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Abstract 

A novel nopoldiol-benzoxaborolate cross-link formed by a bioorthogonal click reaction 

between nopoldiol- and benzoxaborole-based components was developed for the preparation 

of biomaterials such as hydrogels and nanogels. In contrast to the traditional boronic ester-

based cross-links, this hydrolytically stable, acid-resistant, and bioorthogonal cross-link 

provides an innovative strategy for the preparation of highly stable and widely applicable 

biomaterials.  

In Chapter 2, the application of this chemistry towards an in situ forming, self-healing, and 

bioorthogonal hydrogel is described. The resulting hydrogel shows a number of advantages, 

such as fast gelation process, self-healing within a wide range of pH (8.5–1.5), polyol-resistant 

properties, and reactive oxygen species (ROS)-responsive properties. In addition, the 

biomedical applications of this hydrogel system were demonstrated by pH-responsive release 

of an anti-cancer drug (doxorubicin) and 3D encapsulation of live cells.  

Furthermore, efforts on the development of a nanogel-based drug carrier for the 

encapsulation of another anti-cancer drug, capecitabine (CAPE), are presented in Chapter 3. 

Nopoldiol-benzoxaborolate cross-links were included in nanogels to produce a more stable 

drug carrier with ROS-responsive properties. Then, the application of a polymer–drug 

covalent binding strategy was evaluated in the conjugation of benzoxaborole-based polymer 

and CAPE through boronic ester formation. Although the nanogels demonstrated pH- and 

ROS- controlled release of CAPE, a more efficient encapsulation method needs to be explored 

further. 
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To fulfill the diverse requirements of modern biomedical applications, including 

implantation in regenerative medicine, wound healing, and controlled drug delivery, 

hydrogels are expected to possess more intelligent properties. Specifically, a desirable 

hydrogel should exhibit the following features:  

1) Fast in situ gelation under physiological conditions to minimize invasive surgical 

procedures during implantations. 

2) Autonomous self-healing upon gel fractures to maintain the integrity of materials.  

3) Highly selective cross-linking reactions to avoid unspecific binding towards 

endogenous polyols (e.g., glucose) and/or cellular functional groups (e.g., –NH2, –SH, 

and –CHO) to ensure the bioorthogonality of the gelation reaction and the resulting 

hydrogels.  

In this section, the aforementioned in situ forming, self-healing, and bioorthogonal 

properties will be discussed in detail (Section 1.1.2 to Section 1.1.4). Furthermore, the role of 

arylboronic acids/esters in hydrogel preparation/performance also will be addressed (Section 

1.1.5). 

 

1.1.1 Brief History of Hydrogels 
In 1894, the term ‘hydrogel’ first appeared in the literature to depict a type of inorganic salt-

based colloidal gel.4 In 1960, Wichterle and Lim first reported a water-swollen hydrogel cross-

linked by macromolecular polymers for the use of contact lenses, and it became a milestone 

as the first generation of hydrogels.5 In the following few decades, hydrogels were made from 

relatively simple chemically cross-linked synthetic polymers, such as poly(2-hydroxyethyl 

methacrylate) (pHEMA), poly(vinyl alcohol) (PVA), and poly(ethylene glycol) (PEG).6-9 

    The second generation of hydrogels emerged at the beginning of the 1970s, when scientists 

started to shift the focus of research from relatively straightforward water-swollen hydrogels 

to environmental-responsive hydrogels. External triggers, such as pH, temperature, or 

biomolecules, can be used to initiate the gel formation, gel degradation, or drug release.10-20 

Most of the pH-responsive and temperature-responsive physical hydrogels were cross-linked 

via ionic and hydrophobic interactions, respectively. Unfortunately, these cross-links 

involving non-covalent bonds are generally weak and unstable, thus hampering the 

mechanical performance of the resulting hydrogels.10 
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    It was not until the mid-1990s, that the third generation of hydrogels was developed, based 

on stronger physical interactions, such as stereocomplexation,21-22 host-guest interaction,22 

metal-ligand coordination,15-16 and peptide interactions.10, 23 These hydrogels exhibit enhanced 

and finely-tuned mechanical, thermal, and degradation properties.10 

Starting from the 2010s, the increased understanding and insights in organic chemistry 

initiated a variety of chemically cross-linked hydrogels and opened a new era of ‘smart 

hydrogels’. These chemically cross-linked/modified networks endow the hydrogels with not 

only enhanced mechanical properties but also a wider scope of stimuli-responsiveness (e.g., 

pH, temperature, electric field, magnetic field, ionic strength of the solution, reactive oxygen 

species, and biological molecules).3  

 

1.1.2 In Situ Hydrogel Cross-linking Methods 
In situ forming polymeric formulations are defined as the processes of injecting into the body 

the liquid precursors, which then undergo gelation to form solid hydrogels.24 Historically, 

hydrogels were pre-formed prior to delivery to the target sites in patients through invasive 

surgical implantation processes.25 In the late 1990s, R. Langer and co-workers reported the 

first in situ forming hydrogels via transdermal injection. Liquid polymer precursors were 

injected through a small diameter needle, followed by photo-induced polymerization of liquid 

precursors to solid hydrogels through light penetration in the skin.26 

    Nowadays, in situ forming hydrogels have been used for homogenous encapsulation of 

therapeutic agents, cells, and biomacromolecules.27-28 Owing to the superiority of this in situ 

sol-gel (solution to gel) transition, this system has been applied widely to the field of cell 

therapy, tissue engineering, immunomodulation, and in vitro diagnostics.29 This strategy 

lowers the cost of implantation procedures and reduces the discomfort and risk for the patients. 

Also, the efficient in situ gel formation aids the tissue regeneration by molding the materials 

into the shape of the targeted cavity, minimizing the migration of materials, and mitigating 

the dilution of materials from tissue fluid.25-26, 30-31 Like native tissues, such hydrogels possess 

tissue-like mechanical properties and high water-absorbing capabilities; their porous 

structures can transport oxygen, nutrients, and wastes to maintain cellular functions.30,32 

Therefore, these engineered hydrogel scaffolds have been recognized as a promising synthetic 
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Table 1-1. pH of different human body parts/tissues.  

Fluids Tissue/ Cellular Compartment  pH Ranges25, 38 

Stomach 1.2–2.0 

Duodenum (intestine)  5.0–8.0 

Chronic wounds 5.4–8.9 

Extracellular matrix in cancerous tissue 6.5–7.2 

Lysosomes 4.5–5.0 

 

    The pH-responsive behaviors of this type of hydrogels usually are driven by attractive or 

repulsive forces within the polymer backbones generated by the ionization of acid or base 

functional groups.25 Commonly used pH-responsive polymers include acidic polymers, basic 

polymers, and natural polymers.39 For example, poly(methacrylic acid) (PMAA), a type of 

polyacid (acidic polymer), can either receive or donate protons under different pH conditions. 

Under a higher pH environment, charge repulsion between the carboxylates weakens/disrupts 

the cross-links, and the gel networks swell/deform as a consequence (Figure 1-4).39 The 

ubiquitous pH-sensitive functional groups provide countless possibilities for injectable 

hydrogels to undergo sol-gel transition at the desired pH. 

 

 
Figure 1-4. Structure of poly(methacrylic acid) (PMAA) and graphic illustration of pH-dependent gel 
swelling/degradation. 
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iii) Supramolecular interaction (Figure 1-2, iii) 

Supramolecular interaction-induced self-assembling has been explored using a variety of 

complementary interactions,30 such as ligand-receptor pairs,40-41 antigen-antibody pairs,42 and 

base-pairing interactions.43 One of the most popular examples is host-guest interaction 

between the cyclodextrin (CD) family (host molecules) and guest molecules (PEG and 

adamantane, etc.).44 CDs are characterized as cyclic oligosaccharides comprised of six to eight 

D-glucopyranoside units. By mixing the CD-containing polymer with the counterpart of 

guest-containing polymers, the guest moieties are able to penetrate or be trapped in the 

hydrophobic inner cavities of the host molecules, resulting in the formation of hydrogel cross-

links and networks. 

 

1.1.2.2 Chemical in situ forming hydrogels 

Although the design of physical in situ gelation is relatively straightforward, the non-covalent 

bonds dominating the networks/cross-links are weak, reversible, inhomogeneous, and highly 

environment-dependent.45-46 In contrast, covalent cross-links are a better solution for making 

a more mechanically robust hydrogel toward a broader range of biomedical applications. To 

this date, there are two major methods to afford covalent in situ forming hydrogels: 

photocrosslinking (light-induced cross-linking/polymerization) and injection of covalent 

precursors (two precursor solutions with complementary functional groups that can interact 

when mixing). 

 

iv) Photocrosslinking (Figure 1-2, iv) 

Light-induced cross-linking/polymerization for in situ forming hydrogels usually follows the 

following procedure:  

1) Injection of liquid precursors (monomer or macromer solutions) and photoinitiators 

(such as ammonium peroxydisulfate and tetramethylethylenediamine (TEMED)). 

2) UV irradiation to form hydrogel networks through free-radical polymerization in situ. 

Commonly used monomers for photocrosslinking include (meth)acrylate derivatives, vinyl 

compounds, and ether/epoxy groups derivatives.47 Various photochemical reactions have been 

developed in recent years, including chain photopolymerizations,48 thiol-Michael additions,49-

50 thiol-ene/thiol-yne reactions,49, 51-52 and photo-induced 1,3-dipolar cycloadditions.53-54 
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Regardless of the great temporal and spatial control over the gelation process enabled by 

efficient light irradiation, the high-energy UV light and the potentially toxic photoinitiators 

may cause damage to the surrounding cells and tissues.55  

 

v) Injectable covalent precursors (Figure 1-2, v) 

Unlike photocrosslinking reactions, covalent precursors generally are considered as two or 

more polymers that contain pendent binding counterparts on the polymer chains, and not all 

require light for the binding. By injecting the polymer precursors, the complementary 

functional groups can conjugate to form new covalent bonds autonomously under aqueous 

conditions and drive the gelation processes. Some commonly used covalent cross-linking 

reactions for the formation of hydrogels are shown in Table 1-2. 

 
Table 1-2. Selected covalent cross-linking reactions to form hydrogels. 

Entry Cross-linking 

reaction 

Reactant 1 Reactant 2 Cross-link 

1 Thiol-ene56-61 R–SH 
  

2 Thiol-yne62 R–SH   

3 
Schiff base 

formation63-65  
 

 

4 SPAAC66-69 R–N3 

 
 

5 
Diels–Alder 

reaction (DA)70-71  
  

R1

R2
S

R2

R1

R

R1 S
R1R

O

HR
H2N R1

NR1

HR

R1
R1

N
N

NR

OR
N R1

O

O

O N

O

O

R1

R
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6 

Tetrazine-

norbornene 

IEDDA72-73   
 

 

Unfortunately, many of these cross-linking reactions have limitations. For example, thiol-

ene/yne reactions generally require photoinitiators and UV light;56-62 Schiff base formation is 

pH-dependent and unspecific (cross-react with cellular amines/aldehydes), impeding the 

hydrogel’s stability and bioorthogonality;63-65 strain-promoted azide-alkyne cycloadditions 

(SPAAC) reactions are restricted by their slow reaction rates and complicated reactant 

synthesis;66-69 Diels–Alder (DA) reactions require heat and the reaction rate is slow;70-71 

tetrazines are unstable in aqueous medium and may cross-react with cellular thiols,74-75 and 

the tetrazine-norbornene inverse-electron demand Diels–Alder cycloaddition (IEDDA) 

generates N2 as a byproduct, which may hamper the mechanical properties of the resulting 

hydrogels.72-73 

 

1.1.3 Self-healing Hydrogels  
For use as biomaterials, it is crucial that the implanted materials can self-heal autonomously 

upon mechanical damages to maintain the integrity of the networks and their normal functions 

during and after administration.76-77 The critical features of self-healing hydrogel networks are 

‘dynamic’ and ‘reversible’; namely, the network cross-links can undergo dynamic and 

reversible bond breaking-reforming reactions.76  

In most cases, physical hydrogels (discussed in Section 1.1.2.1) are characterized as self-

healing hydrogels due to their reversible and flexible non-covalent cross-links.28 Traditional 

covalent bonds are considered permanent and irreversible; this violates the principle of 

dynamicity. For example, photocrosslinking reactions produce tight C–C bonds through a 

radical pathway, and the networks formed are permanent and non-healable. Similarly, strain-

promoted azide-alkyne cycloadditions (SPAAC) provide stable cycloaddition adducts, which 

are also irreversible. 

To this end, dynamic covalent bonds have emerged as promising approaches to allow for 

repair of the damaged hydrogel network, thus achieving hydrogel self-healing properties.78-80 

N N

NN
R R1 HN

N

R R1
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As shown in Table 1-3, numerous dynamic covalent polymer network systems have been 

developed, based on disulfide bonds,81-85 Diels–Alder reactions,70-71, 86 transiminations (Schiff 

base formation),63-65 and arylboronic ester condensations.87-89  

It is notable, however, that most of the current self-healing hydrogels suffer from a slow 

healing process, limited healing conditions (pH, temperature, or light), and unsatisfactory 

stimuli-responsiveness, which are considered desirable attributes in the development of 

biomaterials.79-80 For example, reversible disulfide bond reactions require high pH 

conditions;79-80 Diels–Alder reactions usually rely on heat and require a long healing time;70-

71 Schiff bases are not stable and selective in a biological environment;90 arylboronic ester 

condensation requires a similar or a higher pH value compared to the pKa value of the 

arylboronic acid.91 There are ongoing efforts to produce an ideal self-healing hydrogel that 

can function under a wider range of conditions. 

 
Table 1-3. Selected dynamic covalent cross-links for self-healing hydrogels. 

Dynamic 

covalent 

reaction 

Disulfide bond 

formation 

Diels–Alder 

(DA) reaction 

Schiff base Arylboronic ester 

condensation 

Cross-links 

 

 
  

Self-healing 

pathway 

Disulfide 

dynamic 

exchange 

reactions 

Thermo-

reversibility 

Transimination 

between 

aldehydes and 

amines 

Transesterification 

between 

arylboronic acids 

and diols 

 

1.1.4 Bioorthogonal and Click Chemistry in Hydrogels 
As discussed previously in Section 1.1.2, in situ forming hydrogels are highly desirable for 

the efficient and homogeneous encapsulation of therapeutic agents or cells, such as anti-cancer 

drugs, insulin, and cancer cells.92-95 Therefore, it is critical that throughout the duration of a 

biomedical treatment, the hydrogel precursors and the in situ gelation process do not 

R
S
S R1 O N

O

O

R1

R

NR1

HR
B O

HO O

R2
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demonstrate cytotoxicity or have unspecific reactions with the encapsulated cargos (e.g., cells 

and proteins), surrounding tissues, and the biological environment.96  

To this end, bioorthogonal chemistry has emerged as a desirable solution for the purpose of 

minimizing the influence of the hydrogel gelation process on its surroundings. As reviewed 

by Finn and co-workers,97 this system requires a pair of reactants that possess the following 

features:  

1) They are mutually reactive but do not cross-react or interact with endogenous 

functionalities in a conspicuous way. 

2) The reaction conditions are mild, and the reactants/products/by-products are benign to 

the biological environment. 

3) The reaction is highly specific and efficient.  

    ‘Click reaction’, termed by K. B. Sharpless in 2001, is defined by a set of stringent criteria.98 

Specifically, the reaction has to be modular, wide in scope, high yielding, and generate only 

harmless byproducts.98 Recently, click chemistry has emerged as a powerful and advantageous 

strategy for the in situ fabrication of hydrogels due to its high selectivity and specificity.61-62, 

66, 72, 96-97, 99-102 Among the reactions listed in Table 1-2, thiol-ene, thiol-yne, strain-promoted 

azide-alkyne cycloadditions (SPAAC), Diels–Alder (DA) reaction, and tetrazine-norbornene 

inverse-electron demand Diels–Alder cycloaddition (IEDDA) are all recognized as click 

reactions. 

Despite the fact that the definition of a click reaction bears some similarities with the 

requirements of bioorthogonality, many popular and efficient click reaction strategies to date 

still suffer from the use of toxic reagents, cross-reactivity towards endogenous functionalities, 

and specific reaction conditions (UV light or heat) (Section 1.1.2.2). As a result, many click 

reactions are less than ideal, and their use could impede the development of ‘click hydrogels’ 

in biomedical applications where a bioorthogonal gelation reaction is needed. Therefore, it is 

highly desirable to establish new hydrogel cross-linking systems that demonstrate the 

attributes of both bioorthogonality and click chemistry. 
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1.1.5 Review of Arylboronic Acids/Esters-containing Hydrogels 

1.1.5.1 Conventional arylboronic acid/ester-based hydrogels 

Arylboronic acids have found importance in the construction of hydrogel networks.103 The 

process of arylboronic ester formation between arylboronic acids and diols (e.g., glucose, 

fructose, galactose, and catechol) is intrinsically reversible, thus endowing arylboronic ester-

based hydrogel networks with excellent self-healing properties.103  

It is well known that the binding affinities between the arylboronic acids and conventional 

diols (e.g., glucose, fructose, and catechol) are poor under near-neutral or acidic conditions.91 

The thermodynamically favored sp3 boronate complex observed at a higher pH can be 

explained by the release of angle strain, which results from the sp2 to sp3 boron rehybridization 

(Figure 1-5).104 This particular pH-dependency of the hydrogel cross-links enriches the 

stimuli-responsiveness of the hydrogel. However, since the typical pKa values of arylboronic 

acids are reported to range from 8 to 9,91 this property also hampers the potential of boronic 

ester formation as a suitable hydrogel cross-linking click reaction, where a hydrogel is 

required to have fast-gelation time while being stable in physiological conditions as well as 

being acid-resistant. 

 

 
Figure 1-5. Complexation between arylboronic acids and diols in the aqueous phase. 
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    Numerous attempts have been made to improve the arylboronic acid/diol binding affinity 

by lowering the pKa of the boronic acid (e.g., with electron withdrawing substituents)105-107 or 

through stabilization of the resulting boronates with intra-/inter-molecular interactions (e.g., 

Wulff-type B–N coordination in o-aminomethylarylboronic acids).108-109 To the best of my 

knowledge, the lowest gelation at a pH of 4.0 for an arylboronic acid-based hydrogel, which 

exploited intramolecular B–O coordination in 2-acrylamidophenylboronic acid (2APBA), was 

reported by Sumerlin and co-workers.87 Likewise, Kiser and co-workers reported an 

arylboronic acid/salicylhydroxamic acid-based hydrogel that forms at pH 4.2.88 An ideal 

boronate-based hydrogel that can tolerate both neutral and extreme pH conditions remains 

elusive. 

 

1.1.5.2 Benzoxaborole for Hydrogels 

Benzoxaborole, a cyclic hemiboronic acid that has a lower pKa (7.2) compared to conventional 

arylboronic acids (8–9) and displays excellent binding affinity towards sugar- and catechol-

based polymers under physiological and basic pH has been studied by our group as a 

promising building block for biomaterials.110-115 For example, the benzoxaborole monomer 

was copolymerized with a thermo-sensitive segment NIPAAm, and the resulting copolymers 

were complexed with cationic glycopolymers to deliver siRNA for gene therapy.115 More 

recently, a bioinspired self-healing hydrogel comprised of benzoxaborole/catechol cross-links 

was utilized for 3D cell encapsulation.111 The higher binding affinity between benzoxaborole 

and diols and the enhanced stability of the resulting benzoxaborolate under physiological 

conditions (Scheme 1-1) make this special hemiboronic acid a promising candidate for 

hydrogel building blocks. 

 

 
Scheme 1-2. Formation of a benzoxaborolate between benzoxaborole and diol. 
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1.1.5.3 Summary of the properties of arylboronic acids/esters-based hydrogels 

As mentioned in Section 1.1.3, 1.1.5.1, and 1.1.5.2, the arylboronic acid-based hydrogels 

possess a self-healing property at near-neutral or basic pH due to the reversibility of boronic 

ester formation. The unique boronate-based cross-links also introduce more appealing 

properties to the hydrogels for biomedical use, such as pH-responsive degradation (acid-

triggered degradation), sugar-responsive degradation (e.g., glucose), and reactive oxygen 

species (ROS)-responsive degradation (e.g., H2O2). In spite of the numerous benefits of 

arylboronic esters, there are some limitations to this strategy in terms of hydrogel stability and 

bioorthogonality. The properties of arylboronic ester-based hydrogels are summarized and 

exemplified with benzoxaborole-based hydrogel, the pros and cons of which are shown in 

Figure 1-6. 

Similar to some common dynamic covalent bonds (e.g., Schiff base), the benzoxaborolate 

formation reaction is also highly reversible under physiological pH conditions (Figure 1-6A). 

Therefore, although the benzoxaborolate is considered a stronger boronate compared to other 

traditional arylboronic esters, the resulting hydrogels may lack hydrolytic stability in the 

aqueous phase, especially for some long-term applications, such as wound dressing and 

sustainable drug delivery. 

    The human body is a complex environment that has a variety of pH values ranging between 

1.2 and 8.9 depending on the type of body parts and tissues (Table 1-1). Therefore, it is 

essential that hydrogels can tolerate a wide range of pH conditions and maintain their functions 

during the injection process and the therapeutic administration. There is no doubt that the pH-

dependent formation of arylboronic esters (including benzoxaborolate) provides the hydrogel 

with added properties of pH-controlled drug release and acid degradability; however, the fast 

break down of arylboronic ester hydrogel cross-links under even slightly acidic conditions 

restrict the use of this system in the body environment (Figure 1-6B). 

Diabetes is a type of metabolic disorder that is associated with high blood sugar levels over 

a prolonged period.116 Owing to the unique sugar binding properties of arylboronic acids, 

arylboronic acid-based hydrogels have been exploited in the past two decades for glucose-

controlled insulin delivery.117-118 Particularly, a hydrogel cross-linked through arylboronic 

acid formation could encapsulate insulin in the gel network. Once the glucose level is elevated, 

the benzoxaborole moieties in cross-links can cross-react with the cellular glucose,  
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thus resulting in the dissociation of the cross-links. Consequently, the gel swells or degrades, 

and the insulin is released. One drawback of this strategy is that when the hydrogel is placed 

in vivo under normal blood sugar conditions, unspecific binding between the arylboronic acid 

and endogenous diols could compete with the binding between polymer chains, thus 

hampering the stability of the hydrogels under physiological conditions (Figure 1-6C).  

Oxidative stress, defined as overproduction of ROS, is related to various pathologies, such 

as cancer/tumor and tissue injury.119-121 Since the arylboronic acids/esters can undergo 

oxidative degradation (Figure 1-6D), they have been applied for ROS-responsive probes, 

prodrugs, and self-immolative dendrimers or polymers in recent years.120 These unique 

features provide new insights of the arylboronic acids/esters in a broader range of biomedical 

applications that relative to oxidative stress. 

 

1.2 Introduction of Nanoparticles Based on Arylboronic 

Acids/Esters for Cancer Therapy 

1.2.1 Nanoparticles as Anti-cancer Drug Carriers  
Nanoparticles are defined as solid, colloidal substances that range in size from 10 to 1000 nm 

in diameter.122 Nano-sized cancer drug carriers have been shown to be capable of penetrating 

the tumor sites, and this process was found to be aided by the enhanced permeability and 

retention (EPR) effect that typically is associated with solid tumors.123 Nowadays, this 

nanotechnology has been used to enhance the effectiveness of therapeutic agents by 

introducing controlled/targeted drug delivery capabilities to nanomedicines for cancer-

associated therapy.122-124  

Controlled/targeted drug delivery systems allow the maintenance of the appropriate dose in 

target sites for extended periods to ensure that the anti-cancer drug cargoes can accumulate 

adequately in tumors with minimal side-effects on healthy cells.122-123, 125 One strategy to 

afford this outcome is through stimuli-responsive materials. Cancerous cells exhibit abnormal 

physiological signals compared to normal cells, such as lower pH value,123 excessive ROS,119 

overexpressed sialic acids,126 and higher glutathione (GSH) concentration (Figure 1-7).123 
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of the drug carriers and release of the drug. 

Secondly, the oxidative cleavage of arylboronic esters can be triggered by hydrogen 

peroxide (H2O2) (Figure 1-8, b), which is generated by glucose oxidase or overproduced ROS 

(contains peroxides, superoxide, hydroxyl radical, etc.). This property has been used widely 

for tumor-specific activation.128-130 For example, Kataoka and co-workers reported a glucose 

oxidase-loaded therapeutic vesicle containing arylboronic esters, and the resulting 

nanoparticles have been shown to undergo self-destruction under elevated H2O2 conditions at 

tumor sites.129 This self-destruction mechanism afforded synergistic tumor ablation through 

the consumption of nutrients (O2 and glucose) and the GSH depletion with quinone methide 

(the by-product of arylboronic ester oxidative cleavage).129 

Thirdly, arylboronic acid-modified nanoparticles have been shown to be capable of 

receptor-mediated endocytosis to cancerous cells due to the selective and strong binding 

between the arylboronic acids and sialic acid that is overexpressed on the surface of tumor 

cells (Figure 1-8, c).126, 131-132 For instance, Kataoka and co-workers have used this binding to 

develop a phenylboronic acid (PBA)-containing nanomedicine with improved cellular 

recognition and uptakes, thus enhancing the tumor targeting ability of the nanocarriers.132  

Lastly, the diol binding ability of arylboronic acids and the electrophilicity of the boron 

atom allows it to conjugate to small molecules that contain either a diol moiety or an electron 

donor centre (Figure 1-8, d). The polymer–drug complex could self-assemble/cross-link into 

nanoparticles, which become prodrugs for stimuli-responsive drug delivery with prolonged 

pharmacokinetics.133 To be specific, a diol-containing drug can be conjugated on the 

arylboronic acid-containing polymers through formation of new covalent bonds. For example, 

Herrera-Alonso and co-workers developed PBA-containing micelles for the delivery of a cis-

diol-containing anti-cancer drug, capecitabine.134 In addition, the N–B electron donor–

acceptor interaction also has been exploited in drug delivery. For instance, Yin and co-workers 

recently investigated PBA-based micelles for the complexation with a primary amine-

containing anti-cancer drug, doxorubicin (Dox), through N–B interaction with high 

efficiency.135 

Overall, these superior and promising properties of arylboronic acids/esters offer great 

potential to turn the resulting nanoparticles into smart nanocarriers for more tumor-specific 

and effective nanomedicines for the clinical diagnosis and treatment of solid tumors. 
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1.3 Thesis Objectives 
As described in Section 1.1.5 and 1.2.2, the incorporation of arylboronic acids into hydrogels 

and nanoparticles provides numerous possibilities and opportunities to improve the properties 

of biomaterials. In the context of this thesis, the complementary reactants (arylboronic acid 

and diols) for arylboronic ester formation were designed carefully and embedded into a variety 

of polymeric network systems to enrich their applications in the field of biomedicine.  

    Chapter 2 describes a new hydrogel cross-linking system that fulfills all three criteria 

discussed previously in Section 1.1: in situ forming, self-healing, and bioorthogonal. It 

describes a benzoxaborolate-based hydrogel combining traditional sugar–benzoxaborole 

dynamic binding with a novel nopoldiol–benzoxaborole complexation (Figure 1-9). 

Nopoldiol, a pinanediol derivative, was chosen as one of the diol partners to improve the 

properties of conventional benzoxaborole-based hydrogels in all aspects of self-healing pH 

conditions, acid-resistance, stability, bioorthogonality, and mechanical properties. With the 

 

 
Figure 1-9. Proposed hydrogel cross-linking methods involving nopoldiol moieties. 
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and biocompatibility of this nopoldiol-benzoxaborole formation reaction for cell and tissue 

engineering by 3D encapsulation of HeLa cells. 

Chapter 3 describes the work performed towards the development of a stable nanocarrier 

for the delivery of an anti-cancer drug, capecitabine (Figure 1-10). A nanogel cross-linked by 

nopoldiol-benzoxaborolate units was designed to improve the stability of the nanoparticles. In 

addition, the 1,2-cis diol-containing drug, capecitabine (CAPE), could be conjugated to the 

excess benzoxaborole moieties on a polymeric network through covalent bond formation with 

arylboronic esters. Benzoxaborole, with its lower pKa (7.2) compared to conventional 

arylboronic acids (8–9), is expected to form stronger covalent bonds with CAPE, thus 

improving the encapsulation efficiency and the stability of the resulting nanogel/drug 

conjugates. Furthermore, nanogel performance in the microenvironment of cancerous cells 

(low pH and high ROS level) will be studied to access the potential for pH-/ROS-controlled 

drug release of the resulting nanogel–drug complexes in vitro. 

 

 
Figure 1-10. Proposed nanogel drug encapsulation strategy using nopoldiol-benzoxaborolate as cross-links and 
benzoxaborole–CAPE for covalent polymer–drug conjugation. 
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Chapter 2 

In Situ Forming and Dual-cure Self-healing Hydrogel 

Through a Bioorthogonal Nopoldiol-Benzoxaborolate 

Click Reaction with a Wide pH Range 

The contents of this chapter have been copied and/or adapted from the following publication: In Situ Forming, 

Dual-Crosslink Network, Self-Healing Hydrogel Enabled by a Bioorthogonal Nopoldiol–Benzoxaborolate Click 

Reaction with a Wide pH Range. (Chem. Mater. 2019, ASAP) 

  

2.1 Introduction 
Hydrogels are soft biomaterials that are 3D cross-linked with hydrophilic polymeric chains. 

Hydrogel networks have high water-absorbing capacity and display porous structures.1 

Tremendous progress has been made to develop stimuli-responsive hydrogels with tunable 

chemical and physical properties, due to an increasing demand of biomaterials for various 

biomedical applications (regenerative medicine, controlled drug delivery, etc.).2 As described 

in Chapter 1 (Section 1.1), there are three major properties for the ideal smart hydrogel: in situ 

forming, self-healing, and bioorthogonal. Brief definitions of these three requirements are as 

followed: 

1) In situ forming: The hydrogel or hydrogel precursors are injectable through a standard 

needle, and the gelation should occur rapidly after the injection in vivo. (Section 1.1.2) 

2) Self-healing: The cross-links are composed with dynamic bonds that allow the hydrogel 

to self-repair any damages autonomously. (Section 1.1.3) 

3) Bioorthogonal: The hydrogel cross-linking reaction is efficient and only generates non-

toxic by-products. The hydrogel must be stable in biological polyols (e.g., glucose) and 

the hydrogel cross-links/functionalities do not cross-react with endogenous functional 

groups (e.g., thiols, amines). (Section 1.1.4) 

Unfortunately, even the most popular hydrogel cross-linking methods cannot fulfill all of 

these three requirements in the literal sense. As demonstrated in Figure 2-1, many of the cross-

linking approaches that were mentioned in Chapter 1 fully satisfy only two of the three criteria  
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On the other hand, the pH conditions (1.0–8.9) of organs/tissues vary in the complex human 

body (Chapter 1). Therefore, the applicability of hydrogels under a wide range of pH 

conditions is crucial for in vivo applications, such as localized oral drug release, targeted 

cancer drug delivery, and wound dressing.6-7 Unlike many traditional arylboronic esters which 

degrade readily in acidic pH, the nopoldiol-boronate was found to be very stable even at a pH 

of 3.3 This phenomenon indicates that the incorporation of nopoldiol moieties could 

potentially improve the acid-stability of boronate-containing hydrogels.  

Overall, the encouraging studies mention above paved the road for the exploration of a new, 

reversible, and acid-tolerable hydrogel cross-linking reaction that could afford the resulting 

nopoldiol-based hydrogel with great self-healing properties, stability, and acid-resistant 

ability. 

2.2 Objective 
In this work, we aim to exploit the nopoldiol-benzoxaborolate condensation reaction (Scheme 

2-1C) for hydrogel cross-linking. Compared to the arylboronic acids shown in Scheme 2-1A 

and B, benzoxaborole is expected to form nopoldiol-benzoxaborolate with nopoldiol moieties 

with a higher reversibility due to the strained tetrahedral and spirocyclic arrangement of the 

benzoxaborolate adduct. Therefore, it is proposed that this improvement on the dynamicity of 

nopoldiol-benzoxaborolate would benefit the resulting hydrogel’s self-healing property. The 

incorporation of this system to the hydrogel synthesis is expected to enable a bioorthogonal 

and efficient gelation process and to improve the hydrolytic stability and acid-resistance of 

the resulting hydrogels. The design of tight forming, but slightly reversible nopoldiol-

benzoxaborolates (Scheme 2-1C) as hydrogel cross-links could mitigate the drawbacks of the 

traditional boronates (discussed in Section 1.1.4) and preserve the unique features of boronate-

based hydrogels (oxidative degradability, etc.). However, the exclusive use of these tight 

cross-links may restrict the stimuli-responsive properties (e.g., pH-sensitivity and sugar-

sensitivity) of the resulting hydrogels. Therefore, we intend to combine traditional dynamic 

sugar-benzoxaborolate cross-links with the rigid nopoldiol-benzoxaborolate cross-links to 

resolve the problem of stimuli-responsiveness with stability and bioorthogonality, thus 

advancing the development of the boronate-based hydrogels. 
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links could control the hydrogel pore size through the stimuli-responsive bond 

cleavage/reforming, therefore preserving the environmental sensitivity of the hydrogel. 

Furthermore, the formation of DCN hydrogels does not require any external triggers such as 

heat, initiators, or UV light. Importantly, the benzoxaborolate formation produces water as the 

only by-product, indicating an excellent bioorthogonal and biocompatible cross-linking 

reaction for the formation of biomaterials.  

 

2.3.2 Hydrogel Synthesis – Monomer/Polymer Design & Cytotoxicity 

2.3.2.1 Monomer synthesis and optimization 

The benzoxaborole-based monomer, 5-methacrylamido-1,2-benzoxaborole (MAAmBO), 

was synthesized according to a previous report, with slight modifications (Scheme 2-2).8-12 

The nopoldiol-based monomer, (1R)-(–)-nopoldiol-methacrylamido-diol (nopoldiol), was 

synthesized by an acylation reaction from the nopoldiol-amine precursor (2-8), whereas the 

precursor 2-8 was synthesized according to a previous report (Scheme 2-3). 3-4, 13 Sugar-based 

monomers, GAEMA and LAEMA, were synthesized according to the literature (Scheme 2-

4).14, 15-16 A collaborator from Narain Group, Dr. Yangjun Chen, synthesized the compound 

GAEMA.  

 

 
Scheme 2-2. Synthesis of monomer 5-methacrylamido-1,2-benzoxaborole (MAAmBO).8-11 Reaction conditions: 
(a) NaBH4, MeOH, r.t., 2 h, 99% yield, (b) HNO3 fuming, – 40 ℃, 1 h, 60–70 % yield, (c) H2, Pd/C 10 mol%, 
THF, r.t., 6 h, quantitative yield, (d) methacryloyl chloride, NaOH/H2O, 0 ℃ then r.t., overnight, 90–98% yield. 
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Scheme 2-3. Synthesis of (1R)-(–)-nopoldiol-methacrylamido-diol (nopoldiol).3-4, 13 Reaction conditions: (a) p-
toluenesulfonyl chloride pyridine, 0 ℃ to r.t., 4 h, followed by NaN3, DMSO, 80 ℃, overnight, 77% yield over 
two steps, (b) K2OsO4•2H2O, pyridine, NMR (50%), acetone/water, 65 ℃, overnight, 71–81% yield, (c) H2, 
Pd/C 10 mol%, MeOH, r.t., 3 h, (d) methacrylic anhydride, TEA, MeOH, 0 ℃ to r.t., 54–60% yield over two 
steps.  

 

 
Scheme 2-4. Synthesis of 2-gluconamidoethyl methacrylamide (GAEMA)15 and 2-lactobionaidoethyl 
methacrylamide (LAEMA).16 Reaction conditions: (a) HCl, isopropanol, 1 h, 0 ℃, 91% yield, (b) EDA, H2O, 
30 min, r.t., followed by methacrylic anhydride, 0 ℃ to r.t. overnight, 48% yield, (c) TEA, MeOH, r.t., overnight, 
80% yield, (d) TFA, MeOH, 60 ℃, overnight, (e) AEMA, TEA, MeOH, r.t. 1 to 3 d, 55% yield. 
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Reaction optimization from compound 2-3 to 2-4:  

The hydrogenation reaction to yield compound 2-4 suffered from low reaction rate and 

formation of impurities over a long period of time. A foam-like product was always obtained 

while using acetic acid as the co-solvent. 

    There are two main modifications in this hydrogenation step: 

1) No acetic acid is needed in the reaction 

Many other procedures involve 10% of acetic acid as co-solvent because protic solvents 

could accelerate the hydrogenation process.9, 17 However, it was very difficult to remove 

acetic acid residues through extraction, and chromatography was not an efficient method 

to purify a large quantity of polar compound, such as compound 2-4. The remaining acetic 

acid residue resulted in a foam-like product, which also made it inconvenient to handle. 

Control studies (with and without acetic acid) were conducted and showed that the reaction 

worked well without the help of acetic acid. 

 

2) Nitric acid residue 

The slow reaction rate was suspected to result from the nitric acid residue that remained 

from the last step (nitration reaction from compound 2-2 to 2-3). A recent report from the 

literature discussed the impact of nitric acid pretreatment on Pd/C-based hydrogenation 

reactions to form nitrobenzene, where a small amount of nitric acid could facilitate the 

reaction, and a too large amount of oxygen-containing substance, such as nitric acid, could 

inhibit the catalytic activity of the palladium catalyst.18 To address this problem, compound 

2-3 was dissolved in ethyl acetate (add a small amount of methanol if it is not very soluble), 

followed by an addition of charcoal (about 2 to 5 g). The mixture was stirred at 50℃ 

overnight, and the nitric acid residues could be absorbed. The charcoal was filtered out with 

celite, and the filtrate was concentrated to dryness to obtain a yellowish solid. As a result, 

the hydrogenation reaction could be achieved with high efficiency. 

 

Reaction optimization from compound 2-4 to MAAmBO:  

The literature procedures used equivalence as 2-4: MAACl (methacryloyl chloride): NaOH 

1:2:5 or 1:2:4, and involved an acidic work-up by adding concentrated HCl slowly into the 

reaction mixture to crash out the product.11, 19 However, a slurry-like product was always 
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3) Choice of base 

It was also suspected that maybe the strong base NaOH was not the optimal base for the 

reaction. Pyridine, NaHCO3, and TEA were used instead of NaOH; however, none to low 

yield of product was obtained. 

 

    Overall, the major modifications of this acylation reaction encompass the distillation of 

MAACl and the proper choice of the equivalence (2-4: MAACl: NaOH 1:2:3). 

 

Reaction optimization from compound 2-8 to nopoldiol:  

Monomer nopoldiol contains a fairly reactive methacrylamide group, which has a high risk 

of self-polymerization. The regular process of obtaining the product through solvent 

evaporation resulted in a severe self-polymerization problem even under ambient conditions. 

To address this problem, a small amount of hydroquinone (~1 mg, inhibitor) was added to the 

reaction mixture prior to the solvent evaporation. Then, the reaction crude was purified by 

flash chromatography, and the fractions were combined and concentrated to ~3 mL in EtOAc 

at 0 ℃ using ice bath for rotovap. A small amount of diethyl ether was added into the mixture, 

and the flask was put in the fridge with an open-neck. Through slow evaporation, nopoldiol 

crystals were obtained overnight or after 24 h with high purity.  

 

2.3.2.2 Polymer design 

With the key components and sugar monomers in hand, we chose a few backbone components 

for polymers to ensure hydrophilicity and biocompatibility (Figure 2-3). Polyethylene glycol 

methacrylate (PEGMA) is a widely used monomer for hydrogels. PEG-based hydrogels are 

highly hydrophilic and biocompatible to the surrounding tissue, making them good candidates 

for biomedical applications.21-22 2-Methacryloyloxyethyl phosphorylcholine (MPC)-based 

zwitterionic polymers are emerging as a new class of biocompatible material, which shows 

bioinspired phospholipid-like structures.23-24 This particular nature results in superior 

biocompatibility to cells and blood, as well as antifouling features for surface modification.23-

24 N,N’-Dimethylacrylamide (DMA) is one of the most frequently used monomers for the 

synthesis of polymeric materials interfacing with biological systems. The resulting polymer, 

poly(N,N’-dimethylacrylamide) (PDMA) is highly hydrophilic and biocompatible.25 



! Sd

852+5=+2>! ',%/7!S?!! 1,! )*+! "1:F"5/+! :5-05/+/)! :5'3.! "+! "+/+4%:%13! )5! 053#-+2! :25,,C

3%/F%/7!1/.f52!4'/:)%5/%/7>!"+:1',+!)*+!,*52)!3+/7)*!54!S?!!:5'3.!+/1"3+!)*+!5)*+2!1.X1:+/)!

4'/:)%5/13%)%+,!)5!"+:5-+!-52+!,)+2%:133#!1::+,,%"3+H!

(,! .+-5/,)21)+.! %/! T%7'2+! ?CS>! "(#K;08+ D! 1/.! "(#K;08+ M! 2+02+,+/)! )*+! )G5! 053#-+2!

:1)+752%+,>!G*+2+!"(#K;08+D!:5/)1%/,!?!!;4O!1/.!1!"1:F"5/+!:5-05/+/)>!1/.!"(#K;08+

M! %/:3'.+,! )("(#2$(#>! 1! ,'712! :5-05/+/)>! 1/.! 1! "1:F"5/+! :5-05/+/)H! J*+! )G5! )#0+,! 54!

053#-+2,!12+!+E0+:)+.!)5!"+!"3+/.+.!%/!1!.+,%7/+.!:5/:+/)21)%5/!)5!452-!1!$;W!*#.257+3H!!

!

!
R$A/80+M3NE+85/5-+2!:1/.%.1)+,!1/.!)*+!.+,%7/!54!053#-+2,H!
!

MENEMEN+<(#K;08+*%800)$)A+&)2+("'$;$5&'$()+I$&+%K'('(6$%$'K+'0*'*+

T52!"%5-1)+2%13,>!"%5:5-01)%"%3%)#!52!:#)5:5-01)%"%3%)#!%,!+E:+0)%5/133#!:2%)%:13H!I.+133#>!)*+!

"%5053#-+2,!,*5'3.!.%,031#!1!:+33!=%1"%3%)#!54!q!B@i!52!+=+/!A@@iH!J*+2+452+>!G+!.+:%.+.!)5!



 38 

evaluate the cytotoxicity of the synthetic polymers prior to the other requisite tests. 

Considering that one of the objectives of this project is to make an acid-resistant hydrogel that 

can form under an extremely low pH environment, the ability for the hydrogel to gel at pH 1.5 

is also a standard. We screened the polymers on their cytotoxicity (through MTT assays) and 

acid-resistance (gelation with poly(DMA95–MAAmBO5) at pH 1.5) (Table 2-1 and Table 2-

2). 

Due to the more readily available sources of DMA and LAEMA, polymer 1 with DMA 

and MAAmBO and polymer 2 with DMA/MPC, LAEMA, and nopoldiol were synthesized 

first. RAFT polymerization (reversible addition-fragmentation chain-transfer polymerization) 

was chosen as the synthetic method to polymerize the monomers into well-defined polymers 

(to afford high polydispersity and a uniform in chain length). However, as shown in Table 2-

1 and Table 2-2, the RAFT polymerization resulted in moderate to low yields of 52%–74%. 

More disappointingly, polymer 2 showed either poor cell viability or the failure of gelation 

with standard polymer 1 (WDH-3-175B) at pH 1.5. 

 
Table 2-1. Screening of polymer 1 (DMA–MAAmBO) made by RAFT polymerization. 

Lab 

Book 

Code 

DMAa MAAmBOa DPb Yield% Cell 

viability%c 

WDH-3-175B 95 5.0 400 52 96 

WDH-3-191A 95 5.0 400 66 89 

aComposition of each component was determined by 1H NMR in mol%. bDesigned DP (degree of polymerization) = moles of 
monomers/moles of RAFT chain transfer agent (CTP), which indicates the number of repeating units in a polymer chain. cCell viability was 
tested with a polymer solution from concentration 0.01 mg/mol to 2 mg/mol; however, only the viability% at 1 mg/mL was recorded here 
for easier comparison. 
 
Table 2-2. Screening of polymer 2 (MPC/DMA–nopoldiol – LAEMA) made by RAFT polymerization. 

Lab 

Book 

Code 

MPCa DMAa LAEMAa nopol- 

diola 

DPb Yield % Cell 

viability

% c 

Hydrogel 

formationd  

WDH-

3-165C 

44 – 48 8.0 400 73 72 good 

WDH-

3-165A 

51 – 49 – 400 63 56 no 
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WDH-

3-175A 

46 – 48 6.0 400 70 80 good 

WDH-

3-183B 

– 53 38 9.0 400 40 50 good 

WDH-

3-183C 

– 54 37 9.0 300 70 45 good 

WDH-

3-183D 

– 58 36 6.0 300 72 60 good 

WDH-

3-189B 

– 76 21 3.0 300 60 80 good  

WDH-

3-189C 

– 56 36 8.0 200 64 59 good 

WDH-

3-189D 

– 77 20 3.0 200 74 72 best  

WDH-

3-191B 

– 76.3 20 3.7 100 51 67 weak 

WDH-

3-191C 

78.7 – 15 6.3 200 66 101 no 

WDH-

3-191D 

82 – 12 6.0 100 58 87 no 

WDH-

3-195A 

– 79 17 4.0 150 69 47 best  

WDH-

3-195B 

73 – 19 8.0 200 41 – no 

WDH-

3-195C 

69 – 24 7.0 200 67 – no 

WDH-

3-195D 

– 86 10 4.0 300 43 – too brittle 

WDH-

3-200A 

82 – 14 4.0 300 42 59 no 

WDH-

3-200B 

– 82 16 2.0 250 45 47 best  
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WDH-

3-200C 

78 – 16 6.0 400 66 47 no 

aComposition of each component was determined by 1H NMR in mol%. bDesigned DP (degree of polymerization) = moles of 
monomers/moles of RAFT chain transfer agent (CTP), which indicates the number of repeating units in a polymer chain. cCell viability was 
tested with a polymer solution from concentration 0.01 mg/mol to 2 mg/mol; however, only the viability% at 1 mg/mL was recorded here 
for easier comparison. dThe ability to gel with the standard polymer 1 of poly(DMA95–MAAmBO5) or the appearance of the gel, best/good: 
moderately hard, can self-heal easily; bad: too brittle, not self-healing; weak: cannot form stable solid, fluid; no: liquid. 
 

Reflecting from the preliminary results from the screening of polymer 1 and 2 (Table 2-1 

and 2-2), the failures were rationalized as follows: 

• Two batches of polymer 1 gave very high cell viability% results; however, all of the 

batches to form polymer 2 were pretty toxic, indicating that either LAEMA or 

nopoldiol is toxic to cells. Since LAEMA is the major component in polymer 2 

compared to nopoldiol, it is more likely to be the source of toxicity. 

• The molecular weight of polymers (indicated by DP) do not correlate with the 

cytotoxicity. 

• Polymers with a low molecular weight do not form gels or only form weak gels. 

• RAFT polymerization is not very efficient for large molecular weight polymers. To 

make hydrogels, it may not be essential for the polymer precursors to have a well-

defined chain length with low polydispersity (PDI). Free-radical polymerization may 

be a better choice to improve yields. 

     Therefore, we modified the composition of both polymers by changing the backbone to 

PEGMA, a bulky but flexible monomer (MW: 500 g/mol). By replacing the DMA and MPC 

backbone components with PEGMA, we expected to lower the weight ratios of the 

functionalities (LAEMA and nopoldiol) (Figure 2-4), thus dilute these two components in 

the ultimate polymers and hydrogels. Satisfactorily, all of the PEG-based polymers exhibited 

high cell viabilities, and the two sugar candidates (GAEMA and LAEMA) did not show a 

distinguishable difference (Table 2-3 and Figure 2-5). 
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WDH-4-

35Be 

90 – – – 20 200 86 – weak 

WDH-4-

35Cf 

77 – 17 6.0 – 200 80 83 best 

WDH-4-

35Df 

81 12 – 7.0 – 200 76 83 best 

aComposition of each component was determined by 1H NMR in mol%. bDesigned DP (degree of polymerization) = moles of 
monomers/moles of initiator (ACVA), which indicates the number of repeating units in a polymer chain. cCell viability was tested with a 
polymer solution from concentration 0.01 mg/mol to 2 mg/mol; however, only the viability% at 1 mg/mL was recorded here for easier 
comparison. dThe ability to gel with the standard polymer 1 (WDH-4-29A) of poly(PEGMA85–MAAmBO15) or the appearance of the gel, 
best: moderately hard, can self-heal easily; weak: cannot for stable solid, fluid. eIndicating polymer 1. fIndicating polymer 2. 

 

   To investigate the effect of other factors towards cytotoxicity, including a sterilization of 

polymer solutions and the age (passage number) of cells, two comparison tests were 

performed. Firstly, polymer WDH-4-35A was sterilized by passing the polymer/DMEM 

solution through a 0.22 µm filter tip. A parallel control study also was performed (no 

sterilization) (Figure 2-5). The increasing percent of cell viability confirms the necessity of 

the sterilization process. Secondly, an old batch of cells (~25 passage number) and a batch of 

relatively new cells (~10 passage number) were utilized for the cytotoxicity tests. As shown 

in Figure 2-5, there was no significant difference between the two experiments (WDH-4-35D 

and WDH-4-35D (old cells)), indicating the irrelevance of cell age.  
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Figure 2-5. Graphic results of MTT assays of the polymers in Table 2-3.  
 

To inspect the cause of toxicity further, a representative polymer batch from the DMA-

backbone method (WDH-4-35D) and PEGMA-backbone method (WDH-3-200B) was picked 

for comparison. As shown in Table 2-4, both polymers contain comparable molar ratios of 

backbone components (PEGMA or DMA), nopoldiol, and sugars (LAEMA). According to 

the molecular weight of each component, the weight ratios were calculated based on the molar 

ratios. Clearly, the PEGMA-based polymer is much more biocompatible compared to the 

DMA-based polymer (85% and 47% of cell viability, respectively). It is notable that the 

LAEMA moieties constitute nearly half the weight of the polymer WDH-3-200B (46 wt%). 

This number indicates that the majority of the polymer is DMA and LAEMA, regardless of 

the low molar ratios of the LAEMA (16 mol%). In contrast, because of the large molecular 

weight of PEGMA (500 g/mol), 12 mol% of LAEMA moieties only take up 11 wt% in the 

resulting polymer. Notably, the molar ratios and weight ratios of nopoldiol moieties in both 

polymers are very small and similar. Thus, the influence of nopoldiol to the difference in 

polymer biocompatibility is considered negligible. These results confirm the assumption that 

was described earlier in Figure 2-4, where a greater weight ratio of the functionalities 

(LAEMA) is correlated greatly with the toxicity of the polymers. Overall, PEGMA-based 
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polymers showed significant improvements in the cell viability compared to DMA-based 

polymers, suggesting that PEGMA is a better backbone candidate for further studies and 

applications.  

 
Table 2-4. Comparisons of cytotoxicity between DMA-based polymer and PEGMA-based polymer.  

Lab 

Book 

Code 

  DMA PEGMA LAEMA nopol-

diola 

DPc Method/ 

Yield% 

Cell 

viability%d  

WDH-

4-35D 

mol%a – 81 12 7.0 200 Free 

radical/ 

82 

85 

wt%b – 85 11 4.0 

WDH-

3-200B 

  

mol% a 82 – 16 2.0 250 RAFT/ 

45 

47 

wt% b 51 – 46 3.0 

aComposition of each component was determined by 1H NMR in mol%. bCalculated from molecular weight and molar ratio of each 
components.  cDesigned DP (degree of polymerization) = moles of monomers/moles of initiator (ACVA, Free-radical polymerization), or 
moles of RAFT chain transfer agent (CTP, RAFT), which indicates the number of repeating units in a polymer chain. cCell viability was 
tested with a polymer solution from concentration 0.01 mg/mol to 2 mg/mol; however, only the viability% at 1 mg/mL was recorded here 
for easier comparison. 
 

With the preliminary results in hand, the final combination and the composition of 

monomers were decided, and a set of PEGMA-based polymers was synthesized. To reduce 

the risk of having a high weight ratio of sugar components, which would likely cause a high 

cytotoxicity, GAEMA was chosen as the sugar component due to its lower molecular weight. 

As shown in Scheme 2-6 and Table 2-5, polymer PB was designed with a fixed molar ratio of 

MAAmBO (13%) to allow sufficient binding with GAEMA and nopoldiol moieties in the 

diol-containing polymers. Polymer PB’, which contains a comparable composition of 

MAPBA (an arylboronic acid-based monomer) with MAAmBO (in polymer PB), was 

designed to study the influence of a different type of traditional arylboronic acid towards 
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Scheme 2-6. Synthesis of polymer PB, PB’, PBN, PG, PN, and PN’. Reaction conditions: 4,4’-azobis(4-
cyanovaleric acid (ACVA), MeOH/H2O, 70 ℃, 16 h, under nitrogen, (yield 81–93%). DP was designed as 200 
in all of the cases. Numbers indicate proportions of each component in the statistical polymers (normalized to 1). 
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gelation efficiency (Section 2.3.5.1). Polymer PN and PG, which contained similar 

proportions of nopoldiol and GAEMA as polymer PNG, respectively, were synthesized to 

monitor the functions and properties of each component in the resulting hydrogels. Polymer 

PN’ and PG, which contained similar ratios of nopoldiol and GAEMA (17.7% and 16.7%, 

respectively), were also prepared for comparison studies. 

Furthermore, the molecular weight of each polymer was determined via GPC (gel 

permeation chromatography) by a collaborator in the Narain Group, Yi-Yang Peng (Table 2-

5). The two polymers in category polymer 1 (PB and PB’), and the four polymers in category 

polymer 2 (PNG, PG, PN, PN’), have similar molecular weights. The small differences in 

molecular weights and PDI resulted from the less controllable chain growth of the free-radical 

polymerization compared to RAFT polymerization. The cytotoxicity results of the designed 

polymers are very satisfactory with cell viability close to 100%. The detailed data is shown in 

Section 2.3.10. 

 
Table 2-5. Characterizations of the final synthetic polymers. 

Polymer Composition (mol%)a GPC Characterizationb 

PEG

MA 

GAE

MA 

nopol-

diol 

MAAm

BO 

MA

PBA 

Mn (103)/ 

Da 

Mw (103)/ 

Da 

PDI 

(Mw/Mn) 

PBc 87.0 – – 13.0 – 96.9 293 3.02 

PB’c 86.4 – – – 13.6 93.5 174 1.86 

PNGd 75.2 17.2 7.60 – – 124 327 2.63 

PGd 83.3 16.7 – – – 132 237 1.79 

PNd 92.5 – 7.50 – – 158 264 1.54 

PN’d 82.3 – 17.7 – – 159 265 1.66 

aCalculated from signal integrations of the 1H NMR spectrum by using D2O as the NMR solvent. bObtained from aqueous GPC using 0.5 M 
sodium acetate/acetic acid buffer as the eluent. cpolymer 1. d polymer 2. 
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2.3.2.4 Fabrication of hydrogels 

With the optimal polymers in hand, a set of dual-cure network hydrogels and single network 

hydrogels was prepared. As shown in Table 2-6, hydrogels formed by mixing PB with PNG, 

PG, PN, and PN’, were denoted accordingly as PBNG, PBG, PBN, and PBN’; only PBNG 

is a dual-cure network (DCN) hydrogel. The four hydrogels composed by PB’ (Table 2-6, red) 

share the same nomenclature. All of the corresponding single network (SN) hydrogels were 

prepared for control studies. A more straightforward graphic illustration on the preparation of 

benzoxaborole-containing polymer/hydrogel is shown in Figure 2-6. Specifically, four 

monomers were polymerized through free-radical polymerization, and then the polymers were 

mixed in 1:1 weight ratio (concentration of 10 w/v%) to form the corresponding hydrogels. 

The rigid cross-links were denoted as nopoldiol-benzoxaborolate, while the dynamic cross-

links were named as sugar-benzoxaborolate. 

 
Table 2-6. Fabrication of DCN and SN hydrogels by mixing polymer 1 and polymer 2. 

Hydrogel Polymer 1 Polymer 2 Hydrogel type 

PBNG PB PNG DCN 

PBG PB PG SN 

PBN PB PN SN 

PBN’ PB PN’ SN 

PB’NG PB’ PNG DCN 

PB’G PB’ PG SN 

PB’N PB’ PN SN 

PB’N’ PB’ PN’ SN 
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2.3.3 Monomeric Binding Studies of Benzoxaborole – Diols from pH 8.5 to 

1.5 via NMR 
To describe the distinct binding ability of benzoxaborole with nopoldiol in a broad pH range, 

a few diols that are often involved in boronate formation in biomaterial fabrications were 

tested for comparison. The amount of conversion of the MAAmBO and diol compounds to 

the resulting benzoxaborolates was measured via relative integrations and was calculated 

based on the following general equation: 

 

Conversion% to benzoxaborole = 

	
integration	of	new	signal

integration	of	original	signal	 + 	integration	of	new	signal	 × 100% 

 

where in most cases, the “new signal” represents the methylene (-CH2-) on the oxaborole ring 

of the newly formed benzoxaborolate, and the “original signal” stands for the methylene (-

CH2-) on the oxaborole ring of the free MAAmBO. This calculation method was slightly 

adjusted because of the electronic effect and the complexity of some benzoxaborolates, as 

described later in Table 2-11. The stacked NMR spectra of benzoxaborolate formation at 

different pH are shown in Figure 2-7, and separate NMR spectra with integral ratio are 

described in page 159–180. All of the measurements were performed at least twice, and the 

final results are displayed as an average (Table 2-7). 

 

 

 

 

 

 

 

 

 

(1) 
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Table 2-7. Results of benzoxaborolate formation between MAAmBO and various diols. 

 
Entry     Diols        Conversion to benzoxaborolate %a 

pH 8.5 pH 7.4 pH 5.2 pH 1.5 

1 nopoldiol 86.5 79.6 65.5 59.5 

2 nopoldiolb 88.2 86.9 84.7 79.9 

3 LAEMA 78.2 61.5 9.29 – 

4 GAEMA 82.4 64.7 7.38 – 

5 D-glucose 29.3 9.90 – – 

6 D-fructose 73.0 51.7 6.33 – 

7 catechol 77.4 57.3 9.45 – 

8 capecitabine 57.7 38.1 2.91 – 

  aThe conversion% of MAAmBO and diols to benzoxaborolate was determined by 1H NMR. bConversion to boronate (%) of  mixing 
MAPBA and nopoldiol. 
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Figure 2-7. Representative 1H NMR spectra for the binding studies of MAAmBO and diols under different pH 
conditions. 

 

It has been shown in the literature that the benzoxaborolate formation is generally favorable 

at a higher pH.26-27 Therefore, it is not surprising that the conversions to the benzoxaborolate 

complex were found greater under the more basic conditions in all cases (Table 2-7). Even 

though nopoldiol is a rigid cyclic cis-diol, it is remarkable that it exhibited strong binding 

affinities with the MAAmBO monomers even at an extremely low pH of 1.5 (59.5% 

conversion). The abnormal hydrolytic stability of this nopoldiol-benzoxaborolate can be 

explained by the unfavorable entropy of converting three molecules to two when hydrolyzing 

a boronic ester composed with a sterically hindered and pre-organized diol.28 In addition, the 

structural bulkiness of the nopoldiol could slow down the dissociation process by hindering 

the approach of water. Similarly, 3-methylacrylamido phenylboronic acid (MAPBA), a 

traditional phenylboronic acid, also formed nopoldiol-boronate with high conversion under a 

wide range of pH; however, the resulting boronate was not as dynamic as nopoldiol-

benzoxaborolate (Table 2-7 entry 2), which limits its use in self-healing, pH-responsive, and 

biodegradable materials. Moreover, LAEMA, GAEMA, and catechol, which are frequently 

G 
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used in arylboronic acid-mediated stimuli-responsive biomaterials for the applications of 

biomolecular recognition,16 tissue scaffold,23 and gene therapy were also tested.29-31 However, 

these diols exhibited limited binding affinities towards MAAmBO at pH 7.4 (~60% 

conversion), and only a small amount of the benzoxaborolate product was detected even under 

the slightly acidic conditions. Furthermore, biological polyols, including D-glucose and D-

fructose, as well as the ribose-based anti-cancer drug, capecitabine, displayed low to moderate 

binding with MAAmBO under basic and neutral conditions, and negligible affinity at low pH. 

These monomeric binding results support the unique tightness and acid-tolerance of the 

nopoldiol-benzoxaborolate complex.  

 

2.3.4 Detailed Binding Studies of Nopoldiol-Benzoxaborole 
To demonstrate the formation and conformation of nopoldiol-benzoxaborolate between 

MAAmBO and nopoldiol further under a wide range of pH values, 1H NMR, 11B NMR, ESI-

MS, and LC-MS were utilized to analyze the binding.  

 

2.3.4.1 Binding studies – 1H NMR analysis 

As shown clearly in Figures 2-7A and Figure 2-8, a considerable number of new signals 

appeared under all of the pH conditions, which indicates the formation of nopoldiol-

benzoxaborolate. To our surprise, the chemical shifts of the resulting benzoxaborolates were 

consistent throughout all of the pH conditions, except for the case of nopoldiol-

benzoxaborolate (Figure 2-8). For instance, the aromatic proton signal d at 7.37 ppm at pH 

8.5 was shifted downfield to 7.48 ppm at pH 7.4, and 7.82 ppm under acidic pH (5.2 and 1.5). 

Similarly, signal a, b, and c also experience a severe downfield shift as pH decreases. We 

rationalized that under acidic pH, the nopoldiol-benzoxaborolate 2-14 is converted to 

nopoldiol-benzoxaborolate 2-15 through a ring opening of the oxaborole ring. As a 

consequence, in the case of 2-15, the neutral boronic ester (open form of benzoxaborolate) 

acts as an electron withdrawing group, and the electrons on the aromatic ring are delocalized 

into the adjacent empty p orbital of the boron atom, thus making the protons more deshielded. 

It is notable that benzoxaborole ring opening is usually unfavorable;32 however, in this case, 

the low pH favors the neutral boronate and the very rigid diol unit is even less likely to open 

compared to the o-hydroxymethyl arm of MAAmBO.  
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Figure 2-9. 11B NMR of MAAmBO (in orange) and MAAmBO – nopoldiol mixture (in blue) at pH 8.5 to 1.5.  
 

2.3.4.3 Binding studies – ESI-MS & LC-MS analysis 

The formation of 2-14 and 2-15 at pH 7.4 and 1.5 was observed by ESI-MS analysis (Figure 

2-10). To capture the signal of the neutral nopoldiol-benzoxaborolate 2-15 in negative mode, 

the molecule may lose a proton of a hydroxyl group to display the [M – H]– signal of 465.2 

m/z. The nopoldiol-benzoxaborolate peaks (mass of 465.2 m/z) were detected in the negative 

mode in both cases, suggesting the successful formation of the benzoxaborolate.  

nopoldiol MAAmBO 
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Table 2-8. Summary of molar ratios of reactive components in hydrogels and the resulting gelation time. 

Entry Hydrogela Molar ratiob Gelation 

time, T 

(s)c 
MAAmBO MAPBA nopoldiol GAEMA 

1 PBNG 1 – 0.60 1.36 26 
2 PBG 1 – – 1.27 204 
3 PBN 1 – 0.55 – 230 
4 PBN’ 1 – 1.37 – 79 
5 PB’NG – 1 0.57 1.29 276 
6 PB’G – 1 – 1.21 427 
7 PB’N – 1 0.53 – 1114 
8 PB’N’ – 1 1.30 – 211 

aAll of the hydrogels are formed with 10 w/v% solid content at pH 7.4. bCalculated by 1H NMR. cStrain 1%, frequency 1 Hz. 
 

2.3.5.1 Gelation time determination (kinetics) 

Gelation time is critical for in situ forming hydrogels fabrication process. To minimize the 

material migration and shorten the implantation procedures, the gelation should occur rapidly 

after a transdermal injection of liquid polymer precursors through a small needle. In this study, 

the gelation time was determined via measurements of modulus versus time. A collaborator 

from the Narain group, Wenda Wang, performed these experiments. Specifically, after mixing 

the two polymer solutions (PB and PNG/PG/PN/PN’, 10 w/v%), storage modulus G' and loss 

modulus G'' were monitored and the gelation time was defined when the value of the storage 

modulus G' exceeded that of the loss modulus G''. As shown in Table 2-8 and Figure 2-12, the 

DCN hydrogel PBNG exhibited the shortest gelation time of 26 s (T1), which was 7–8 times 

faster than hydrogels with either GAEMA or nopoldiol alone (T2 and T3). Furthermore, 

compared to GAEMA, nopoldiol was found to be more essential to the gelation rate, since 

the gelation process was accelerated markedly by increasing the nopoldiol content from a 

molar ratio of 0.55 to 1.37 (T3 vs T4). Moreover, with the comparable molar ratios of diol 

content, hydrogel PBN’ showed a much shorter gelation time (T4) than that of hydrogel PBG 

(T2). The rapid gelation process also was demonstrated macroscopically by blending the 

precursor solutions of PB containing anti-cancer drug, doxorubicin, with PNG. The gelation 

time was determined simply by vial tilting tests, and the obtained gelation time is even shorter 
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experiments were performed by Wenda Wang. Figure 2-16A shows the storage modulus G' 

and the loss modulus G'' of the four types of hydrogel (PBNG, PBG, PBN, and PBN’). 

Hydrogel PBNG, which contains the highest molar ratios of reactive components, displays 

the highest storage modulus G', namely, the strongest mechanical strength (Table 2-8). On the 

other hand, hydrogel PBN with only 0.55 molar ratio of nopoldiol was much stronger than 

PBG, which composes more than twice the diol contents as PBN. Next, the hydrogels PBNG 

(10 w/v%) formed at pH 7.4, 5.2, and 1.5 were also subjected to this rheological test to identify 

the impact of pH conditions on the hydrogel mechanical strength (Figure 2-16B). The G' value 

(at 𝛾	= 1%,	𝜔	= 1	Hz) of PBNG was found to be 3896 Pa, 886.4 Pa, and 747.6 Pa at pH 7.4, 

5.2, and 1.5, respectively. Clearly, the G' values of hydrogels at low pH (5.2 and 1.5) were 

more than four times lower than that of pH 7.4, indicating that the pH-sensitive sugar-

benzoxaborolate cross-links and possibly some of the nopoldiol-benzoxaborolate cross-links 

were dissociated under more acidic conditions. This assumption was also supported by the 

previous monomer binding studies (Table 2-7), where only ~15% of the nopoldiol-

benzoxaborolates were cleaved at pH 5.2 compared to pH 7.4; whereas nearly all of the sugar-

benzoxaborolate complexes with GAEMA were dissociated at the same pH.  

 

 

A 
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Figure 2-16. (A) Dynamic oscillatory frequency sweeps of hydrogels (PBNG, PBG, PBN and PBN’) in 10 
w/v%. (B) Dynamic oscillatory frequency sweeps of 10 w/v% PBNG at pH 7.4 to 1.5. 
 

In addition, the porous structures of PBNG, PBN, and PBG at pH 7.4, as well as PBNG at 

pH 1.5, were characterized by SEM imaging. As shown in Figure 2-17, with a higher storage 

modulus G' value and higher pH conditions, the hydrogels exhibit smaller pore sizes and more 

compact network structures, corroborating their stronger mechanical properties. 

B 
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    Differing from permanent covalent bond cross-linked hydrogels, which normally show 

frequency-independent G' and G'', all of the designed hydrogels display variable G' and G'' 

values throughout the frequency changes, no matter of the different hydrogel types and pH 

conditions (shown in Figure 2-16 previously). Furthermore, strain sweep tests and step strain 

tests were conducted to quantify the hydrogel self-healing behaviors. The optimal hydrogel 

PBNG was chosen to demonstrate the promising self-healing properties in a wide pH range 

(8.5–1.5) (Figure 2-19 and Figure 2-20). For example, in the case of PBNG (10 w/v%) at pH 

7.4, the hydrogel was first subjected to strain sweep tests with a linear amplitude sweep of 

γ (strain%)	= 1% to 1000% to identify the linear viscoelastic region. At the critical strain 

(334%), the storage modulus G' dropped drastically, whereas the value of loss modulus G'' 

suppressed that of the storage modulus G', indicating gel failure (Figure 2-19 B). Then, a small 

strain of 1% and a large strain of 400% (a strain greater than the critical strain) was applied 

cyclically on the hydrogel to evaluate its modulus recovery ability upon exposing in the large 

strain (gel failure) (Figure 2-20B). Remarkably, after two cycles, almost quantitative G' and 

G'' were recovered in all cases, indicating the promising self-healing abilities of PBNG under 

all of the pH conditions tested (8.5–1.5).  

    Notably, without the help of the dynamic sugar-benzoxaborolates, hydrogel PBN with only 

the nopoldiol-benzoxaborolate cross-links, also exhibits great self-healing properties at pH 

7.4 (Figure 2-21). Altogether, despite that the nopoldiol-benzoxaborolate cross-links are 

considered tough, both sugar-/nopoldiol-benzoxaborolate cross-links demonstrate a certain 

degree of dynamicity and flexibly, which ultimately results in the promising self-healing 

properties of the resulting hydrogels. 
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Figure 2-19. Oscillatory strain sweep results of hydrogel PBNG at pH (A) 8.5, (B) 7.4, (C) 5.2, and (D) 1.5. 
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Figure 2-20. Step strain tests of hydrogel PBNG at pH (A) 8.5, (B) 7.4, (C) 5.2, and (D) 1.5. 

 

   

Figure 2-21. (A) Oscillatory strain sweeps and (B) step strain tests of hydrogel PBN (10 w/v%) at pH 7.4. 
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2.3.6 ROS-responsive Degradation Studies 
It is well known that the tumor microenvironment and many other pathological conditions are 

highly correlated with the overexpression of ROS.1, 33 Therefore, benzoxaborolate cross-

linked hydrogels are very attractive for biomedical applications, including ROS-responsive 

local delivery of therapeutic agents and antioxidative regulation of overproduced ROS. Here, 

the ROS-responsiveness of the PBNG hydrogel was examined by using various 

concentrations of H2O2 (hydrogen peroxide) solutions as ROS models, and the hydrogel 

weight changes were monitored. As expected, faster hydrogel degradation was observed in a 

higher H2O2 concentration, and more complete hydrogel degradation was found over longer 

exposure times in the H2O2 solutions (Figure 2-22). 

 

 
Figure 2-22. H2O2-responsive degradation profile of hydrogel PBNG (10 w/v%) with 1, 5, and 10 mM of H2O2. 
 

    Furthermore, a model reaction using benzoxaborole (compound 2-2) and nopoldiol 

monomer as the binding partner was set up to investigate the oxidative-cleavage process of 

the resulting benzoxaborolate (Scheme 2-6). Thus, H2O2 was added to the mixtures of 2-2 and 

nopoldiol monomer (1:1 molar ratio, 5 mM of each) to reach final concentrations of 1, 5, and 

10 mM, respectively, and 1H NMR was used to monitor the degradation process. As shown in 

Figure 2-23 and Table 2-9, the conversion to benzoxaborolate complex (2-16) was found to 

decrease from the original level of 63% to 57%, 36%, and 22% under 0, 1, 5, and 10 mM of 

H2O2, respectively, after 20 min. The corresponding oxidation product, 2-hydroxybenzyl 
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Figure 2-23. 1H NMR spectra of 2-2, nopoldiol, mixtures of 2-2 – nopoldiol with of 0, 1, 5, 10 mM of H2O2 

solution after 20 min, and the standard 1H NMR spectra of side product 2-18. 
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Figure 2-24. 1H NMR spectra of 2-2, nopoldiol, mixtures of 2-2 – nopoldiol with of 0, 1, 5, 10 mM of H2O2 

solution after 45 min, and the standard 1H NMR spectra of side product 2-18. 
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Table 2-9. Summary of 2-2 – nopoldiol conversion % to benzoxaborolate 2-16 under 0, 1, 5, 10 mM of H2O2 
solution after 20 and 45 min. 

           H2O2 conc. (mM) 

  Time              

0 1 5 10 

20 min       63 57 36 22 

45 min 52 19 11 

 

2.3.7 Bioorthogonality of Hydrogels Towards Polyols 
The bioorthogonality of the system towards endogenous sugars (glucose and fructose) was 

assessed by immersing the hydrogels into a high concentration of polyols (a mixture of 30 

mM D-glucose and 15 mM of D-fructose), and then measure the hydrogel weight changes. 

Due to the competitive binding of polyols to benzoxaborole, the SN hydrogel PBG with only 

conventional labile sugar-benzoxaborolate cross-links degraded completely after 120 min. In 

contrast, nopoldiol-benzoxaborolate hydrogels (PBNG and PNG) could maintain their 

weights under the same conditions.  

 

 
Figure 2-25. Degradation profiles of PBNG, PBG and PBN under polyol solution of 30 mM D-glucose and 15 
mM D-fructose.  
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To further describe the bioorthogonality of the nopoldiol-benzoxaborolate cross-links, 

MAAmBO and nopoldiol was mixed with D-glucose/D-fructose to reach a final 

concentration of 10 mM MAAmBO, 10 mM nopoldiol, and 30 mM D-glucose/15 mM D-

fructose. 1H NMR spectroscopy was used to confirm the extraordinary stability of this 

nopoldiol-benzoxaborolate system at the monomer level (Table 2-11 and Figure 2-26). 

Remarkably, 30 mM of D-glucose, which is around four times higher than the diabetic glucose 

level, did not influence the equilibrium conversion of the monomer MAAmBO and nopoldiol 

to nopoldiol-benzoxaborolate 2-14 at pH 7.4 (Table 2-10 and Figure 2-26). Since D-fructose 

has a greater binding affinity with benzoxaborole, 15 mM of D-fructose caused about 15% of 

degradation on the nopoldiol boronate 2-14 (Table 10 and Figure 2-26). The high 

bioorthogonality of the hydrogel PBNG could be of great benefit in application such as 

diabetic wound healing and sustainable insulin/drug delivery, where a stable and glucose-

resistant biomaterial is needed. 

 
Table 2-10. Demonstration and results of bioorthogonality tests towards endogenous sugars. 
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2-27B). This swelling behavior suggests that the highly pH-sensitive sugar-benzoxaborolate 

cross-links were prone to dissociate faster at lower pH. Consequently, the porous network 

structures could be enlarged, and thus enabling more water uptake and release of encapsulated 

cargo.  

 

 
Figure 2-27. Hydrogel degradation profile of 10 w/v% (A) PBNG, and (B) PBN, respectively, at pH 7.4 to 1.5. 
 

2.3.9 pH-responsive Drug Release 
The previously observed pH-dependent swelling behavior and the acid-resistance of hydrogel 

PBNG, suggest a potential utility of this DCN hydrogel system in pH-responsive and long-

term drug release. Herein, doxorubicin (Dox), a widely used anti-cancer drug, was used to 

verify the pH-sensitive and sustainable drug release ability of the optimal hydrogel PBNG.  

As shown in the cumulative drug release profile (Figure 2-28A), the differences between the 

drug releasing rates at pH 7.4, 5.2, and 1.5 were distinct. After 8 h, a larger amount of Dox 

(68.5%) was released under acidic conditions of pH 1.5 compared to 49.2% and 21.8% at pH 

5.2 and 7.4, respectively. The cumulative percent of drug release plateaued after 32 h of drug 

release, and then finally totaled as 89.8%, 79.3%, and 37.5% at pH 1.5, 5.2, and 7.4, 

respectively, after 48 h. Moreover, distinctive changes in the hydrogel color was observed 

after 48 h of drug release. As shown in Figure 2-28B, the hydrogel at pH 7.4 displayed the 

darkest color from the unreleased Dox, and the redness decreased for the gels exposed at lower 

pH, indicating a faster and more complete drug release under acidic conditions. 
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Hydrogels are recognized as one of the most popular soft materials for extracellular 

matrices (ECM), due to their similarity with native tissues, such as porous network structures 

and high water content.34 Thus, we set out to investigate the potentials of PBNG, the optimal 

hydrogel, for the spontaneous 3D cell encapsulation during the process of in situ gelation. 

HeLa cells were used for this experiment, and they were distributed homogeneously into the 

3D hydrogel network by mixing with the two polymer precursor solutions (PB and PNG). 

The encapsulated cells were incubated in the hydrogel networks for 24 and 48 h under a 

standard cell culture environment. The cells were then stained with live/dead cell kit, and the 

live (green) and dead (red) cells were visualized by a confocal microscopy. As quantified in 

Figure 2-29D, 93% and 83% of cells were viable after 24 and 48 h, respectively. A 

collaborator from the Narain Group, Diana Diaz-Dussan, performed the confocal microscope 

imagining (both 2D and 3D images in Figure 2-29C) and cell viability analysis for 3D cell 

encapsulation. These results confirm the ability of the hydrogels to transport nutrients through 

the porous network structures and to support the cellular functions with the tissue-like ECM 

microenvironment. 

2.4 Conclusions 
An in situ forming and dual-cure network (DCN) hydrogel, PBNG, was designed based on 

two distinct benzoxaborolate cross-links. The combination of dynamic sugar-benzoxaborolate 

cross-links and rigid nopoldiol-benzoxaborolate cross-links allows the PBNG hydrogel to 

become self-healing across an exceptionally wide range of pH (8.5 to 1.5), with unusually 

high tolerance to acid. Furthermore, the nopoldiol-benzoxaborolate bioorthogonal click 

chemistry endows the desired hydrogel with many attributes, such as an ultra-fast gelation rate 

(<26 s), benign cross-linking chemistry (light/catalyst-free, water is the only by-product), 

ROS-responsive degradation, and good resistance towards low pH conditions and biological 

polyols. The DCN hydrogel exhibits pH-responsive swelling capabilities that contribute to its 

efficient pH-controlled release of small molecules, as exemplified with the anti-cancer drug 

doxorubicin (Dox). Moreover, the promising biomedical potential of the DCN hydrogel 

PBNG for cell therapy and tissue engineering is supported by cytotoxicity assays, as well as 

successful 3D encapsulation and culture of HeLa cells. As novel and unique ‘click’ partners, 
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MAAmBO and nopoldiol components could be incorporated easily in diverse polymeric 

hydrogels to achieve bioorthogonality, acid resistance, ROS-responsiveness, facilitated 

gelation, and enhanced mechanical properties that could fulfill specific biomedical 

requirements. 

2.5 Experimental 

2.5.1 General Information 

2.5.1.1 Materials 

All chemical reagents were used as received from their chemical supplier unless specified 

otherwise. Poly(ethylene glycol) methyl ether methacrylate (PEGMA), sodium borohydride, 

potassium nitrate, methacryloyl chloride, sodium hydroxide (NaOH), (1R)-(–)-nopoldiol, 

pyridine, DMSO, potassium osmate (VI) dihydrate (K2OsO4•2H2O), 4-methylmorpholine N-

oxide (NMO), methacrylic anhydride, hydroquinone, triethylamine (TEA), ethylenediamine 

(EDA), lactobionic acid, trifluoracetic acid (TFA), 4,4’-azobis(4-cyanovaleric acid) (ACVA), 

D-glucose, D-fructose, catechol, capecitabine, hydrogen peroxide (H2O2), potassium 

phosphate (KH2PO4), potassium phosphate dibasic (K2HPO4), acetic acid, potassium chloride 

(KCl), sodium chloride (NaCl), thiazolyl blue tetrazolium bromide (MTT), D-gluconolactone, 

lactobionic acid, and all of the organic solvents were purchased from Sigma-Aldrich. 2-

Formylphenylboronic acid and 3-aminophenylboronic acid were purchased from Combi-

Blocks. Palladium, 10% on activated carbon, was obtained from Strem. p-Toluenesulfonyl 

chloride was purchased from Alfa Aesar. Sodium azide was purchased from Fisher Scientific. 

Doxorubicin hydrochloride salt was obtained from LC Laboratories®. LIVE/DEADTM Cell 

Imaging Kit was purchased from Thermo Fisher Scientific. All of the cell culture products, 

including DMEM medium, sodium pyruvate, antibiotic-antimycotic, fetal bovine serum 

(FBS), and trypsin with EDTA were purchased from Gibco. All of the deuterated NMR 

solvents, including D2O, ACN-d3, DMSO-d6, NaOD, and DCl (in D2O solution) were 

purchased from either Sigma-Aldrich or Cambridge Isotope Laboratories, Inc.  
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2.5.1.2 Characterization and instrumentation 

NMR spectra were recorded on INOVA-400, INOVA-500 or INOVA-700 MHz instruments. 

The residual solvent protons (1H) of CDCl3 (7.26 ppm), ACN-d3 (1.94 ppm), DMSO-d6 (2.50 

ppm), and D2O (4.79 ppm) were used as internal standards, and the carbon signal (13C) of 

CDCl3 (77.06 ppm) was used as an internal standard. MestReNova software was used to 

analyze all of the NMR data. The following abbreviations are used in reporting NMR data: s, 

singlet; d, doublet; t, triplet; app t, apparent triplet; q, quartet; dd, doublet of doublets; ddd, 

doublet of doublet of doublets; dddd, doublet of doublet of doublet of doublets; dhept, doublet 

of heptlet; td, triplet of doublet; m, multiplet; comp m, complex multiplet. High-resolution 

mass spectra (HRMS) using electrospray ionization (ESI), MS-ESI and LC-MS mass spectra 

were recorded by the University of Alberta Mass Spectrometry Services Laboratory. Optical 

rotations were measured using a 1-mL cell with a 1-dm length on P.E. 241 polarimeter. 

Melting points were determined in a capillary tube using a Gallenkamp melting point 

apparatus and are uncorrected. The number average molecular weights (Mn), the weight 

average molecular weights (Mw), and the polydispersity index (PDI = Mw/Mn) of all of the 

polymers were characterized by Viscotek conventional gel permeation chromatography (GPC) 

system with two WAT011545 Waters Ultrahydrogel linear columns, using 0.5 M sodium 

actetate/0.5 M acetic acid buffer as eluent at a flow rate of 1.0 mL/min. The GPC was 

calibrated by monodisperse pullulan standards (Mw = 5900–404,000 g/mol). Rheological 

measurements, including gelation time determination, oscillatory frequency sweeps, 

oscillatory strain sweep, and step strain tests were measured by AR-G2 rheometer (TA 

Instruments) with a 20-mm 2.008° cone plate geometry at 25 ℃ . UV absorbance was 

measured by SpectraMax® i3x. Scanning electron microscope (Zeiss Sigma FESEM, 

NanoFAB, University of Alberta) was used to characterize freeze-dried hydrogel structures. 

3D cell encapsulation was visualized by a CLSM 710 Meta confocal laser scanning 

microscope (Carl Zeiss, Jena, Germany). Cell viability assays of encapsulated cells were 

quantified by Imaris Image Analysis Software. 
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2.5.2 Chemical Synthesis and Analytical Data 

2.5.2.1 Synthesis of monomers 

Synthesis of 5-methacrylamido-1,2-benzoxaborole (MAAmBO) (Scheme 2-2): 

 

 
1-Hydroxy-3H-2,1-benzoxaborole (2-2)8: The title compound was synthesized according to 

the previous report with slight modifications.12 2-Formylphenyl boronic acid (2-1) (8.00 g, 

53.3 mmol) was dissolved in 120 mL methanol in a single-neck round bottom flask. NaBH4 

(2.02 g, 53.3 mmol) was added slowly, and the reaction was stirred for 2 h. Afterwards, 1 M 

HCl was added in the reaction mixture to quench the base, and the solution was adjusted to 

pH < 6. The solvent was removed in vacuo and the residues were extracted by ethyl acetate 

(4 × 100 mL). The organic phases were combined, dried (MgSO4), filtered, and evaporated 

to give a white solid (7.05 g, 99%). All spectral data corresponded to the literature.8 
1H NMR (400 MHz, DMSO-d6) δ 7.72 (d, J = 7.3 Hz, 1H), 7.46 (td, J = 7.4, 1.2 Hz, 1H), 7.40 

(d, J = 7.6 Hz, 1H), 7.33 (t, J = 6 Hz, 1H), 4.97 (s, 2H). 

 

 
1-Hydroxy-6-nitro-3H-2,1-benzoxaborole (2-3)9-10: The title compound was synthesized 

according to the previous report with slight modifications.9-10 Fuming nitric acid was prepared 

freshly each time. KNO3 (40.0 g, 0.400 mol) and concentrated H2SO4 (21.3 mL, 0.400 mol) 

was added in a single-neck round bottom flask. A heating mantle was used as the heating 

source, and a distillation apparatus (e.g., still head, condenser, and receiving flask) was 

connected to the flask. The distillation was performed, and yellowish fuming nitric acid liquid 

was collected in a cooled (0 ℃) receiving flask. A cooling bath (water: methanol = 3:2 volume 

ratio) was prepared to obtain around –40 ℃ . Fresh fuming nitric acid (~ 20 mL) was 

transferred carefully to a pre-cooled round-bottom flask, and the flask was allowed to cool 

down for 3 min. 5.00 g (37.3 mmol) of starting materials (2-2) was added slowly into the flask 
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over 5 min with effective stirring. After 2 h, the reaction was quenched by adding crushed ice, 

and the light-yellow product crashed out. The flask was rinsed with 100 mL distilled water, 

and the suspension was filtered to obtain a yellow slurry. The wet product was dried under 

high vacuum overnight, and the product (light-yellow solid) was obtained (4.62 g, 69%). 

Notes: The product could be unreactive in the next step (hydrogenation with Pd/C) if some 

nitric residue remains. It is recommended to dissolve the product into EtOAc and stir it in the 

presence of charcoal overnight with heat (50–60 ℃). Then, the charcoal was filtered out 

through celite and the solution was concentrated in vacuo to obtain the pure product (light-

yellow solid). All spectral data corresponded to the literature.10 
1H NMR (400 MHz, DMSO-d6) δ 8.58 (d, J = 2.2 Hz, 1H), 8.33 (dd, J = 8.4, 2.3 Hz, 1H), 

7.70 (d, J = 8.4 Hz, 1H), 5.12 (s, 2H). 

 

 
1-Hydroxy-3H-2,1-benzoxaborol-6-amine (2-4)10: The title compound was synthesized 

according to the previous report with slight modifications.10 Dried starting material 2-3 (2.00 

g, 11.2 mmol) was dissolved in 22.4 mL THF. The solution was degassed with nitrogen for 3 

min, followed by an addition of 600 mg 5% Pd/C. The reaction mixture was bubbled 

continuously with hydrogen under atmospheric pressure for about 6 h, while the reaction 

process was monitored by 1H NMR. Once the reaction reached completion, the Pd/C was 

filtered through celite, and the filtrate was concentrated to dryness in vacuo. Product 2-4 was 

obtained as a yellow solid with high purity and quantitative yield. All spectral data 

corresponded to the literature.10 
1H NMR (400 MHz, DMSO-d6 + 1 drop of D2O) δ 8.89 (s, 1H), 7.03 (d, J = 8.1 Hz, 1H), 6.88 

(d, J = 2.2 Hz, 1H), 6.70 (dd, J = 8.1, 2.2 Hz, 1H), 4.96 (s, 2H). 

 

 
N-(1-Hydroxy-3H-2,1-benzoxaborol-6-yl)-2-methylprop-2-enamide (MAAmBO)11: The 

title compound was synthesized according to the previous report with slight modifications.11 
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1-hydroxy-3H-2,1-benzoxaborol-6-amine (2-4) (2.00 g, 13.4 mmol) was dissolved in aqueous 

NaOH solution (1.6 g, 40.2 mmol in 30 mL H2O). Freshly distilled methacryloyl chloride 

(2.61 mL, 26.8 mmol) was added dropwise through a syringe pump at a speed of 1 mL/h at 0 

℃. Precipitation formed gradually during the reaction, and the reaction mixture was warmed 

to ambient temperature and stirred overnight. The suspension was filtered by vacuum filtration 

and washed with water (50 mL). The product was obtained as a yellowish solid with high 

purity (2.79 g, 96%). Notes: the product could be purified further through recrystallization 

with hot EtOAc and diethyl ether (pale-yellow solid). All spectral data corresponded to the 

literature.11 
1H NMR (400 MHz, DMSO) δ 9.80 (s, 1H), 9.18 (s, 1H), 8.06 (d, J = 1.8 Hz, 1H), 7.67 (dd, 

J = 8.2, 2.1 Hz, 1H), 7.34 (dd, J = 8.2, 0.8 Hz, 1H), 5.81 (t, J = 1.0 Hz, 1H), 5.50 (dt, J = 2.5, 

1.2 Hz, 1H), 4.94 (s, 2H), 1.96 (dd, J = 1.6, 0.9 Hz, 3H). 

 

Synthesis of (1R)-(–)-nopoldiol-methacrylamide-diol (nopoldiol) (Scheme 2-3): 

 

 
(1R,5S)-2-(2-Azidoethyl)-6,6-dimethylbicyclo[3.1.1]hept-2-ene (2-6)3: The title compound 

was synthesized according to the previous report with slight modifications.3 Intermediate 

(1R)-(–)-nopol-tosyl was prepared from commercially available (1R)-(–)-nopol according to 

the method described earlier.13 To a solution of (1R)-(–)-nopol (2-5) (6.00 g, 36.1 mol), 

pyridine (9 mL) and p-toluenesulfonyl chloride (7.90 g, 41.5 mol) were added at 0 ℃. The 

mixture was stirred for 1 h, and the solution was kept in the fridge for 3 h. TLC was used to 

monitor the reaction to completion. To the reaction mixture, a solution of concentrated HCl 

(10 mL) and distilled water (20 mL) was added at 0 ℃. The mixture was extracted with diethyl 

ether (3 × 100 mL). The organic layer was combined and dried with K2CO3 and MgSO4, and 

the mixture was filtered and concentrated in vacuo. The (1R)-(–)-nopol-tosyl (crude yellow 

oily product) was used immediately for the next step without further purification. To a solution 

of (1R)-(–)-nopol-tosyl (9.27 g, 28.9 mmol) in DMSO (40 mL), sodium azide (3.75 g, 57.8 

mmol) was added at 0 ℃ under nitrogen. The reaction was carried out at 80 ℃ and stirred 

N3
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overnight. Distilled water was added, and the aqueous layer was extracted with EtOAc (3 × 

100 mL). The combined organic layers were dried with Na2SO4, filtered, and concentrated in 

vacuo. The crude product was purified by flash chromatography (hexanes to EtOAc 95:5) to 

afford product 2-6 as a yellow liquid (5.3 g, 77% yield over two steps). All spectral data 

corresponded to the literature.3 
1H NMR (400 MHz, CDCl3) δ 5.33 (m, 1H), 3.35–3.20 (m, 2H), 2.38 (dt, J = 8.6, 5.6 Hz, 1H), 

2.33–2.15 (comp m, 4H), 2.10 (m, 1H), 2.02 (app t, J = 5.6, 1H), 1.28 (s, 3H), 1.17 (d, J = 8.6 

Hz, 1H), 0.84 (s, 3H). 

 

 
(1R,2R,3S,5R)-2-(2-Azidoethyl)-6,6-dimethylbicyclo[3.1.1]heptane-2,3-diol (2-7)3: The 

title compound was synthesized according to the published report with slight modifications.3 

A solution of 2-6 (1.29 g, 6.79 mmol) in acetone/water (10.5/0.774 mL) was prepared in a 

round bottom flask, followed by an addition of a mixture of NMO 50 wt% in H2O (1.05 g 

NMO, 8.83 mmol, in 1 mL H2O) and pyridine (0.660 mL, 8.15 mmol). Lastly, K2OsO4•2H2O 

(2 mol%, 50.0 mg, 0.136 mmol) was added. The mixture was stirred and refluxed at 65 ℃ for 

24 h under a nitrogen balloon. Then, the reaction mixture was concentrated in vacuo and 

combined with 60 mL EtOAc. The organic phase was washed with HCl (1 × 60 mL, 1 N), 

distilled water (1 ×  10 mL), and brine (1 	×  10 mL), dried with MgSO4, filtered, and 

concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes to 

EtOAc 4:0 to 0:1), and the product 2-7 was obtained as a yellowish oil (1.24 g, 81%). All 

spectral data corresponded to the literature.3 
1H NMR (400 MHz, CDCl3) δ 4.09 (ddd, J = 9.4, 6.2, 5.4 Hz, 1H), 3.65–3.46 (m, 2H), 3.24 

(s, 1H), 2.82 (d, J = 6.2 Hz, 1H), 2.48 (dddd, J = 14.0, 9.5, 3.7, 2.4 Hz, 1H), 2.25–2.16 (m, 

1H), 2.06 (app t, J = 5.8 Hz, 1H), 1.97–1.87 (comp m, 2H), 1.76–1.61 (m, 2H), 1.39 (d, J = 

10.4 Hz, 1H), 1.28 (s, 3H), 0.95 (s, 3H). 
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(1R,2R,3S,5R)-2-(2-Aminoethyl)-6,6-dimethylbicyclo[3.1.1]heptane-2,3-diol (2-8)4: The 

title compound was synthesized according to the previous report with slight modifications.4 

Starting material 2-7 (1.24 g, 5.51 mmol) was mixed with methanol (35 mL) in a single-neck 

round bottom flask. An adapter with both a vacuum and a nitrogen inlet was connected on the 

flask. The reaction mixture was degassed by vacuum for 1 min and then purged with nitrogen. 

These steps were repeated three times, followed by an addition of 10% Pd/C (62 mg) to the 

reaction solution. Then, the degassing and purging processes were repeated for another three 

times, and the nitrogen was replaced with a hydrogen balloon. After 3 h, the hydrogen was 

removed by vacuum. TLC was used to confirm the completion of the reaction, and the mixture 

was filtered through celite. The filtrate was concentrated in vacuo to obtain pure product 2-8 

(light-yellow liquid) with quantitative yield. The product was used directly for the next step 

without further purification. All spectral data corresponded to the literature.4 
1H NMR (400 MHz, CDCl3) δ 3.99 (ddd, J = 9.3, 5.6, 1.1 Hz, 1H), 3.12–3.03 (m, 2H), 2.48–

2.38 (m, 1H), 2.22–2.11 (m, 1H), 2.07 (app t, J = 6.0 Hz, 1H), 1.92–1.86 (m, 1H), 1.78–1.65 

(m, 3H), 1.60–1.53 (m, 1H), 1.47 (d, J = 10.2 Hz, 1H), 1.26 (s, 3H), 0.93 (s, 3H). 

 

 
N-(2-((1R,2R,3S,5R)-2,3-Dihydroxy-6,6-dimethylbicyclo[3.1.1]heptan-2-

yl)ethyl)methacrylamide (nopoldiol): To a solution of compound 2-8 (0.96 g, 4.82 mmol), 

methanol (100 mL) and TEA (0.690 mL, 4.82 mmol), 5 mg of hydroquinone was added to 

prevent self-polymerization of the product. Then, methacrylic anhydride (0.785 mL, 5.30 

mmol) was added dropwise through a syringe pump at a speed of 1 mL/h at 0 ℃. The reaction 

mixture was allowed to stir at 0 ℃ for 3 h, then brought to ambient temperature, and stirred 

for another 16 h. Next, the reaction mixture was concentrated in vacuo without heating, and 

the crude mixture was purified by flash chromatography (hexanes to EtOAc 4:1 to 0:1). The 
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fractions were combined and concentrated to about 3 mL in vacuo at 0 ℃, followed by an 

addition of diethyl ether (2 mL). The open-neck flask was put in the fridge at 4 ℃  for 

crystallization. Pale-white crystals (product) formed after 2–48 h, depending on the purity of 

the collected fractions. The flask was rinsed with cold diethyl ether, and the crystals were 

collected. The filtrate was concentrated and crystalized again using the same method, and 0.70 

g (54%) product (nopoldiol) was obtained in total.  

m.p. = 89.7–91.0 ℃ 

Rf = 0.25 (hexanes to EtOAc 1:1)  

[𝛼]D20: – 9.2 (c 1.052, CHCl3) 
1H NMR (498 MHz, CDCl3) δ 6.66 (br s, 1H), 5.71 (s, 1H), 5.36–5.28 (s, 1H), 4.08 (dt, J = 

10.1, 5.4 Hz, 1H), 3.68–3.57 (m, 1H), 3.53 (s, 1H), 3.43 (ddd, J = 19.0, 8.4, 4.7 Hz, 1H), 3.20 

(d, J = 5.8 Hz, 1H), 2.50 (app t, J = 11.7 Hz, 1H), 2.23–2.19 (m, 1H), 2.09 (t, J = 5.8 Hz, 1H), 

1.95 (s, 3H), 1.94–1.83 (m, 2H), 1.76–1.63 (m, 2H), 1.52–1.50 (m, 1H), 1.37 (d, J = 10.5 Hz, 

1H), 1.27 (s, 3H), 0.92 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 168.6, 139.7, 119.8, 75.6, 67.7, 52.2, 40.8, 40.5, 38.8, 38.1, 

35.4, 27.8, 27.6, 24.3, 18.5. 

IR (cast film, cm–1): 3350, 2977, 2923, 2869, 1656, 1612, 1534, 1012. 

HRMS (ESI) for C15H25NO3: calcd: 267.1834; found: 267.1835. 

 

Synthesis of 3-methacrylamido phenylboronic acid (MAPBA): 

 

 
[3-(2-Methylprop-2-enoylamino)phenyl]boronic acid (MAPBA)35: The title compound 

was synthesized according to the previous report with slight modifications.35 

Aminophenylboronic acid (0.50 g, 3.65 mmol) was dissolved first in a solution of NaOH 

(0.438 g, 10.9 mmol NaOH, in 7.5 mL H2O). Methacryloyl chloride (0.73 mL, 7.3 mmol) was 

added dropwise to the reaction mixture through a syringe pump (1 mL/h) at 0 ℃. The reaction 
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was stirred at 0 ℃ to room temperature overnight, and precipitation formed gradually during 

the reaction. The reaction suspension was filtered, and the product (MAPBA) was washed 

with cold diethyl ether and dried with high vacuum overnight. The product was obtained as a 

yellowish solid (0.52 g, 70%). All spectral data corresponded to the literature.35 
1H NMR (498 MHz, DMSO-d6) δ 9.71 (s, 1H), 7.90 (s, 1H), 7.70 (d, J = 8.0 Hz, 1H), 7.48 (d, 

J = 7.3 Hz, 1H), 7.27 (t, J = 7.7 Hz, 1H), 5.78 (s, 1H), 5.48 (s, 1H), 1.93 (s, 3H). 

 

Synthesis of 2-aminoethyl methacrylamide hydrochloride (AEMA) (2-10) (Scheme 2-4):  

  

 
N-(2-Aminoethyl)-2-methylprop-2-enamide;hydrochloride (AEMA)14: The title 

compound was synthesized according to the modified procedure from the previous report with 

slight modifications.14 Ethylenediamine (EDA) (2-9) (10.0 g, 0.167 mol) was mixed with 85 

mL isopropanol, followed by a dropwise addition of concentrated HCl (31 mL, 0.370 mol) at 

0 ℃. The suspension was filtered and washed with acetone to yield 20.0 g of ethylenediamine 

dihydrochloride (EDA	∙	2HCl) intermediate as a white solid in 91% yield. To a solution (A) 

of EDA	∙	2HCl (5.00 g, 38.0 mmol) and distilled water (25 mL), EDA (2.5 mL, 38.0 mmol) 

was added, and the reaction mixture was stirred for 30 min at room temperature. Then, the 

reaction was cooled to 0 ℃  and allowed to stabilize for 30 min. A small amount of 

hydroquinone (5 mg) was dissolved in a solution (B) of methanol (10 mL) and methacrylic 

anhydride (14 mL, 94.0 mmol).  Solution B was added dropwise to solution A at a speed of 

1–2 drop per second at 0 ℃. After the addition, the reaction was warmed up to ambient 

temperature and stirred overnight. Then, the reaction mixture was cooled down to 0 ℃, and 

concentrated HCl (7 mL) was added dropwise to the solution at 0 ℃. After 30 min stirring, 

the reaction solution was concentrated in vacuo at 50 ℃ to obtain an oily crude mixture as a 

yellowish slurry. The crude was washed vigorously with acetone (6 × 200 mL) until a light-

yellow, non-sticky precipitation formed. The suspension was filtered and dried to obtain a 

crude solid. Sequentially, the crude solid was dissolved into 200 mL isopropanol (containing 

5.00 mg of hydroquinone), then heated up to 70 ℃, and stirred for 20 min. The product 
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(AEMA) (2-10) was extracted by hot isopropanol, and the white residue (unreacted EDA	∙

	2HCl) was filtered off. The filtrate was concentrated to about 50 mL in vacuo and put in the 

fridge (4 ℃) for crystallization. Light-yellow crystals were formed and then collected by 

vacuum filtration after 24 h (5.93 g, 48%). All spectral data corresponded to the literature.14 
1H NMR (700 MHz, D2O) δ 5.81 (s, 1H), 5.55 (s, 1H), 3.62 (t, J = 6.0 Hz, 2H), 3.22 (t, J = 

5.9 Hz, 1H), 1.98 (s, 1H). 

 

Synthesis of 2-gluconamidoethyl methacrylamide (GAEMA) (Scheme 2-4)15: 

 

 
2,3,4,5,6-Pentahydroxy-N-(2-methacrylamidoethyl)hexanamide (GAEMA)15: The title 

compound was synthesized according to the previous report with slight modifications.15 2-

Gluconolactone (8.00 g, 44.9 mmol) was dissolved first in methanol (300 mL). A solution of 

AEMA (2-10) (10.0 g, 60.8 mmol) and TEA (10.2 mL, 73.2 mmol) were added to it, and the 

reaction mixture was stirred overnight at room temperature. The precipitate formed gradually, 

and the crude product was filtered out and washed with isopropanol (3 × 100 mL) and acetone 

(3 × 100 mL) to give the white solid product GAEMA (11.0 g, 80%). All spectral data 

corresponded to the literature.15 
1H NMR (500 MHz, D2O) δ 5.72 (s, 1H), 5.48 (s, 1H), 4.32 (d, J = 3.5 Hz, 1H), 4.10 (app t, J 

= 2.9 Hz, 1H), 3.84 (d, J = 12.7 Hz, 1H), 3.77 (d, J = 3.1 Hz, 2H), 3.71–3.64 (m, 1H), 3.52–

3.39 (comp m, 4H), 1.94 (s, 3H). 
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Synthesis of 2-lactobionaidoethyl methacrylamide (LAEMA) (Scheme 2-4)16: 

 

 
2,3,5,6-Tetrahydroxy-N-(2-methacrylamidoethyl)-4-(((2S,3R,4S,5R,6R)-3,4,5-

trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)hexanamide:  

The title compound was synthesized according to the previous report, with slight 

modifications.16 Firstly, commercially available lactobionic acid (5.08 g, 14.2 mmol) was 

spread to the wall of a 250-mL round bottom flask. Methanol (125 mL) was added to the flask, 

followed by vigorous shaking to prevent aggregation of sugar. TFA (~5 mL) was added to the 

solution, and the reaction was stirred at 60 ℃ overnight. Then, the methanol was removed 

completely in vacuo until the lactobionolactone crude turned foamy and a crispy white solid 

was observed. Another 50 mL of methanol was added to dissolve the white solid completely 

with vigorous shaking, followed by an addition of 2 mL TFA and solvent evaporation as 

described before. The processes of adding methanol, TFA, and then solvent evaporation were 

repeated three times to ensure the complete conversion of lactobionic acid to 

lactobionolactone. Afterwards, the freshly prepared and completely dried lactobionolactone 

(5.00 g, 14.2 mmol) was dissolved in distilled water (5 mL) in 50 wt%. AEMA (2-10) (3.00 

g, 17.0 mmol) and TEA (2.66 mL, 18.4 mmol) were mixed in the reaction solution. The 

reaction mixture was stirred in darkness at room temperature for 1 to 5 days until a white 

precipitation formed. The suspension was filtered, and the solid was washed with acetone (2 

× 100 mL) to obtain a pale white product LAEMA in high purity (3.65 g, 55%). All spectral 

data corresponded to the literature.16 
1H NMR (498 MHz, D2O) δ 5.73 (s, 1H), 5.49 (s, 1H), 4.59 (d, J = 7.8 Hz, 1H), 4.43 (d, J = 

2.6 Hz, 1H), 4.22 (dd, J = 4.1, 2.7 Hz, 1H), 4.04–3.42 (comp m, 15H), 1.96 (s, 3H). 
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2.5.2.2 Synthesis of polymers  

General procedures for polymerizations (Scheme 2-6): Various statistical polymers with 

different ratios of components were synthesized via free radical polymerization. Briefly, 

monomers were dissolved in a solution of methanol/H2O in a 25-mL reaction tube or a suitable 

round bottom flask. A solution of ACVA (initiator, 0.005 mol%) was dissolved in 1 mL of 

methanol and added to the reaction mixture to target the degree of polymerization (DP) of 200. 

Then, the reaction vessel was sealed with a septum, and the neck was wrapped carefully with 

Parafilm, followed by degassing for 45 min with nitrogen. The reaction was carried out at 70 

℃ with constant stirring for 16 h, and then quenched in a dry-ice/acetone bath. The crude 

polymer solution was dialysed using Fisherbrand® dialysis tubing (MWCO 6,000–8,000) for 

1 to 2 days, and the purified polymer solution was lyophilized for 2 days to yield pure 

polymers. Notes: For polymers, the integrated signals were used to calculate the composition. 

The numbers outside the brackets stand for the molar ratios of each component in the polymers, 

and the numbers are totaled as 1. 

 

 
Poly(PEGMA-st-MAAmBO) (PB): Prepared from PEGMA (2.83 g, 5.66 mmol), 

MAAmBO (0.217 g, 1.00 mmol) and ACVA (9.30 mg, 0.0332 mmol) in a solvent of methanol 

(10 mL) and H2O (2 mL). 2.80 g polymer PB’ was obtained as a yellowish sticky paste (92%). 
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Poly(PEGMA-st-MAPBA) (PB’): Prepared from PEGMA (1.00 g, 2.00 mmol), MAPBA 

(72.3 mg, 0.353 mmol) and ACVA (3.29 mg, 0.0118 mmol) in a solvent of methanol (3.5 mL) 

and H2O (0.7 mL). 1.00 g polymer PB’ was obtained as a yellowish sticky paste (93%). 

 

 
Poly(PEGMA-st-nopoldiol-st-GAEMA) (PNG): Prepared from PEGMA (1.96 g, 3.93 

mmol), nopoldiol (0.150 g, 0.562 mmol), GAEMA (0.344 g, 1.12 mmol) and ACVA (7.86 

mg, 0.0281 mmol) in a solvent of methanol (18 mL) and H2O (18 mL). 2.20 g polymer PNG 

was obtained as a white sticky paste (88%). 

 

 
Poly(PEGMA-st-GAEMA) (PG): Prepared from PEGMA (0.653 g, 1.31 mmol), GAEMA 

(0.1 g, 0.325 mmol) and ACVA (2.24 mg, 0.00800 mmol) in a solvent of methanol (5 mL) 

and H2O (5 mL). 0.611 g polymer PG was obtained as a white sticky paste (81%). 
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Poly(PEGMA-st-nopoldiol) (PN): Prepared from PEGMA (0.420 g, 0.840 mmol), 

nopoldiol (25 mg, 0.0936 mmol) and ACVA (1.31 mg, 0.00468 mmol) in a solvent of 

methanol (4 mL) and H2O (4 mL). 0.39 g polymer PN was obtained as a white sticky paste 

(89%). 

 
Poly(PEGMA-st-nopoldiol) (PN’): Prepared from PEGMA (0.653 g, 1.31 mmol), nopoldiol 

(86.7 mg, 0.325 mmol) and ACVA (2.26 mg, 0.00807 mmol) in a solvent of methanol (5 mL) 

and H2O (5 mL). 0.63 g polymer PN’ was obtained as a white sticky paste (85%). 

 

2.5.3 Fabrication of Hydrogels 
Prior to hydrogel formation, polymer 1 and polymer 2 (Table 2-6) were dissolved in pH 7.4 

PBS buffer at 10 wt/v% concentration. Then, equal volumes of these two polymer solutions 

were mixed in a microcentrifuge tube or a glass vial, followed by a gentle swirling or vortex. 

The hydrogels were formed quickly between a few seconds to 9 min, depending on the 

hydrogel type. 

 

2.5.4 Monomeric Binding Studies via NMR 

2.5.4.1 NMR studies 

The binding study of monomer MAAmBO and diols was investigated by 1H NMR and 11B 

NMR in 0.05 M D2O potassium phosphate buffer:ACN-d3 (65:35 w%). Prior to mixing with 
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ACN-d3, the pD values (read directly from pH meter) of the D2O potassium phosphate buffer 

were adjusted to 8.1, 7.0, 4.8, and 1.1 by adding DCl and NaOD, which were equal to the 

desired pH values of 8.5, 7.4, 5.2, and 1.5 according to the equation: 

 

                                      pD = pH meter reading + 0.40                                                      (2) 

 

where the ‘pH meter reading’ was obtained with an apparatus standardized to read pH in H2O 

solution.36 The prepared NMR solvent with the same pH value was used to dissolve 

MAAmBO and a diol compound to investigate their benzoxaborolate formation at a preset 

pH condition. For example, 20 mM of MAAmBO and nopoldiol were prepared 

independently in the abovementioned NMR solvent (pH 7.4) and mixed in an NMR tube with 

a 1:1 volume ratio to obtain a mixture of 10 mM of each compound. The NMR tube was 

shaken, and the NMR spectra were obtained 5–7 h after mixing to ensure that the equilibrium 

was obtained.  

 
Table 2-11. Calculation method of conversion% to benzoxaborolate. 

Diols Calculation of conversion% to benzoxaborolate NMR 

spectra 

page No. 

nopoldiol  
integration	of	-CH2-	(4.58–4.69	ppm)

integration	of	-CH2-(4.92–4.98	ppm)+integration	of	-CH2-	(4.58–4.69	ppm)
×100 

 

 

159–162 

nopoldiola integration	of	𝐀𝐫-𝐇(7.80	~	7.82	ppm)
integration	of	𝐀𝐫-H(7.80	~	7.82	ppm) + integration	of	𝐀𝐫-𝐇(7.73	~	7.75	ppm)

× 100 

 

162–165 

LAEMAb  
integration	of	Ar-H	(7.07–7.81	ppm)

3 - integration	of	-CH2- (4.93–4.97	ppm)
2 	

integration	of	Ar-H	(7.07–7.81	ppm)
3

×100 

 

 

165–167 
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GAEMA  
integration	of	-CH2-	(4.61–4.65	ppm)

integration	of	-CH2-(4.94–4.97	ppm)+integration	of	-CH2-	(4.61–4.65	ppm)
×100 

 

168–170 

D-glucose  
integration	of	-CH2-	(4.59	ppm)

integration	of	-CH2-(4.90–4.97	ppm)+integration	of	-CH2-	(4.59	ppm)
×100 

 

170–172 

D-fructose  
integration	of	-CH2-	(4.60–4.64	ppm)

integration	of	-CH2-(4.92–4.97	ppm)+integration	of	-CH2-	(4.60–4.64	ppm)
×100 

 

 

173–175 

catechol  
integration	of	-CH2-	(4.75	ppm)

integration	of	-CH2-(4.92–4.97	ppm)+integration	of	-CH2-	(4.75	ppm)
×100 

 

175–177 

capecitabine  
integration	of	-CH2-	(4.62	ppm)

integration	of	-CH2-(4.92–4.97	ppm)+integration	of	-CH2-	(4.62	ppm)
×100 

 

178–180 

aCalculation of conversion to nopoldiol-boronate from 3-methylacrylamido phenylboronic acid (MAPBA) and nopoldiol, where Ar-H 
stands for one proton on the aromatic ring of MAPBA, and Ar-H stands for one proton on the newly formed nopoldiol-boronate aromatic 
ring. bDue to the unclear signals of the benzoxaborolate -CH2-, the calculation method was changed as shown. 

 

2.5.4.2 ESI-MS studies 

ESI-MS tests were carried out to confirm the formation of nopoldiol-benzoxaborolate at pH 

7.4 and 1.5 (Figure 2-11). Nopoldiol and MAAmBO were dissolved and mixed in pH 7.4 or 

pH 1.5 buffer in a concentration of 10 mM (each compound), and the solutions were allowed 

to stabilize for 10 min before dilution. Then, acetonitrile was used to dilute the stock solution 

to reach a final concentration of 0.1 mM (each compound). The solutions were subjected for 

ESI-MS tests immediately after preparation. The nopoldiol-benzoxaborolate peaks with mass 

of 465.2 m/z were captured in the negative mode in both cases, indicating the success 

formation of the benzoxaborolate. Notes: To detect the signal of the neutral nopoldiol-

benzoxaborolate 2 under negative mode, the molecule may lose a proton of a hydroxyl group 

to show a signal of [M – H]– at 465.2 m/z. 
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2.5.5 Rheological Measurements of Hydrogels 
All of the rheological measurements, including gelation time determination, oscillatory 

frequency sweeps, oscillatory strain sweeps, and step-strain tests were measured by AR-G2 

rheometer (TA Instruments) with a 20-mm 2.008° cone plate geometry at 25 ℃.37 

 

2.5.5.1 Gelation time determination 

The procedure for gelation time measurements was performed as described in the previous 

report.38 Briefly, the complementary two polymers (polymer 1 and polymer 2 described in 

Table 2-6) were dissolved in PBS 7.4 buffer in 10 w/v% concentration. Then, 0.2 mL of 

polymer 1 solution was spread onto the parallel plates of the rheometer, followed by the 

uniform addition of 0.2 mL of polymer 2 solution to the surface of polymer 1 solution. The 

modulus change was monitored at a constant frequency of 1 Hz and a strain of 1.0%, and the 

gelation time was defined as the time that the storage modulus (G') surpasses the storage 

modulus (G''). 

 

2.5.5.2 Dynamic oscillatory frequency sweeps 

To compare the mechanical properties, oscillatory frequency sweeps of SN and DCN 

hydrogels that formed at pH 7.4 were tested from 0.1 rad/s to 100 rad/s with a constant strain 

of 1%. Furthermore, DCN hydrogels that formed at pH 7.4 to 1.5 were tested using the same 

methods. Samples were prepared according to the description in Section 2.5.3 by using pH 

buffers, and samples were allowed to stabilize for 18 h under ambient temperature before 

testing. 

 

2.5.5.3 Oscillatory strain sweeps and step-strain tests 

To investigate the self-healing properties of the DCN hydrogels, PBNG at pH values from 8.5 

to 1.5, 10 w/v% hydrogel PBNG were prepared according to the description in Section 2.5.3 

and allowed to stabilize for 18 h at room temperature. Then, the gels were immersed 

completely in pH buffers (pH 8.5, 7.4, 5.2, and 1.5) for 24 h. Oscillatory strain amplitude 

sweeps from 0.1% to 1000% at a constant frequency (1 Hz) were tested to determine the 

critical strain of gel failure. Afterwards, step strain tests were carried out by applying a large 

strain (a strain higher than the critical strain) and a small strain (1%) cyclically to the gel; the 
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gel networks were disrupted under the large strain for ~60 s and recovered under the small 

strain (1%) for another ~60 s. The processes were repeated for two cycles under the same 

conditions. (Note: 10 w/v% PBN was used for testing the self-healing property without the 

immersion process.) 

 

2.5.6 Stability Studies of Hydrogels 
General Methods: To evaluate the stability/degradation behavior of hydrogels, 10 w/v% of 

hydrogels were prepared as described in Section 2.5.3. The hydrogels were prepared in 

microcentrifuge tubes and allowed to incubate for 16 h at 37 ℃ to achieve complete cross-

linking. Then, the hydrogels were weighed, followed by an addition of 1 mL of either H2O2, 

polyol solutions (mixture of 30 mM glucose and 15 mM fructose) or pH buffers on top of the 

gels. The solutions were refreshed every three days, and the stability/degradation of the 

hydrogels was monitored by measuring the weight remaining after a preset interval, according 

to the equation: 

  Weight remaining%	= Wt
Wi
× 100                                                  (3) 

 

where Wt refers to the final weight and Wi represent initial weight. Three samples were tested 

for each test. 

 

2.5.6.1 Monomeric ROS-responsive degradation studies via NMR 

Benzoxaborole 2-2 and nopoldiol were dissolved separately in the abovementioned NMR 

solvent of D2O potassium phosphate buffer (pH 7.4):ACN-d3 (65:35 w%) to obtain the stock 

solutions with a concentration of 20 mM. Then, 0.2 mL of each solution and 0.4 mL of NMR 

solvent were mixed in the NMR tubes to reach the final concentration of 5 mM (each 

compound), and the NMR tubes were allowed to sit for 10 min. Sequentially, 8 µL of 0, 100, 

500, and 1000 mM H2O2 solutions were added to the NMR tubes to obtain the compound 

mixtures with 0, 1, 5, and 10 mM of H2O2, respectively. 1H NMR was used to monitor the 

oxidation/degradation process after 20 and 45 min (Scheme 2-7, Figure 2-23, and Figure 2-

24). The conversion% to benzoxaborolate 2-16 was calculated according to the equation:  
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Conversion% to benzoxaborole 2-16 = 
integration of d	(~5.50	ppm)	

integration of peak b+d+e	(5.60–5.50	ppm)
×100 

 
where the calculations are based on monitoring the more deshielded proton on the terminal 

alkene. Detailed spectra are shown on page 181–185.  

 

2.5.6.2 Stability study of nopoldiol-benzoxaborolate against polyols via NMR 

A solution of 10 mM of MAAmBO and nopoldiol in D2O potassium phosphate buffer/ACN-

d3 (65:35 wt%) was prepared as described in the previous monomeric binding NMR study. 

The mixtures were mixed immediately with either D-glucose or D-fructose to obtain a final 

concentration of 15 mM or 30 mM, respectively. The MAAmBO/nopoldiol/D-glucose and 

MAAmBO/nopoldiol/D-fructose solutions were incubated for 16 h before NMR analysis. 

The previous calculation method (Table 2-11) was not applicable for this study as the rest of 

the free MAAmBO would bind with sugars and effect the integration of -CH2-; the conversion 

to benzoxaborolate for this study was calculated according to the equation:  

 

Conversion% to nopoldiol-benzoxaborolate for polyols competition study = 

 
integration of signal at 5.21–5.22 ppm

integration of signal at 5.33 ppm + integration of signal at 5.21–5.22 ppm  ×100 

 

where the 5.33 ppm and 5.21–5.22 ppm peaks represent one proton on the free nopoldiol 

(terminal alkene) and one proton on the nopoldiol-benzoxaborolate (terminal alkene on 

nopoldiol side), respectively.  

 

2.5.7 pH-Responsive drug release 
The pH-responsive drug releasing of Dox-loaded hydrogel PBNG was carried out using the 

following method. Polymer PNG was dissolved with PBS 7.4 at a concentration of 10 wt/v%, 

and 0.45 mg Dox was dissolved in 150 µL of distilled water. Then, 15 mg of polymer PB was 

dispersed in the Dox solution to obtain a solution of 10 wt/v% PB with 3 mg/mL of Dox. The 

PB/Dox solution was mixed with 150	µL of prepared 10 wt/v% PNG polymer solution in a 

microcentrifuge tube, followed by gentle stirring to form Dox-load PBNG (0.45 mg Dox/gel). 

(4) 

(5) 
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The gelation occurred quickly, within seconds, and the hydrogels were allowed to stabilize 

for 18 h under ambient temperature. Afterwards, the hydrogels were transferred carefully to 

dialysis tubes (MWCO 6,000–8,000) and sealed with cotton thread to avoid the impact of 

leached polymers on absorption. Encapsulation efficiency was considered 100% because of 

the homogenous and fast encapsulation process. Then, 10 mL of buffer solutions with pH 

values of 7.4, 5.2, and 1.5 were added in 25 mL vials, and the hydrogels were immersed in the 

solutions completely. The vials were incubated in a thermostatic shaker (37 ℃, 120 rpm) to 

mimic the body conditions. 1 mL of releasing media were withdrawn at certain time intervals, 

followed by additions of 1 mL fresh buffer solutions. 100 µL of releasing media were added 

to a standard 96-well plate, and the release rate of Dox was monitored by UV absorbance 

testing at 485 nm. 0.045 mg/mL (0.0776 mM) of Dox was normalized as 100% of cumulative 

release, and a calibration curve was prepared accordingly (Figure 2-30). Three hydrogels for 

each pH condition were tested independently. 

 

 
Figure 2-30. Calibration curve of Dox at pH 7.4, 5.2, and 1.5. 

 

2.5.8 Cytotoxicity Tests of Polymers and Hydrogels 
Polymers: Standard MTT assays were conducted to evaluate the toxicity of polymer PB and 

PNG. Briefly, HeLa cells were seeded in 96-well microplates with a cell density 1× 10Q cells 

per well in 100 µL of high glucose DMEM culture media (including 10% FBS, 1% 

penicillin/streptomycin and 1% sodium pyruvate). After 24 h of incubation at 37 ℃ with a 
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balanced air humidity and 5% CO2, the culture medium was replaced with 200 µL of polymer 

solution with the desired concentration, and all of the polymer solutions were sterilized by 

filtering through 0.22-µm filter tips. The cells were incubated for another 24 h, followed by 

the addition of MTT solution (20 µL, 5 mg/mL). After 4 h of incubation, the culture media 

were aspirated, and 100 µL of DMSO/isopropanol (1:1 volume ratio) solution was used to 

dissolve the crystal formazan. Absorbance at 570 nm was measured by UV-vis, and the O.D. 

values, that are proportional to the numbers of living cells, were converted to cell viabilities. 

Hydrogel extracts: This test was performed according to the previous report, with slight 

changes.23 Polymer PB and PNG were dissolved in DMEM cell culture media in 10 wt/v%. 

The polymer solutions were sterilized by filtering through 0.22-µm filter tips. Then, 0.5 mL 

of each solution were mixed in a vial to form a hydrogel. The gelation occurred quickly, in 

seconds, and the hydrogel was allowed to stabilize for 2 h. Afterwards, the hydrogel was cut 

into two pieces, and the weights were measured. DMEM of 10- and 40-times hydrogel weights 

were added to a 6-well cell culture plate, and the hydrogels were immersed in the media and 

incubated for 24 h and 48 h, respectively. The hydrogel extracts were withdrawn and utilized 

to culture HeLa cells according to the same protocol described earlier. 

 

2.5.9 3D Cell Encapsulation 
This experiment was carried out according to the reported methods with slight changes.23 

HeLa cells were chosen as an example of 3D cell encapsulation, and the optimal DCN 

hydrogel PBNG was used for this application. Firstly, PB and PNG were dissolved in DMEM 

with a concentration of 10 wt/v% and sterilized by filtering through 0.22-µm filter tips. Then, 

the desired number of cells were taken and centrifuged to the bottom of a centrifuge tube; the 

final cell density in the formed hydrogels was 2.5 ×	10R cell/mL. PB polymer solution was 

added to the centrifuge tube and gently pipetted to mix with the cells. Afterwards, the same 

volume of PB/cells suspension and PNG solution were mixed on the surface of 35-mm glass 

bottom dishes. The gelation occurred rapidly, and the cells were encapsulated homogenously 

inside the hydrogel network. After 10 min of incubation, 2 mL of DMEM were added to the 

dishes, and the cells were incubated for 24 h and 48 h. Before the cell imaging, the DMEM 

were withdrawn, and the hydrogels were washed twice with sterilized PBS solution. A 

solution of LIVE/DEADTM Cell Imaging Kit was added to the dishes, and the cells were 
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incubated for 15 min for cell staining. CLSM 710 Meta confocal laser scanning microscope 

(Carl Zeiss, Jena, Germany) was used to visualize the cells, and the live/dead controls were 

shown in Figure 2-31. Cell viability of encapsulated cells were quantified by Imaris Image 

Analysis Software (n = 4). 

 

 

    
Figure 2-31. Live and dead control images of HeLa cells cultured on cell culture plate. 
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Chapter 3 

Benzoxaborole-based Nanogel as a Stable and Stimuli-

Sensitive Nanocarrier Towards pH and Oxidation-

Responsive Cancer Drug Delivery 

3.1 Introduction 
Capecitabine (CAPE) (Figure 3-1) is an orally administered fluoropyrimidine carbamate 

chemotherapy medication classified as an antimetabolite.1-2 It is used to treat breast, colon, 

gastric, gastroesophageal, and colorectal cancers.3 Research has shown that CAPE can be 

absorbed quickly through the gastrointestinal wall and then metabolized to 5-fluorouracil (5-

FU). Subsequently, 5-FU participates in blocking the function of thymidylate synthases, thus 

inhibiting DNA production and mitigating cancer cell proliferation.4 CAPE, as an important 

anti-cancer drug, is embodied in the World Health Organization’s List of Essential Medicines, 

which recognizes the most effective and safe medicines that are essential to health care 

systems.5 Nevertheless, anti-cancer treatments with this medicine require a high therapeutic 

dose (2.5 g/m2), and the rapid gastrointestinal tract absorption limits the half-life of this 

medicine to 0.55–0.89 h.6 Furthermore, the high hydrophilicity of CAPE gives rise to a water 

solubility as high as 26 mg/mL;7 this causes poor cellular uptake of the drug and a decrease in 

its efficacy.6 Hence, it is crucial to develop a stimuli-responsive drug carrier that could 

encapsulate this medicine, prolong its lifetime, and maintain the appropriate drug 

concentration in the bloodstream.  

There are two significant challenges for the encapsulation of CAPE in nanocarriers. Firstly, 

owing to the high hydrophilicity of this drug, the traditional encapsulation pathway of utilizing 

the hydrophobic interactions between the drug molecules and the hydrophobic core of the 

nanoparticles is not efficient.7 Secondly, CAPE is a neutral molecule with an isoelectric point 

of only about 2.43 (negative).6 Therefore, encapsulation through electrostatic interactions is 

not entirely feasible owing to its weak attraction to cationic polymers.8  
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3.1.1 Attempts at Encapsulating Capecitabine (CAPE) into Nanoparticles 

Through Covalent Bonds 
Enormous research efforts have been devoted to developing more stable nanocarriers for the 

encapsulation and delivery of CAPE. To this end, one of the best ways of encapsulating neutral 

and hydrophilic drugs is to conjugate them to the nanocarriers through covalent bonds.8-10 As 

shown in Figure 3-1, CAPE contains a ribose (1,2-cis diol) moiety in its chemical structure, 

which allows it to bind with boronic acids to form the corresponding cyclic arylboronic esters. 

 

 
Figure 3-1. Chemical structure of capecitabine. 
 

    Some research groups have exploited the strategy of arylboronic ester formation to improve 

the encapsulation efficiency and the stability of the resulting nanoparticles. For example, 

Herrera-Alonso and co-workers used micelles with a phenylboronic acid (PBA) core to 

conjugate with CAPE, albeit with moderate drug loading efficiency (Figure 3-2, a).3 Shi and 

co-workers developed an iminoboronate-based micelle that involves an intermolecular 

coordination between 2-formylphenylboronic acid and the pendent primary amines on 

polylysine (PLys). The resulting iminoboronate affords a strong binding with CAPE, and the 

resulting complex is also sensitive to glutathione (GSH) and low pH conditions due to the 

labile iminoboronate moieties (Figure 3-2, b).8 

Both examples incorporate micelles as drug carriers, where the micellation 

depends highly on the critical micelle concentration (CMC). In other words, at a polymer
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Therefore, the resulting polymer–drug conjugates are unstable, and they ultimately would 

hamper the lifetime of the nanocarrier during the administration. As a result, a nanoparticle 

that could afford a more efficient CAPE encapsulation to form a more stable nanocarrier under 

physiological conditions is highly desirable.    

3.2 Objective 
In this work, we aim to develop a stable nanocarrier for the encapsulation of CAPE. Nanogel, 

a type of nano-sized hydrogel, is constructed from 3D cross-linked networks and shows 

excellent stability.11 Like micelles, drug molecules can be conjugated on the nanogel polymer 

matrices through covalent bonds, thus effectively enhancing the drug loading capacity.11 

Nopoldiol, a rigid cyclic 1,2-cis diol, has been shown to bind benzoxaborole tightly with high 

stability (Chapter 2). Herein, the nopoldiol-benzoxaborolate cross-links (Figure 3-3) are 

introduced in the nanogel system to afford a stable and stimuli-responsive network. In 

addition, the proportion of benzoxaborole moieties is designed to be higher than that of 

nopoldiol units. Therefore, the extra benzoxaborole moieties are expected to conjugate CAPE 

by forming stable benzoxaborolate covalent bonds under physiological conditions. The 

resulting nanocarriers are designed to be dual-responsive to pH and ROS (e.g., H2O2) for the 

release of the encapsulated drugs on demand. 

     In addition, a long-linker benzoxaborole-based monomer (LB) is designed to improve the 

hydrophilicity of the resulting nanoparticles for better compatibility with the hydrophilic drug 

(CAPE). Both the LB-containing nanoparticle and the nanogel were assessed via drug 

releasing tests for a better understanding of the drug encapsulation and releasing mechanism. 

3.3 Results and Discussion 

3.3.1 Design of Nanogels 
To develop a suitable nanocarrier for CAPE encapsulation, polymer A and polymer B were 

designed as polymer precursors for the fabrication of nanoparticles (Figure 3-3). Specifically, 

polymer A contains sufficient benzoxaborole moieties to bind nopoldiol units in polymer B 

and the CAPE molecules. Polymer B is composed only of a small amount of nopoldiol in an 
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Monomer LB was synthesized as shown in Scheme 3-1, where the first three steps for 

making tert-butyl 2-(2-(2-aminoethoxy)ethoxy)acetate (3-4) followed a previous report with 

slight modifications.12 Then, compound 3-4 underwent an acylation reaction with methacrylic 

anhydride to give tert-butyl 2-(2-(2-methacrylamidoethyoxy)ethoxy)acetate (3-5). Next, the 

tert-butyl group on 3-5 was cleaved with trifluoroacetic acid (TFA) to obtain compound 2-(2-

(2-methacrylamidoethoxy)ethoxy)acetic acid (3-6). Lastly, 3-6 was reacted with amino-

benzoxaborole 2-4 through an amide coupling reaction to form the desired long-linker 

monomer LB. 

 

 

Scheme 3-1. Synthesis of monomer 2-(2-(2-methacrylamidoethoxy)ethoxy)-benzoxaborole (LB). Reaction 
conditions: (a) benzyl chloroformate, TEA, DCM, 0 ℃ for 2 h, then r.t., overnight, quantitative yield. (b) tert-
butyl bromoacetate, potassium tert-butoxide, THF, 0 ℃ for 2 h, then r.t., overnight, 50–59% yield, (c) Pd/C, H2, 
MeOH, r.t., 1.5 h, quantitative yield, (d) methacrylic anhydride, TEA, MeOH, 0 ℃ for 2 h, then r.t., overnight, 
92–94% yield, (e) TFA, MeOH, 0 ℃ for 2 h, then r.t., overnight, quantitative yield, (f) HATU, TEA, DCM, r.t. 
41–50% yield. 
 

3.3.1.2 Design and synthesis of polymers 

As described earlier in Figure 3-3, polymer A was expected to contain as many benzoxaborole 

moieties as possible, and polymer B should only comprise a small amount of nopoldiol 

moieties to afford the desired level of cross-linking with LB to form nanogels. However, in 

polymer A, the hydrophilicity of the polymer needs to be ensured to avoid polymer 

aggregations and to prevent poor compatibility between the polymer and the hydrophilic drug, 

CAPE. MPC, a zwitterionic monomer, was chosen as the backbone component due to its 

hydrophilicity and its well-established biocompatibility.13 As shown in Scheme 3-2, polymer 

A was designed with a statistical copolymer with monomer MPC and LB, where the final 
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polymer of poly(MPC-st-LB) (PMLB) contains 34 mol% of LB moieties. Polymer B was 

synthesized with monomer MPC and nopoldiol to produce poly(MPC-st-nopoldiol) (PMN), 

where nopoldiol moieties only represent 5 mol% in composition. 

 

 
Scheme 3-2. Synthesis of polymers PMLB and PMN. Reaction conditions: 4-cyanopentanoic acid 
dithiobenzoate (CTP), 4,4’-azobis(4-cyanovaleric acid) (ACVA), MeOH, 70 0 ℃, 24 h; 50%, 61%, 4.6% yield 
for polymer A, B, and homopolymer, respectively. Numbers indicate proportions of each component in the 
statistical polymers (normalized to 1).
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In addition, a homopolymer of LB, PLB, also was synthesized for a control study to 

investigate its behavior in drug encapsulation/release compared to nanogels, where the 

homopolymer is defined as using only one component in the polymer structure. All the 

polymers were synthesized through reversible addition–fragmentation chain-transfer (RAFT) 

polymerization with a designed degree of polymerization (DP) of 200. 

 

3.3.2 Nanogel Preparation and Drug Release Methodology 
Detailed experimental procedures of both nanoparticles and nanogels will be explained case 

by case along with the results because the conditions of experiments vary according to the 

optimization process. 

 

General methods for nanogel preparations (Figure 3-7): polymer A (PMLB) was dispensed 

in a pH 7.4 buffer solution with a desired concentration. Then, a CAPE solution was mixed 

with the polymer A solution and incubated for 30 min to allow conjugation of the linear 

PMLB with CAPE. Next, this PMLB–CAPE mixture and a polymer B (PMN) solution were 

added dropwise to another vessel slowly with vigorous stirring. Nanogels were formed as the 

complementary groups cross-linked, encapsulating the drug molecules, and then the nanogel 

solution was allowed to stabilize for 1 h at room temperature.  

 

General methods for nanogel drug release experiments (Figure 3-7): 1 mL of nanogel solution 

was added to a dialysis tube with a MWCO (molecular-weight cutoff) of 6,000–8,000 Da and 

sealed with cotton thread. Then, the dialysis tube was immersed in 20 mL of release media 

(buffers with various pH values or 10 mM H2O2 solution). The pores on the dialysis tubing 

prevent the leaking of nanogels/polymers to the release media, while allowing small molecules 

(CAPE) to disperse freely. After preset intervals, 1 mL of release media was taken out for UV 

absorption tests, and 1 mL of fresh media was added. The cumulative drug release percent 

was calculated based on the UV absorption at wavelength of 295 nm.  
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Overall, these results indicated that the drug molecules were more likely to be encapsulated 

physically in the nanoparticles. There was possibly some drug conjugated to benzoxaborole; 

however, the resulting benzoxaborolates may not be tight enough to hold the CAPE while 

experiencing the nanoparticle morphological changes and exposure to dilute aqueous 

conditions. Therefore, the homopolymer nanoparticle was found unsuitable for this particular 

application. 

 

3.3.3.2 Copolymer-based nanoparticles 

To investigate the influence of polymer types for nanoparticle-based CAPE drug release, 

polymer PMLB was tested next. Because PMLB is insoluble in THF due to its zwitterionic 

nature, nanoprecipitation did not work. Therefore, 10 mg of PMLB were dissolved in 1 mL 

of CAPE solution (1 mg/mL drug in PBS 7.4), followed by incubation for 1 h (Table 3-2). 

The drug release experiment followed the same procedure as described earlier in Section 3.3.2. 

Three types of release media, pH 7.4 buffer, pH 5.2 buffer, and pH 7.4 + H2O2 10 mM buffer, 

were used for testing the acid- and H2O2-responsiveness of this nanoparticle.  

    Figure 3-10 shows the CAPE releasing profiles using PMLB-based copolymer 

nanoparticles. Unlike the homopolymer nanoparticles, this copolymer-based nanoparticle 

shows a dramatic acid-triggered drug release with pH 5.2 release media, where nearly all the 

CAPE released after 3.5 h. The same trend was found when adding 10 mM H2O2, which 

indicates the oxidative degradation of nanogel cross-links and the polymer–drug conjugates.  

 

Table 3-2. Incubation and drug release conditions for PMLB-based copolymer nanoparticles. 

Description: PMLB-based copolymer nanoparticles 

Incubation conditions  Release media 

 

7.4 PBS, 1 mg/mL drug 

pH 7.4 

pH 5.2 

pH 7.4 + H2O2 10 mM 
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 Figure 3-14. Demonstration of ARS assays for benzoxaborole–diol binding tests.  
 

    Figure 3-15 shows the fluorescence intensity profiles of polymer–polymer binding and 

polymer–drug binding. A pure ARS solution (control) showed a purple color and the lowest 

fluorescence intensity. By adding the benzoxaborole-containing polymer solution PMLB, the 

solution turned to light yellow with a dramatic increase of fluorescence intensity. Then, a 

nopoldiol-containing polymer, PMN, was added to the mixture of ARS and PMLB. As 

expected, the intensity was suppressed by about 20% due to the relatively low molar ratio of 

nopoldiol moieties in PMN compared to benzoxaborole moieties in PMLB ([benzoxaborole]: 

[nopoldiol] = 3.4:0.7), and the solution color turned from light yellow to orange. To confirm 

that there were more benzoxaborole moieties available for binding, after the first polymer–

polymer mixing, a solution of five times the original concentration of PMN ([benzoxaborole]: 

[nopoldiol] = 3.4:3.5) was added to the mixture of ARS and PMLB. Unsurprisingly, the 

fluorescence intensity almost decreased to the level of ARS (control), and the solution color 

also turned to purple. These observations indicate a nearly complete replacement of ARS–

benzoxaborole conjugates with benzoxaborole–nopoldiol conjugates and the highly efficient 

binding between the two polymers. 

The binding between polymer PMLB and drug molecule CAPE was evaluated using the 

same method (Figure 3-15B). Because the binding affinity of benzoxaborole and CAPE is 

about two times lower than that of nopoldiol (at pH 7.4, Section 2.3.3) and the binding 

between polymer and drug is not as strong as polymer–polymer binding (cross-linked at 

multiple sites), adding even more than three times the molar ratio of CAPE 

([benzoxaborole]:[CAPE] = 3.4:12) only resulted in ~5% of fluorescence suppression, and 

doubling the original CAPE concentration (([benzoxaborole]:[CAPE] = 3.4:24) only 

decreased the intensity by ~10%.  
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3.4 Conclusions and Challenges 
In this chapter, both benzoxaborole-containing nanoparticles and nanogels were applied for 

the controlled drug delivery of an anti-cancer drug, CAPE. The formations of the nanoparticles 

was confirmed by SEM imaging, and the binding between polymer–polymer and polymer–

drug was measured with ARS displacement assays. A number of experiments on drug release 

at different pH buffers and H2O2 solutions were performed. The results confirmed the pH- and 

ROS-responsiveness of this system, and the nanoparticles were able to release the drug over 

a few hours. Despite the success of responsive drug release, these results are preliminary, and 

there are still many limitations and challenges to address as part of this ongoing study:  

1) The drug delivery system only releases the drug over ~3–5 h, which may not be long 

enough for clinical use.  

2) The differences in the drug releasing rate between conditions of pH 7.4, pH 5.2, and 

10 mM H2O2 are not significant (Figure 3-12). Ideally, the nanoparticle should 

preserve the CAPE inside the nanocarrier at physiological pH with a minimum amount 

of drug leaking, and once exposed to a trigger such as a low pH and H2O2, it can release 

the cargos rapidly.  

3) It is difficult to remove the unencapsulated drug before the drug releasing test, which 

makes it impossible to calculate the drug encapsulation efficiency (how much drug 

was encapsulated compared to the original amount). Not removing free drugs will 

result in a burst of drug release while performing the tests and cause an unpredictable 

variability in the final result, which will influence the assessment of a suitable 

nanocarrier.  

There are two ways to remove the unencapsulated drug after the nanogel formation and 

drug encapsulation process. One method is to centrifuge the nanogel solution, discard the 

upper layer that contains free drug, and resuspend the nanogels in a fresh solution. Another 

method is to purify the nanogel solution (containing free drug) through dialysis. The free drugs 

can be removed through the pores on the dialysis membrane, and the nanogels would remain. 

However, both methods did not work satisfactorily with our system. Specifically, the high 

hydrophilicity/water solubility of nanogels prevents it from being centrifuged. Furthermore, 
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the dynamic benzoxaborole–CAPE bonds dissociate quickly upon dilution; therefore, the 

dialysis method also will remove most of the encapsulated CAPE, which is undesired. 

    Overall, this project has been only partially successful, and a more stable nanocarrier or a 

better drug encapsulation method needs to be developed for a more efficient, long-lasting, and 

stimuli-responsive drug delivery system. 

 

3.5 Experimental 

3.5.1 General Information 

3.5.1.1 Materials 

All chemical reagents were used as received from their chemical supplier, unless specified 

otherwise. Alizarin Red S (ARS), hydroquinone, triethylamine (TEA), trifluoracetic acid 

(TFA), 4,4’-azobis(4-cyanovaleric acid) (ACVA), capecitabine (CAPE), hydrogen peroxide 

(H2O2), potassium phosphate (KH2PO4), potassium phosphate dibasic (K2HPO4), acetic acid, 

potassium chloride (KCl), sodium chloride (NaCl), and all the organic solvents were 

purchased from Sigma-Aldrich. Palladium, 10% on activated carbon, and potassium t-

butoxide, were obtained from Strem. Methacrylic anhydride and benzyl chloroformate were 

purchased from Alfa Aesar, and tert-butyl bromoacetate, 98% was purchased from Matrix 

Scientific. HATU was purchased from Combi-Blocks. 4-Cyanopentanoic acid dithiobenzoate 

(CTP) were synthesized according to a previous report.15 Detailed synthesis and 

characterizations of nopoldiol monomer and amino-benzoxaborole (2-4) were shown in 

Chapter 2 (Scheme 2-2 and 2-3). 

 

3.5.1.2 Characterization and instrumentation 

NMR spectra were recorded on INOVA-400, INOVA-500 or INOVA-700 MHz instruments. 

The residual solvent protons, DMSO-d6 (2.50 ppm) and D2O (4.79 ppm), were used as internal 

standards, and the carbon signal (13C) of DMSO-d6 (39.52 ppm) was used as an internal 

standard. MestReNova software was used to analyze all of the NMR data. The following 

abbreviations are used in reporting NMR data: s, singlet; d, doublet; t, triplet; q, quartet; dd, 

doublet of doublets; m, multiplet. High-resolution mass spectra (HRMS) using electrospray 

ionization (ESI) were recorded by the University of Alberta Mass Spectrometry Services 
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Laboratory. Fluorescence intensity was measured by SpectraMax® i3x. Scanning Electron 

Microscopy (Zeiss Sigma FESEM, nanoFAB, University of Alberta) was used to characterize 

freeze-dried nanoparticles.  

 

3.5.2 Chemical Synthesis and Analytical Data 

3.5.2.1 Synthesis of monomer  

Synthesis of 2-(2-(2-methacrylamidoethoxy)ethoxy)-benzoxaborole (LB) (Scheme 3-1): 

 

 
Benzyl 2-(2-hydroxyethoxy)ethylcarbamate (3-2)12: The title compound was synthesized 

according to a previous report with slight modifications.12 2-(2-Aminoethoxy)ethanol (3-1) 

(10.7 g, 0.102 mol) was dissolved in 80 mL of DCM in a single-neck round bottom flask. TEA 

(10.3 g, 0.102 mol) was added to the solution, and the reaction flask was cooled to 0 ℃ with 

an ice bath. Then, a solution of benzyl chloroformate (20.8 g, 0.122 mol) in 50 mL DCM was 

added slowly to the reaction mixture with an additional funnel at a rate of ~1 drop per second. 

The reaction mixture was stirred for 2 h at 0 ℃, then brought to ambient temperature and 

stirred overnight. The reaction mixture was washed with saturated NaHCO3 solution (80 mL), 

and the aqueous layer was extracted with DCM (3 ×100 mL). The organic layers were 

combined, dried with Na2SO4, filtered, and concentrated in vacuo. A colorless oil was 

obtained in quantitative yield (24.5 g). The product was used directly in the next step without 

further purifications. All spectral data corresponded to the literature.12 
1H NMR (498 MHz, DMSO-d6) δ 7.39–7.32 (m, 4H), 7.32–7.28 (m, 1H), 7.28–7.24 (m, 1H), 

5.01 (s, 2H), 4.56 (t, J = 6.1 Hz, 1H), 3.48 (q, J = 5.2 Hz, 2H), 3.41 (q, J = 5.2, 4.4 Hz, 4H), 

3.15 (q, J = 5.9 Hz, 2H). 
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N-(Benzyloxycarbonyl)-2-(2-(2-aminoethoxy)ethoxy)acetate tert-butyl ester (3-3)12: The 

title compound was synthesized according to a previous report with slight modifications.12 

Compound 3-2 (12.4 g, 52.0 mmol) was dissolved in 200 mL THF in a single-neck round 

bottom flask and was cooled to 0 ℃ with an ice bath. A solution of potassium tert-butoxide 

(6.16 g, 55.0 mmol) in 50 mL THF was added to the reaction mixture, and the mixture was 

stirred for 30 min at 0 ℃. Then, tert-butyl bromoacetate (24.4 g, 125 mmol) was added, and 

the reaction mixture was stirred at 0 ℃ for 3 h, brought to ambient temperature, and stirred 

overnight. Next, 50 mL distilled water were added to the reaction mixture, followed by 

evaporation to discard organic solvents. The residue was extracted with EtOAc (3 × 100 mL), 

and the organic layers were combined, dried with Na2SO4, filtered, and concentrated in vacuo. 

The crude product was purified by flash chromatography (hexanes to EtOAc 9:1 to 0:1) A 

colorless liquid (10.8 g, 59%) was obtained as the product 3-3. All spectral data corresponded 

to the literature.12 
1H NMR (400 MHz, DMSO-d6) δ 7.39–7.32 (m, 4H), 7.32–7.28 (m, 1H), 7.28–7.23 (m, 1H), 

5.01 (s, 2H), 3.97 (s, 2H), 3.59–3.48 (m, 4H), 3.41 (t, J = 6.0 Hz, 2H), 3.14 (q, J = 6.0 Hz, 

2H), 1.41 (s, 9H).	

 

 
tert-Butyl 2-(2-(2-aminoethoxy)ethoxy)acetate (3-4)12: The title compound was synthesized 

according to a previous report with slight modifications.12 Compound 3-3 (18.5 g, 52.5 mmol) 

was dissolved in 80 mL of MeOH in a single-neck round bottom flask. An adapter with both 

a vacuum and a nitrogen inlet was connected on the flask. The reaction mixture was evacuated 

by vacuum for 1 min and then purged with nitrogen. These steps were repeated three times, 

followed by addition of 10% Pd/C (1 mg) to the reaction solution. Then, the degassing and 

purging processes were repeated for another three times, and the nitrogen was replaced with 

a hydrogen balloon. The reaction mixture was stirred overnight, and the hydrogen was 

removed by vacuum. The mixture was filtered through celite, and the filtrate was concentrated 
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in vacuo to obtain pure product 3-4 in quantitative yield (12.2 g). The product was used 

directly for the next step without further purification. All spectral data corresponded to the 

literature.12 
1H NMR (400 MHz, DMSO-d6) δ 3.98 (s, 2H), 3.60–3.55 (m, 2H), 3.53–3.49 (m, 2H), 3.35 

(t, J = 5.8 Hz, 3H), 2.64 (d, J = 11.6 Hz, 2H), 1.42 (s, 9H). 

 

 
tert-Butyl 2-(2-(2-methacrylamidoethyoxy)ethoxy)acetate (3-5): Compound 3-4 (11.4 g, 

48.9 mmol) was dissolved in 100 mL MeOH in a single-neck round bottom flask. 10 mg of 

hydroquinone were added to the solution to prevent self-polymerization of the methacrylates 

during the reaction. Then, TEA (4.9 g, 48.5 mmol) was added to the reaction mixture, and the 

reaction was cooled to 0 ℃ with an ice bath. Methacrylic anhydride (8.72 g, 56.6 mmol) was 

added slowly to the reaction using a syringe pump with a speed of 1 mL/h. The reaction 

mixture was stirred at 0 ℃ for 3 h, brought to ambient temperature, and stirred overnight. Next, 

the solvent was evaporated, the residue was washed with 80 mL distilled water, and extracted 

with EtOAc (3 ×100 mL). The organic layers were combined, dried over Na2SO4, filtered, 

and concentrated in vacuo. The crude product was purified by flash chromatography (hexanes 

to EtOAc 9:1 to 0:1). The combined fractions were evaporated carefully by a rotovap without 

any heat (ideally 0 ℃), and a colorless liquid (12.9 g, 44.9 mmol) was obtained as the product 

3-5 (92%).  
1H NMR (500 MHz, DMSO-d6) δ 7.90 (t, J = 5.1 Hz, 1H), 5.64 (s, 1H), 5.33–5.31 (m, 1H), 

3.98 (s, 2H), 3.59–3.55 (m, 2H), 3.54–3.51 (m, 2H), 3.45 (t, J = 6.1 Hz, 2H), 3.26 (q, J = 6.0 

Hz, 2H), 1.84 (s, 3H), 1.42 (s, 9H). 
13C NMR (126 MHz, DMSO-d6) δ 169.3, 167.4, 139.8, 118.9, 80.6, 69.7, 69.4, 68.7, 68.0, 

38.7, 27.7, 18.5. 

IR (cast film, cm–1): 3348, 2978, 2930, 2872, 1747, 1662, 1624, 1530, 1147, 1124. 

HRMS (ESI) for [M+Na]+ C14H25NNaO5: calcd.310.1625; found 310.1623. 
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2-(2-(2-Methacrylamidoethoxy)ethoxy)acetic acid (3-6): Compound 3-5 (12.8 g, 44.6 

mmol) was mixed with 20 mL DCM in a single-neck round bottom flask at 0 ℃. TFA (5 mL, 

65.3 mmol) was added to the reaction mixture, and the mixture was stirred for 3 h at 0 ℃. 

Then, the reaction mixture was evaporated under vacuum to give product 3-6 with quantitative 

yield. The product was used directly for the next step without further purification.  
1H NMR (500 MHz, DMSO-d6) δ 7.89 (s, 1H), 5.64 (s, 1H), 5.30 (s, 1H), 4.01 (d, J = 1.0 Hz, 

2H), 3.58 (dd, J = 5.6, 3.2 Hz, 2H), 3.52 (dd, J = 5.8, 3.2 Hz, 2H), 3.45 (t, J = 6.1 Hz, 2H), 

3.26 (q, J = 6.0 Hz, 2H), 1.84 (s, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 171.5, 167.4, 139.8, 118.9, 69.7, 69.4, 68.7, 67.5, 38.7, 

18.5. 

IR (cast film, cm–1): 3361, 2925, 2876, 2546, 1762, 1651, 1593, 1168. 

HRMS (ESI) for (M–H)– C10H16NO5: calcd. 230.1034; found 230.1033. 

 

 
2-(2-(2-Methacrylamidoethoxy)ethoxy)-benzoxaborole (LB): Compound 3-6 (10.5 g, 45.5 

mmol) was mixed in 60 mL DCM, followed by an addition of TEA (7.00 g, 69.3 mmol). Then, 

HATU (17.3 g, 45.5 mmol) was added to the reaction mixture, and the solution was stirred for 

1 h. Next, amino-benzoxaborole (2-4) (6.5 g, 43.2 mmol) was added to the reaction mixture, 

and the reaction mixture was stirred overnight under ambient conditions. Then, the reaction 

was partitioned between 1 M HCl solution (80 mL) and DCM (80 mL) three times. The 

organic layers were combined, dried over Na2SO4, filtered, and concentrated in vacuo. The 

crude product was purified by flash chromatography using EtOAc: DCM: MeOH 1:1:0 to 

1:1:0.05. A yellow sticky oil was obtained as the product 3-6 (6.40 g, 17.7 mmol) in 41% 

yield. 
1H NMR (400 MHz, DMSO-d6) δ 9.64 (s, 1H), 9.21 (s, 1H), 8.05 (d, J = 1.8 Hz, 1H), 7.94 (t, 

J = 5.8 Hz, 1H), 7.63 (dd, J = 8.2, 2.0 Hz, 1H), 7.36–7.32 (dd, J = 8.0, 2.6 Hz 1H), 5.65 (dt, J 
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= 1.4, 0.9 Hz, 1H), 5.31 (p, J = 1.5 Hz, 1H), 4.94 (s, 2H), 4.09 (s, 2H), 3.70–3.60 (m, 4H), 

3.51 (t, J = 6.2 Hz, 2H), 3.31–3.27 (m, 2H), 1.83 (dd, J = 1.5, 0.9 Hz, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 168.13, 167.61, 149.09, 139.82, 137.10, 122.87, 121.58, 

121.48, 119.07, 70.32, 70.24, 69.68, 69.36, 68.83, 18.59. 

IR (cast film, cm–1): 3317, 2926, 2877, 1657, 1613, 1536, 1106. 

HRMS (ESI) for [M–H]– C17H23BN2O6: calcd. 361.1576; found 361.1576. 

 

3.5.2.2 Synthesis of polymers 

General procedures for polymerizations (Scheme 3-2): The homopolymer PLB and various 

statistical polymers (PMLB and PMN) with different ratios of components were synthesized 

via RAFT polymerization. Monomers were dissolved in a solution of methanol/H2O or DMF 

in a 25-mL reaction tube or a suitable round bottom flask. A solution of CTP (chain transfer 

agent, 0.0050 mol%) and ACVA (initiator, 0.0017 mol%) was dissolved in 1 mL of methanol 

and added to the reaction mixture to target the degree of polymerization (DP) of 200. Then, 

the reaction vessel was sealed with a septum, and the neck was wrapped carefully with 

Parafilm, followed by degassing for 45 min with nitrogen. The reaction was performed at 70 

℃ with constant stirring for 16 h and then quenched in a dry-ice/acetone bath. The crude 

polymer solution was dialyzed using Fisherbrand® dialysis tubing (MWCO 6,000–8,000) for 

1 to 2 days, and the purified polymer solution was lyophilized for 2 days to yield pure 

polymers. The integration of 1H NMR signals were used to calculate the composition of 

polymers. The numbers outside the brackets represent the molar ratios of each component in 

the polymers, and the numbers are totaled as 1. 
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Poly(MPC-st-LB) (PMLB): Prepared from MPC (0.414 g, 1.41 mmol), LB (0.509 g, 1.41 

mmol), CTP (3.93 mg, 0.0140 mmol), and ACVA (1.3 mg, 0.00464 mmol) in a solvent of 

methanol (5 mL) and H2O (5 mL). A quantity of 0.467 g of polymer PMLB was obtained as 

a yellow sticky oil (50%). 

 

 
Poly(MPC-st-nopoldiol) (PMN): Prepared from MPC (1.09 g, 3.70 mmol), LB (0.052 g, 

0.195 mmol), CTP (5.45 mg, 0.0195 mmol), and ACVA (1.82 mg, 0.00650 mmol) in a solvent 

of methanol (5 mL) and H2O (5 mL). A quantity of 0.7 g of polymer PMLB was obtained as 

a transparent sticky oil (61%). 
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PolyLB (PLB): Prepared from LB (0.775 g, 2.14 mmol), CTP (3 mg, 0.0107 mmol), and 

ACVA (1.00 mg, 0.00357 mmol) in a solvent of 5 mL DMF. A quantity of 0.036 g of polymer 

PLB was obtained as a yellow sticky oil (4.6%). 
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3.5.3 ARS Assays 
To a standard 96-well plate, ARS, PMLB, PMN, and CAPE were dissolved in pH 7.4 PBS 

buffer and added to the wells to reach the designed final concentrations shown in Table 3-5. 

Fluorescence intensity was measured by SpectraMax® i3x with an excitation of 450 nm. The 

measurements were performed 10 min after the mixing of different solutions. 

 
Table 3-5. Design of ARS assays for (A) binding between PMLB and PMN, and (B) PMLB and CAPE. 

 Concentration (mM) 

Well 1  Well 2 Well 3 Well 4 

ARS 0.70 0.70 0.70 0.70 

Benzoxaborole moieties 

(in PMLB)a 

– 2.38 2.38 2.38 

Nopoldiol moieties (in 

PMN)a 

– – 0.49 2.45 

Descriptionb ARS  ARS + 

PMLB 

ARS + 

PMLB + 

PMN 

ARS + 

PMLB + 5 × 

PMN 

 

 Concentration (mM) 

Well 1  Well 2 Well 3 Well 4 

ARS 0.70 0.70 0.70 0.70 

Benzoxaborole moieties 

(in PMLB)a 

– 2.38 2.38 2.38 

CAPE – – 8.4 16.8 

Descriptionb ARS  ARS + 

PMLB 

ARS + 

PMLB + 

CAPE 

ARS + 

PMLB + 2 × 

CAPE 
aConcentrations of benzoxaborole and nopoldiol moieties in the polymer were calculated based on the molar 
ratio of each component. bCorresponding to the legend in Figure 3-15. 
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Chapter 4 

Thesis Conclusions and Future Perspectives 

4.1 Thesis Conclusions 
Over the past few decades, ‘smart’ biomaterials (hydrogels, nanoparticles, etc.) that can 

respond to environmental stimuli, such as temperature, pH, and chemicals (glucose, GSH, 

ROS etc.) have been studied extensively for applications in wound dressing, targeted anti-

cancer drug delivery, cell encapsulation, and tissue engineering.1-3 Undoubtedly, the 

tremendous advancements of these biomaterials could not have been achieved without 

polymer and organic chemistry research.1, 4 The choice of cross-links, that is, the use of an 

appropriate chemical ligation reaction between polymer chains, is essential for the 

achievement of an ideal biomaterial towards specific biomedical applications. This thesis 

describes the use of a nopoldiol-benzoxaborolate condensation reaction in the preparation of 

both hydrogels and nanogels. The incorporation of this cross-linking chemistry into 

biomaterial synthesis was expected to provide rigid and stimuli-responsive cross-links for the 

formation of a stable polymer-based 3D network, thus improving the properties of the 

resulting biomaterials. To the best of my knowledge, there have been no studies on the use of 

nopoldiol-benzoxaborolate cross-links for the preparation of hydrogel/nanogel prior to this 

study. The unique hydrolytic stability, acid-resistant property, oxidative degradability, and 

bioorthogonality (towards endogenous polyols) of the nopoldiol-benzoxaborolate enable this 

new variant of boronic ester-containing cross-links to be a more suitable candidate for the 

preparation of in situ forming click hydrogels (Chapter 2) and drug-encapsulated nanogels 

(Chapter 3).  

In Chapter 2, I described a dual-cure network (DCN) system for the preparation of a self-

healing, in situ forming, and bioorthogonal hydrogel that is hydrolytically stable and acid-

resistant. The design was based on the combination of rigid nopoldiol-benzoxaborolate cross-

links and dynamic sugar-benzoxaborolate cross-links, where the rigid segment could stabilize 

the gel network even under extreme pH conditions or in polyol solutions, and the dynamic 
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segment could maintain the self-healing and pH-responsive properties of the hydrogel. The 

results show that the incorporation of nopoldiol-benzoxaborolate bioorthogonal click 

chemistry could accelerate the gelation process greatly, by ~10 times compared to that without 

nopoldiol. The resulting DCN hydrogel exhibits promising self-healing properties at an 

exceptionally wide range of pH (8.5–1.5) and can maintain its integrity for ~20 days under 

acidic pH (5.2 and 1.5) conditions; these are unique and promising features in the family of 

boronic acid-containing hydrogels. Finally, the pH-controlled drug release capability and 

biocompatibility of the optimal hydrogel PBNG were evaluated by the encapsulation/release 

of doxorubicin (Dox) and 3D cell encapsulation of HeLa cells, respectively. Overall, this 

project was highly successful and provides ample opportunity for future investigations and 

applications. 

In Chapter 3, a novel nanogel system for the encapsulation of a diol-containing anti-cancer 

drug, capecitabine (CAPE) was described. Nano-sized 3D networks with ROS- and pH-

responsiveness were developed with nopoldiol-benzoxaborolate serving as cross-links. A 

novel long-linker benzoxaborole-containing monomer LB was designed and synthesized to 

conjugate covalently with CAPE through arylboronic ester formation. Moreover, the 

improved hydrophilicity of this LB component was expected to be more compatible with the 

hydrophilic drug molecule, CAPE. This design also aimed to overcome current problems with 

the delivery of CAPE such as low drug carrier stability and poor binding affinity between 

arylboronic acids and CAPE. The results show that the optimal nanogel was able to release 

~80% of CAPE over a period of 4.5 h in PBS pH 7.4 at room temperature, and a slight 

acceleration of drug release was found in acidic pH of 5.2 and in the presence of 10 mM H2O2 

in solution. However, there is still much room for improvement, including prolonged drug 

releasing time, higher sensitivity towards triggers, and a way to remove unencapsulated drugs 

for a more accurate calculation of drug encapsulation efficiency (c.f., Section 3.4).  

4.2 Future Perspectives 

4.2.1 Fast Hydrogel Degradation 
It is important for hydrogels to be capable of degrading on demand to release cells for retrieval 

in applications such as cell expansion, drug screening, toxicological screening, and as models 



 138 

for tissue engineering.5 In Chapter 2, we demonstrated an efficient and benign bioorthogonal 

click reaction for the homogenous encapsulation of drug molecules and cells. However, the 

nopoldiol-benzoxaborolate cross-links are not readily degradable under mild physiological 

conditions. The only way to degrade this hydrogel rapidly is by adding oxidants such as H2O2, 

which would cause severe damage to cells and surrounding tissues. An alternative strategy to 

achieve the fast hydrogel degradation would consist in installing a light-sensitive linkage in 

the cross-links (Scheme 4-1), in which a o-nitrobenzyl (NB) moiety could be inserted either 

on the benzoxaborole or nopoldiol side of the nopoldiol-benzoxaborole cross-link. The NB 

could undergo rapid degradation under UV light and dissociate the cross-links. It is also true 

that the use of UV is not ideal for many biomedical applications, especially for cell 

encapsulation. A less harmful trigger that can induce a fast bond cleavage would be of great 

interest for the purposes of on demand hydrogel degradation. 

 

 
Scheme 4-1. Proposed modification of nopoldiol-benzoxaborolate cross-links with UV-sensitive o-nitrobenzyl 
(NB) moiety. 
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4.2.2 Encapsulation of Hydrophilic and Neutral Drugs with Nanoparticles 
Encapsulation of hydrophilic and neutral drugs in drug carriers is well known to be difficult 

because of the ease of drug diffusion in aqueous solution and the weak interaction between 

drug molecules and polymer matrices (Section 3.1). In Chapter 3, the development of a 

nanogel system composed of nopoldiol-benzoxaborolate cross-links and polymer–drug 

covalent conjugations was described for the encapsulation and release of CAPE. Despite the 

partial success of this system in controlled drug release, there are many unaddressed 

challenges remaining in this project, such as a short drug releasing time, insignificant 

differences in drug releasing rate under physiological conditions and with triggers (low pH 

and H2O2), and hardship in removing unencapsulated drugs (Section 3.4). One method to 

improve the encapsulation process would be to look for a better binding partner with CAPE 

to enhance the stability of the polymer–drug conjugates. An arylboronic acid with higher 

binding affinity with ribose (1,2-cis diol) would be ideal for this purpose. Furthermore, fine-

tuning of the backbone components and the proportions of each component would be critical 

for the nanogel performance. For example, instead of using MPC as the backbone, PEG, DMA, 

or thermo-sensitive building blocks could be worth exploring. 

The extension of studies presented in this thesis mentioned above constitute only a small 

glimpse of the vast potential of benzoxaborole and nopoldiol click chemistry in biomaterials. 

It is my hope that the information and future perspectives conveyed in this thesis will 

encourage the future development of boronic acid/ester-containing biomaterials and lead into 

a new era. 
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Binding studies: 

NMR solvent: D2O phosphate buffer:ACN-d3 65:35 w%, NMR was locked as ACN-d3 while 

tuning. 
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Figure 2-29 C: 

 
 

 

2D 24 h 

2D 48 h 



 197 

 
 

 

3D 24 h 

3D 48 h 



 198 

Figure 3-8: 
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Figure 3-11: 
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