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ABSTRACT 

Azadibenzocyclooctyne (ADIBO) is an efficient reagent for strain-promoted azide-alkyne 

cycloaddition (SPAAC) with long shelf life and high reactivity towards azides even in aqueous 

solutions. This dissertation is focused on the design, synthesis, and application of ADIBO 

derivatives. Alginates are a family of natural linear polysaccharides that become extremely 

important due to their ability to form hydrogels under mild conditions. Alginate hydrogels are 

widely used for cell culture and wound dressing as drug delivery system. A bis-ADIBO 

crosslinker was designed to achieve in situ crosslinking of azide-decorated alginate. The 

resulting hydrogels showed the potential application in tissue engineering. A cyclopropenone-

masked ADIBO (photo-ADIBO) has also been developed, which can be deprotected by UV 

irradiation and revealed the ADIBO. A photo-ADIBO-ADIBO crosslinker was built to initiate 

the azide-decorated alginate crosslinking by photo-activation. The resulting hydrogels might be 

used for cell culture and wound dressing material. The ADIBO was also decorated with O-



Naphthoquinone Methide Precursors (o-NQMP) to synthesize photocleavable amphiphilic block 

polymer. This material can be a potential candidate for the development of drug delivery 

micelles.  

 

INDEX WORDS: ADIBO, SPAAC, Alginate, Hydrogel, Photo-ADIBO, o-NQMP, Amphiphilic 

block copolymer. 
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CHAPTER 1 

INTRODUCTION 

1.1 Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC) 

Arthur Michael discovered the cycloaddition reaction between alkynes and organic azides.1 

The Copper-Catalyzed Azide-Alkyne Cycloaddition reaction (CuAAC) has become instrumental 

click chemistry, a term introduced in 2001 by K.B. Sharpless to describe a range of “near-

perfect” bond-forming reactions.2 CuAAC reaction was reported simultaneously by the groups of 

Meldal and Sharpless.3 The Bertozzi group further developed one of Huisgen’s copper-free click 

reactions to overcome the cytotoxicity of the CuAAC reaction by introducing alkyne in a 

strained difluorooctyne (DIFO).4 This Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC) 

reaction proceeds as a concerted [3+2] cycloaddition by the exact mechanism as the Huisgen 1,3-

dipolar cycloaddition.5 The [3 + 2] cycloaddition of azides and cyclooctyne derivatives (Scheme 

1. 1) exhibits high selectivity, high functional group tolerance, and straightforward reaction 

conditions. It is also compatible with protic, aprotic, and aqueous solvent systems and has a rapid 

rate with high yields. Moreover, this reaction is catalyst-free. 
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Scheme 1. 1 Strain-Promoted Azide-Alkyne Cycloaddition Between Cyclooctynes and Azides 

A range of different cyclooctynes (Figure 1. 1) has been prepared for SPAAC. The first-

generation cyclooctynes do not contain fused rings, fluorine substituents, or heteroatoms in the 

ring structure. The representative first-generation cyclooctyne 1.1 has a rate constant of 1.2·10-3 

M-1·s-1 when reacts with benzyl azide in deuterated acetonitrile.4 The second-generation 

cyclooctynes introduce high electronegative fluorine substituents to improve the SPAAC 

reactivity. The reaction rate constant of monofluorinated cyclooctyne 1.2 is increased to 4.3·10-3 

M-1·s-1.4 The monobenzodifluorocyclooctyne 1.3 has an even higher rate constant as 5.2·10-2 M-

1·s-1.6 Besides, dibenzocyclooctynes were prepared to enhance the reactivity of cyclooctynes. 

The reaction rate constant of compound 1.4 is 5.7·10-2 M-1·s-1 when it reacts with benzyl azide.7 

A cyclopropane ring introduction could also enhance cyclooctyne reactivity. The representative 

bicyclo[6.1.0]nonynes 1.5 exhibits as high as 0.14 M-1·s-1 rate constant.8 Heterocyclic 

cyclooctynes have also been prepared, such as azacyclooctynes, thiacyclooctynes, and 

oxacyclooctynes. The representative oxacyclooctyne 1.6 exhibits the reaction rate constant as 7.9 

M-1·s-1.9 
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Figure 1. 1 Cylooctyne Derivatives 

Strain-promoted azide-alkyne cycloaddition (SPAAC) has become an essential and powerful 

tool since its discovery. It has been widely applied in bioconjugation, polymer synthesis, and 

self-regenerative material production. Exploration on SPAAC as an essential click chemistry tool 

will be continued in the future. 

 

1.2 Azadibenzocyclooctyne (ADIBO) 

Dibenzocyclooctyne’s synthesis is much more accessible among reactive cyclooctynes. The 

cyclooctynes’ reactivity was vastly improved when a nitrogen atom substituted one of the 

saturated carbons in the cyclooctyne ring. Azadibenzocyclooctyne (ADIBO) is one of the most 

reactive cyclooctyne species (Figure 1. 2).6, 10-14 The reaction kinetics of representative ADIBO 

1.7 and benzyl azide was determined in methanol and the rate constant was 0.31 M-1·s-1.11 
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Moreover, ADIBO could be easily synthesized starting from the inexpensive precursor.15 ADIBO 

exhibits excellent aqueous stability and long shelf-life. These properties make ADIBO a popular 

SPAAC tool. 

 

Figure 1. 2 Azadibenzocyclooctyne (ADIBO) 

 

1.3 Cyclopropenone-Based Photoinduced Click Chemistry 

Light-triggered click chemistry offers unique spatiotemporal control. In 2009, our group 

developed the cyclopropenone-masked dibenzocyclooctynes 1.8 for photoinduced, copper-free 

azide-alkyne cycloaddition reaction.16 Cyclopropenones are unreactive toward azides under 

ambient conditions in the dark, while the UV irradiation could rapidly reveal the reactive strained 

alkynes 1.9 (Scheme 1. 2). This photo-triggered click reaction has been successfully utilized in 

several applications, including glycan labeling, surface functionalization, nanoparticles 

functionalization, hydrogel derivatization, and synthesis of hetero-bivalent agents.9, 17-24  
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Scheme 1. 2 Light-Induced Strain-Promoted Azide-Alkyne Cycloaddition 

 

1.4 Alginate 

Alginates are linear polysaccharides consisting of 1→4 linked β-D-mannuronic acid (M) and 

α-L-guluronic acid (G) (Figure 1. 3).25 The most general arrangement is long sequences of G 

residues and M residues inserted between mixed G and M residues. The salt of alginates is 

extracted from brown seaweed.  

 

Figure 1. 3 Chemical Structures of α-L-guluronic acid (G), β-D-mannuronic acid (M), and 

General Chain Conformation 
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Divalent cations can crosslink alginate. Ca2+ is the most used one to induce alginate 

solution’s gelation. The driving force of ionic crosslinking is the interactions between G-blocks 

which associate to form tightly held junctions in the presence of divalent cations.26 The general 

gelation mechanism of alginate is well known as the “egg-box” model, which was proposed by 

Dr. Grant in 1973 to describe the Ca2+ mediated gelation (Figure 1. 4).27 In addition to G-blocks, 

MG blocks could also participate. Alginate with high G content can form brittle and robust gels, 

while alginate rich in M blocks makes softer and more elastic gels.  

 

Figure 1. 4 Ionic Crosslinked Alginate Hydrogel 

Alginate could also be crosslinked covalently to generate non-reversible and robust chemical 

bonds. Furthermore, introducing covalent crosslinking enables the control of mechanical 

properties in alginate hydrogels. Covalently crosslinked hydrogels can be synthesized via various 

reactions, including Schiff base reaction, click chemistry, and photo-induced thiol-ene reaction 

(Scheme 1. 3).28-30  
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Scheme 1. 3 Covalent Crosslinked Alginate Hydrogel 

Alginate-based hydrogels’ three-dimensional interconnected structure shows high water 

absorption ability and permits the unhindered passage of nutrients, oxygen, and therapeutic 

factor. These properties broaden alginate hydrogel applications in many areas like three-

dimensional cell culture, wound dressing tissue, and drug delivery system.25, 31, 32 
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1.5 Naphthoquinone Methide Precursor (o-NQMP) 

Photochemical generation of a reactive diene can be done in physiological conditions while 

not requiring a catalyst or generating any byproducts. Thus, this reaction has been widely 

explored in biological studies and material chemistry. Appropriate precursors can be 

photoactivated to generate reactive heterodienes such as o-quinone methides, which are involved 

in the hetero-Diels-Alder reaction. 

Our group has reported a photo-click platform for the facile and efficient light-induced 

hetero-Diels-Alder reaction. The naphthoquinone methide precursor 1.11 can be activated using 

UV light to generate o-naphthoquinone methide (o-NQM) 1.12 in high quantum yield (Φ = 0.17 

± 0.02). The reactive o-NQM undergoes facile hetero-Diels-Alder reaction with vinyl ethers or 

enamines to afford photostable derivatives of benzo[g]chromans 1.13 in high yields. With rapid 

hydration, the unreacted o-NQM regenerates starting 1.11 (Scheme 1. 4).33 The efficient ligation 

under ambient conditions in an aqueous solution could be achieved by this method, and the fast 

kinetics allows for the high spatial and temporal resolution. 

 

Scheme 1. 4 Light-Induced Hetero-Diels-Alder Cycloaddition Between o- Naphthoquinone 
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Methide Precursor and Electron-Rich Polarized Olefins 

Notably, o-NQM exhibits selectivity when generated in the presence of water, alcohol, or 

thiol. The aliphatic vinyl ethers like 1.15 and enamines could be successfully added to o-NQM in 

aqueous solutions while hydration of o-NQM to 1.14 outcompetes cycloaddition for other 

alkenes (Scheme 1. 5). 

 

Scheme 1. 5 Competitions Between Hydration and Cycloaddition 

Various functional groups were decorated on the 8-position of the o-NQMP naphthalene ring 
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(Figure 1. 5). It has been demonstrated that these 8-position substituents of o-NQMPs remain 

intact under the Diels-Alder photo-click conditions. 

 

Figure 1. 5 o-NQMPs with Substituent in 8-Position 

This photo-click platform has been utilized for surface derivatization, surface patterning, and 

spatiotemporal controlled DNA-protein interactions.34-36 
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CHAPTER 2 

IN SITU CROSS-LINKABLE HYDROGEL VIA STRAIN-PROMOTED AZIDE-ALKYNE 

CYCLOADDITION 

2.1 Introduction 

Alginate hydrogels are versatile, thanks to the simple crosslinking process. These hydrogels 

can be easily prepared by ionic or covalent gelation. They exhibit excellent biocompatibility, 

tunable porosity, and mechanical properties. These features give alginate hydrogel applications in 

many areas such as three-dimensional cell culture,1-3 cartilage tissue engineering,4, 5 wound 

healing materials,6-8 and drug delivery systems.9-11 

This project designed a clickable alginate hydrogel that enables covalent, catalyst-free 

crosslinking. The sodium alginates were chemically modified with azide groups to yield Alg-

azide (Alg-A). And a water-soluble bis-ADIBO crosslinker was designed to achieve the gelation 

of Alg-A. The mechanical properties of the resulting hydrogels could be easily tuned by varying 

the ratio between azide groups on alginate backbones and crosslinkers. We followed the gelation 

process by monitoring storage and loss modulus change to determine the gel points and 

saturation storage modulus. The water absorption behavior of the hydrogels was also studied, and 

the swollen hydrogels’ morphology was determined by scanning electron microscopy (SEM). 
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2.2 Bis-ADIBO Crosslinker and Alginate Derivatives Design and Synthesis 

The strain-promoted azide-alkyne cycloaddition (SPAAC) has become an ideal coupling 

approach to induce gelation. Azadibenzocyclooctyne (ADIBO) is one of the most reactive 

cyclooctyne derivatives towards azides. Thus, we have designed a water-soluble bis-ADIBO 

crosslinker 2.1 to achieve the alginate gelation in this project. ADIBO-NH2 was prepared by 

previously published procedure by Popik group12 with slight modifications. The synthesis started 

from the commercially available dibenzosuberenone, which was converted to oxime 2.2 using 

hydroxylamine hydrochloride. And then, Eaton’s reagent (5.5% P2O5 in methanesulfonic acid) 

was used to perform Beckmann rearrangement. The resulting amide 2.3 was reduced to amine 

2.4 using lithium aluminium hydride. A linker 2.5 with protected amine was synthesized and 

coupled with compound 2.4 using DCC (N,N'-dicyclohexylcarbodiimide) and DMAP (4-

dimethylaminopyridine) to yield compound 2.6, which was brominated and eliminated to yield 

cyclooctyne 2.7. The amine was deprotected to give ADIBO-NH2, which was coupled by 

ethylenediaminetetraacetic acid (EDTA) dianhydride to produce water-soluble bis-ADIBO 2.1 

(Scheme 2. 1). The aqueous solubility of 2.1 was determined as 0.43 mM by UV. 
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Scheme 2. 1 Synthesis of bis-ADIBO 2.1 

We designed an azide linker 2.11 for the alginate backbone to make it cross-linkable via 

SPAAC. The synthesis started from the commercially available tetraethylene glycol, which was 

mesylated by methanesulfonyl chloride to yield dimesylated product 2.9. Sodium azide was 

utilized to convert 2.9 to bis-azide functionalized product 2.10. One of the azide groups was 

reduced to the amine group by Staudinger reaction to yield linker 2.11 (Scheme 2. 2). 
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Scheme 2. 2 Synthesis of Linker 2.11 

The linker 2.11 was conjugated on commercially available ultra-low viscosity alginate acid 

sodium salt via carbodiimide coupling to yield azide functionalized alginate Alg-A (Scheme 2. 

3). Different degree of substitution (DS) was achieved by varying the ratio between alginate and 

1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide · HCl (EDC · HCl). We successfully 

synthesized 16% (Alg-A1), 20% (Alg-A2), and 24% (Alg-A3) azide substituted alginate. The DS 

was calculated from the elementary analysis results. 

 

Scheme 2. 3 Synthesis of Alg-A 

Infrared spectroscopy (IR) was used to characterize Alg-A. The existence of an absorbance 

band at 2113 cm-1 proves the success of azide functionalization (Figure 2. 1). 
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Figure 2. 1 IR Spectra of Alg-A 

 

2.3 Preparation of Alginate Hydrogel 

The Alg-A was crosslinked by 2.1 in DMSO/H2O (1:4, v:v) solution. The Alg-A was 

dissolved in DI water to a concentration of 53 mg/mL (w/v) and bis-ADIBO 2.1 was dissolved in 

DMSO/H2O just before use. These two solutions were mixed to yield hydrogels with 4% (w/w) 

Alg-A (Scheme 2. 4). 

There are two cyclooctyne units in each bis-ADIBO 2.1 molecule, and each equivalent of 

cyclooctyne unit can react with the same equivalent of azide. Thus, hydrogels with azide/bis-
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ADIBO 2.1 molar ratios 1:0.3 and 1:0.45 should have unreacted azides after gelation. These two 

hydrogels were prepared to explore how the bis-ADIBO 2.1 amount affects the hydrogel 

properties in the presence of unreacted azides. While hydrogel with azide/bis-ADIBO 2.1 molar 

ratio 1:0.75 should have unreacted cyclooctyne units after gelation, and this hydrogel was 

prepared to demonstrate how the hydrogel properties change in the presence of excess 

cyclooctyne units. 

 

Scheme 2. 4 Alginate Hydrogel Preparation 

 

2.4 Rheology Analysis and Absorption Behavior Tests 

Alginate hydrogels rheological characterization was performed using a DHR2 rheometer. 
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The Alg-A and 2.1 solutions were mixed at 0 °C to slow down the crosslinking reaction during 

the mixing step. The temperature was then increased to 25 °C at 20.0 °C/min ramp rate, and the 

storage and loss modulus were monitored starting from this step. The temperature was 

maintained at 25 °C and the storage and loss modulus were monitored in the following 30 min. 

The experiment was repeated three times for each sample. 

The temperature ramp and time sweep data for three different DS 4% Alg-A with azide/bis-

ADIBO 2.1 = 1/0.30 were collected (Figure 2. 2). In all three DS Alg-A samples, we observed 

the loss modulus (G’’) was higher than the storage modulus (G’) at the beginning of the 

temperature ramp. This scenario indicates the solution showed fluid flow-like behavior. G’ 

increased sharply subsequently, which can be considered as a result of the sol-gel transition. The 

cross-over point of G’ and G’’ is defined as gel point. The gel point formation indicates the 

solution has transitioned from fluid flow-like behavior to solid elastic behavior. G’ reached a 

plateau within 8 min for each sample which shows the rapid gel formation. The gel point 

happened earlier with increasing azide substitution on the alginate backbone. The maximum 

value of G’ also increased with the increasing azide substitution on the alginate backbone, which 

shows the ability to manipulate hydrogel mechanical properties by controlling the azide 

substitution. 
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Figure 2. 2 Gelation Rheology of 4% Alg-A with azide/bis-ADIBO 2.1 = 1/0.30 



24 

 

We then explored the gelation rheology for three different DS 4% Alg-A with azide/bis-

ADIBO 2.1 = 1/0.45 (Figure 2. 3). The starting G’’ was higher than starting G’ for the Alg-A1 

sample and Alg-A2 sample while the beginning G’ was higher than the beginning G’’ for the 

Alg-A3 sample. The gel point for the Alg-A3 sample happened before the temperature ramp and 

this sample exhibited the fastest gelation. The maximum value of G’ increased with increasing 

azide substitution on the alginate backbone. 
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Figure 2. 3 Gelation Rheology of 4% Alg-A with azide/bis-ADIBO 2.1 = 1/0.45 

The gelation rheology for three different DS 4% Alg-A with azide/bis-ADIBO 2.1 = 1/0.75 

(Figure 2. 4) was also explored. The hydrogel became more rigid when using a higher azide 

substituted alginate backbone. And the gelation process was shortened when higher azide 

substituted alginate was used. 
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Figure 2. 4 Gelation Rheology of 4% Alg-A with azide/bis-ADIBO 2.1 = 1/0.75 

The G’ at a plateau for each hydrogel sample was summarized (Figure 2. 5). We found that 

hydrogels shared the same azide/bis-ADIBO ratio tend to have higher maximum G’ when the 

azide substitution on the alginate backbone increased. The maximum value of G’ could also be 

increased by increasing the crosslinker amount when the system has unreacted azides after 

gelation. However, the maximum G’ was decreased when the system has unreacted cyclooctyne 

units after gelation. This may be because one of the cyclooctyne units in bis-ADIBO 2.1 reacts 
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rapidly with azides on the alginate backbone and leaves much fewer available azides to 

conjugate the other cyclooctyne units in the crosslinker. This scenario results in the decrease of 

crosslinking points when the system has unreacted cyclooctyne units after gelation. 

 

Figure 2. 5 Alginate Hydrogels Storage Modulus at Plateau 

The absorption behavior for hydrogels was also determined. The freshly made hydrogel 

samples were weighed as W0 before soaking in phosphate buffer (pH = 7.4) overnight and the 

weight was determined as W1. The swelling ratio was calculated using the below equation. 

Q = (W1 – W0)/W0 
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The swelling ratio for each hydrogel sample was summarized (Figure 2. 6). The swelling 

ratio is closely related to saturation G’. Hydrogels with azide:bis-ADIBO 2.1 = 1:0.3 exhibit the 

best absorption capacity in each DS Alg-A. The hydrogels with larger saturation G’ tend to have 

a smaller swelling ratio, which may result from the higher crosslinking density limits the 

flexibility of the alginate backbone. 

 

Figure 2. 6 Alginate Hydrogels Swelling Ratio 
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2.5 Morphological Characterizations 

The hydrogels morphologies and microstructures were characterized by SEM. The freshly 

made hydrogels were swollen in DI water overnight before freezing in liquid nitrogen for 2 min. 

The samples were then freeze-dried overnight before collecting SEM images (Figure 2. 7). The 

lyophilized alginate hydrogels have a loose 3D network structure with pore sizes in the range of 

10 µm – 100 µm. 
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Figure 2. 7 Alginate Hydrogels SEM Images 

 

2.6 Post-Modification Tests 

The alginate hydrogels with azide:bis-ADIBO 2.1 molar ratio as 1:0.75 have unreacted 

cyclooctyne units in the system which should have the ability to be post-modified using azide 

substance. 5-FAM-azide was chosen for the post-modification. The 5-FAM-azide could be easily 

dissolved in an aqueous solution at neutral conditions, and it exhibits strong absorbance at 493 

nm. In this project, 11.3 µM 5-FAM-azide solution was prepared in 0.1% DMSO/phosphate 

buffer (pH = 7.46) to accomplish hydrogels post-modification. This initial concentration was 

determined by UV spectroscopy as C0. 

The hydrogel for post-modification was prepared by dissolving Alg-A3 in DI water at a 

concentration of 80 mg/mL (w:v) and bis-ADIBO 2.1 was dissolved in DMSO/H2O just before 

use. These two solutions were mixed in silicon mold to yield hydrogels with 4% Alg-A3. 

Hydrogels with azide/bis-ADIBO 2.1 = 1/0.75 were prepared for post-modification. The 
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resulting hydrogel sheet was cut into the cylinder by biopsy punch and the weight was 

determined as Wh. The chemical absorption capacity is 21.00 µmol/g when every cyclooctyne 

unit is reacted with azide substances. The hydrogel cylinders were separated into the experiment 

group and control group. The control group was soaked in 10 mL 10 mM NaN3 solution in 0.1% 

DMSO/phosphate buffer (pH = 7.46) for overnight to deactivate remaining cyclooctynes on 

hydrogel and the experiment group was immersed in 0.1%DMSO/phosphate buffer to swell 

overnight. All hydrogels were removed from the swelling solution and immersed in 10 mL 11.3 

µM 5-FAM-azide solution for 2 h (the total 5-FAM-azide amount was below the hydrogel’s 

chemical absorption capacity), then the 5-FAM-azide solution was collected. The hydrogel was 

then washed three times with 0.1% DMSO/phosphate buffer (Figure 2. 8). The last wash 

solutions UV-Vis spectra were collected and there was no absorbance beyond 250 nm 

wavelength, which indicates the washing is complete. All the washed solutions were collected 

and combined with a previous 5-FAM-azide solution; the concentration (Ce) was determined by 

UV spectroscopy. 

 

Figure 2. 8 Hydrogel Post-Modification by 5-FAM-azide 
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The experiment group FAB-hydrogel showed green fluorescence under handheld UV light 

(Figure 2. 9a) while the control group hydrogel did not exhibit fluorescence at the same 

condition (Figure 2. 9b). 

 

Figure 2. 9 Fluorescence Behavior under Handheld UV light 

The hydrogel chemical absorption capacity in 2 h (QFAM-2 h), was calculated by the equation: 

𝑄𝐹𝐴𝑀−2 ℎ  =  
𝐶0 𝑉𝑑𝑦𝑒  − 𝐶𝑒(𝑉𝑑𝑦𝑒  +  𝑉𝑤𝑎𝑠ℎ)

𝑊0
 

The control group barely showed 5-FAM-azide absorption while the experiment group had 

QFAM-2 h as 0.13 µmol/g (Figure 2. 10). This indicates that the hydrogel we built has the post-

modification ability. The modification could be rapidly done at a low concentration.  
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Figure 2. 10 Chemical Absorption Capacity in 2 h 

We then designed a Rhodamine B based azide substance 2.12 to test the multiple 

modifications capability of the alginate hydrogels (azide:bis-ADIBO = 1:0.75). The 

functionalization of Rhodamine B was achieved by coupling with linker 2.11 with the help of 

EDC · HCl (Scheme 2. 5). Rhodamine-N3 2.12 extinction coefficient was determined in DI water 

containing 0.2% DMSO, the hydrochloric acid solution was also added to improve 2.12 

solubility. The resulting solution concentration was 88.3 µM and the pH was determined as 3.23. 

The extinction coefficient at 560 nm was determined as 3603.9 M-1·cm-1.  
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Scheme 2. 5 Synthesis of Rhodamine-N3 2.12 

Rhodamine 2.12 does not show fluorescence under neutral condition and exhibits pink 

fluorescence under acidic condition (Scheme 2. 6). 5-FAM-N3 shows green fluorescence under 

neutral or basic condition and does not exhibit fluorescence under acidic condition (Scheme 2. 

6). This feature allows us to examine the hydrogel multiple modifications’ ability under different 

pH conditions. 
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Scheme 2. 6 Rhodamine-N3 2.12 and 5-FAM-N3 Fluorescence Behaviors under Different pH 

Conditions 

0.2% DMSO/HCl/H2O (pH = 3.23) solution was used as solvent in this modification. The 

FAB-hydrogel was soaked in solvent overnight before being immersed in 10 mL 93.2 µM 

Rhodamine-N3 2.12 for 2.5 h (the total Rhodamine-N3 2.12 amount was below the hydrogel’s 

chemical absorption capacity). The hydrogel was then washed three times, the last wash solution 

UV-Vis spectra was collected and there was no absorbance above 250 nm, which indicates the 

washing is complete. The hydrogel showed pink color after Rhodamine modification (Figure 2. 

11a). The hydrogel was then soaked in 0.1% DMSO/phosphate buffer (pH = 7.46) for 2 h. The 
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hydrogel fluorescence changed from pink to green (Figure 2. 11b), which proves the FAM 

modification was untouched after the second modification. The hydrogel was then soaked in 

acidic buffer (0.2% DMSO/HCl/H2O; pH = 3.23) overnight and the hydrogel showed strong pink 

fluorescence under handheld UV light (Figure 2. 11c) which proves the existence of Rhodamine 

modification. This phenomenon indicates that the hydrogel has the ability of multiple 

modifications, and the FAM-RB-hydrogel might be a good candidate for pH indicator. 

 

Figure 2. 11 FAM-RB-Hydrogel 

 

2.7 Stability 

The hydrogel’s stability was tested using FAM-hydrogel by soaking the hydrogel in 0.1% 

DMSO/phosphate buffer (pH = 7.46) and following the fluorophore release over 20 days (Figure 

2. 12). There was no significant fluorophore release in 20 days, which indicates FAM-hydrogels 

are stable under neutral conditions. 
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Figure 2. 12 Accumulated Fluorophore Release within 20 Days 

 

2.8 Conclusion 

We designed a water-soluble bis-ADIBO crosslinker 2.1 to accomplish the efficient gelation 

between azide functionalized alginate Alg-A. The hydrogels were more rigid when azide 

substitution on the alginate backbone was increased. The maximum storage modulus could also 

be manipulated by controlling the ratio between azide substitution and bis-ADIBO 2.1. When 

azide:bis-ADIBO molar ratio is larger than 1:0.5, the hydrogel showed higher stiffness if higher 
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ratio content of bis-ADIBO 2.1 was used. However, the hydrogels were softer when azide:bis-

ADIBO molar ratio was less than 1:0.5. All the alginate hydrogel samples showed very good 

water absorption capability and the SEM images prove the sponge-like structure of these 

hydrogels. Moreover, the hydrogel with azide:bis-ADIBO molar ratio of 1:0.75 retained a 

significant amount of reactive cyclooctyne in the system which is capable to be modified after 

gelation. We also demonstrated that the FAM modified hydrogels remain stable over 20 days. 

The post-modification ability might be useful when the hydrogels are applied in tissue 

engineering or cell culture.  

 

2.9 Experimental Section 

Compound 2.2 – 2.8 and ADIBO-NH2 were prepared following the previously published 

procedure by Popik group12 with slight modifications. 

5H-Dibenzo[a,d][7]annulen-5-one oxime (2.2): hydroxylamine hydrochloride (20.22 g, 

291.3 mmol) and Na2CO3 (11.58 g, 109.2 mmol) was added to 5H-dibenzo[a,d][7]annulen-5-one  

(15.00 g, 72.9 mmol) in 90 mL ethanol. The reaction was then refluxed for 24 h. Then the 

reaction mixture was cooled to room temperature and poured into 50 mL ice-cold 1 M HCl. The 

solution was then filtered and washed with 3*50 mL 1M HCl and 3*50 mL DI water. The crude 

product was left to dry in air for 1 h and then in vacuum for overnight to give the product as 

white solid (14.83 g, 99%). 1H NMR (400 MHz, Chloroform-d) δ 7.73 (s, 1H), 7.50 (d, 1H), 7.33 

(m, 1H), 7.28 – 7.13 (m, 5H), 7.08 (d, 1H), 6.99 (d, 1H), 6.87 (d,1H). 
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(Z)-Dibenzo[b,f]azocin-6(5H)-one 2.3: 63 mL Eaton’s reagent was added to 2.2 (14.83 g, 

71.9 mmol). The reaction was heated in an oil bath to 100 °C for 30 min. The reaction mixture 

color changed from light yellow to dark brown. The hot reaction mixture was poured into 314 g 

crushed ice and mixed with a glass stirring rod to fully quench the Eaton’s reagent. The slurry 

was then filtered and washed with 1200 mL DI water until the filtrate was neutral. The filter cake 

was dried in vacuum, the product was collected as off-white powder (15.49 g, 97%). 1H NMR 

(400 MHz, CDCl3) δ 7.79 (s, 1H), 7.50 (dd, J = 7.6, 1.4 Hz, 1H), 7.36 – 7.29 (m, 2H), 7.26 – 

7.14 (m, 4H), 7.09 (d, J = 7.6 Hz, 1H), 6.99 (d, J = 11.7 Hz, 1H), 6.87 (d, J = 11.6 Hz, 1H). 

(Z)-5,6-Dihydrodibenzo[b,f]azocine 2.4: 2.3 (8.81 g, 39.8 mmol) in 54 mL anhydrous ethyl 

ether was slowly added to a solution of LiAlH4 (3.03 g, 79.8 mmol) in 234 mL anhydrous ethyl 

ether at 0 °C. The mixture was refluxed at 40 °C overnight. And then the reaction was diluted 

with 27 mL methylene chloride and cooled to 0 °C for 30 min before being quenched by 4 mL 

water and kept cool for 15 min. Then 4 mL 4 M NaOH aqueous solution and 10 mL water were 

slowly added to the mixture. Sodium sulfate was added after 30 min stirring until the liquid layer 

appeared clear. The reaction mixture was then filtered, and the solids were washed with EtOAc 

to remove the adsorbed product. The filtrate was evaporated to remove solvent and purified on a 

silica gel column using 10% EtOAc in hexanes to yield the pure product as light-yellow solid 

(5.64 g, 68%). 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.29 (m, 1H), 7.17 – 7.04 (m, 4H), 6.91 (d, 

J = 7.4 Hz, 1H), 6.84 (t, J = 7.6 Hz, 1H), 6.58 (t, J = 7.2 Hz, 1H), 6.53 – 6.47 (m, 2H), 6.34 (d, J 

= 13.0 Hz, 1H), 4.51 (d, J = 17.2 Hz, 2H). 
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3-(2,2,2-Trifluoroacetamido)propanoic acid 2.5: 12.6 mL triethylamine (90 mmol, 1.5 

equiv.) was added to a solution of β-alanine (5.24 g, 60 mmol), ethyl trifluoroacetate (10.8 mL, 

90 mmol, 1.5 equiv.) in 240 mL MeOH. The reaction was then concentrated under vacuum, and 

the residue was co-evaporated with EtOH (20 mL * 3) to remove triethylamine. And then the 

mixture was dried under high vacuumed overnight. The residue was re-dissolved in EtOAc, 

washed with 0.1 M NaH2PO4 (200 mL * 3), brine (100 mL * 2). The organic layer was dried over 

Na2SO4 and concentrated to product as yield white solid (3.18 g, 29%). 1H NMR (400 MHz, 

D2O) δ 3.47 (t, J = 6.3 Hz, 2H), 2.56 (t, J = 6.5 Hz, 2H). 

(Z)-N-(3-(Dibenzo[b,f]azocin-5(6H)-yl)-3-oxopropyl)-2,2,2-trifluoroacetamide 2.6: DCC 

(2.80 g, 13.7 mmol) and catalytic amount of DMAP were added to a solution of 2.5 (2.30 g, 12.3 

mmol) in 75 mL methylene chloride. The mixture was stirred 10 min before a solution of 2.4 

(2.55 g, 12.3 mmol) in 5 mL methylene chloride was added. The reaction was stirred overnight 

and then washed with water and brine. The organic layer was dried over Na2SO4 and 

concentrated, purified on a silica gel column using 40% EtOAc in hexanes to yield product as 

orange solid (3.40 g, 74%). 1H NMR (400 MHz, CDCl3) δ 7.34 (m, 4H), 7.24 – 7.13 (m, 4H), 

6.81 (d, J = 13.0 Hz, 1H), 6.59 (d, J = 12.9 Hz, 1H), 5.56 (d, J = 15.3 Hz, 1H), 4.31 (d, J = 15.2 

Hz, 1H), 3.59 – 3.42 (m, 2H), 2.35 – 2.26 (m, 1H), 2.07 – 1.97 (m, 1H). 

N-(3-(11,12-Dibromo-11,12-dihydrodibenzo[b,f]azocin-5(6H)-yl)-3-oxopropyl)-2,2,2-

trifluoroacetamide 2.7: pyridium hydrobromide perbromide (3.40 g, 10.5 mmol) was added to a 

solution of 2.6 (3.40 g, 9.1 mmol) in 14 mL methylene chloride. The reaction was stirred at room 
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temperature overnight, and then diluted with 230 mL methylene chloride. The organic layer was 

washed by 5% HCl aqueous solution and concentrated Na2S2O3. The organic layer was then 

dried over Na2SO4 and concentrated, purified on a silica gel column using methylene chloride as 

eluent to yield crude product as white flake (4.38 g). The crude product was then recrystallized 

using EtOAc to yield product as white crystals (3.50 g, 72%). 1H NMR (400 MHz, CDCl3) δ 

7.76 (d, J = 7.8 Hz, 1H), 7.62 (s, 1H), 7.27 – 7.17 (m, 2H), 7.09 (t, J = 8.2 Hz, 2H), 6.99 (d, J = 

7.3 Hz, 1H), 6.93 (d, J = 5.5 Hz, 1H), 5.86 (m, 2H), 5.19 (d, J = 10.0 Hz, 1H), 4.22 (d, J = 14.8 

Hz, 1H), 3.64 (m, 2H), 2.68 (m, 1H), 2.40 (m, 1H). 

2.8: a solution of 1 M potassium tert-butoxide in anhydrous tetrahydrofuran (10.9 mmol, 

10.9 mL, 3.3 equiv.) was added dropwise using addition funnel to a solution of 2.7 (1.75 g, 3.3 

mmol) in 8 mL anhydrous tetrahydrofuran at 0 °C. The reaction mixture was then warmed to 

room temperature and stirred overnight before being diluted with ethyl acetate. The mixture was 

washed with brine and the aqueous layer was extracted by EtOAc twice. The organic layers were 

combined and dried over Na2SO4 before being concentrated under vacuum. The crude product 

was purified on a silica gel column using 30% EtOAc in hexanes to yield the product as orange 

solid (1.03 g, 84%). 1H NMR (400 MHz, CDCl3) δ 7.70 (d, J = 7.7 Hz, 1H), 7.47 – 7.31 (m, 7H), 

7.16 (s, 1H), 5.17 (d, J = 13.8 Hz, 1H), 3.76 (d, J = 14.0 Hz, 1H), 3.53 (m, 1H), 3.30 (m, 1H), 

2.55 (m, 1H), 2.00 (m, 1H). 

ADIBO-NH2: a solution of K2CO3 (0.20 g, 1.44 mmol, 5.5 equiv.) in 0.8 mL water was 

added to a solution of 2.8 (0.10 g, 0.26 mmol) in 2.0 mL MeOH. The reaction was stirred at 
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room temperature for overnight. The solvent was then removed under vacuum and residue was 

separated between methylene chloride/EtOAc (1:4) and water. The organic layer was washed 

with brine, dried and concentrated, purified on a silica gel column using 5%-10% MeOH in 

methylene chloride to yield the product as yellow oil (0.04 g, 56%). 1H NMR (400 MHz, CDCl3) 

δ 8.37 (s, 2H), 7.64 (d, J = 8.0 Hz, 1H), 7.54 – 7.29 (m, 7H), 5.12 (d, J = 14.3 Hz, 1H), 3.74 (d, J 

= 13.8 Hz, 1H), 3.17 – 2.89 (m, 3H), 2.03 (m, 1H), 1.42 (m, 1H). 

Bis-ADIBO (2.1): EDTA dianhydride (0.09 g, 0.34 mmol) was added to a solution of 

ADIBO-NH2 (0.20 g, 0.71 mmol, 2.1 equiv.) in 11 mL chloroform. The reaction was stirred at 

room temperature for overnight. Then the solvent was removed under vacuum. The crude 

product was purified on a silica gel column using 50% MeOH in CH2Cl2 to yield product as 

yellow solid (0.15 g, 55%). ESI-MS (negative) Calcd. for C46H44N6O8 [M - H]-: 807.31479. 

Found: 807.31488. 1H NMR (600 MHz, DMSO) δ 8.47 (s, 2H), 7.59 (m, 4H), 7.48 (m, 2H), 7.43 

(m, 2H), 7.35 (m, 4H), 7.29 (m, 2H), 7.17 (m, 2H), 5.03 (d, J = 14.1 Hz, 2H), 3.62 (d, J = 14.1 

Hz, 2H), 3.22 – 3.13 (m, 2H), 3.03 (m, 4H), 2.91 (m, 2H), 2.76 (m, 2H), 2.71 – 2.55 (m, 4H), 

2.33 (m, 4H), 1.81 (m, 2H). 13C NMR (151 MHz, DMSO) δ 173.52, 170.21, 148.78, 132.88, 

128.90, 128.76, 128.61, 128.52, 127.24, 125.68, 122.87, 62.66, 58.79, 55.43, 55.38, 54.63, 40.20, 

35.74, 34.20. 

((Oxybis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl) dimethanesulfonate (2.9): a 

solution of methanesulfonyl chloride (17.60 g, 154.5 mmol, 11.9 mL, 3.0 equiv.) in 90 mL 

methylene chloride was slowly added to a mixture of triethylamine (19.8 mL, 15.60 g, 154.5 
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mmol, 3.0 equiv.) and tetraethylene glycol (10.00 g, 51.5 mmol) in 30 mL methylene chloride. 

The mixture was stirred at 0°C for 2 h and then at room temperature for overnight. The reaction 

was then washed with 3% HCl aqueous solution (130 mL) and then brine (130 mL), extracted 

with methylene chloride (130 mL). The procedure was repeated 3 times, the organic layer was 

dried over Na2SO4 and then in vacuum to yield dimesylated product as yellow oil (18.05 g, 

100%). 1H NMR (400 MHz, CDCl3) δ 4.31 (m, 4H), 3.73 – 3.68 (m, 4H), 3.61 – 3.55 (m, 8H), 

3.01 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 70.67, 70.54, 69.21, 69.05, 37.69. 

1-Azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethane (2.10): sodium azide (9.42 g, 144.0 

mmol, 5.0 equiv.) was added to a solution of 2.9 (10.00 g, 28.5 mmol) in 170 mL 

dimethylformamide. The reaction was stirred at 65°C overnight before being diluted with 270 

mL EtOAc and washed with water and brine. The organic layer was dried over Na2SO4 and 

concentrated to yield the product as pale oil (5.79 g, 83%). 1H NMR (400 MHz, CDCl3) δ 3.64 – 

3.57 (m, 12H), 3.32 (t, J = 5.0 Hz, 4H). 13C NMR (101 MHz, CDCl3) δ 70.74, 70.05, 50.71. 

2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethan-1-amine (2.11): 113 mL 5% HCl aqueous 

solution was added with vigorous stirring to a solution of 2.10 (11.10 g, 45.7 mmol) in 53 mL 

Et2O at room temperature. A solution of triphenyl phosphine (10.72 g, 41.1 mmol, 0.9 equiv.) in 

53 mL Et2O was slowly added to the mixture using an addition funnel. The mixture was then 

allowed to react at room temperature for 24 h. The reaction mixture was washed with EtOAc 

(200 mL*3) to remove the unreacted starting materials and triphenylphosphine oxide that was 

formed during the reaction. The aqueous layer was collected, cooled to 0°C, and concentrated 
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before KOH aqueous solution was added to it until the pH of the solution was basic (pH ~12). 

The product was extracted from the aqueous layer by washing with methylene chloride three 

times. The organic layer was dried over Na2SO4 and concentrated under vacuum to yield the 

product as pale-yellow oil (7.18 g, 80%). ESI-MS (positive) Calcd. for C8H18N4O3 [M + H]+: 

219.14517. Found: 219.14513. 1H NMR (400 MHz, CDCl3) δ 3.71 – 3.61 (m, 12H), 3.52 (t, J = 

5.2 Hz, 2H), 3.40 (t, J = 5.0 Hz, 2H), 2.87 (t, J = 5.2 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 

73.44, 70.73, 70.68, 70.66, 70.30, 70.05, 50.70, 41.80. 

Alg-A: sodium alginate (very low viscosity) (2.00 g, 9.8 mmol) was dissolved in 65 mL DI 

water to a concentration of 3.0 wt.%. The pH of the solution was adjusted to 3.4 using 0.4 M HCl 

aqueous solution (~5 mL), and the solution was then diluted to 2.0 wt.% using DI water. Next, an 

aqueous solution of EDC · HCl (NEDC HCl/NNaAlg = 0.5, 0.7, 0.9) (0.94 g, 4.9 mmol;1.32 g, 6.9 

mmol; 1.69 g, 8.8 mmol) in 2 mL DI water and catalytic amount of DMAP were slowly added to 

the system, and the pH of the reaction was maintained at 3.4 by the addition of 0.4 M HCl 

aqueous solution (~4 mL). After 5 min reaction, a solution of 2-3 (N2-3/NNaAlg = 2.0) (4.33 g, 19.6 

mmol) in 5 mL DI water was added and the mixture was stirred at 35 °C for 24 h. The product 

was precipitated three times using acetone before being freeze-dried for 24 h to yield the product 

as white powder (1.56 g). 

2-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-3',6'-

bis(diethylamino)spiro[isoindoline-1,9'-xanthen]-3-one (2.12): EDC · HCl (0.81 g, 4.2 mmol, 

2.0 equiv.) and catalytic amount of DMAP (0.26 g, 2.1 mmol, 1.0 equiv.) were added to a 
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solution of Rhodamine B (1.00 g, 2.1 mmol) and 2.11 (0.92 g, 4.2 mmol, 2.0 equiv.) in 30 mL 

anhydrous methylene chloride. The reaction was stirred at room temperature for overnight before 

washed with 1 M HCl, 1 M NaHCO3 and brine. The organic layer was dried over Na2SO4 and 

concentrated under vacuum to yield product as purple oil (0.75 g, 56%). ESI-MS (positive) 

Calcd. for C36H46N6O5 [M + H]+: 643.3603. Found: 643.3595. 1H NMR (600 MHz, CDCl3) δ 

7.89 (dd, J = 5.5, 2.8 Hz, 1H), 7.44 – 7.40 (m, 2H), 7.06 (dd, J = 5.5, 2.7 Hz, 1H), 6.43 (d, J = 

8.7 Hz, 2H), 6.37 (s, 2H), 6.26 (d, J = 8.0 Hz, 2H), 3.64 – 3.61 (m, 2H), 3.61 – 3.57 (m, 4H), 

3.51 – 3.48 (m, 2H), 3.40 – 3.37 (m, 2H), 3.36 – 3.31 (m, 12H), 3.17 (t, J = 7.4 Hz, 2H), 1.16 (t, 

J = 6.9 Hz, 12H). 13C NMR (151 MHz, CDCl3) δ 168.20, 153.20, 148.72, 132.47, 132.19, 

130.95, 128.89, 128.71, 128.06, 127.76, 123.92, 123.57, 122.70, 108.10, 107.93, 105.49, 97.84, 

97.64, 77.21, 77.00, 76.79, 70.60, 70.46, 69.93, 67.76, 50.63, 44.34, 39.24, 12.79, 12.65, 12.52, 

12.38.  

Alg-A Gelation: 80.0 mg Alg-A was dissolved in 1.5 mL DI water to a concentration of 53 

mg/mL (w/v). Bis-ADIBO 2.1 was dissolved in 0.4 mL DMSO and then diluted with 0.1 mL DI 

water just before use. These two solutions were mixed in a 3:1 (v/v) ratio to yield hydrogels with 

4% (w/w) Alg-A. The amount for each reagent is listed below (Table 2. 1, Table 2. 2, Table 2.3). 

Table 2. 1 Reagents Amount (Alg-A with azide/bis-ADIBO 2.1 = 1:0.3) 

 Alg-A Repeating 

Units (mmol) 

Azides on Alg-A 

(mmol) 

Bis-ADIBO 2.1 

(mg) 

Bis-ADIBO 2.1 

(mmol) 
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Alg-A1 0.286 0.044 8.1 0.010 

Alg-A2 0.293 0.057 13.8 0.017 

Alg-A3 0.271 0.064 15.6 0.019 

 

Table 2. 2 Reagents Amount (Alg-A with azide/bis-ADIBO 2.1 = 1:0.45) 

 Alg-A Repeating 

Units (mmol) 

Azides on Alg-A 

(mmol) 

Bis-ADIBO 2.1 

(mg) 

Bis-ADIBO 2.1 

(mmol) 

Alg-A1 0.286 0.044 16.1 0.020 

Alg-A2 0.293 0.057 20.9 0.026 

Alg-A3 0.271 0.064 23.4 0.029 

 

Table 2. 3 Reagents Amount (Alg-A with azide/bis-ADIBO 2.1 = 1:0.75) 

 Alg-A Repeating 

Units (mmol) 

Azides on Alg-A 

(mmol) 

Bis-ADIBO 2.1 

(mg) 

Bis-ADIBO 2.1 

(mmol) 

Alg-A1 0.286 0.044 26.7 0.033 

Alg-A2 0.293 0.057 34.6 0.043 

Alg-A3 0.271 0.064 38.8 0.048 

 

Rheometer Setups: Rheological characterization was performed using a DHR2 rheometer 
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fitted with 25.0 mm parallel plate. 363 L Alg-A solution and 121 L bis-ADIBO 2.1 solutions 

were introduced on the bottom plate. A solvent trap was used to prevent sample dehydration. The 

solutions were mixed at 200.0 1/s shear rate for 60 s at 0 °C. The sample was equilibrated for 5 s 

before the temperature ramp was performed at 20.0 °C/min ramp rate, 10.0 rad/s angular 

frequency, and 10.0 % strain. The sample was equilibrated for 10 s before the time sweep was 

performed at 10.0 rad/s angular frequency, 10.0 % strain, 25 °C, and 1000 m gap distance. 

These parameters are within the linear viscoelastic range for this hydrogel. 
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CHAPTER 3 

IN SITU CROSS-LINKABLE HYDROGEL VIA PHOTO-CLICK CHEMISTRY 

3.1 Introduction 

Covalently crosslinked hydrogels offer advantages such as tunable porosity, long-term 

stability, and ease of functionalization. Photo-induced crosslinking has attracted great attention 

among all the covalent gelation methods because of its unique features.1-3 Photochemistry 

permits a high production rate, mild conditions, and accurate spatio-temporal control.4, 5 Photo-

initiated polymerization and photo-click chemistry are two significant types of photo-induced 

gelation. However, the photo-initiated polymerization requires the addition of a photoinitiator 

which might have potential toxicity of cell activity. Photo-click chemistry provides high 

selectivity and rapid reaction rate without adding catalyst or generation of by-product. This 

crosslinking strategy has been used for a lot of applications such as cell culture,6, 7 drug delivery,8 

wound dressing material.9, 10 

In this project, we covalently linked azadibenzocyclooctyne (ADIBO) and cyclopropenone-

masked dibenzocyclooctyne to make a photo-induced crosslinker for azide functionalized 

alginate (Alg-A). The crosslinker could be decorated on the alginate backbone before gelation, 

thus the mixing could be avoided before crosslinking. This photosensitive crosslinker could be 
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activated under 350 nm UV light to reveal the reactive cyclooctyne. The crosslinking density can 

be easily controlled by the duration of irradiation or light intensity. The resulting hydrogels are 

promising candidates for cell culture and wound dressing materials. 

 

3.2  Photo-Induced Crosslinker Design and Synthesis 

A reactive cyclooctyne unit and a cyclopropenone masked cyclooctyne unit were conjugated 

to build a photo-induced crosslinker. We synthesized the crosslinker by covalent conjugating 

ADIBO-NH2 and cyclopropenone masked ADIBO. The preparation of photo-ADIBO 3.4 

followed the procedure published before.11 The synthesis started from the indirect reductive 

amination using commercially available 3-methoxybenzaldehyde and 3-methoxyaniline to give 

3.1, which is further coupled with 3.5 to yield 3.2. The carboxylic acid is deprotected by 

hydrolysis before the double Friedel-Crafts alkylation with tetrachlorocyclopropene in the 

presence of aluminum chloride to yield 3.4. The ADIBO-NH2 was coupled with 3.4 by 

carbodiimide chemistry to yield crosslinker 3.6 (Scheme 3. 1). 
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Scheme 3. 1 Synthesis of 3.6 

 

3.3  Photo-Induced Alginate Gelation 

The photo-induced gelation of Alg-A started from the conjugation with 3.6 to yield photo-

ADIBO-Alg. The Alg-A solution in DI water and the 3.6 solution in DMSO/DI water were 

stirred at room temperature overnight before lyophilization (Scheme 3. 2). 
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Scheme 3. 2 Synthesis of Photo-ADIBO-Alg 

The lyophilized photo-ADIBO-Alg was redissolved in DI water to make a 2% (w/w) 

alginate solution for the photo-induced gelation (Scheme 3. 3).  
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Scheme 3. 3 Photo-Induced Alginate Gelation 

The photo-ADIBO-Alg solution was irradiated by 350 nm UV light followed by 3 min 

incubation at r.t. to complete the gelation (Figure 3. 1). 

 

Figure 3. 1 Photo-Induced Alginate Gelation 
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3.4  Future Work and Conclusion 

We built a photo-induced crosslinker to achieve the alginate gelation. This crosslinking 

strategy could avoid the non-homogenous gelation. The organic solvent can also be avoided in 

crosslinking. The crosslinking density of this hydrogel could be controlled by the crosslinker’s 

ratio, and the duration of irradiation or light intensity. This photo-induced hydrogel is a good 

candidate for the wound dressing material. The hydrogel mechanical properties and morphology, 

as well as swelling, are under investigation. 

 

3.5  Experiment Section 

Compound 3.1 – 3.4 were prepare following the procedure published before.11 

3-Methoxy-N-(3-methoxybenzyl)aniline 3.1: 3-methoxybenzaldehyde (22.12 g, 162.0 

mmol) was added to a solution of 3-methoxyaniline (20.00 g, 162.0 mmol) in 460 mL MeOH. 

After stirring for 3 h at room temperature, NaBH4 (18.39 g, 486.0 mmol, 3.0 equiv.) was slowly 

added at 0 °C. The resulting solution was stirred at 0 °C for another 30 minutes. The solvent was 

then removed by vacuum to give brown oil which was redissolved in ethyl acetate before being 

washed by saturated ammonium chloride aqueous solution. The organic layer was then dried 

over Na2SO4 and concentrated in vacuum before being purified on a silica gel column using 10% 

EtOAc in hexanes to give the product as clear oil (25.6 g, 65%). 1H NMR (400 MHz, CDCl3) δ 

10.00 (s, 2H), 7.50 – 7.45 (m, 4H), 7.42 (d, J = 2.1 Hz, 2H), 7.20 (m, 2H), 3.89 (s, 6H). 
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Methyl 4-((3-methoxybenzyl)(3-methoxyphenyl)amino)-4-oxobutanoate 3.2: EDC · HCl 

(0.81 g, 4.2 mmol, 2 equiv.) and catalytic amount of DMAP were added to a solution of 3.5 (0.55 

g, 4.2 mmol, 2 equiv.) in 8.1 mL methylene chloride. The mixture was stirred 10 min before a 

solution of 3.1 (0.50 g, 2.1 mmol) in 4.6 mL methylene chloride was added. The reaction was 

stirred at room temperature for overnight before washing by brine. The organic layer was then 

dried over Na2SO4 and concentrated under vacuum before purified on a silica gel column using 

50% EtOAc in hexanes to yield product as clear oil (0.40 g, 53%). 1H NMR (400 MHz, CDCl3) δ 

7.20 – 7.07 (m, 2H), 6.77 (m, 1H), 6.70 (m, 3H), 6.58 (d, J = 7.8 Hz, 1H), 6.51 (s, 1H), 4.77 (s, 

2H), 3.69 (s, 3H), 3.65 (s, 3H), 3.60 (s, 3H), 2.57 (t, J = 6.7 Hz, 2H), 2.33 (t, J = 6.6 Hz, 2H). 

4-((3-Methoxybenzyl)(3-methoxyphenyl)amino)-4-oxobutanoic acid 3.3: a solution of 

potassium hydroxide (0.12 g, 2.2 mmol, 2 equiv.) in 2.2 mL DI water was added to a solution of 

3.2 (0.40 g, 1.1 mmol) in 1.7 mL tetrahydrofuran. The reaction was stirred at room temperature 

for 1 h before being quenched by 1 M HCl aqueous solution until the pH was under 7 and 

extracted by EtOAc. The organic layer was washed by brine, dried over Na2SO4, and 

concentrated under vacuum before being purified on a silica gel column using 50% acetone in 

hexanes to yield the product as clear oil (0.18 g, 48%). 1H NMR (400 MHz, CDCl3) δ 7.30 – 

7.16 (m, 2H), 6.88 (m, 1H), 6.83 – 6.76 (m, 3H), 6.67 – 6.62 (m, 1H), 6.57 (m, 1H), 4.87 (s, 2H), 

3.76 (s, 3H), 3.74 (s, 3H), 2.72 – 2.66 (m, 2H), 2.47 – 2.40 (m, 2H). 

4-(4,9-Dimethoxy-1-oxo-1,7-dihydro-6H-dibenzo[b,f]cyclopropa[d]azocin-6-yl)-4-

oxobutanoic acid 3.4: tetrachlorocyclopropene (1.43 mL, 2.07 g, 11.5 mmol, 1.0 equiv.) was 
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added to a suspension of aluminum chloride (5.37 g, 40.3 mmol, 3.5 equiv.) in 247 mL CH2Cl2 

and stirred in room temperature for 10 min. The suspension was transferred to -78 °C and stirred 

for further 5 min before a solution of 3.3 (4.00 g, 11.5 mmol) in 13 mL CH2Cl2 was added 

dropwise. The reaction mixture was stirred at -78 °C for 4 h followed by stirring at room 

temperature for overnight. The reaction was then quenched by 165 mL 5% HCl aqueous solution, 

washed with water and brine and concentrated under vacuum. The crude product was then 

purified on a silica gel column using acetone and recrystallized using EtOAc to yield pure 

product as white solid (1.75 g, 39%). 1H NMR (400 MHz, DMSO) δ 7.93 (dd, J = 8.5, 4.5 Hz, 

1H), 7.76 (d, J = 8.5 Hz, 1H), 7.36 (d, J = 2.5 Hz, 1H), 7.26 (d, J = 2.4 Hz, 1H), 7.20 (dd, J = 

8.6, 2.5 Hz, 1H), 7.07 (dd, J = 8.5, 2.6 Hz, 1H), 5.04 (d, J = 14.5 Hz, 1H), 4.26 (d, J = 14.4 Hz, 

1H), 3.91 (s, 3H), 3.89 (s, 3H), 2.70 – 2.60 (m, 1H), 2.34 (m, 2H), 1.89 (m, 1H). 

4-Methoxy-4-oxobutanoic acid (3.5): succinic anhydride (15.00 g, 149.9 mmol) in 75 mL 

MeOH was refluxed overnight. The solvent was removed under vacuum to yield the product as 

white crystal. The product was used for the next step without further purification. 1H NMR (400 

MHz, CDCl3) δ 3.64 (d, J = 3.0 Hz, 3H), 2.65 – 2.61 (m, 2H), 2.57 (m, 2H). 

 3.6: EDC · HCl (0.18 g, 1.0 mmol, 1.2 equiv.) and catalytic amount of DMAP were added to 

a solution of 3.4 (0.38 g, 1.0 mmol, 1.2 equiv.) in 4 mL methylene chloride. The mixture was 

stirred at room temperature for 10 min before a solution of ADIBO-NH2 (0.22 g, 0.8 mmol) in 6 

mL methylene chloride and 10 mL DMF before stirring at room temperature overnight. The 

solvent was removed under vacuum, and the residue was redissolved in methylene chloride 
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before being washed by brine. The organic layer was dried over Na2SO4, purified on a silica gel 

column using 5% MeOH in CH2Cl2 to yield the product as yellow oil (0.17 g, 26%). ESI-MS: 

m/z = 652.2 [M + H]+, 674.2 [M + Na]+, 690.2 [M + K]+. 
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CHAPTER 4 

PHOTOCLEAVABLE AMPHIPHILIC BLOCK COPOLYMERS 

4.1  Introduction 

Interest is growing in the design of light-responsive amphiphilic block copolymers (BCP).1-4 

Block copolymers contain two or more covalently linked homopolymer subunits. The 

amphiphilic block copolymers tend to self-assemble into various types of morphologies 

including micelles in aqueous solution. The driving force of micelles formation is the 

hydrophobic effect induced by hydrophobic blocks in an aqueous solution.5-7 These 

nanostructures have been grown for use in drug encapsulation and controlled delivery.8-11 

Recently, photocleavable nanostructures have gained growing attention.12-17 The photo-

responsive system could be selectively degraded by incorporation of the photocleavable units in 

the block copolymers. And light triggering promises the precise temporal and spatial control over 

other stimuli. 

In this project, we designed a photo-cleavable linker as the amphiphilic copolymers joint 

point. The linker was built by incorporating propargyl group decorated o-naphthoquinone 

methides precursor (o-NQMP) and azadibenzocyclooctyne (ADIBO). The azide functionalized 

polymers could then be easily installed sequentially by copper(I)-catalyzed azide-alkyne 
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cycloaddition (CuAAC) and strain-promoted azide-alkyne cycloaddition (SPAAC). The resulting 

copolymers could be cleaved by UV light at ambient conditions. This block copolymer system 

could be a good candidate for drug-loaded micelles to achieve photo-responsive drug release. 

 

4.2  Photocleavable Linker Design and Synthesis 

In this project, the synthesis procedure of ADIBO acid 4.4 was modified from the previously 

published procedure (Scheme 4. 1).18 The EDC coupling between compound 2.4 and compound 

3.5 yielded compound 4.1. The carboxylic acid was deprotected by potassium hydroxide to 

provide compound 4.2, which was then brominated to deliver 4.3. ADIBO acid 4.4 was 

synthesized by eliminating 4.3. The last step of this synthesis pathway requires extremely pure 

potassium tert-butoxide, which increases the synthesis difficulty for this scheme. 

 

Scheme 4. 1 Synthesis of ADIBO Acid 4.4 

The o-naphthoquinone methides precursor (o-NQMP) was incorporated with the propargyl 
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group in this project. A linker 4.6 was synthesized for the o-NQMP functionalization. 

Tetraethylene glycol was decorated with the propargyl group before tosylation to yield the linker 

4.6. The o-NQMP was prepared from 3,5-dihydroxy-2-naphthoic acid methylation to yield 

compound 4.7. Lithium aluminium hydride (LAH) reduction was followed to give diol 4.8 which 

was protected using 2,2-dimethoxypropane (DMP) to yield compound 4.9. The linker 4.6 was 

installed on 4.9 to yield a propargyl group decorated 4.10. The protected diol was then revealed 

by Amberlyst-15 before diethylene glycol was incorporated. The compound 4.12 was brominated 

before azide substitution. The resulting 4.15 was synthesized in a high yield by reducing 

compound 4.14 with the help of LAH (Scheme 4. 2). This part of the synthesis collaborated with 

Dr. Nannan Lin. 
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Scheme 4. 2 Synthesis of 4.16 

The photocleavable linker was synthesized by incorporating propargyl functionalized o-

NQMP 4.15 and ADIBO acid 4.4 via carbodiimide coupling (Scheme 4. 3). 
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Scheme 4. 3 Synthesis of Photocleavable Linker 4.16 

 

4.3  Hydrophilic and Hydrophobic Polymer Design and Synthesis 

Poly(ethylene glycol) monomethyl ether (mPEG) was chosen as the hydrophilic polymer in 

this project. PEG has been approved by the United States Food and Drug Administration (FDA) 

for medical use and it shows high aqueous solubility, low protein absorption, and low cell 

adhesion.19 The PEG was decorated with azide groups for the installation on a photocleavable 

linker (Scheme 4. 4). The mPEG-OH was mesylated to yield mPEG-OMs before the azide 

substitution to afford mPEG-N3. 

 

Scheme 4. 4 Synthesis of mPEG-N3 

Polycaprolactone (PCL) was chosen as the hydrophobic polymer for this project. The 

synthesis of PCL-N3 started from ring-opening polymerization (ROP) using Tin (II) 2-

ethylhexanoate followed by azide functionalization (Scheme 4. 5). This part of the synthesis 

collaborated with Dr. Yutian Ke. 
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Scheme 4. 5 Synthesis of PCL-N3 

 

4.4  Photocleavable Block Copolymer Design and Synthesis 

mPEG-N3 was clicked on 4.16 by mixing in dark for overnight and the resulting 4.17 was 

precipitated out using ethyl ether. The next equivalent of mPEG-N3 will be clicked on 4.17 with 

the help of the Cu (I) catalyst in future work (Scheme 4. 6). 

 

Scheme 4. 6 Photo Cleavable Block Copolymer Synthesis                                                                                                                                                    

 

4.5  Future Work and Conclusion 

We successfully synthesized a photocleavable linker for amphiphilic copolymers installation.                                                                                                                                                                                              
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CuAAC. 

The amphiphilic block copolymer synthesis and the copolymer’s photocleavage behavior are 

still under investigation. 

 

4.6  Experiment Section 

Compound 4.1 – 4.4 were prepared following published procedure.18 

Methyl (Z)-4-(dibenzo[b,f]azocin-5(6H)-yl)-4-oxobutanoate 4.1: EDC · HCl (10.30 g, 

53.8 mmol, 2.0 equiv.) and catalytic amount of DMAP was added to a solution of 3.5 (7.11 g, 

53.8 mmol, 2.0 equiv.) in 53 mL CH2Cl2. The mixture was stirred for 10 min before a solution of 

2.4 (5.60 g, 27.0 mmol) in 53 mL CH2Cl2 was added. The reaction was stirred at room 

temperature for overnight before washed by brine. The organic layer was dried over Na2SO4 

before purified on a silica gel column using 10%-30% EtOAc in hexanes to yield product as 

white crystals (3.65 g, 42%). 1H NMR (400 MHz, CDCl3) δ 7.20 – 7.03 (m, 8H), 6.73 (d, J = 

12.9 Hz, 1H), 6.55 (d, J = 12.9 Hz, 1H), 5.45 (d, J = 15.0 Hz, 1H), 4.19 (d, J = 15.1 Hz, 1H), 3.55 

(s, 3H), 2.58 – 2.49 (m, 1H), 2.38 (m, 2H), 1.94 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 173.50, 

170.92, 140.55, 136.53, 135.89, 134.63, 132.71, 131.88, 130.92, 130.22, 128.61, 128.32, 128.08, 

127.36, 127.01, 54.55, 51.70, 29.61, 29.08. 

(Z)-4-(Dibenzo[b,f]azocin-5(6H)-yl)-4-oxobutanoic acid 4.2: A solution of potassium 

hydroxide (0.39 g, 7.0 mmol, 2.0 equiv.) in 7.0 mL DI water was added to a solution of 4.1 (1.13 

g, 3.5 mmol) in 5.4 mL tetrahydrofuran. The reaction was stirred at room temperature for 1 h 
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before quenched by 1 M HCl until the pH was under 7 and extracted by EtOAc. The organic 

layer was washed by brine, dried over Na2SO4, and concentrated under vacuum before purified 

on a silica gel column using 66% EtOAc in hexanes to yield product as colorless oil (0.51 g, 

47%). 1H NMR (400 MHz, CDCl3) δ 7.25 – 7.20 (m, 3H), 7.19 – 7.03 (m, 5H), 6.76 – 6.71 (m, 

1H), 6.57 – 6.52 (m, 1H), 5.46 (d, J = 15.1 Hz, 1H), 4.23 (d, J = 15.1 Hz, 1H), 2.58 – 2.44 (m, 

2H), 2.43 – 2.30 (m, 1H), 1.98 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 176.14, 171.92, 140.01, 

136.44, 135.82, 134.06, 132.95, 131.81, 130.85, 130.15, 128.75, 128.41, 128.02, 127.45, 127.24, 

124.16, 54.62, 29.73, 29.57. 

4-(11,12-Dibromo-11,12-dihydrodibenzo[b,f]azocin-5(6H)-yl)-4-oxobutanoic acid 4.3: a 

solution of Br2 (0.16 mL, 0.50 g, 3.2 mmol, 1.3 equiv.) in 0.6 mL CH2Cl2 was slowly added to a 

solution of 4.2 (0.72 g, 2.4 mmol) in 10.1 mL CH2Cl2 at 0 °C. The reaction was stirred at 0 °C 

for 1 h (the reaction was followed by 1H NMR and monitored the disappearance of the peak at ~ 

6.7 ppm) before being worked up by being quenched with Na2SO3 aqueous solution (0.20 g in 

1.44 mL DI water) and washed with water. The organic layer was washed with 1 M H3PO4, 

brine, and dried over Na2SO4. The solvent was removed under vacuum to yield the product as 

green foam (1.03 g, 92%). The crude product was put into the next step without any further 

purification. Since compound 4.3 is unstable, it should be eliminated on the same day as it is 

prepared.  

4.4: A solution of 4.3 (1.03 g, 2.2 mmol) in 4.4 mL anhydrous tetrahydrofuran was cooled at 

-78 °C for 5 min before the addition of 4 M KOtBu solution in anhydrous tetrahydrofuran (2.8 
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mL, 11.0 mmol, 5.0 equiv., pre-cooled in -78 °C). The reaction was stirred at -78 °C for 2 h 

before diluted with 8 mL ethyl ether and washed with 1 M H3PO4, brine, dried over Na2SO4, and 

filtered. The solvent was then removed by rotary evaporation without a heating bath. Once most 

of the solvent has been removed, 4.4 began to precipitate into the solution as off-white crystals. 

At the onset of crystal formation, the flask was removed from the rotary evaporator and 8 mL 

ethyl ether was added, and the product was left to crystallize at -20 °C overnight. The product 

was then filtered and washed with small aliquots of ice-cold ethyl ether to yield 4.4 as white 

crystals (0.29 g, 43%). 1H NMR (400 MHz, DMSO) δ 11.99 (s, 1H), 7.65 (m, 2H), 7.56 – 7.45 

(m, 3H), 7.41 – 7.25 (m, 3H), 5.04 (d, J = 14.0 Hz, 1H), 3.63 (d, J = 14.0 Hz, 1H), 2.60 (dt, J = 

16.6, 7.0 Hz, 1H), 2.30 (dt, J = 17.1, 6.9 Hz, 1H), 2.19 (m, 1H), 1.84 – 1.73 (m, 1H). 

2-(2-(2-(Prop-2-yn-1-yloxy)ethoxy)ethoxy)ethan-1-ol 4.5: potassium t-butoxide (1.57 g, 

14.0 mmol, 0.7 equiv.) was added to a solution of triethylene glycol (3.00 g, 20.0 mmol) in 80 

mL anhydrous tetrahydrofuran at 0 °C. The mixture was stirred at 0 °C for 30 min before a 

solution of propargyl bromide (2.0 mL, 2.67 g, 80% in toluene, 18.0 mmol, 0.9 equiv.) in 27 mL 

anhydrous tetrahydrofuran was added dropwise. The reaction was stirred at room temperature for 

overnight before filtered by celite and purified on a silica gel column using EtOAc to yield 

product as yellow oil (2.15 g, 82%). ESI-MS: m/z = 189.2 [M+H]+, 211.2 [M+Na]+. 1H NMR 

(400 MHz, CDCl3) δ 4.19 (d, J = 2.4 Hz, 2H), 3.73 – 3.63 (m, 11H), 3.59 (dd, J = 5.3, 3.8 Hz, 

2H), 2.73 (s, 1H). 

2-(2-(2-(Prop-2-yn-1-yloxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate 4.6: a 
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solution of NaOH (1.60 g, 40.0 mmol) in 26 mL water was added to a solution of 4.5 (2.15 g, 

11.4 mmol) in 17 mL tetrahydrofuran at 0 °C. And then a solution of TsCl (3.91 g, 20.5 mmol, 

1.8 equiv.) in 9 mL tetrahydrofuran was added to the mixture. The reaction was then warmed to 

room temperature and stirred overnight. The reaction was extracted by 176 mL EtOAc and 

washed by water and brine. The organic layer was dried over Na2SO4, concentrated under 

vacuum to yield product as light-yellow oil (2.33 g, 60%). ESI-MS: m/z = 343.2 [M+H]+, 365.2 

[M+Na]+, 381.3 [M+K]+. 1H NMR (400 MHz, CDCl3) δ 7.76 – 7.71 (m, 2H), 7.28 (m, 2H), 4.16 

– 4.08 (m, 4H), 3.68 – 3.56 (m, 8H), 2.38 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 144.79, 

133.05, 129.83, 128.00, 79.64, 74.55, 70.76, 70.57, 70.45, 69.24, 69.10, 68.71, 58.41, 21.65. 

Methyl 3,5-dihydroxy-2-naphthoate 4.7: 10 mL concentrated H2SO4 was added drop 

wisely to a solution of 3,5-dihydroxy-2-naphthoic acid (8.00 g, 39.2 mmol) in 200 mL MeOH. 

The mixture was refluxed for 2 d before being precipitated in 1 L ice water. The precipitates were 

collected via suction filtration as yellow solid (8.40 g, 100%). 1H NMR (400 MHz, CDCl3) δ 

10.36 (s, 1H), 8.40 (s, 1H), 7.56 (s, 1H), 7.35 (d, J = 8.3 Hz, 1H), 7.09 (t, J = 7.9 Hz, 1H), 6.78 

(d, J = 7.4 Hz, 1H), 5.14 (s, 1H), 3.96 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 170.27, 156.13, 

150.03, 132.22, 129.12, 128.30, 123.74, 121.92, 114.63, 111.18, 106.26, 52.63. 

6-(Hydroxymethyl)naphthalene-1,7-diol 4.8: a solution of 4.7 (5.00 g, 22.9 mmol) in 50 

mL anhydrous ethyl ether was slowly added to a solution of LAH (2.17 g, 57.3 mmol, 2.0 equiv.) 

in 47 mL anhydrous ethyl ether at 0°C. The reaction was slowly warmed up to room temperature 

and stirred overnight before being quenched by 1 M HCl and extracted with EtOAc. The organic 
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layer was washed by brine, dried over Na2SO4, concentrated, and purified on a silica gel column 

using 10% MeOH in CH2Cl2 to yield the product as yellow solid (2.97 g, 68%). ESI-MS: m/z = 

189.0 [M-H]-. 1H NMR (400 MHz, DMSO) δ 9.74 (s, 1H), 9.67 (s, 1H), 7.70 (s, 1H), 7.36 (s, 

1H), 7.19 (t, J = 5.6 Hz, 1H), 7.05 – 7.00 (m, 1H), 6.73 – 6.69 (m, 1H), 4.61 (s, 2H). 13C NMR 

(101 MHz, DMSO) δ 152.58, 152.06, 132.16, 129.55, 125.52, 125.16, 123.25, 118.61, 107.83, 

103.47, 59.08. 

2,2-Dimethyl-4H-naphtho[2,3-d][1,3]dioxin-9-ol 4.9: 2,2-dimethoxypropane (1.7 mL, 1.41 

g, 13.5 mmol, 2.7 equiv.) and catalytic amount of TsOH was added to a solution of 4.8 (0.95 g, 

5.0 mmol) in 30 mL anhydrous acetone. The mixture was stirred at room temperature for 

overnight before being neutralized with 1.5 mL triethylamine. The solvent was then removed 

under vacuum and the residue was redissolved in 30 mL EtOAc and washed with water and 

brine, dried over Na2SO4, concentrated, and purified on a silica gel column using 20% EtOAc in 

hexanes to yield product as light brown solid (0.58 g, 50%). ESI-MS: m/z = 229.0 [M-H]-. 1H 

NMR (400 MHz, CDCl3) δ 7.57 (s, 1H), 7.47 (s, 1H), 7.34 (d, J = 8.3 Hz, 1H), 7.17 (dd, J = 8.2, 

7.5 Hz, 1H), 6.76 (dd, J = 7.4, 0.6 Hz, 1H), 5.10 (m, 2H), 1.63 (s, 6H). 13C NMR (101 MHz, 

CDCl3) δ 150.40, 149.51, 129.77, 124.86, 123.68, 123.37, 121.72, 120.10, 108.33, 106.38, 99.88, 

61.21, 24.98. 

2,2-Dimethyl-9-(2-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethoxy)ethoxy)-4H-naphtho[2,3-

d][1,3]dioxine 4.10: K2CO3 (0.94 g, 6.8 mmol, 2.0 equiv.) and a solution of 4.6 (1.30 g, 3.8 

mmol, 1.1 equiv.) in 5 mL DMF were added to a solution of 4.9 (0.79 g, 3.4 mmol) in 17 mL 
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DMF. The mixture was stirred at 90 °C for overnight. The reaction was then separated between 

EtOAc and water. The organic layer was washed with water and brine, dried over Na2SO4, 

concentrated, and purified on a silica gel column using 20% EtOAc in hexanes to yield product 

as brown oil (0.82 g, 60%). ESI-MS: m/z = 423.3 [M+Na]+. 1H NMR (400 MHz, CDCl3) δ 7.68 

(s, 1H), 7.45 (s, 1H), 7.32 (d, J = 8.3 Hz, 1H), 7.25 – 7.20 (m, 1H), 6.75 (d, J = 7.4 Hz, 1H), 5.09 

(s, 2H), 4.32 – 4.28 (m, 2H), 4.23 (d, J = 2.4 Hz, 2H), 4.03 – 3.98 (m, 2H), 3.83 (dd, J = 5.8, 3.5 

Hz, 2H), 3.76 – 3.72 (m, 6H), 2.44 (t, J = 2.4 Hz, 1H), 1.62 (s, 6H). 

3-(Hydroxymethyl)-8-(2-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethoxy)ethoxy)naphthalen-2-

ol 4.11: 0.22 g amberlyst-15 ion exchange resin was added to a solution of 4.10 (0.22 g, 0.5 

mmol) in 3 mL MeOH. The reaction was stirred at room temperature for overnight. The solid 

phase was removed by filtration before concentrated and purified on a silica gel column using 

40% EtOAc in hexanes to yield product as yellow oil (0.14 g, 78%). ESI-MS: m/z = 359.2 [M-

H]-. 1H NMR (400 MHz, CDCl3) δ 7.74 (s, 1H), 7.60 (s, 1H), 7.38 (d, J = 8.2 Hz, 1H), 7.25 – 

7.20 (m, 1H), 6.83 (d, J = 7.1 Hz, 1H), 4.96 (s, 2H), 4.30 (m, 2H), 4.27 (d, J = 2.4 Hz, 2H), 3.94 

– 3.91 (m, 2H), 3.84 – 3.75 (m, 8H), 2.48 – 2.44 (m, 1H). 

3-((2-(2-Hydroxyethoxy)ethoxy)methyl)-8-(2-(2-(2-(prop-2-yn-1-

yloxy)ethoxy)ethoxy)ethoxy)naphthalen-2-ol 4.12: catalytic amount of p-TsOH was added to a 

solution of 4.11 (0.14 g, 0.4 mmol) in 6 mL diethylene glycol. The reaction was stirred at 90 °C 

for overnight before cooled down and separated between EtOAc and water. The organic layer 

was then washed with brine, dried over Na2SO4, concentrated, and purified on a silica gel 
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column using 80% EtOAc in hexanes to yield product as yellow oil (0.14 g, 78%). ESI-MS: m/z 

= 447.2 [M-H]-, 483.2 [M+Cl]-. 1H NMR (400 MHz, CDCl3) δ 7.59 (s, 1H), 7.45 (s, 1H), 7.23 

(d, J = 8.2 Hz, 1H), 7.10 (t, J = 7.9 Hz, 1H), 6.66 (d, J = 7.5 Hz, 1H), 4.75 (s, 2H), 4.19 – 4.15 

(m, 2H), 4.11 (d, J = 2.4 Hz, 2H), 3.89 – 3.85 (m, 2H), 3.73 – 3.67 (m, 6H), 3.65 – 3.58 (m, 8H), 

3.55 – 3.50 (m, 2H), 2.36 (t, J = 2.4 Hz, 1H). 

3-((2-(2-Bromoethoxy)ethoxy)methyl)-8-(2-(2-(2-(prop-2-yn-1-

yloxy)ethoxy)ethoxy)ethoxy)naphthalen-2-ol 4.13: a solution of PPh3 (0.11 g, 0.4 mmol, 1.0 

equiv.) in 3.7 mL anhydrous CH2Cl2 was slowly added to a mixture of CBr4 (0.14 g, 0.4 mmol, 

1.0 equiv.) and 4.12 (0.19 g, 0.4 mmol) in 9.5 mL anhydrous CH2Cl2 at 0 °C. The reaction was 

warmed to room temperature and stirred for overnight before concentrated and purified on a 

silica gel column using (50% EtOAc/Hexanes) yield product as light-yellow gel (0.12 g, 59%). 

ESI-MS: m/z = 509.1 [M-H]-, 545.1 [M+Cl]-. 1H NMR (400 MHz, CDCl3) δ 7.62 (s, 1H), 7.48 

(s, 1H), 7.26 (d, J = 8.3 Hz, 1H), 7.13 (t, J = 7.9 Hz, 1H), 6.70 (d, J = 7.4 Hz, 1H), 4.82 (s, 2H), 

4.24 – 4.19 (m, 2H), 4.14 (t, J = 2.9 Hz, 2H), 3.93 – 3.88 (m, 2H), 3.79 – 3.73 (m, 4H), 3.70 – 

3.65 (m, 10H), 3.45 (t, J = 6.3 Hz, 2H), 2.36 (t, J = 2.4 Hz, 1H). 

3-((2-(2-Azidoethoxy)ethoxy)methyl)-8-(2-(2-(2-(prop-2-yn-1-

yloxy)ethoxy)ethoxy)ethoxy)naphthalen-2-ol 4.14: NaN3 (0.44 g, 6.8 mmol, 4.0 equiv.) was 

added to a solution of 4.13 (0.87 g, 1.7 mmol) in 22 mL DMF. The mixture was stirred at 80 °C 

for overnight before cooled down to room temperature and separated between EtOAc and water. 

The organic layer was washed with brine, dried over Na2SO4, concentrated, and purified on a 
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silica gel column using 50% EtOAc in hexanes to yield product as clear gel (0.61 g, 76%). ESI-

MS: m/z = 472.2 [M-H]-. 1H NMR (400 MHz, CDCl3) δ 7.71 (s, 1H), 7.57 (s, 1H), 7.34 (d, J = 

8.3 Hz, 1H), 7.24 – 7.17 (m, 1H), 6.79 (d, J = 7.2 Hz, 1H), 4.90 (s, 2H), 4.32 – 4.28 (m, 2H), 

4.23 (d, J = 2.4 Hz, 2H), 4.01 – 3.96 (m, 2H), 3.86 – 3.68 (m, 16H), 3.49 – 3.45 (m, 2H), 2.45 (t, 

J = 2.4 Hz, 1H). 

3-((2-(2-Aminoethoxy)ethoxy)methyl)-8-(2-(2-(2-(prop-2-yn-1-

yloxy)ethoxy)ethoxy)ethoxy)naphthalen-2-ol 4.15: a solution of 4.14 (0.61 g, 1.3 mmol) in 10 

mL anhydrous tetrahydrofuran was added dropwise in a suspension of LAH (0.48 g, 12.6 mmol, 

9.7 equiv.) in 75 mL anhydrous tetrahydrofuran at 0 °C. The reaction was then warmed to room 

temperature and stirred for overnight before being quenched with 32 mL methanol and followed 

with 1 M HCl/MeOH solution (60 mL). The suspension was filtrated through celite and the 

filtrate was concentrated under vacuum. The residue was then purified on a silica gel column 

using 3% - 27% - 70% TEA/MeOH/EtOAc to yield product as orange solid (0.60 g, 100%). ESI-

MS (positive) Calcd. for C24H33NO7 [M+H]+: 448.23298. Found: 448.23299. 1H NMR (400 

MHz, DMSO) δ 7.74 (s, 1H), 7.50 (s, 1H), 7.36 (d, J = 8.2 Hz, 1H), 7.16 (t, J = 7.9 Hz, 1H), 6.85 

(d, J = 7.6 Hz, 1H), 4.63 (s, 2H), 4.26 – 4.21 (m, 2H), 4.13 (d, J = 2.3 Hz, 2H), 3.91 – 3.86 (m, 

2H), 3.68 (m, 8H), 3.60 – 3.51 (m, 8H), 3.43 (t, J = 2.3 Hz, 1H).  

4.16: EDC · HCl (0.17 g, 0.9 mmol, 1.2 equiv.) and catalytic amount of DMAP were added 

to a solution of 4.4 (0.29 g, 0.9 mmol, 1.2 equiv.) in 9 mL degassed DMF before a solution of 

4.15 (0.34 g, 0.8 mmol) in 21 mL degassed DMF was added. The reaction was stirred at room 
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temperature for overnight before solvent was removed under vacuum, the residue was 

redissolved in CH2Cl2 and washed with brine, dried over Na2SO4 and purified on a silica gel 

column using EtOAc to yield product as yellow oil (0.29 g, 50%). ESI-MS: m/z = 735.4 [M+H]+, 

757.4 [M+Na]+. 1H NMR (400 MHz, CDCl3) δ 7.64 (d, J = 8.1 Hz, 1H), 7.56 (s, 1H), 7.49 – 7.45 

(m, 2H), 7.32 (m, 4H), 7.23 (m 3H), 7.18 – 7.08 (m, 2H), 6.70 (d, J = 7.4 Hz, 1H), 6.33 (s, 1H), 

5.10 (dd, J = 13.9, 4.5 Hz, 1H), 4.75 (d, J = 4.0 Hz, 1H), 4.20 (dd, J = 10.7, 5.2 Hz, 2H), 4.11 (t, 

J = 2.6 Hz, 2H), 3.90 – 3.86 (m, 2H), 3.69 – 3.65 (m, 4H), 3.63 – 3.59 (m, 6H), 3.56 (dd, J = 5.3, 

3.1 Hz, 2H), 3.45 – 3.37 (m, 2H), 3.31 (m, 2H), 2.83 – 2.72 (m, 1H), 2.48 – 2.40 (m, 1H), 2.34 

(dd, J = 5.4, 3.0 Hz, 1H), 2.17 – 2.10 (m, 1H), 1.88 (m, 1H). 

mPEG-OMs: mPEG-OH (5.00 g, 1.0 mmol, 1.0 equiv.) was dried over high vacuum 

overnight through a drying tube with P2O5. Then dissolved in anhydrous 8.3 mL CH2Cl2. The 

solution was cooled in an ice-water bath before adding triethylamine (0.31 mL, 0.23 g, 2.3 

mmol, 2.3 equiv.) followed by MsCl (0.26 mL, 0.39 g, 3.4 mmol, 3.4 equiv.) and the reaction 

could warm to room temperature and stir for 14 h. The solution was diluted with 33.3 mL 

CH2Cl2, washed with 2M HCl : brine (1:1 v/v, 3*10 mL, 0.5 g PEG/mL), brine (1*10 mL, 0.5 g 

PEG/mL) , dried with Na2SO4 and then diluted by 20 mL CH2Cl2 and precipitated by the 

addition of excess Et2O (10* v/v, 200 mL). The precipitation was stored at -4 oC for 12h before 

the solids were collected by vacuum filtration and washed with additional Et2O. The product was 

dried under reduced pressure to yield mPEG-OMs as a white solid (4.29 g, 84%). 

mPEG-N3: sodium azide (0.56 g, 8.4 mmol, 10.0 equiv.) was added to a solution of mPEG-
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OMs (4.29 g, 0.84 mmol) in 54 mL ethanol. The suspension was refluxed overnight before being 

concentrated under vacuum. The crude product was cooled to room temperature before being 

suspended in 34 mL CH2Cl2:MeOH (10:1, v/v, 0.125 g/mL), filtrated through a short plug of 

SiO2/MgSO4, and washed by additional 34 mL CH2Cl2:MeOH (10:1, v/v). The filtrate was 

concentrated under vacuum to a volume of 17 mL (0.25 g PEG/mL) before the addition of 171 

mL Et2O. The precipitation was stored at -4 °C for overnight before the solids were collected by 

vacuum filtration and washed with additional Et2O. The product was dried under reduced 

pressure to yield mPEG-N3 as a white solid (3.65 g, 86%). 

4.17: mPEG-N3 (0.55 g, 0.11 mmol, 1.0 equiv.) and 4.16 (0.08 g, 0.11 mmol, 1.0 equiv.) 

were dissolved in 1.4 mL CH2Cl2 in a small glass vial. The reaction mixture was stirred at dark 

for 24 h before being diluted by 1.4 mL CH2Cl2 (0.20 g PEG/mL) and precipitated by the 

addition of excess 28 mL Et2O. The precipitation was stored at - 4°C for 12 h before the solids 

were collected by suction filtration and washed with additional Et2O and dried under reduced 

pressure to yield the product as light-yellow solid (0.32 g, 51%). 

PCL-Br: a round-bottom flask equipped with a nitrogen inlet and septum was carefully 

flamed under nitrogen and purged with nitrogen (3 times). The initiator 2-bromoethanol (0.12g, 

1.0 mmol, 1 eq.) and Tin (II) 2-ethylhexanoate (0.05g, 1%wt to monomer) were dissolved in 1 

mL toluene and injected into the flask. The monomer ε-caprolactone (4.79g, 43.0 mmol, 43 

equiv.) was added and heated to 120 oC under vigorous stirring for 24 hours. The crude product 

was cooled to room temperature and dissolved in 10 mL tetrahydrofuran and precipitated into 50 
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mL hexanes. The polymer powders were isolated by filtration, redissolved in 10 mL 

tetrahydrofuran, precipitated into 50 mL hexanes twice. The product was dried under reduced 

pressure to yield the product as a white solid (4.30 g, 90%). 

PCL-N3: a round-bottom flask fitted with a condenser was charged with PCL-Br (4.5 g, 1 

equiv.), 10 mL DMF, and then sodium azide (0.60 g, 10 equiv.). The suspension was heated to 70 

oC and stirred overnight. The mixture was rapidly filtered through a short plug of SiO2/MgSO4, 

washed by an additional 2 mL DMF. The filtrate was precipitated into 50 mL hexanes. The 

polymer powders were isolated by filtration, washed with additional hexanes (20 mL *3). The 

product was dried under reduced pressure to yield the product as a white solid (3.83 g, 85%).  
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APPENDICES 

1. 1H and 13C NMR Spectra 
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2.4 1H NMR Spectra 
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2.5 1H NMR Spectra 
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2.6 1H NMR Spectra 
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2.7 1H NMR Spectra 
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2.9 13C NMR Spectra 
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2.10 1H NMR Spectra 
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2.10 13C NMR Spectra 
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2.11 1H NMR Spectra 
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2.11 13C NMR Spectra 
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2.12 1H NMR Spectra 
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2.12 13C NMR Spectra 
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2.1 1H NMR Spectra 
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2.1 HSQC Spectra 
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2.1 HMBC Spectra 
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3.1 1H NMR Spectra 
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3.2 1H NMR Spectra 
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3.3 1H NMR Spectra 
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3.4 1H NMR Spectra 
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3.5 1H NMR Spectra 

 



102 

 

 

4.1 1H NMR Spectra 
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4.1 13C NMR Spectra 
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4.2 1H NMR Spectra 
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4.2 13C NMR Spectra 
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4.4 1H NMR Spectra 
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4.5 1H NMR Spectra 
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4.6 1H NMR Spectra 
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4.6 13C NMR Spectra 
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4.7 1H NMR Spectra 
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4.7 13C NMR Spectra 
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4.8 1H NMR Spectra 
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4.8 13C NMR Spectra 
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4.9 1H NMR Spectra 
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4.9 13C NMR Spectra 
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4.10 1H NMR Spectra 
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4.11 1H NMR Spectra 
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4.12 1H NMR Spectra 
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4.13 1H NMR Spectra 
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4.14 1H NMR Spectra 
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4.15 1H NMR Spectra 
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4.16 1H NMR Spectra 
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mPEG-OMs 1H NMR Spectra 
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mPEG-N3 1H NMR Spectra 
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PCL-N3 1H NMR Spectra 
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2. ESI-MS Spectra 

 

2.1 ESI-MS Spectra 
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2.11 ESI-MS Spectra 
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2.12 ESI-MS Spectra 
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3.6 ESI-MS Spectra 
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4.5 ESI-MS Spectra 
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4.6 ESI-MS Spectra 
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4.8 ESI-MS Spectra 
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4.9 ESI-MS Spectra 
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4.10 ESI-MS Spectra 
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4.11 ESI-MS Spectra 
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4.12 ESI-MS Spectra 
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4.13 ESI-MS Spectra 
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4.14 ESI-MS Spectra 
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4.15 ESI-MS Spectra 
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4.16 ESI-MS Spectra 
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3. Ultraviolet-Visible Spectra 

 

Figure S. 1 UV–Vis Absorption Spectra of Bis-ADIBO 2.1 in DI Water 

 

Table S. 1 Extinction Coefficient of bis-ADIBO 2.1 

Wavelength (nm) Extinction Coefficient (M-1·cm-1) 

290 9330.4 ± 47.4 

310 7680.8 ± 48.9 

321 2075.8 ± 11.6 
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Figure S. 2 UV–Vis Absorption Spectra of 5-FAM-azide in 0.1% DMSO/Phosphate Buffer 

 

Table S. 2 Extinction Coefficient of 5-FAM-azide in 0.1% DMSO/Phosphate Buffer 

Wavelength Extinction Coefficient (M-1·cm-1) 

493 nm 77003.5 ± 175.5 
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Figure S. 3 UV–Vis Absorption Spectra of 2.12 in 0.2% DMSO/HCl/H2O (pH = 3.23) 

 

Table S. 3 Extinction Coefficient of 2.12 in 0.2% DMSO/HCl/H2O (pH = 3.23) 

Wavelength (nm) Extinction Coefficient (M-1 · cm-1) 

560 3603.9 ± 11.5 
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4. IR Spectra 

 

Figure S. 4 IR Spectra of mPEG-OH, mPEG-OMs, mPEG-N3 
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5. GPC Graph 

 

Figure S. 5 GPC Spectra of mPEG-OH, mPEG-OMs, mPEG-N3 

 

6. Elementary Analysis 

Table S. 4 Alg-A Elementary Analysis 

 Degree of substitution Purity 

Alg-A1 15.53% 73.98% 
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Alg-A2 19.62% 78.84% 

Alg-A3 23.70% 75.69% 

 


