~550 nm)  (As shown in Figure 4.7).  The time-lapse 

images clearly exhibit that BD-TMG treatment resulted in fluorescent substances 

gradually diffuse into the cytoplasm with the laser irradiation. This change may be caused 

by photolyzed BD-TMG increasing lysosomal pH, thus increasing lysosomal membrane 

permeability, causing the leakage of BD-TMG and its photolyzed fluorescent product 

from the lysosomes into the cytoplasm. This phenomenon is very similar to the HCQ 

treatment cells, which showed leakage of lysosomal and cell structure broken.157 We also 

conducted imaging experiments to observe the cell’s morphology changes after light 

activation for varied times. HeLa cells were stained with 20 μM BD-TMG for 30 min, 

followed by removed extracellular BD-TMG, the treated cells were irradiated by 514 nm 

green laser light for 30 min. The samples were then returned to the incubator for varied 

times (0 min, 30 min, and 60 min) before cell imaging. As shown in Figure 4.8, the BD-

TMG treated HeLa cells’ morphology gradually transits from willow leaf shape to round 

shape as the incubation time increases. Such cell shrinkage and the loss of cell volume is 

a ubiquitous characteristic of programmed cell death.158 Such programmed cell death has 

been reported in many cases, for example glucocorticoid (dexamethasone) treatment rat 

thymocytes,159 radiation-induced cell death.160 
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Figure 4.7 20 μM of BD-TMG-treated time-lapse cell imaging. HeLa cells were 

incubated with 20 μM BD-TMG for 30 min. After washing with PBS, time-lapse cell 

images were captured from 0 min to 30 min. (Ex: 514 nm, Em: 530~550 nm) 

 

 
Figure 4.8 Cell imaging of HeLa cells treated with 20 μM  BD-TMG and exposed to 30 

min of 514 nm green laser light and then back to incubator for varied time (0 min, 30 min, 

60 min).  

 

Finally, the biocompatibility of BD-TMG in the dark and the cytotoxicity under 

light were evaluated using HeLa cells and MTS assays. The dark cell viability of BD-

TMG showed no acute toxic effects in the range of concentrations from 1 to 40 µM. Even 

at 40 μM of BD-TMG, the cell viability remains over 80% (Figure. 4.9a). In addition, we 

utilized BD-OH (the main photolysis product of BD-TMG) as a control group to confirm 

the toxic effects is due to the light-triggered releasing of TMG not the byproduct BD-OH. 

The dark cell viability of BD-OH showed lower cytotoxicity than BD-TMG. Next, to 

assess the photolysis cytotoxicity of BD-TMG, irradiation time-dependent cell viability 
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experiments were performed (Figure. 4.9b). It is obvious that the viability of cells treated 

with BD-TMG and light was significantly decreased with increasing irradiation time, and 

the cell viability reached the minimum after 15 min under light. However, in the control 

group using photolysis product BD-OH, cells didn’t show any cytotoxicity during the 

light irradiation at the same concentration. These results prove that the alkaline 

substances released by BD-TMG are the major cause of HeLa cell death.    

 
Figure 4.9 a) Dark cell viability. Cell viability of HeLa cells treated with varied 

concentrations (1, 2.5, 5, 10, 20, 40, and 80 μM) of BD-TMG and BD-OH at 37°C for 24 

h separately. Untreated cells were classified as 100% cell viability (N=6). b) Irradiation 

Time-dependent cell viability. HeLa cells were treated with 20 μM BD-TMG and BD-OH 

for 30 min separately. After replaced fresh cell culture medium, treated cells were 

irradiated by Thorlabs M505L3 LED light for following time (0 min, 5 min, 10 min, 15 

min and 30 min) then incubated for 24 h. Ligh source: nominal wavelength 505 nm, 

power density 80 mW/cm2, irradiated distance is 1 cm. cell with no irradiation and drug 

treatment classified as 100%. (N=6) 
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4.4 Conclusion 

In conclusion, we demonstrated that a BODIPY-based PBG (BD-TMG) can be used to 

selectively induce HeLa cell death via light-induced base release in lysosomes. This 

opens the possibility of using PBGs as anticancer drugs to directly regulate the pH of 

organelles to trigger cell death. In this work, in vitro experiments demonstrated that BD-

TMG can target lysosomes and regulate lysosomal pH. Moreover, time-lapse cell 

imaging exhibited the morphology changes of BD-TMG treated HeLa cells. At last, cell 

viability demonstrated that BD-TMG was an efficient tool to induce cell death.  
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CHAPTER 5 

FUTURE PLANS 

 

In light of our research endeavors, we have successfully developed BODIPY-based 

compounds for drug delivery, base release, and fluorescence sensing applications. These 

derivatives have demonstrated specific utility in photopolymerization and anticancer 

therapy. Nevertheless, in our pursuit of enhancing the efficiency of base photo-release in 

the context of PBGs, further refinements are warranted. An avenue for optimization 

entails halogenating the BODIPY core with additional halogen atoms, such as fluorine, 

chlorine, bromine, or iodine. Furthermore, with respect to BD-I-TMG, where a single 

iodine atom is introduced into the BODIPY core, potential modifications encompass the 

introduction of iodine on both sides of the BODIPY core. Moreover, an alternative 

approach involves employing methylmagnesium bromide to replace the fluorine atom 

with methyl group, thereby amplifying the photo-uncaging efficacy. Detailed molecular 

structures are depicted in Figure 5.1 for reference. 



83 

 

 

Figure 5.1 Modification of BODIPY core. 

 

Moreover, it is worth noting that BD-TMG and BD-I-TMG exhibit absorption 

properties limited to the green light spectrum, thereby impinging on their suitability for 

certain biological applications. To address this limitation and broaden their utility, an 

avenue for improvement resides in the extension of their light-responsive wavelengths 

into the far-red range through molecular modification. For instance, a viable strategy 

involves the introduction of fused ring functional groups at the 3 and 5 positions of the 

BODIPY structure via microwave-assisted reactions, thereby enhancing the overall 

conjugation of the molecule. This structural refinement results in a consequential 

extension of both the absorption and emission wavelengths, thereby enhancing the range 

of potential applications. (As shown in Figure 5.2). 
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Figure 5.2 Examples of BODIPY modifications. 
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APPENDIX 

1H NMR 13C NMR 19F NMR AND MASS SPECTRUM 

 

Figure A.1 to A.11 show 1H NMR 13C NMR 19F NMR and mass spectrum of BD-OAc, 

BD-OH, BD-I-OH, BD-TMG,  BD-I-TMG and BLG-NCA. 

 

 

 
Figure A.1 1H NMR of BD-TMG. 
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Figure A.2 13C NMR of BD-TMG. 

 

 
Figure A.3 Mass spectrum of BD-TMG. 
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Figure A.4 1H NMR of BD-I-TMG. 
 

 
Figure A.5 13C NMR of BD-I-TMG. 
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Figure A.6 Mass spectrum of BD-I-TMG. 
 

 

Figure A.7 1H NMR of BD-OAc. 
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Figure A.8 19F NMR of BD-OAc. 
 

 
Figure A.9 1H NMR of BD-OH. 
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Figure A.10. 19F NMR of BD-OH. 
 

 
Figure A.11 1H NMR of BLG-NCA. 
 



91 

 

 

REFERENCES 
 

1. Shirai, M. and Tsunooka, M., "Photoacid and photobase generators: chemistry 

and applications to polymeric materials." Progress in Polymer Science 21.1 

(1996): 1-45. 

 

2. Crivello, J.V. and Reichmanis, E., "Photopolymer materials and processes for 

advanced technologies." Chemistry of Materials 26.1 (2014): 533-548. 

 

3. Baltazar, J., Sojoudi, H., Paniagua, S.A., Zhang, S., Lawson, R.A., Marder, S.R., 

Graham, S., Tolbert, L.M. and Henderson, C.L., "Photochemical doping and 

tuning of the work function and dirac point in graphene using photoacid and 

photobase generators." Advanced Functional Materials 24.32 (2014): 5147-5156. 

 

4. Crivello, J.V. and Lam, J.H.W., "Diaryliodonium salts. A new class of 

photoinitiators for cationic polymerization." Macromolecules 10.6 (1977): 1307-

1315. 

 

5. Zivic, N., Bouzrati-Zerrelli, M., Villotte, S., Morlet-Savary, F., Dietlin, C., 

Dumur, F., Gigmes, D., Fouassier, J.P. and Lalevee, J., "A novel naphthalimide 

scaffold based iodonium salt as a one-component photoacid/photoinitiator for 

cationic and radical polymerization under LED exposure." Polymer Chemistry 

7.37 (2016): 5873-5879. 

 

6. Kumi, G., Yanez, C.O., Belfield, K.D. and Fourkas, J.T., "High-speed 

multiphoton absorption polymerization: fabrication of microfluidic channels with 

arbitrary cross-sections and high aspect ratios." Lab on a Chip 10.8 (2010): 1057-

1060. 

 

7. Cameron, J.F. and Frechet, J.M., "Base catalysis in Imaging Materials. 1. Design 

and synthesis of novel light-sensitive urethanes as photoprecursors of amines." 

The Journal of Organic Chemistry 55.23 (1990): 5919-5922. 

 

8. Okamura, H., Terakawa, T., Suyama, K. and Shirai, M., "Reworkable 

photocrosslinking system using multifunctional epoxides and photobase 

generators." Journal of Photopolymer Science and Technology 19.1 (2006): 85-

88. 

 

9. Zivic, N., Kuroishi, P.K., Dumur, F., Gigmes, D., Dove, A.P. and Sardon, H., 

"Recent advances and challenges in the design of organic photoacid and 

photobase generators for polymerizations." Angewandte Chemie International 

Edition 58.31 (2019): 10410-10422. 

 

10. Salmi, H., Allonas, X. and Ley, C., "Polythiourethane networks catalyzed by 

photobase generators." Progress in Organic Coatings 100 (2016): 81-85. 

 



92 

 

 

11. Placet, E., Pinaud, J., Gimello, O. and Lacroix-Desmazes, P., "UV-Initiated ring 

opening polymerization of L-lactide using a photobase generator." ACS Macro 

Letters 7.6 (2018): 688-692. 

 

12. Zivic, N., Sadaba, N., Almandoz, N., Ruiperez, F., Mecerreyes, D. and Sardon, 

H., "Thioxanthone-Based photobase generators for the synthesis of polyurethanes 

via the photopolymerization of polyols and polyisocyanates." Macromolecules 

53.6 (2020): 2069-2076. 

 

13. Barner‐Kowollik, C., Bastmeyer, M., Blasco, E., Delaittre, G., Müller, P., 

Richter, B. and Wegener, M., "3D laser micro‐and nanoprinting: challenges for 

chemistry." Angewandte Chemie International Edition 56.50 (2017): 15828-

15845. 

 

14. Sarker, A.M., Kaneko, Y., Nikolaitchik, A.V. and Neckers, D.C., "Photoinduced 

Electron-Transfer Reactions: Highly Efficient Cleavage of C− N Bonds and 

Photogeneration of Tertiary Amines." The Journal of Physical Chemistry A 

102.28 (1998): 5375-5382. 

 

15. Sarker, A. and Neckers, D., "Tetraorganylborate salts as convenient precursors for 

photogeneration of tertiary amines." Journal of the Chemical Society, Perkin 

Transactions 2 10 (1998): 2315-2322. 

 

16. Kaneko, Y., Sarker, A.M. and Neckers, D.C., "Mechanistic Studies of Photobase 

Generation from Ammonium Tetraorganyl Borate Salts1." Chemistry of materials 

11.1 (1999): 170-176. 

 

17. Sarker, A.M., Kaneko, Y. and Neckers, D.C., "Electron transfer followed by 

double fragmentation reactions: mechanism of photogeneration of tertiary amines 

and radicals from tetraorganyl borates." Journal of Photochemistry and 

Photobiology A: Chemistry 121.2 (1999): 83-90. 

 

18. Suyama, K. and Shirai, M., "Photobase generators: Recent progress and 

application trend in polymer systems." Progress in Polymer Science 34.2 (2009): 

194-209. 

 

19. Sun, X., Gao, J.P. and Wang, Z.Y., "Bicyclic guanidinium tetraphenylborate: a 

photobase generator and a photocatalyst for living anionic ring-opening 

polymerization and cross-linking of polymeric materials containing ester and 

hydroxy groups." Journal of the American Chemical Society 130.26 (2008): 8130-

8131. 

 

20. Xi, W., Peng, H., Aguirre-Soto, A., Kloxin, C.J., Stansbury, J.W. and Bowman, 

C.N., "Spatial and temporal control of thiol-Michael addition via photocaged 

superbase in photopatterning and two-stage polymer networks formation." 

Macromolecules 47.18 (2014): 6159-6165. 



93 

 

 

 

21. Xi, W., Krieger, M., Kloxin, C.J. and Bowman, C.N., "A new photoclick reaction 

strategy: photo-induced catalysis of the thiol-Michael addition via a caged 

primary amine." Chemical communications 49.40 (2013): 4504-4506. 

 

22. Zhang, X., Xi, W., Gao, G., Wang, X., Stansbury, J.W. and Bowman, C.N., "o-

Nitrobenzyl-based photobase generators: efficient photoinitiators for visible-light 

induced thiol-michael addition photopolymerization." ACS Macro Letters 7.7 

(2018): 852-857. 

 

23. Zhang, X., Xi, W., Wang, C., Podgórski, M. and Bowman, C.N., "Visible-light-

initiated thiol-Michael addition polymerizations with Coumarin-based photobase 

generators: another photoclick reaction strategy." ACS Macro Letters 5.2 (2016): 

229-233. 

 

24. Lalevée, J., Allonas, X., Fouassier, J.P., Tachi, H., Izumitani, A., Shirai, M. and 

Tsunooka, M., "Investigation of the photochemical properties of an important 

class of photobase generators: the O-acyloximes." Journal of Photochemistry and 

Photobiology A: Chemistry 151.1-3 (2002): 27-37. 

 

25. Ohba, T., Nakai, D., Suyama, K. and Shirai, M., "Photo-crosslinking of poly 

(glycidyl methacrylate) using di-functional photobase generators." Journal of 

Photopolymer Science and Technology 17.1 (2004): 11-14. 

 

26. Boens, N., Verbelen, B., Ortiz, M.J., Jiao, L. and Dehaen, W., "Synthesis of 

BODIPY dyes through postfunctionalization of the boron dipyrromethene core." 

Coordination Chemistry Reviews 399 (2019): 213024. 

 

27. Chen, X., Wang, F., Hyun, J.Y., Wei, T., Qiang, J., Ren, X., Shin, I. and Yoon, J., 

"Recent progress in the development of fluorescent, luminescent and colorimetric 

probes for detection of reactive oxygen and nitrogen species." Chemical Society 

Reviews 45.10 (2016): 2976-3016. 

 

28. Kolanowski, J.L., Liu, F. and New, E.J., "Fluorescent probes for the simultaneous 

detection of multiple analytes in biology." Chemical Society Reviews 47.1 (2018): 

195-208. 

 

29. Chen, Y., Li, L., Chen, W., Chen, H. and Yin, J., "Near-infrared small molecular 

fluorescent dyes for photothermal therapy." Chinese Chemical Letters 30.7 

(2019): 1353-1360. 

 

30. Kowada, T., Maeda, H. and Kikuchi, K., "BODIPY-based probes for the 

fluorescence imaging of biomolecules in living cells." Chemical Society Reviews 

44.14 (2015): 4953-4972. 

 



94 

 

 

31. Fan, Y., Lu, M., Yu, X.A., He, M., Zhang, Y., Ma, X.N., Kou, J., Yu, B.Y. and 

Tian, J., "Targeted myocardial hypoxia imaging using a nitroreductase-activatable 

near-infrared fluorescent nanoprobe." Analytical Chemistry 91.10 (2019): 6585-

6592. 

 

32. He, H., "Near-infrared emitting lanthanide complexes of porphyrin and BODIPY 

dyes." Coordination Chemistry Reviews 273 (2014): 87-99. 

 

33. Hermes, R.E., Allik, T.H., Chandra, S. and Hutchinson, J.A., "High‐efficiency 

pyrromethene doped solid‐ state dye lasers." Applied Physics Letters 63.7 

(1993): 877-879. 

 

34. Loudet, A. and Burgess, K., "BODIPY dyes and their derivatives: syntheses and 

spectroscopic properties." Chemical Reviews 107.11 (2007): 4891-4932. 

 

35. Zhao, J., Xu, K., Yang, W., Wang, Z. and Zhong, F., "The triplet excited state of 

Bodipy: formation, modulation and application." Chemical Society Reviews 44.24 

(2015): 8904-8939. 

 

36. Lu, H., Mack, J., Yang, Y. and Shen, Z., "Structural modification strategies for 

the rational design of red/NIR region BODIPYs." Chemical Society Reviews 

43.13 (2014): 4778-4823. 

 

37. Liu, M., Ma, S., She, M., Chen, J., Wang, Z., Liu, P., Zhang, S. and Li, J., 

"Structural modification of BODIPY: Improve its applicability." Chinese 

Chemical Letters 30.10 (2019): 1815-1824. 

 

38. Hui-Wen, Y., Xiao-Yan, Z., Xiao-Feng, G. and Hong, W., "An amphiphilic 

fluorescent probe designed for extracellular visualization of nitric oxide released 

from living cells." Analytical Chemistry 88.18 (2016): 9014-9021. 

 

39. Kobayashi, T., Komatsu, T., Kamiya, M., Campos, C., Gonzalez-Gaitan, M., 

Terai, T., Hanaoka, K., Nagano, T. and Urano, Y., "Highly activatable and 

environment-insensitive optical highlighters for selective spatiotemporal imaging 

of target proteins." Journal of the American Chemical Society 134.27 (2012): 

11153-11160. 

 

40. Nierth, A., Kobitski, A.Y., Nienhaus, G.U. and Jäschke, A., "Anthracene− 
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