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Abstract 

 

Stimuli-responsive polymers alter their chemical and physical properties upon recognition of external 

stimuli such as temperature, pH, light and the presence of specific molecules. These polymers and their 

block copolymers have attracted attention for their possible applications as drug delivery vehicles, 

hydrogels, and self-healing materials. In particular, organoboronic acid and its derivatives are important 

synthetic molecules that are currently used as antifungal reagents and reagents for cross-coupling. 

Polymers containing derivatives of organoboronic acid and their block copolymers are receiving recent 

interest because of their ability to recognize important natural diol compounds such as saccharides and 

nucleotides under biologically relevant conditions. The reversible binding of diol compounds to 

organoboronic acid moieties triggers the change of their physical properties such as solubility in water. 

Therefore, it is an important task to develop new polymers and block copolymers that can respond to 

the presence of diols at low concentration in solution. These new polymers and block copolymers could 

be useful for the smart materials for the development of sensor and drug delivery system for glucose 

related human diseases such as diabetes.  

In this dissertation, I describe the synthesis of new monosaccharide-responsive polymers composed of 

random copolymers of organoboronic acid-containing monomers and a variety of monomers possessing 

stimuli-responsiveness toward temperature and pH. To synthesize well-defined polymers and block 

copolymers, controlled polymerization techniques, such as reversible addition-fragmentation chain 

transfer polymerization, and ring-opening polymerization, were investigated. By these synthetic 

procedures, monomers having responsiveness toward desired external stimuli were combined to the 

benzoboroxole-containing monomers to form multi-responsive polymers and block copolymers. The 

reversible binding of the resulting polymers with diols such as monosaccharides and adenosine-

triphosphate was studied by turbidity test. The controlled polymerization techniques with these 

monomers allowed us to synthesize block copolymers having well-defined molecular weights and 

architectures. The block copolymers could be self-assembled into glucose-responsive micelles or 

vesicles. These structures showed glucose triggered disassembly under physiologically relevant pH 

condition and glucose levels. Due to the presence of hydrophilic solubilizing group between the 

solubility-switching organoboronic acid derivatives in the membrane-forming block, the structures of 

block copolymers responded to a lower level of glucose in the medium. The vesicles containing 

organoboronic acid derivatives can encapsulate water soluble molecules such as insulin. That results 

the monosaccharide responsive block copolymers could be utilized as new drug delivery vehicles for 

cargo molecules such as insulin. 
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Chapter Ⅰ 

 

Introduction 

 

1.1. Stimuli-responsive polymer 

Design and synthesis of new polymers are essential for creating materials for environmental services, 

biomedicine, and the electronics industry. To this end, the development of synthetic methods to 

accommodate functional organic molecules into the structures of synthetic polymers is crucial. This is 

because the function of the polymer arises from the presence of such functional moieties. In addition, 

the development of new polymerization methods is essential to prepare functional polymers and block 

copolymers with well-defined molecular weights and architectures. These synthetic efforts have 

enabled us to synthesize polymers and block copolymers that can be used as building blocks for creating 

materials with functional and structural complexity. Stimuli-responsive polymers are an emerging class 

of materials that change their physical and chemical properties in response to changes in their 

surroundings.1,2 These materials have recently attracted attention as smart polymers, which respond to 

changes in physical and chemical conditions such as pH,3-5 temperature,1,5-6 light,7,8 and the presence of 

specific molecules9-11 (Figure 1.1). The responsiveness of these polymers arises from the presence of 

functional groups in the polymer structure. These functional polymers are increasingly finding potential 

applications as controlled release platforms12 and shape memory materials.13,14 The desired 

responsiveness of a polymer toward a particular stimulus can be introduced by adding functional groups 

that respond to the target stimulus. This responsiveness at the molecular level can be translated into 

macroscopic changes in the physical and chemical properties of the polymer.15,16 In this chapter, I 

summarize the synthesis of stimuli-responsive polymers and their behaviors under various changes in 

their surroundings. 
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Figure 1.1. Smart polymer responses to environmental changes. 

1.1.1. Thermo-responsive polymers 

The phase behavior of a polymer solution can be categorized by (1) the upper critical solution 

temperature (UCST) and (2) the lower critical solution temperature (LCST). As opposed to most 

polymers, which have a UCST in solution, non-ionic hydrophilic polymers often exhibit an LCST in 

solution. Below the UCST, solutions of these polymers form a homogeneous phase, whereas at 

temperatures higher than the UCST, these polymers phase separate from the solution. The underlying 

reason for this behavior is believed to be the entropic penalty from the release of the water molecules 

surrounding the non-ionic polymer chains with increasing temperature. Above the LCST, these 

polymers become immiscible with water, turning the solution into a heterogeneous suspension. One 

thermoresponsive polymers is poly(N-isopropylacrylamide) (PNIPAM), which has a critical 

temperature of ca. 32 °C The LCST temperature of PNIPAM can be modified by changing its molecular 

weight and its chemical structures. The temperature-responsive phase behavior of PNIPAM makes this 

polymer an interesting material for biomedical applications, such as soft lenses and hydrogels, because 

its critical solution temperature can be adjusted to a biologically relevant temperature. PNIPAM can be 

synthesized as a thermoresponsive hydrophilic block by controlled radical polymerization techniques 

and used in block copolymers. The Ma group synthesized thermo- and pH-responsive poly(acrylic 

acid)-b-poly(N-isopropylacrylamide) (PAA-b-PNIPAM), which can self-assemble into thermosensitive 

nanoparticles for use in drug delivery systems.17 The resulting PAA-b-PNIPAM forms spherical 

micelles in aqueous solution by complexation of a cationic hydrophobic molecule, such as doxorubicin 

(DOX). Below the LCST temperature, the PNIPAM block behaves as a water-soluble polymer forming 

the corona of the micelle. Therefore, PAA-b-PNIPAM block copolymers self-assemble into core-shell 

micelles in aqueous solution below the LCST and could entrap hydrophobic cancer pharmaceuticals, 
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such as DOX. The block copolymer micelles can be collapsed by increasing the temperature above the 

LCST of PNIPAM or protonating the PAA block. On reducing the pH below 4, the complexed core of 

DOX and PAA disassembles, promoting the diffusion of DOX from the core to the surrounding. When 

the temperature is increased above the LCST, PNIPAM becomes incompatible with water, resulting in 

the formation of a hydrophobic PNIPAM core. This exposes the PAA-DOX complex to the surroundings, 

resulting in the release of DOX. This example demonstrates that multi-responsive block copolymers 

can respond to external stimuli (Figure 1.2).17 

 

Figure 1.2. Complexation and release of DOX from thermo- and pH-responsive PAA-b-PNIPAM in 

water.17 

In addition to PNIPAM, there are a variety of polymers that exhibit LCSTs, such as poly(N-

vinylpiperidone) (PVPip), poly[oligo(ethyleneglycol)-methacrylate] (POEGMA), poly[N-[2- 

(diethylamino)ethyl acrylamide]] (PDEAEAM),18 poly(N,N-dimethylaminoethyl methacrylate) 

(PDMAEMA),19 poly(N,N-diethylaminoethyl methacrylate) (PDEAEMA)20, and poly[oligo(ethylene 

glycol)methacrylate].21 In the case of pH responsiveness, polymers must contain ionizable functional 

groups in the repeating units, which can donate or accept protons so that the properties of the polymers 

change depending on the pH. These pH-responsive polymers include PAA and poly(N,N-

(dimethylamino)ethyl methacrylate) (PDMAEMA). The Schubert group synthesized block copolymers 

of DMAEMA and poly(ethylene glycol) methyl ether methacrylate (PEGMA) at 70 °C via reversible 

addition–fragmentation chain transfer (RAFT) polymerization.19  The LCST of the resulting block 

copolymers P(DMAEMA-st-PEGMA) can be modulated by changing the composition ratio of PEGMA 

from 0% to 100%. Because of the presence of a tertiary amine, the LCST of the resulting polymer could 

also be changed by varying the pH. The critical solution temperature of P(DMAEMA-st-PEGMA) was 

determined using turbidity tests performed in a UV/vis spectrometer under different pH conditions.19  

Thermosensitive PEG analogs can be used in biotechnology applications because they are uncharged, 

water-soluble, non-toxic, and non-immunogenic. The Lutz group synthesized various polymers having 

oligo(ethylene glycol)s and PEGs as pendant groups.21  They measured the thermoresponsive behavior 

of poly(2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA)-co-oligo(ethylene glycol) methacrylate) 
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(P(MEO2MA-co-OEGMA)), which was compared to that of PNIPAM under the same conditions. The 

P(MEO2MA-co-OEGMA) polymer containing 5 mol% of OEGMA in the polymer chain exhibited a 

similar thermosensitive behavior to that of PNIPAM, demonstrating that non-toxic PEG-based polymers 

can exhibit similar thermoresponsiveness to that of PNIPAM, which could be toxic at high 

concentrations. Thus, PEG based thermosensitive polymers could be utilized as biocompatible smart 

materials for biomedical applications (Figure 1.3).21  

 

Figure 1.3. Schematic representation of the thermoresponsive behavior of P(MEO2MA-co-OEGMA) 

compared to PNIPAM.21 

The Schubert group synthesized a library of poly[2-(dimethylamino)ethyl methacrylate-b-di(ethylene 

glycol) methyl ether methacrylate] (P(DMAEMA-b-DEG)) as a thermoresponsive diblock copolymer 

via reversible RAFT polymerization, which enabled them to study their behavior in a systemic fashion. 

Interestingly, the resulting block copolymers showed double-lower critical solution temperatures. When 

allowed to self-assemble in water, the block copolymer formed multilamellar vesicles above the first 

LCST. When the temperature was raised further, the multi-lamellar vesicles turned to unilamellar 

vesicles above the second LCST. These transitions of morphology of vesicles evidenced two-step 

thermally induced self-assembly. The interplay arising from the ionic interactions that change the 

volume fraction of polymer block during the LCST transition was identified as the driving force for 

double responsive behavior (Figure 1.4).22  
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Figure 1.4. Schematic representation of the double-lower critical solution temperature behavior of the 

P(DMAEMA-b-DEG) copolymer.22 

1.1.2. Glucose-responsive polymers 

Polymers that show responsiveness toward the presence of biologically significant molecules under 

physiological conditions are an interesting class of materials because of their potential as smart 

materials for drug delivery. Upon recognition of biomolecules, these polymers change their physical 

and chemical properties, exhibiting macroscopic behavior, such as dissolution in water and 

shrinkage/swelling. This makes these materials valuable for use as sensors and delivery platforms. The 

most important class of biological targets to be recognized by polymers is monosaccharides, in 

particular, glucose. Glucose is an essential source of energy for life. In humans, the concentration of 

glucose is regulated by metabolism, so that the concentration of glucose in the body fluid remains 

constant. Diabetes is a metabolic disease arising from the insensitivity to or deficiency of insulin, a 

peptide hormone regulating the metabolic process. When the pancreas fails to produce enough insulin 

in the body (type 1) or cells fail to respond to insulin properly (type 2), the blood glucose concentration 

cannot be regulated, causing hyperglycemia. The number of people with type 1 and type 2 diabetes has 

dramatically increased worldwide in recent years. According to the International Diabetes Federation 

(IDF), around 382 million adults were diagnosed with diabetes in 2015 (International Diabetes 

Federation) (Figure 1.5). In addition, 591.9 million adults are predicted to develop diabetes by 2035.23,24 
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Figure 1.5. Schematic representation of diabetic population worldwide in 2015 (International 

Diabetes Federation).24 

Currently, blood glucose concentration is monitored by invasive methods. Glucose sensors are based 

on electrochemical devices containing enzymes, such as glucose oxidase. The treatment of diabetes also 

requires the injection of insulin to regulate the concentration of glucose. These invasive diagnostic 

processes and treatments for diabetes reduce the quality of life of patients. Therefore, non-invasive 

monitoring of the blood glucose level and non-invasive administration of insulin have been actively 

pursued. To overcome the current limitations of diabetes treatments, many researchers are developing 

self-regulated insulin delivery systems. Current methods for such devices are based on the enzymatic 

reactions between glucose oxidase (GOD) and glucose and the competitive binding with concanavalin 

(Con A) between glycosylated insulin and glucose. The Liang group introduced injectable hydrogels 

that can encapsulate insulin and enzymes within the polymer networks for use as glucose-responsive 

insulin delivery systems. 25  These hydrogels are comprised of polypeptides consisting of lysine and 

ornithine. The encapsulated enzyme, glucose oxidase, converts glucose into gluconic acid within the 

hydrogel matrix. This conversion results in a decrease in the local pH, protonating the primary amines 

of the lysine and ornithine repeat units of the polypeptide chains. As a result, the hydrogel network 

swells because of electrostatic repulsion between amino pendant groups, resulting in increased diffusion 

of the encapsulated insulin. When injected into live mice, the hydrogels responsive to glucose in vivo, 

resulting in a lowered glucose level (Figure 1.6).25  

Promising new materials for the development of sensors and self-regulating delivery vehicles are 

polymers containing organoboronic acids. Synthetic polymers containing glucose-binding functional 

groups may overcome the shortcomings of protein- and enzyme-based materials by showing glucose-

responsiveness, avoiding degradation in solution, and being stable under harsh conditions. In addition, 

these materials can be easily prepared by large-scale synthesis. The receptors for biologically important 

diols, such as glucose include organoboronic acids and their derivatives. 
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Figure 1.6. Schematic representation of the injectable hydrogel encapsulated insulin and enzymes for 

glucose-mediated insulin delivery system. Inset figures 1A, 1B, and 1C indicate the process of the 

hydrogels formation. 25 

 

 

Scheme 1.1. Various organoboron derivatives that can undergo hydrolysis step.  
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1.2. Boronic acid 

Boronic acid, an inorganic compound, was first synthesized in 1860.26 Boronic acid is a hydrolyzed 

product of borane with a tri-coordinated boron center (Scheme 1.1). In the first hydrolysis step, borinic 

acid is formed, which is more stable than borane, and undergoes a second hydrolysis step to generate 

boronic acid.27 Other methods for the synthesis of boronic acid include transmetalation, transition-

metal-catalyzed direct boronylation, and the coupling of diboronyl species with aryl halides.27 Boronic 

acid possesses a trigonal planar sp2-hybridized boron that has six valence electrons and an aliphatic or 

aromatic group and two hydroxyl groups in the neutral form. Boronic acid is also more stable than 

boranes or borinic acid. In the solid state, boronic acid may exist as an anhydride oligomer or trimeric 

anhydride boroxine. 

Boroxines and diboroxane are the trimeric anhydrides of a boronic acid and the dimer anhydride of 

borinic acids, respectively. Boronic acid acts as a Lewis acid because of the presence of a vacant p 

orbital on the boron center. Boronic acids readily form complexes with electron-donating species, such 

as fluoride, hydroxide anions, and Lewis bases. The valence of the boron center changes when the 

vacant p orbital accepts electrons from the partner anions or Lewis base. This results in the hybridization 

of the boron center, which changes from sp2 to sp3
. Consequently, the boron center becomes negatively 

charged and approximates tetrahedral geometry. In aqueous solution, boronic acid exists in equilibrium 

between the neutral form and the hydroxyboronate anion.  

Interestingly, boronic acid can bind to 1,2- or 1,3-diol compounds, such as saccharides and 

glycoproteins. to form five- or six-membered cyclic esters via reversible covalent interactions (Scheme 

1.2). Because the formation of boronate esters is determined by the relative position and orientation of 

the hydroxyl group of the corresponding diol compound, the efficiency and stability of the binding 

between the saccharide and boronic acid strongly depend on the molecular structure of the saccharide. 

Boronic acid binds well with fructose in monosaccharides because of the many forms of fructose that 

contain a syn-periplanar pair of hydroxyl groups. At 31 °C in D2O, the β-D-fructofuranose form 

constitutes 25% of the total fructose. In contrast, under the same conditions, 0.14% of the total glucose 

is in the -D-glucofuranose form. 

Scheme 1.2. Complexation of phenyl boronic acid-diols in aqueous solution. 
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Therefore, the binding constant of phenylboronic acid in fructose solution is 4370 M, whereas, in 

glucose, it is 110 M. In general, the binding constant of phenylboronic acid with monosaccharides 

increases in the order of fructose > galactose > mannose > glucose. While these diols can form 

complexes with neutral boronic acids or boronate anions to form the ester, the resulting boronate ester 

is hydrolytically unstable at neutral pH. However, the pKa of boronate esters can be lower than those of 

the corresponding free boronic acids. The binding of the diol to the boronic acid shifts the equilibrium 

from the neutral species to the boronate ester. Upon ionization, the characteristics of boronic acid 

compounds can also change, including the water solubility and fluorescence intensity of the complexed 

fluorophores. The reversible complexation of boronic acids and a Lewis base or diol can be used as a 

synthetic motif for the recognition of various diol compounds in solution. In particular, the 

phenylboronic acid can be utilized for biomedical applications upon the modification of the chemical 

structures by adding an electron-withdrawing group to the phenyl ring, which lowers the pKa of the 

compound in aqueous solution. The lowered pKa of the phenylboronic acid derivatives enhances the 

formation and the stability of the resulting boronate esters of various diol compounds in water. For 

example, substituting an electron-withdrawing group for an aromatic ring may reduce the pKa of boronic 

acid through inductive effects, whereas an electron-donating group may increase the pKa of boronic 

acid. Wulff and coworkers introduced a dialkylamino group at the adjacent position of the 

phenylboronic acid.28 The donation of a lone pair of electrons from N to B results in an intramolecular 

B-N dative bond, which causes the boron center to adopt a pseudo-tetrahedral geometry without 

becoming negatively charged. At neutral pH, the resulting Wulff-type boronic acid can form a stable 

boronate ester with diol compounds in water because of the sp3-like character of the boron center. At 

low pH, amines are protonated, and the boron center changes to a trigonal planar sp2 hybridization. At 

high pH, boronate esters are stabilized by the introduction of hydroxide ions, which cleave the auxiliary 

dialkylamino group. Secondary or tertiary amines coordinating to the boron center also affect the pKa 

of boronate esters. Recently, various solvent insertion mechanisms have been proposed to explain the 

role of solvent molecules in stabilizing the B-N dative bonds. In protic media, such as methanol or water, 

solvent insertion generates zwitterionic species containing a cationic ammonium center and anionic 

boronate center. Ionic stabilization of these boronate centers can explain the strong binding with diols 

at neutral pH. The contribution of various components to the stabilization of the B-N dative bond can 

be computationally examined by adjusting factors, such as the solvent, the chemical structure of the 

boronic acid, the steric hindrance around nitrogen, the diol concentration, and the solution pH. In 

addition, the meta or ortho position of the phenylboronic acid can be substituted with electron-

withdrawing groups, which can decrease the electron density of the boron center.29 The Kataoka and 

Miyahara group synthesized boronic acid derivatives having an electron-withdrawing F group at the 

meta position of the phenylboronic acid. These phenylboronic acid derivatives were used to form 
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acrylates, which were subsequently polymerized to form hydrogel networks.30 ortho-Hydroxymethyl 

phenylboronic acid (benzoboroxole) binds fructose and glucose strongly at pH 7.4 in sodium phosphate 

monobasic buffer, as demonstrated by the large binding constant to glycopyranosides compared to those 

of other boronic acid derivatives. ortho-Hydroxymethyl phenylboronic acid (benzoboroxole) binds to 

fructose and glucose, as well as glycopyranosides, which binds only sparingly to phenylboronic acid. 

The titration of benzoboroxole, which has a pKa of 7.2, was conducted using 11B NMR.32 By using 

boronic acid derivatives, polymers have been synthesized for application in fields such as molecular 

sensing, therapeutics, and enzyme inhibition. Boronic-acid-containing polymers can also be used as 

materials to develop sensors and drug delivery platforms for sugar-related diseases, such as diabetes. 

The sensors used to monitor blood glucose concentration and the systems to administer insulin are 

invasive, which causes discomfort for patients. One of the alternatives to address this problem is to 

develop a self-regulated insulin delivery system based on a glucose-responsive polymer that can 

respond to the blood sugar level and regulate the release of drugs. This development could enhance the 

quality of life of diabetes or cancer patients. Therefore, in the next section, I review the synthesis of 

polymers containing boronic acid and their derivatives. 

Synthesis of polymers containing boronic acid and their derivatives  

Boronic-acid-containing polymers are mostly synthesized by conventional free-radical polymerization. 

However, free radical polymerization is disadvantageous because the polymerization is not well 

controlled as a result of chain transfers and unwanted termination. Consequently, the resulting polymers 

possess a broad molecular weight distribution, and the polymer architecture cannot be elaborated. In 

recent years, the use of controlled radical polymerization to synthesize such polymers has allowed the 

precise control of the molecular weight and the molecular weight distribution of boronic-acid-

containing polymers. Consequently, polymers and block copolymers with complex architectures can be 

synthesized. As a result, block copolymers containing boronic acid can self-assemble into well-defined 

nanostructures with diverse morphologies, such as micelles, vesicles, and colloidal particles. There are 

two main methods for synthesizing well-defined polymers and block copolymers containing boronic 

acid. The first is the controlled polymerization of boronic-acid-containing monomers, and the second is 

post-polymerization modification of polymer pendants with reagents containing boronic acid.  

1.3. Synthesis of polymers containing boronic acid and their derivatives  

Boronic acid-containing polymers have been mostly synthesized by conventional free-radical 

polymerization. However, the free radical polymerization is disadvantageous as the polymerization is 

not well controlled due to chain transfers and unwanted termination. Consequently, the resulting 

polymers possess broad molecular weight distribution, and the architecture of the polymers cannot be 

elaborated. In recent years, the adoption of controlled radical polymerizations to synthesize such 
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polymers allowed the precise control of the molecular weight and the molecular weight distribution of 

boronic acid-containing polymers. The polymers and block copolymers with complex architectures 

could also be synthesized. As a result, block copolymers containing boronic acid can self-assemble into 

well-defined nanostructures of diverse morphologies, such as micelles, vesicles, and colloidal particles. 

There are two main methods for synthesizing well-defined polymers and block copolymers containing 

boronic acid. The first is controlled polymerization of boronic acid-containing monomer, and the second 

is post-polymerization modification of polymer pendants with reagents containing boronic acid.  

1.3.1. Polymerization using boronic acid monomer 

Polymerization of monomers containing boronic acid has been attempted by many researchers in 

various ways. Among them, free radical polymerization is the most common method to synthesize 

unprotected boronic acid (co) polymers. The Sakurai group reported a hydrogel system composed of 3-

acrylamidophenylboronic acid (AAPBA) and PNIPAM using 2,2-azobis(2,4-dimethylvaleronitrile) as 

an initiator and N,N′-methylenebisacrylamide as a cross-linker. The swelling ratio of the hydrogel was 

affected by the concentration of glucose under basic conditions.31 The Miyahara group also introduced 

hydrogels containing the boronic acid derivative 4-(2-acrylamidoethylcarbamoyl)-3-

fluorophenylboronic acid (AmECFPBA).30 The gel was synthesized by free radical polymerization 

using azobisisobutyronitrile (AIBN) as an initiator and N,N′-methylenebisacrylamide as a cross-linking 

agent in dimethylsulfoxide (DMSO). The electron-withdrawing fluorine group introduced to the 

boronic acid changed the pKa of the boronic acid derivatives, which was measured to be 7.2. 

Consequently, the resulting hydrogels showed enhanced glucose responsiveness under physiological 

pH conditions. By increasing the glucose concentration, the relative volume of the hydrogel was 

increased because of the charge repulsion between the boronic acid groups in the hydrogel. Because of 

the presence of PNIPAM, the relative volume of hydrogel was also changed depending on the 

temperature.32  

However, the low solubility of phenylboronic acid derivatives in common organic solvents, caused by 

the possible formation of boronic acid anhydride through condensation reactions, limits the usability of 

these derivatives. The Seo group has reported that the formation of boroxine is associated with a large 

entropy gain originating from the release of three water molecules, and, thus, boroxine is readily formed 

at room temperature. These boroxines interfere with polymerization because of the formation of an 

intermolecular network, which renders the polymerization difficult to control.3236 Researchers have tried 

to control the polymerization by preventing the formation of dimers and trimers of boronic acids by 

adding a small amount of water.  

A typical controlled radical polymerization (CRP) method is RAFT polymerization using acrylates 

containing boronic acid. The Sumerlin group synthesized copolymers of 3-acrylamidophenylboronic 

acid (APBA) using 2-dodecylsulfanyl thiocarbonylsulfanyl-2-methylpropionic acid (DMP) as a chain 
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transfer agent (CTA) via RAFT polymerization at 70 C. The solvent was a dimethylformamide 

(DMF)/water mixture (95: 5 v/v) because the presence of a small amount of water prevented the boronic 

acids from forming anhydrides through condensation during polymerization. The concentration of the 

monomer was adjusted to be less than 0.5 M, which prevented the solidification of the polymer induced 

by the formation of intermolecular hydrogen bonding between the boronic acids when the 

polymerization reached a high conversion. This polymerization method could be used for chain 

extension using a macro-CTA, as well as for controlling the chain length of the polymer blocks and 

their ratios. The Sumerlin group also synthesized monosaccharide- and pH- responsiveness polymers. 

3-APBA and NIPAM were used as monomers to synthesize the responsive polymers.33 PNIPAM was 

used as macro-CTA for chain extension via RAFT polymerization. This polymer was self-assembled 

into nanoparticles in solution, and the nanoparticle morphology was changed by external stimuli, such 

as the temperature, pH, and monosaccharide concentration.33 In the case of atom transfer radical 

polymerization (ATRP), which is a typical CRP method, metal complexes are used as catalysts for 

polymerization. However, because of the acidity of boronic acid, the metals can be easily oxidized, and 

the controllability of polymerization might be lost. Therefore, controlled radical polymerization using 

ATRP was performed by using DMF or N,N-dimethylacetamide (DMAc) as a solvent, which is highly 

polar. In addition, the solubility of the boronic-acid-containing monomer in these solvents can be 

increased by lowering the monomer concentration to below 0.5 M. To overcome these problems, 

researchers have synthesized protected boronic-acid-containing monomers for controlled radical 

polymerization. Protected boronic-acid-containing monomers were synthesized by the formation of 

boronate esters with bulky diols, such as pinacol, requiring dehydration using a Dean-Stark apparatus, 

activated molecular sieves, and other drying agents. The solubility of the protected boronic-acid-

containing monomers was improved, and the resulting polymers could be analyzed by using size 

exclusion chromatography (SEC) because of the enhanced solubility of polymers with bulky protecting 

groups. In addition, the steric hindrance around the boron center prevented the oxidation of transition 

metal catalysts, which allowed the use of the Cu or Ru catalysts required to perform ATRP. For example, 

the Jäkle group synthesized various well-defined homopolymers of styreneboronic acid using pinacol-

protected styreneboronic acid as a monomer for the ATRP method (Scheme 1.3).34  The Van Hest group 

synthesized various polymers containing Wulff-type boronic acids, which can be utilized as sugar-

responsive material under various physiological conditions (Figure 1.4). Poly(ethylene glycol) was used 

as a macroinitiator, and the polymerization was carried out using pinacol-protected styreneboronic 

acid.35  

https://www.google.co.kr/search?hl=ko&rlz=1T4RVEB_koKR647KR647&biw=1008&bih=375&q=N,+N-dimethylacetamide&spell=1&sa=X&ved=0ahUKEwj65Nmt7eDWAhUCHpQKHZpxD6oQvwUIIigA
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Scheme 1.3. Synthesis of the organoboron block copolymer, PSBpin-b-PS.34 

 

Scheme 1.4. Synthesis of the block copolymer containing Wulff-type boronic acid monomers and its 

pinacol boronate ester. 35 
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1.3.2. Post-modification of precursor polymer 

A final common method is to synthesize a precursor polymer using monomers containing reactive 

functional groups, which are subsequently modified with boronic acids by post-polymerization 

modification. Typical post-polymerization modifications are made by using amide bond formation 

through coupling reaction between carboxylic acid and amine group. The activation of carboxylic acid 

is carried out by carbodiimides, such as dicyclohexylcarbodimide (DCC), 1-ethyl-3- (3-

dimethylaminopropyl) -carbodiimide (EDC), or 1'-carbonyldiimidazole (CDI). Using 

carboxyphenylboronic acid or aminophenylboronic acid as boronic acid compounds for post-

polymerization modification, polymers containing pendant amine and carboxylic acid can be 

conveniently converted to boronic-acid-containing polymers.36 

The Linqi Shi group reported poly(ethylene glycol)-b-poly(acrylic acid-co-acrylamidophenylboronic 

acid) using a post-modification method.37 The precursor polymer, poly(ethylene glycol)-b-poly(acrylic 

acid), was synthesized through RAFT polymerization. 3-Aminophenylboronic acid (APBA) and EDC 

were used to modify the polymer backbone by the coupling of a carboxylic acid to form an amide bond 

(Scheme 1.5A). 37 

 

Scheme 1.5. (A) Synthesis of PEG-b-(PAA-co-PAAPBA) and (B) Synthesis of hyaluronic acid (HA) 

structure via DMTMM-mediated amidation with APBA.37-38 
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Scheme 1.6. Synthesis of N-isopropylacrylamide-4-vinylphenylboronic acid copolymer using an 

NHS-activated ester.39 

It is also possible to modify the amine functionalized polymer using carboxyphenylboronic acid to 

synthesize amide bonds. The Tirelli group used APBA and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride (DMTMM) for the coupling reaction to functionalize hyaluronic acid 

derivatives (Scheme 1.5B).38 Another method is to introduce the activated ester to the polymer backbone, 

followed by coupling with a primary amine. After substituting N-hydroxysuccinimide (NHS) into the 

polymer backbone or using N-acryloxysuccinimide, the polymer is modified with boronic acid. The 

Tuncel group synthesized polymers having NHS-activated ester side chains based on PNIPAM, and the 

resulting polymers were treated with aminophenylboronic acid (Scheme 1.6).39 

1.4. Application of polymers containing boronic acid or its derivatives 

Several reviews have discussed the use of boronic-acid-containing molecules for sensing applications. 

However, the applications of boronic-acid-containing polymers has only recently been highlighted.40-41 

Compared to small molecules, boronic-acid-containing polymers have several advantages because of 

the increased activity caused by multivalency. In addition, the polymer nanostructures based on these 

polymers, such as micelles and vesicles, can provide increased circulation time in the body because of 

their size, which limits glomerular filtration.42 These properties result in homopolymers or block 

copolymers containing boronic acid or derivatives, possessing unique activity and stimuli-responsive 

behaviors. This has attracted considerable attention for the development of self-healing materials, 

therapeutic agents, sensors, and drug delivery systems for glucose-related human diseases, such as 

diabetes.30  The Messersmith group introduced novel covalent hydrogels based on boronate–catechol 

complexation using 1,3-benzenediboronic acid (BDBA) and catechol end groups of 4-arm PEG 

catechol (cPEG). The hydrogel was formed by the formation of a tetrahedral borate ester under basic 

aqueous conditions, which yielded a three-dimensional polymeric network. In particular, the reversible 

formation of boronate ester linkages gave rise to a self-healing property of the polymer hydrogel, which 

was stable at high pH, although the gel became unstable under acidic conditions (Figure 1.7).43 Recently, 

Narain et al. reported hydrogels consisting of a mixture of P(NIPAAm26-st-MAAmBO4)-containing 

benzoboroxole pendants and poly(3-gluconamidopropyl methacrylamide).44 At neutral pH, the 

formation of a hydrogel, caused by the complexation of boroxole and diols, was influenced by the 
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presence of monosaccharides and the temperature.  

 

Figure 1.7. Schematic illustration of pH-responsive hydrogel based on cPEG and 1,3 benzenediboronic 

acid in aqueous solution at 20 °C.45 

The formation of hydrogel, caused by the complexation of boroxole and diols, was influenced by the 

presence of the monosaccharide and the temperature when the pH is neutral. The hydrogels dissociated 

into individual polymers regardless of the temperature under acidic conditions. This is expected to be 

useful for the development of not only insulin transporters but also sensors, which are important for the 

treatment of diabetes. Boronic acid-containing polymers can also be used in biomedical applications. 

As cancer cells use adenosine triphosphate (ATP) more than normal cells, the concentration of ATP in 

cancer cells is 100 times higher than that in normal cells. ATP is built on a pentose ring, which can 

readily bind with boronic acid. Takuzo Aida developed water-soluble linear polymers with multiple 

guanidinium ion (Gu(+)) and boronic acid (BA) pendants for novel molecular glues (GumBAn). 

GumBAn can bind to ATP, which contains a phosphate ion (PO4
−) and 1,2-diol units. GumBAn also 

bind to proteins so it can be used in ATP-responsive modulators for enzyme activity. GumBAn polymers 

competitively bind between trypsin and ATP. They demonstrated Trp/GumBAn conjugates may be 

responsive in ATP-rich tumor tissues by in vivo pharmacological study (Figure 1.8).45 

 

 

http://pubs.acs.org/author/Aida%2C+Takuzo
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Figure 1.8. Schematic illustration of the modulation of the enzymatic activity of trypsin (Trp) by 

GumBAn and ATP.47 

The Kim group introduced block copolymers containing styreneboroxole as a repeating unit, which 

selectively increased the solubility of the polymer in response to the monosaccharide concentration, 

such as glucose, in aqueous solution. Poly(styreneboroxole) (PBOx) showed enhanced binding to 

monosaccharides, which was quantitatively studied using Wang’s competitive binding assay in 

phosphate buffer at neutral pH (pH 7.4). This polymer is capable of reacting with glucose in a neutral 

aqueous solution and can self-assemble to form polymer vesicles, referred to as polymersomes. The 

resulting polymersomes can encapsulate water-soluble cargo molecules, such as insulin. The size of 

polymersomes could be controlled to between 100 nm and 400 nm and remains stable in aqueous 

solution at neutral pH. It has been demonstrated that when monosaccharides, such as glucose, are 

present above a certain concentration in aqueous solution, the encapsulated molecules are released by 

the disassembly of the polymersomes (Figure 1.9).46 
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Figure 1.9. Self-assembly of block copolymer containing boroxole and release of insulin from 

polymersomes in the presence of monosaccharides.46 

In addition, the Kim group synthesized a sequence-specific copolymer containing styreneboroxole and 

N-functionalized maleimide through RAFT polymerization.47 The block copolymer ensured that the 

glucose receptor alternates with a non-responsive solubilizing group because of the presence of the 

styreneboroxole of the monosaccharide receptor. In addition, the solubility of the entire block 

copolymer is increased due to the presence of a hydrophilic block, such as PEG and N-functionalized 

maleimide. The block copolymers could be self-assembled into polymersomes, which could be utilized 

as a self-regulated insulin delivery system. This study demonstrates that it is possible to release the 

loaded drug at low monosaccharide concentrations (Figure 1.10).47 

 

Figure 1.10. Schematic illustration of glucose-triggered disassembly of polymersomes of sugar-

responsive block copolymers.48 
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Chapter Ⅱ 

 

Doubly responsive polymersomes towards monosaccharides and temperature 

under physiologically relevant conditions 

 

2.1. Abstract 

Organoboronic acid-containing polymers and block copolymers have recently attracted attention 

because of their ability to recognize important natural diol compounds such as saccharides and 

nucleotides under physiologically relevant conditions at neutral pH. In particular, polymers and block 

copolymers that are responsive toward multiple stimuli can be utilized to create smart delivery vehicles 

for use in applications in a complex environment. Here I report the monosaccharide-responsive 

polymers and block copolymers comprising styreneboroxole and oligo(ethylene glycol)-functionalized 

styrenes (OEG-STs) as repeating units. I have shown that homopolymers and copolymers of OEG-STs 

are thermally responsive by demonstrating that they possess the characteristic of tunable lower critical 

solution temperature (LCST) in water. When copolymerized with OEG-STs, styreneboroxole units 

function as a switch to change the solubility of the resulting polymers in aqueous solution by 

recognizing monosaccharides via the formation of boronate ester. By introducing the minimum number 

of monosaccharideresponsive styreneboroxole units onto the thermally responsive OEG-ST backbone, 

I demonstrated the monosaccharide-responsive behavior of the resulting copolymers and their 

amphiphilic block copolymers in aqueous solution at physiologically relevant pH and temperature. A 

strategy based on doubly responsive block copolymers reported here could be utilized as new delivery 

vehicles for cargo molecules such as insulin, due to their ability to function in an in vivo environment. 

This chapter is reproduced from Polym. Chem. 2015, 6, 4080-4088. 

2.2. Introduction 

Stimuli-responsive block copolymers that can self-assemble into compartmentalized nanostructures 

such as micelles and polymer vesicles (polymersomes) are attractive smart materials for creating 

delivery vehicles that regulate their release behavior in response to environmental changes.1–5 In 

particular, stimuli-responsive polymersomes have attracted considerable attention because of their 

ability to deliver water-soluble cargo molecules triggered by external stimuli such as pH and 

temperature, as well as by the presence of biologically important molecules and their concentrations.6–

16 Polymers and block copolymers showing responsiveness toward multiple physical and chemical 

stimuli would be ideal for generating the delivery vehicles with release behavior that can be self-

regulated in accordance with the external stimuli.17,18 Such block copolymers would enable the resulting 

self-assembled nanostructures to regulate their behavior in response to changes in complex local 

environments in vivo.19–25 Organoboronic acid-containing polymers and block copolymers have 
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recently attracted attention because of their ability to recognize important natural diol compounds such 

as saccharides and nucleotides.26–31 The formation of reversible covalent bonds between organoboronic 

acid and various diol compounds has also been utilized to create sensors, drug delivery systems and 

hydrogels, as well as in sensing and molecular computing.32–54 Among the diols that bind to boronic 

acid, the monosaccharide glucose is particularly important due to its relevance to human diseases such 

as diabetes.55–59 I have studied organoboronic acid-containing polymers as macromolecular receptors 

for monosaccharides such as glucose and fructose.60,61 In comparison with phenylboronic acids,49–51 

benzoboroxole derivative have shown higher binding affinities toward pyranose-form monosaccharides 

and non-reducing sugars under physiological pH. I synthesized a styrenic derivative of benzoboroxole, 

styreneboroxole (StB in Scheme 2.1), with the capacity to be polymerized into welldefined polymers 

and block copolymers by reversible addition–fragmentation chain transfer (RAFT) polymerization.60 

The resulting poly(styreneboroxole) (PBOx) exhibited monosaccharide-responsive solubility change in 

aqueous buffer at neutral pH. When PBOx was conjugated with a watersoluble poly(ethylene glycol) 

(PEG) block, the resulting monosaccharide- responsive block copolymers (PEG-b-PBOx) exhibited 

self-assembly behavior analogous to that of conventional amphiphilic block copolymers in water. PEG-

b-PBOx self-assembled into polymersomes in aqueous solution, which demonstrated monosaccharide-

responsive disassembly due to changes in the solubility of the PBOx block in water caused by the 

binding of monosaccharide into benzoboroxole units.62–64 These polymersomes enabled the release of 

encapsulated cargo molecules such as insulin, to be triggered by the presence of glucose under 

physiologically relevant conditions.60 

 

Scheme 2.1. Synthesis of terpolymers and block copolymers of styreneboroxole and styrenic 

oligo(ethylene glycol)s by RAFT polymerization.  
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Here I report new monosaccharide-responsive benzoboroxole-containing polymers and block 

copolymers that comprise StB and oligo(ethylene glycol)-functionalized styrenes (OEG-STs) (Figure. 

2.1). I show that homopolymers and random copolymers of OEG-STs are thermally responsive by 

demonstrating that they possess the characteristic of tunable lower critical solution temperature (LCST) 

in water. StB units function as a switch to change the solubility of the copolymers in aqueous solution 

by recognizing monosaccharides via the formation of boronate ester. By introducing the minimum 

number of monosaccharide-responsive StB units onto the thermally responsive OEG-ST backbone, I 

conferred monosaccharide-responsive behavior on the resulting copolymers and their amphiphilic block 

copolymers in aqueous solution at physiologically relevant pH and temperature. This dual responsive 

nature could allow the copolymers to be utilized in new delivery vehicles for water-soluble cargo 

molecules such as insulin, due to their ability to function in, and adapt to, an in vivo environment. 

2.3. Results and discussion 

Synthesis and polymerization of oligo(ethylene glycol)-styrenes  

Oligo(ethylene glycol)-functionalized styrenes were synthesized by reacting 4-vinylbenzyl chloride and 

sodium alkoxides of the corresponding monomethoxy oligo(ethylene glycol)s in THF (for synthetic 

details, see experimental and Figure 2.9). StB was synthesized according to a previously reported 

procedure.60 4-Methoxy(triethylene glycol)methylether styrene (StT) and 4-methoxyoligo(ethylene 

glycol)methylether styrene (StO) (Scheme 2.1) were used as co-monomers to pair with StB for random 

copolymerization under RAFT polymerization conditions. First, I synthesized homopolymers of StT 

and StO to investigate their solution behavior in water. 

 

Figure 2.1. Schematic illustration for self-assembly of sugar- and thermo-responsive block copolymers 

and their disassembly in the presence of monosaccharides.  
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Figure 2.2. (A) GPC traces of synthesized PSt(T) (black) and PSt(O) (orange) (THF, 35 °C). (B) Plots 

of transmittance as a function of temperature measured for aqueous solutions (3 mg mL−1) of PSt(T) 

(black), PSt(T24-r- O4) (red), and PSt(T30-r-O5) (blue). The LCSTs were 19 °C for PSt(T), 34.4 °C for 

PSt(T24-r- O4), and 36.6 °C for PSt(T30-r-O5).  

Under RAFT polymerization conditions with 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid 

as a chain transfer agent and azobisisobutyronitrile (AIBN) as a radical initiator (Scheme 2.1), both 

monomers showed linear increases in the molecular weight over time (Figure 2.10). StO showed a 

polymerization rate slower than that of StT and the conversion of StO remained low (approximately 

30%) before the increase in molecular weight reached a plateau. The resulting homopolymers PSt(T) 

and PSt(O) (Scheme 2.1) had molecular weights of 8900 g mol−1 and 17500 g mol−1, respectively. The 

number average degree of polymerization (DPn) was calculated from the gel permeation 

chromatography (GPC) results in 39 for PSt(O) and 32 for PSt(T) (Table 1). The GPC results showed 

a well-defined molecular weight and size distributions for both polymers (Figure 2.2A). PSt(T) showed 

a lower critical solution temperature (LCST) of 19 °C in water (Figure. 2.2B), whereas PSt(O) showed 

an LCST of >95 °C, indicating that these oligo(ethylene glycol)- brushed PS derivatives (OEG-PSs) 

possessed thermo-responsive behavior in water in an analogous fashion to OEG polyacrylates.62–64 By 

copolymerizing StT and StO, we controlled the LCST of the resulting OEG-functionalized PSs, as 

shown in Fig. 2B. The LCST of the random copolymers PSt(T24-r-O4) and PSt(T30-r-O5) showed a 

gradual increase as the amount of StO used for copolymerization with StT was increased. For example, 

when 13% of StO was used for copolymerization with StT, the resulting copolymer PSt(T30-r-O5) 

showed an LCST of 36.6 °C in water. This thermoresponsive behavior of OEG-PSs was analogous to 

the behavior exhibited by acrylate polymers with pendent OEG groups. To the best of our knowledge, 

the OEG-PSs described here are the first polystyrene derivatives with tunable LCST in water. Next, I 

investigated the effect of the addition of StB units onto the OEG-ST backbone on the LCST. I 

synthesized terpolymers of StB, StT, and StO by RAFT polymerization. The resulting terpolymer 
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PSt(T39-r-O5-r-B22) possessed 20 mol% of StB units in the OEG-ST backbone, which was analysed by 

1H NMR integration (Figure 2.11). Despite the presence of water- soluble OEG-ST units as major 

components of the terpolymer backbone, the terpolymer PSt(T39-r-O5-r-B22) containing 20 mol% 

boroxole units in the OEG-ST backbone remained hydrophobic in water at room temperature and 

reduced temperature (15 °C). These results indicated that the presence of StB in the OEG-PS backbone 

conferred hydrophobicity on the copolymers. 

Synthesis of doubly responsive block copolymers 

Given the LCST of OEG-PSs consisting of StT and StO, I postulated that the OEG-PS backbone of the 

terpolymers of StT, StO, and StB would be water-soluble, but the glucose-responsive StB units in the 

backbone remained hydrophobic in water at neutral pH within the temperature range of 35–38 °C. 

Therefore, these terpolymers might exhibit monosaccharide-responsive changes in solubility in water 

arising from the binding of monosaccharides to benzoboroxole units in aqueous buffer at neutral pH. 

Based on these assumptions, I synthesized the amphiphilic block copolymers PEG45-b-PSt(Tx-r-Oy-r-

Bz) using RAFT polymerization with the poly(ethylene glycol)-chain transfer agent PEG-CTA (Scheme 

2.1). Given the thermoresponsive behavior of the terpolymers described above, I chose the feed ratio of 

the monomers for copolymerization so that the OEG-ST units provided solubility in water, but the 

resulting monosaccharide-responsive terpolymer blocks maintained hydrophobicity in water at the 

temperature range of interest (35–38 °C), in a process which depended on the presence of solubility-

switching StB units. 1H NMR analysis of the polymerization kinetics indicated first order kinetics and 

a linear increase in the molecular weight over time, confirming successful RAFT copolymerization. The 

resulting block copolymers were characterized by 1H NMR to quantify the amount of incorporated StB 

units in the backbone and were found to have a StB content of 8–24 mol% (Figure 2.12). 
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Table 2.1. Characterization of PSt(T), PSt(O), PSt(T-r-O), PSt(T-r-O-r-B) and PEG45-b-PSt(T-r-O-

r-B)s 

Polymer 
DPn 

(StT) a 

DPn 

(StO) a 

DPn 

(StB) b 

Mn (GPC) c 

(g mol-1) 

Mn (NMR) d 

(g mol-1) 
Dc LCSTe(oC) 

PSt(T32) 32 0 0 8900 - 1.30 19.3 

PSt()39) 0 39 0 17500 - 1.21 >95 

PSt(T24-r-O3) 24 3 0 8200 - 1.20 34.4 

PSt(T30-r-O5) 30 5 0 10900 - 1.25 36.6 

PSt(T39-r-O5-r-B22) 39 5 22 67300 16900 1.26  

PEG45-b-PSt(T36-r-B24) 36 0 24 66000 15900 1.32  

PEG45-b-PSt(T19-r-O3-r-B12) 19 3 12 57200 10700 1.26  

PEG45-b-PSt(T47-r-O5-r-B10) 47 5 10 72100 19900 1.28 12.6 

aThe number-average degree of polymerization determined by the feed ratio of monomers for copolymerization. bThe number-

average degree of polymerization of StB determined by 1H NMR integration. cA mixture of dimethylformamide (DMF) and 

dimethylacetamide (DMAc) (99 : 1 v/v) was used as an eluent with a flow rate of 1 mL min−1. dThe number-average molecular 

weight determined by 1H NMR integration. eThe lower critical solution temperature of the polymer in water (3 mg mL−1) 

determined by turbidity of the solution using a UV-Vis spectrometer (absorption at 580 nm). 

 

Figure 2.3. (A) GPC traces of synthesized block copolymers PEG45-b-PSt(T47-r-O5-r-B10) (black) and 

PEG45-b-PSt(T36-r-O24) (red) (DMF, 65 °C). (B) Plots of transmittance as a function of temperature 

measured for aqueous solutions (3 mg mL−1) of PEG45-b-PSt(T47-r-O5-r-B10) (LCST: 12.6 °C). 

The GPC results for PEG45-b-PSt(Tx-r-Oy-r-Bz) showed unimodal peaks with a narrow size 

distribution (Đ = 1.26–1.33), indicating the successful synthesis of block copolymers with a terpolymer 

stimuli-responsive block (Figure 2.3A and Table 2.1). The resulting block copolymers PEG45-b-PSt(Tx-

r-Oy-r-Bz) were insoluble in water at room temperature, indicating that the presence of the StB units 
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conferred hydrophobicity on the resulting stimuli-responsive terpolymer block. However, the block 

copolymer PEG45-b-PSt(Tx-r-Oy-r-Bz) possessing 8 mol% StB content in its OEG-ST backbone 

exhibited the LCST behavior, with a transition temperature of 12.6 °C (Figure 2.3B). 

Self-assembly of doubly responsive block copolymers in aqueous solution 

The resulting block copolymers PEG45-b-PSt(Tx-r-Oy-r-Bz)were allowed to self-assemble in water 

using a co-solvent method. After the addition of water at a controlled rate (2.5 mL h
−1) to a THF solution 

of the block copolymers (typically 2 wt%), the resulting cloudy solution was subjected to dialysis 

against pure water for 24 h to remove the organic solvents. When required, the medium of the 

suspension was exchanged with buffer (HEPES or PBS, pH 7.5) by centrifugation of the solution and 

re-dispersion of the concentrate in the buffer. The final concentration of the block copolymers in the 

solution was adjusted to 0.4 mg mL−1. The resulting suspensions were studied by dynamic light 

scattering (DLS). For the polymersomes of PEG45-b-PSt(T36-r-O24), I observed that the self-assembled 

structures had diameters of 200–400 nm with a moderate polydispersity (∼0.3) (Figure. 2.4A). I 

assessed the morphology of the self-assembled structures by inspecting the dried solution using 

transmission electron microscopy (TEM). In all cases, I observed polymer vesicles (polymersomes) 

with diameters ranging from 200 to 450 nm, which confirmed the DLS results (Figure 2.4A and Figure 

2.13). For the polymersome solutions of PEG45-b-PSt(T36-r-O24) and PEG45-b-PSt(T47-r-O5-r-B10) in 

aqueous buffer at neutral pH, I observed no changes in the scattered light intensity or average diameter 

at room temperature over a 1 week period, which indicated that the polymersomes of PEG45-b-PSt(T36-

r-O24) and PEG45-b-PSt(T47-r-O5-r-B10) maintained their structural integrity in aqueous solution at 

neutral pH for an extended period of time (∼1 week) (Figure 2.14). 

 

Figure 2.4. (A) Size distributions of polymersomes of PEG45-b-PSt(T36-r-O24) (blue) and PEG45-b-

PSt(T47-r-O5-r-B10) (green) in water. (B) TEM image of polymersomes formed by self-assembly of 

PEG45-b-PSt(T36-r-O24) in water. 
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In contrast, the polymersome solution of PEG45-b-PSt(T19-r-O3-r-B12), having the stimuli- responsive 

terpolymer block with the smallest molecular weight of the tested block copolymers, showed a gradual 

decrease in turbidity over the 1 week in aqueous buffer (pH 7.5), suggesting that the polymersomes of 

this block copolymer lacked structural stability over time. Therefore, I used the block PEG45-b-PSt(T36-

r-O24)  and PEG45-b-PSt(T47-r-O5-r-B10) for further characterization and investigations. To 

demonstrate the ability of the polymersomes to carry water-soluble cargo molecules within their inner 

compartments, I encapsulated Rhodamine B within the polymersomes by adding water containing the 

fluorescent dye (0.5 mg mL−1) to a THF solution of the block copolymer PEG45-b-PSt(T47-r-O5-r-B10). 

The resulting suspension was purified by dialysis and size exclusion chromatography (Sephadex G-100) 

to remove unencapsulated dye from the polymersome solution. The measured loading efficiency of 

Rhodamine B was 23%, and the content of Rhodamine B encapsulated within the polymersomes was 

1.17%. The purified polymersome solution was examined by confocal laser scanning microscopy 

(CLSM) (Figure 2.5A–C). The encapsulated molecules were well contained within the water-filled 

inner compartment of the polymersomes, showing strong fluorescence centered on the lumen of the 

polymersome, as visualized by CLSM at 11 different focal planes (Figure 2.15). The polymersomes of 

PEG45-b-PSt(T47-r-O5-r-B10) encapsulating Rhodamine B retained their structural integrity in water 

over 20 days, showing no decrease in fluorescence intensity (Figure 2.16). The hollow structure of the 

polymersomes was disrupted by adding Triton X-100, a surfactant routinely used to lyse polymers and 

cellular membranes (Figure 2.5D).65  
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Figure 2.5. CLSM images of polymersomes of PEG45-b-PSt(T47-r-O5-r-B10) encapsulating Rhodamine 

B dyes. (A) Dark-field, (B) bright-field and (C) merged. Scale bar: 5 μm. (D) Release profile of 

Rhodamine B from polymersome of PEG45-b-PSt(T47-r-O5-r-B10). 

Upon the addition of Triton X-100 to the polymersome solution of PEG45-b-PSt(T47-r-O5-r-B10), the 

water-soluble Rhodamine B entrapped in the water-filled compartments of the polymersomes were 

suddenly released within 2 h, due to disruption of the polymer membranes by Triton X-100. This result 

indicated the release of the dye contained within the inner compartment of the polymersomes, resulting 

in diminished frequency of the quenching of the fluorescence of the dye molecules. 

Stimuli-responsive disassembly of polymersomes 

The monosaccharide-responsive behavior of boroxole-containing polymers arises from the binding of 

a monosaccharide to a benzoboroxole unit, conferring a negative charge at the tetravalent boron center 

and resulting in the additional hydroxyl groups of the monosaccharide bound to the polymers. In the 

case of polymers containing a monosaccharide-responsive boroxole group, the benzoboroxole unit 

serves as a switch to change the solubility of the boroxole-containing polymers in water. I conjectured 

that the number of benzoboroxole units in the polymer backbone could be minimized by adopting the 
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water-soluble repeat units as a major structural component. By using a minimum number of solubility-

switching boroxole units in the hydrophilic polymer backbone, changes in the solubility of the resulting 

polymers and block copolymers in water could be triggered at a low concentration of monosaccharides 

in solution. To prove our hypothesis, I introduced a co-monomer with a water-compatible moiety, N-

functionalized maleimides with oligo(ethylene glycol) groups, to perform the alternating 

copolymerization with StB. This polymerization yielded the copolymers in which the glucose-

responsive StB unit alternated with non-responsive maleimide units with a solubilizing group.61 Due to 

the presence of solubilizing groups surrounding the glucose-responsive boroxole units in the polymer 

backbone, the resulting copolymers showed glucose-responsive behavior at a glucose concentration 

lower than that required to produce glucose-responsive behavior in PBOx homopolymers. The 

terpolymer block consisting of OEG-STs and StB exhibited a solubility change in water upon binding 

of monosaccharides to the benzoboroxole group on the polymer backbone. When the stimuli-responsive 

terpolymer containing block copolymers self-assembled into the bilayers constructing the 

polymersomes, the resulting polymersomes showed stimuliresponsive disassembly in water at neutral 

pH in response to the presence of monosaccharides. The monosaccharideresponsive disassembly 

behavior of the polymersomes of PEG45-b-PSt(T36-r-O24) and PEG45-b-PSt(T47-r-O5-r-B10) was 

studied by measuring changes in the turbidity of the polymersome solution. At 37 °C, the polymersome 

of PEG45-b-PSt(T36-r-O24) in HEPES buffer (pH 7.5) showed monosaccharideresponsive disassembly 

in the presence of 0.05 M fructose (Figure 2.6). I measured the response time for the disassembly of 

polymersomes by measuring tR, which was defined as the time required to reach 50% of transmittance 

at 580 nm at a given monosaccharide concentration. The tR of the polymersomes of PEG45-b-PSt(T36-

r-O24) at 37 °C was 3.5 h for fructose (0.05 M) (Figure 2.6). Upon decreasing the temperature of the 

solution to 17 °C, the tR of the polymersome solution of PEG45-b-PSt(T36-r-O24) was reduced to 1 h for 

0.05 M fructose (Figure 2.6). This enhanced responsive behavior of the polymersome of PEG45-b-

PSt(T36-r-O24) toward monosaccharides at lower temperature was believed to be due to the increased 

water-solubility of the OEG moieties in the polymer backbone due to the LCST behavior of OEG-STs.  

Given the monosaccharide-responsive behavior of the polymersomes of PEG45-b-PSt(T36-r-O24) in 

aqueous buffer at neutral pH, I expected that the polymersomes consisting of the block copolymer 

PEG45-b-PSt(T47-r-O5-r-B10) would show enhanced responsiveness toward monosaccharides due to 

the reduced number of StB units in the responsive block in comparison with the terpolymer block of 

PEG45-b-PSt(T36-r-O24).  Therefore, I measured the turbidity of the polymersome solution of PEG45-

b-PSt(T47-r-O5-r-B10) in aqueous buffer at neutral pH in the presence of monosaccharides at 37°C. The 

polymersome solution of PEG45-b-PSt(T47-r-O5-r-B10) in HEPES buffer (pH 7.5) showed 

monosaccharide-triggered disassembly behaviors in the presence of fructose (0.05 M) and glucose (0.1 

M) at 37 °C (Figure 2.7A), and the tR was determined to be 5 min for 0.05 M fructose and 40 min for 

0.1 M glucose, which were significantly shorter response times than those of the polymersome solutions 
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of PEG45-b-PSt(T36-r-O24).60 These results indicated that the reduced number of solubility-switching 

StB units in the responsive terpolymer backbone enhanced disassembly of the self-assembled block 

copolymer bilayer comprising the polymersomes in the presence of a lower concentration of 

monosaccharides in solution. I also investigated the effect of temperature on the disassembly behavior 

of the polymersome of PEG45-b-PSt(T47-r-O5-r-B10). When the temperature of the solution was 

decreased to 20 °C, the tR of the polymersome solution of PEG45-b-PSt(T47-r-O5-r-B10) was decreased 

to 22 min for 0.1 M glucose, whereas the tR at 37 °C was 40 min (Fig. 7B). This sugar-responsive 

behavior of polymersomes of PEG45-b-PSt(T47-r-O5-r-B10) in the presence of glucose (0.1 M) was 

further corroborated from the disappearance of polymersomes at different temperatures in the DLS 

study (Figure 2.17).  

Figure 2.6. Temperature dependence of optical transmittance profiles of the polymersome solution of 

PEG45-b-PSt(T36-r-O24) in the absence (orange dots at 17 °C and black dots at 37 °C) and presence of 

fructose (0.05 M) at 17 °C (blue dots) and 37 °C (red dots) (HEPES pH 7.5). 
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Figure 2.7. (A) Optical transmittance profiles of the polymersome solution of PEG45-b-PSt(T47-r-O5-

r-B10) in the presence of monosaccharides (37 °C, HEPES pH 7.5). (B) Temperature dependence of 

optical transmittance profiles of the polymersome solution of PEG45-b-PSt(T47-r-O5-r-B10) in the 

presence of glucose (0.1 M in HEPES pH 7.5). 

These results demonstrated that the enhanced water-solubility of the OEG-ST backbone containing 

solubility switching benzoboroxole units enhanced the responsiveness of the terpolymer block toward 

monosaccharides in solution. This enhanced responsive behavior of the terpolymer block might have 

arisen from the increase in the chance of binding of monosaccharide to StB units by enhancing the 

diffusion of sugar molecules through the swollen bilayer membrane consisting mostly of water-soluble 

OEG-ST units below the LCST of the polymer backbone. Judging from the low cytotoxicity of PEG45-

b-PSt(T47-r-O5-r-B10) having high cell viability (>90% of HeLa cells at 3 mg mL−1), I assessed the 

monosaccharide-responsive release behavior of the polymersomes of PEG45-b-PSt(T47-r-O5-r-B10) 

encapsulating fluorescein isothiocyanate (FITC)-labeled human insulin (F-insulin).60,61 As shown in 

Figure 2.8A, CLSM analysis revealed the successful loading of F-insulin within the polymersome of 

PEG45-b-PSt(T47-r-O5-r-B10), which was stable in HEPES solution (pH 7.5) without leakage of F-

insulin (Figure 2.8B). In sharp contrast, encapsulated F-insulin was released from the polymersomes in 

response to the presence of glucose (Figure 2.8B). 
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Figure 2.8. (A) CLSM images of polymersome of PEG45-b-PSt(T47-r-O5-r-B10) encapsulating F-

insulin at 6 different focal planes. Scale bar: 2 μm. (B) Release profiles of insulin from the 

polymersomes of PEG45-b-PSt(T47-r-O5-r-B10) in HEPES buffer (pH 7.5). 

2.4. Summary 

I studied doubly responsive terpolymers consisting of OEG-STs and StB, which were polymerized 

under RAFT conditions. The oligo (ethylene glycol) groups tethered to the polymer backbone conferred 

thermally responsive behavior on the resulting polymers, as evidenced by their tunable LCST behavior. 

The styrene-boroxole units introduced into the terpolymers were responsible for the monosaccharide-

responsive changes in polymer solubility in water. Combining these responsive behaviors, I synthesized 

block copolymers, PEG45-b-PSt(Tx-r-Oy-r-Bz), that self-assembled into polymersomes in aqueous 

solution. The resulting polymersomes were capable of encapsulating water-soluble cargo molecules 

within their inner compartments, and showed monosaccharide responsive disassembly in water, by 

which the encapsulated guest molecules were released in response to the presence of glucose and 

fructose in the medium. By utilizing the tunable thermo-responsive behavior of the OEG-ST backbone, 

I optimized the hydrophobicity of the terpolymer by adjusting the amount of StB introduced for 

copolymerization. At the temperature range of interest (∼37 °C), OEG-ST units provided water-
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compatibility to the responsive terpolymer block, while the change in solubility relied on the binding 

of monosaccharide to the benzoboroxole group of StB. I showed that these doubly responsive 

polymersomes exhibited enhanced responsiveness toward monosaccharides such as glucose and 

fructose at 37 °C in comparison with that of polymersosomes built from block copolymers with a 

homopolymer of StB as a responsive block. Moreover, the polymersomes of PEG45-b-PSt(Tx-r-Oy-r-

Bz)s showed an enhanced rate of disassembly in the presence of monosaccharides at a lower temperature, 

which indicated that the thermo-responsive nature of the terpolymer block was responsible for the 

enhanced responsiveness of the polymersomes toward monosaccharides. These doubly responsive 

block copolymers reported herein, which are responsive to multiple stimuli, could be utilized in the 

development of smart delivery vehicles capable of self-regulating the release of encapsulated molecules 

in vivo environments. 

 

2.5. Experimental 

Materials and Methods 

General. Unless otherwise noted, all reagents and chemicals were used as received from Sigma Aldrich 

and TCI. Tetrahydrofuran (THF) was refluxed over a mixture of Na and benzophenone under N2 and 

distilled before use. All reactions were performed under N2 unless otherwise noted. 1H and 13C NMR 

spectra were recorded on a Varian VNMRS 600 spectrometer, using DMSO-d6 and CDCl3 as solvents. 

Toluene was distilled over CaH2, and DMF was distilled over CaH2 under a reduced pressure. Molecular 

weights of block copolymers were measured on an Agilent 1260 Infinity GPC system equipped with a 

PL gel 5 μm mixed D column (Polymer Laboratories) and a differential refractive index detector. A 

DMF was used as an eluent with a flow rate of 1 mL/min. PS standards (Polymer Laboratories) were 

used for calibration. A Cary Eclipse Fluorescence Spectrophotometer was used for all fluorescence 

studies. Transmission electron microscopy (TEM) was recorded on a JEOL JEM-2100 microscope at 

200 kV. Specimens were prepared by placing a drop of the solution on a carbon-coated Cu grid (200 

mesh, EM science). After 30 min, remaining solution on a grid was removed with a filter paper, and the 

grid was air-dried overnight. Dynamic light scattering (DLS) experiments were carried out on a BI-

200SM equipped with a diode laser (637 nm, 4 mW). All DLS data were handled on Dispersion 

Technology Software (Brookhaven Instruments). Optical transmittance of the solutions was measured 

on an Agilent 8453 spectrophotometer equipped with a thermostat sample holder with a magnetic stirrer. 

Styreneboroxole (1). StB was synthesized by following the literature procedure.60 

Synthesis of StT and StO 
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Synthesis of StT 

To a solution of 4-vinylbenzyl chlroride (8.0 g, 52.5 mmol) in dry THF (100 mL) under a N2 atmosphere 

was added sodium hydride (3.0 g, 78.8 mmol) in ice bath. The mixture was stirred for 2 hours before 

the addition of diethylene glycol (13.79 g, 78.8 mmol). The reaction mixture was stirred at room 

temperature. After 1 day, the solvent was evaporated under reduced pressure (using a high vacuum 

rotavap). The crude mixture was purified by silica gel column chromatography (ethyl acetate: haxane 

= 1:3 v/v). A colorless liquid was obtained. That products passed basic aluminum oxide using 

dichloromethane. Yield 7.0 g (49.8 %). 1H NMR (600 MHz, CDCl3 δ 7.39-7.35 (d, 2H, J = 8.1 Hz), 

7.31-7.27 (d, 2H, J = 8.0 Hz), 6.70 (dd, 1H ,J = 17.6, 10.9 Hz) , 5.73 (dd, 1H, J = 17.6, 0.9 Hz) , 5.22 

(dd, 1H, J = 10.9, 0.9 Hz), 4.54 (s, 2H), 3.69-3.59 (m, 11H), 3.55-3.52 (m, 2H), 3.36 (d, 3H, J = 0.9 Hz ) 

ppm. HRMS (ESI, m/z) Calcd for C16H24O4 280.17, found 280.07. 

Synthesis of StO 

To a solution of 4-vinylbenzyl chlroride (8.0 g, 52.5 mmol) in dry THF (100 mL) under a N2 atmosphere 

was added sodium hydride (3.0 g, 78.8 mmol) in ice bath. The mixture was stirred for 2 hours before 

the addition of oligoethylene glycol (27.58 g, 0.0788 mmol). The reaction mixture was stirred at room 

temperature. After 1 day, the solvent was evaporated under reduced pressure (using a high vacuum 

rotavap). The crude mixture was purified by silica gel column chromatography (ethyl acetate: haxane 

= 1:3 v/v). A colorless liquid was obtained. That products passed basic aluminum oxide using 

dichloromethane. Yield 5.0 g (20 %). 1H NMR (600 MHz, CDCl3) δ 7.39-7.37 (d, 2H, J = 8.0 Hz), 7.31-

7.29 (d, 2H, J = 8.0 Hz), 6.71 (dd, 1H, J = 17.6, 10.9 Hz), 5.74 (dd, 1H, J = 17.6, 0.9 Hz), 5.23 (dd, 1H, 

J = 10.9, 0.9 Hz), 4.55 (s, 2H), 3.67-3.62 (m, 24H), 3.55-3.54 (m, 2H), 3.37 (d, 3H) ppm. 13C NMR 

(150 MHz, CDCl3) δ 137.845, 136.885, 136.494, 127.877, 127.135, 126.143, 113.679, 77.445, 77.126, 

76.807, 72.879, 71.874, 70.585, 70.585, 70.542, 70.515, 70.446, 69.357, 58.956 ppm. HRMS (ESI, m/z) 

Calcd for C26H44O9 500.30, found 500.258. 

Synthesis of PEG-chain transfer agent (PEG-CTA) 

2-(Dodecylthiocarbonothiolylthio)-2-methylpropanoic acid (7.2 g, 20 mmol) and oxalyl chloride (8.6 

mL, 100 mmol) were added into 40 mL dry CH2Cl2. This solution was stirred at room temperature until 

the evolution of gas stopped. The solvent and excess reagents were then removed under vacuum, and 

the residue was redissolved in 80 mL of dry CH2Cl2. To this solution was added monomethoxy PEG (8 

g, 4 mmol, Mn = 2000 g/mol, Aldrich) at once. After stirring this solution for 24 h at room temperature, 
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the solution was concentrated on a rotavap, and the concentrated solution was precipitated into cold 

diethyl ether twice. Yellow powder was obtained after filtration and vacuum drying. Yield 5.9 g (62 %). 

1H NMR (600 MHz, CDCl3) δ 4.25 (t, 2H), 3.64(m, 178H), 3.38 (s, 3H), 3.26 (t, 2H), 1.70 (s, 6H), 1.23-

1.40 (m, 20H), 0.88 (t, 3H) ppm. 

RAFT Polymerization of StB, StT and StO 

Synthesis of homopolymers of PSt(T) and PSt(O) 

A representative procedure is described: StT (700 mg, 2.498 mmol) and CTA (4.55 mg, 1.2 x 10-2 

mmol) were charged in a Schlenk tube with a magnetic stir bar. This tube was evacuated and charged 

with N2 three times. To this mixture was added 5 mL of dry THF. The solution was degassed by bubbling 

N2 for 15 min. A THF solution of AIBN (1.02 mg, 6.2 ×10-3 mmol in 0.10 mL) was added at once to 

this solution, which, then, was immersed into a preheated oil bath (70 °C). The Schlenk tube was sealed, 

and the polymerization was performed at 70 °C. After polymerization, the reaction mixture was exposed 

to air and immersed in an ice-water bath. The solution was precipitated into cold diethyl ether. The 

precipitates were collected by centrifugation. Synthesis of random copolymers PSt(T-r-O). A 

representative procedure is described: StT (400 mg, 1.43 mmol) and StO (64.24mg, 0.1427mmol) and 

CTA (5.21 mg, 1.43 x 10-2 mmol) were charged in a Schlenk tube with a magnetic stir bar. This tube 

was evacuated and charged with N2 three times. To this mixture was added 5 mL of dry THF. The 

solution was degassed by bubbling N2 for 15 min. A THF solution of AIBN (0.66 mg, 2.86 x 10-3 mmol 

in 0.10 mL) was added at once to this solution, which, then, was immersed into a preheated oil bath 

(70 °C). The Schlenk tube was sealed, and the polymerization was performed at 70 °C. After 

polymerization, the reaction mixture was exposed to air and immersed in an ice-water bath. The solution 

was precipitated into cold diethyl ether. To remove unreacted monomer, the crude compound was 

further purified by silica gel column chromatography (dichloromethane: methanol = 90: 10) and then 

filtered using methanol.  

Synthesis of block copolymers PEG45-b-PSt(Tx-r-Oy-r-Bz) 

A representative procedure is described: StB (65.68 mg, 0.41 mmol), StT (200 mg, 0.72 mmol) and 

StO (48.6mg, 0.108mmol) and PEG-CTA (14.4 mg, 7.2 × 10-3 mmol) were charged in a Schlenk tube 

with a magnetic stir bar. This tube was evacuated and charged with N2 three times. To this mixture was 

added 5 mL of dry THF. The solution was degassed by bubbling N2 for 15 min. A THF solution of AIBN 

(0.66 mg, 7.2 x 10-4 mmol in 0.10 mL) was added at once to this solution, which, then, was immersed 

into a preheated oil bath (70 °C). The Schlenk tube was sealed, and the polymerization was performed 

at 70 °C. After polymerization, the reaction mixture was exposed to air and immersed in an ice-water 

bath. The solution was precipitated into cold diethyl ether. The precipitates were collected by 

centrifugation.  
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Preparation of polymersome solution 

Triply distilled water (Milli-Q, 18.2 MΩ) was used throughout the experiments. A typical procedure 

was as follows: the block copolymer PEG45-b-PSt(Tx-r-Oy-r-Bz) (2 mg) was dissolved in THF (1 mL) 

in a 15 mL capped vial with a magnetic stirrer. The solution was stirred for 15 min at room temperature. 

A syringe pump was calibrated to deliver water at a speed of 2.5 mL h−1. The vial cap was replaced with 

a rubber septum, and 5 mL of water was added to the organic solution with vigorous stirring (850 rpm) 

by a syringe pump with a 5 mL syringe equipped with a steel needle. After the addition of water, the 

suspension was subjected to dialysis (SpectraPor, molecular weight cut-off: 12 000–14 000 Da) against 

water for 24 h by frequently changing water. The resulting solution was collected from a dialysis bag. 

The diameter and morphology of the polymersomes were studied by dynamic light scattering (DLS) 

and transmission electron microscopy (TEM). When necessary, the medium was exchanged by repeated 

centrifugal filtrations (Amicon, membrane cut-off: 100 kDa; 5000 rpm for 3 min), followed by dilution 

with phosphate buffer (HEPES, pH 7.5). 

LCST measurements 

The cloud points of the polymers (3 mg ml−1 in distilled water) were measured on an Agilent 8453 UV-

vis spectrophotometer. The transmittance of the solutions at 580 nm was monitored as a function of 

temperature (cell path length: 1 cm). 

LCST measurements: turbidity test of the polymersome solutions 

The pH of the polymersome solution was adjusted to 7.5 by adding aqueous NaOH (1 M). Before the 

measurement, the polymersome solution (HEPES, pH 7.5) was charged in a quartz cuvette with a 

magnetic stir bar and equilibrated at the desired temperature. For the turbidity measurement, a fructose 

or glucose stock solution (at the desired concentration) was added to the prepared polymersome solution. 

The transmittance at 580 nm was measured as a function of time with constant stirring, and recorded 

using an Agilent 8453 UV-vis spectrophotometer. The transmittance (%) at 580 nm was used to calculate 

the optical transmittance (O.T.) of the solution by using the following equation: O.T. = 1 − ((Tbuf − 

Tsol)/Tbuf), where Tbuf is the percentage transmission of the buffer at 580 nm and Tsol is the % 

transmittance of the solution at the same wavelength.  

The encapsulation of Rhodamine B in the polymersomes  

The block copolymer PEG45-b-PSt(T47-r-O5-r-B10) (2 mg) was dissolved in THF (1 mL) in a 15 mL 

capped vial with a magnetic stirrer, and the solution was stirred for 15 min at room temperature. A 

syringe pump was calibrated to deliver water at a speed of 2.5 mL h−1. The vial cap was replaced with 

a rubber septum. 5 mL of water having Rhodamine B (1 mM) was added to the organic solution with 

vigorous stirring (850 rpm) by a syringe pump with a 5 mL syringe equipped with a steel needle. After 

the addition of water, the suspension was subjected to dialysis (SpectraPor, molecular weight cut-off: 
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12 000–14 000 Da) against water for 3 days by frequently changing water. The resulting solution was 

collected from a dialysis bag, and passed through a size-exclusion column (Sephadex G-100) to remove 

unencapsulated Rhodamine B using water as an eluent. The resulting polymersome solution was used 

in the release experiments and confocal laser scanning microscopy analysis. 

Preparation and analysis of confocal laser scanning microscopy samples 

The solution of the polymersomes with the encapsulated Rhodamine B dye was transferred onto a glass 

slide and quickly sealed with a coverslip to avoid drying of the sample. The confocal fluorescence 

images were taken directly using an FV1000 laser confocal fluorescence microscope (Olympus). The 

images were viewed and processed using FV1000 viewer software (Olympus). The emission of 

Rhodamine B at 580 nm was monitored at an excitation wavelength of 540 nm. 

Release of encapsulated dyes from polymersomes 

The solution (1 mL) of the polymersome with encapsulated Rhodamine B dye was mixed with water (1 

mL) in a fluorescence cuvette. The emission of Rhodamine B at 580 nm was monitored at an excitation 

wavelength of 540 nm. After the measurements were completed, 10% Triton X-100 (20 μL) was added 

to lyse the polymersomes. The dye release (%) was calculated using the following formula:  

Release percentage (%) = (It-I0)/(I∞-I0) ⅹ 100 

where I0 is the initial fluorescence intensity, It is the fluorescence intensity at time t and I∞ is the 

maximum fluorescence intensity after the addition of the Triton X-100 solution. 

Fluoresce in labelling of insulin (F-Insulin) 

The stock solution of insulin was obtained by dissolving 1 mg of insulin (Human insulin, Sigma) in 0.1 

mL of 1 % acetate buffer and the working solution of insulin (0.1 mg/mL) was obtained by diluting the 

stock solution by 100 folds into reaction buffer containing 50 mM NaH2PO4, 100 mM NaCl (pH 7.5). 

The working solution of insulin was incubated with 10 molar equivalents of fluorescein isothiocyanate 

(FITC) at room temperature with vigorous shaking for one and half hours. Reactions were implemented 

to dialysis with sterile deionized water to remove unreacted FITC overnight. Fluorescein-labelled 

Insulin (F-insulin) encapsulation in the polymersome of PEG45-b-PSt(T47-r-O5-r-B10). PEG45-b-

PSt(T47-r-O5-r-B10) (5 mg) was dissolved in THF (1 mL) in a 15 mL capped vial with a magnetic stirrer. 

The solution was stirred for 3 h at room temperature. A syringe pump was calibrated to deliver 

Fluorescein-labeled Insulin (F-insulin) in HEPES buffer (1.0 mg/mL) a speed of 2.5 mL/h. The vial cap 

was replaced by a rubber septum. 5 mL of F-Insulin was added to the organic solution with vigorous 

stirring (850 rpm) by a syringe pump with a 5 mL syringe equipped with a steel needle. The remaining 

solution was subjected to dialysis (SpectraPor, molecular weight cut-off: 12,000−14,000 Da) against 

HEPES buffer for 2 day with a frequent change of HEPES buffer. The resulting suspension was 

collected from a dialysis bag, and the suspension was then purified by size exclusion column 
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chromatography (Sephadex G-50), which showed two green bands. The first band was collected and 

combined. 

Release of F-insulin from polymersome of PEG45-b-PSt(T47-r-O5-r-B10) 

The polymersome sample (2 mL) encapsulating fluorescein-labelled insulin was subjected to a dialysis 

bag (SpectraPor, molecular weight cut-off: 12,000 Da), which was dialyzed against 100 mL of HEPES 

buffer with glucose (0.1 M) at pH 7.5. The buffer outside the dialysis bag was taken at regular intervals 

to check the fluorescence intensity (excitation wavelength of 495 nm). Without glucose in buffer, no 

fluorescence was observed from the buffer solution for a 24 h period. 

 

 

Figure 2.9. 1H NMR spectra of (A) StT, (C) StO and 13C NMR spectra of (B) StT, (D) StO. Asterisks 

indicate NMR solvents (7.26 ppm CDCl3). 
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Figure 2.10. Time-conversion plot for polymerization of PSt(T) (black) and PSt(O) (orange) under 

RAFT condition. 

 

 

Figure 2.11. 1H NMR spectra of PSt(T39-r-O5-r-B22). The degree of polymerization of the PSt(Tx-r-

Oy-r-Bz) was calculated by comparing the integration of the benzyl signal of the StB (5.1 ppm) and 

ethylene glycol signal of PSt(T-r-O) (4.4 ppm). Asterisk indicates the NMR solvent (7.26 ppm CDCl3). 
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Figure 2.12. 1H NMR spectra of (A) PEG45-b-PSt(T36-r-B24), (B) PEG45-b-PSt(T19-r-O3-r-B12), (C) 

PEG45-b-PSt(T47-r-O5-r-B10). The degree of polymerization of the PEG45-b-PSt(Tx-r-Oy-r-Bz) block 

was calculated by comparing the integration of the benzyl signal of the StB (5.1 ppm) and ethylene 

glycol signal of PSt(T-r-O) (4.4 ppm) and the methylene signals of the PEG (3.6 ppm). Asterisks 

indicate NMR solvents (7.26 ppm CDCl3). 

 

Figure 2.13. Autocorrelation functions of polymersomes of PEG45-b-PSt(T36-r-B24) (blue) and PEG45-

b-PSt(T47-r-O5-r-B10) (green) in water. 
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Figure 2.14. Time-course analysis of diameter change and scattered light intensity of PEG45-b-PSt(T36-

r-B24) solution in the HEPES buffer (pH = 7.5). 

 

 

Figure 2.15. (A) 3D reconstructed CLSM image of the polymersome of PEG45-b-PSt(T47-r-O5-r-B10) 

encapsulating Rhodamine B. Scale bar: 700 nm. (B) CLSM images of the polymersome of PEG45-b-

PSt(T47-r-O5-r-B10) encapsulating Rhodamine B at 11 different focal planes. Scale bar: 2 μm. 
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Figure 2.16. Time-course analysis of fluorescence intensity of the polymersome solution of PEG45-b-

PSt(T47-r-O5-r-B10) encapsulating Rhodamine B, indicating no leakage of the dyes from the interior of 

the polymersome over 20 days. 

 

  

Figure 2.17. Scattered light intensity changes of polymersome solutions of PEG45-b-PSt(T47-r-O5-r-

B10) in the presence of glucose (0.1 M) at 20 °C (A) and 37 °C (B) (HPES pH = 7.5). 
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Chapter Ⅲ.  

ATP-responsive polymeric micelle of boronic derivatives-containing block terpolymers under 

physiological conditions 

 

3.1. Abstract 

Polymers containing organoboronic acids have gained attention as adenosine triphosphate (ATP)-

responsive materials because of the reversible binding of 1,2-diols to boronic acid. These polymers have 

significant potential as smart materials for self-regulated drug delivery systems intended for diabetes or 

cancer patients. In this chapter, I report the synthesis of a series of block copolymers containing 

boroxole derivatives, such as poly(ethylene glycol)-block-poly[2-(dimethylamino)ethyl methacrylate-

random-(hydroxyethyl)methacrylate modified with 5-carboxybenzoboroxole] [PEG114-b-

P(DMAEMAx-r-HEMA-BOxy)] and poly(ethylene glycol)-block-poly[2-

(dimethylamino)ethyl methacrylate–random-(hydroxyethyl) methacrylate modified 4-carboxy-3-

fluorophenylboronic acid] [PEGn-b-P(DMAEMAx-r-HEMA-FPBAy)], by radical addition-

fragmentation and chain transfer (RAFT). These amphiphilic block copolymers self-assemble into 

micelles or vesicles whose average diameter can be controlled by adjusting the number of boroxole 

repeating units in the block copolymers. The vesicles could be used to encapsulate drugs that are poorly 

soluble in water, such as insulin. It is also possible to use these vesicles under physiological conditions 

as ATP-responsive delivery vehicles for cancer drugs.  

3.2. Introduction  

Stimuli-responsive polymers, called “smart polymers,” change their physical and chemical properties 

according to the environments they are in.1-2 These polymers can be sensitive to external stimuli such 

as pH, light, temperature, and presence of specific molecules. They can also alter the color, transparency, 

or shape.3-4 Smart polymers can be utilized in many biomedical engineering applications such as for 

preparing sensor or drug delivery systems.3-7 Among the various stimuli-responsive polymers, recent 

interest has focused on adenosine triphosphate (ATP)-sensitive polymers because of they can be used 

to prepare drug delivery systems for use in the treatment of cancer.8-11 ATP contains phosphate ions and 

a 1,2-diol and can be used as a tumor indicator because tumor cells contain more than four times the 

ATP of healthy cells.12-15 Previously, the Wang group reported ATP-responsive drug delivery systems 

using phenylboronic acid and DNA aptamers.14 In addition, the Aida group synthesized an ATP-

molecular glue composed of guanidinium ions and boronic acid pendants in the side chain.16 Polymers 

containing boroxole are attractive ATP-responsive materials because organoboronic acids form 

boronate esters with 1,2- or 1,3-diol compounds by way of reversible covalent bond formation.17-20 In 

the presence of diol, the insoluble polymer containing boroxole becomes soluble in water because of 

the ionization of the boronate ester by binding with the diol.21-22 This phenomenon can be used to induce 
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the disassembly of micelles and vesicles. Therefore, polymers containing boronic acid derivatives have 

been studied as glucose-responsive materials.23-24 However, the ability of boroxole to bind glucose is 

quite low because the conjugates of boronic acid derivatives and diols are unstable in water at neutral 

pH and can be easily hydrolyzed. Therefore, polymers containing boronic acid derivatives can only be 

utilized in glucose-responsive materials at high pH. Thus, these polymers are not suitable for use in 

tumor tissue at the relevant physiological conditions. To overcome this limitation, the pKa of boronic 

acid derivatives must be lowered, such as in Wulff-type boronic acid and styrene boroxole.25-27 Kataoka 

and co-workers synthesized a series of polymers using fluoro-substituted boronic acids to lower the pKa 

to enable the preparation of glucose-responsive hydrogels. These hydrogels could bind glucose at 

neutral pH.28 In particular, polymers containing styrene boroxole can bind to glucose at neutral pH. In 

our previous work, we reported a well-defined block copolymer containing benzoboroxole that could 

be self-assembled into polymersomes.29-31 The solubility of the entire polymer was increased by the 

introduction of N-functionalized maleimide, a hydrophilic block. The sequence-specific polymer 

changed its solubility at low concentrations of glucose at neutral pH.30 These polymersomes showed 

monosaccharide-responsive behavior so that it disassembled at bilayer membranes, thereby releasing 

the encapsulated insulin under physiological conditions.  

In this chapter, I report the synthesis of organoboronic acid derivatives, such as 

(hydroxyethyl)methacrylate modified with 5-carboxybenzoboroxole (HEMA-BOx), (3-fluoro-4-((2-

(methacryloyloxy)ethoxy)carbonyl)phenyl)boronic acid (HEMA-FPBA), to improve the polymer 

solubility in water and to enhance the binding with diols. In addition, I introduced 2-

(dimethylamino)ethyl methacrylate (DMAEMA) as a pair monomer that resulted in a polymer that is 

both pH- and thermosensitive, thereby improving the solubility of the polymers in water (Figure 3.1). 

The block copolymer containing boroxole derivatives was self-assembled into various morphologies, 

such as micelles and vesicles. These systems may find applications as smart insulin delivery vehicles 

or sensors for diabetes mellitus. 

3.3. Results and discussions  

Synthesis of monomers 

The synthesis of HEMA-FPBA, HEMA-BOx, and poly(ethylene glycol) (PEG)-macro chain transfer 

agents and the characterization data for the synthesized monomer are provided in the experimental 

section (Figures 3.6. and 3.7). 
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 Scheme 3.1. Synthesis of (a) block copolymers of PEGn-b-P(DMAEMAx-r-HEMA-FPBA)y and (b) 

block copolymers of PEG114-b-P(DMAEMAx-r-HEMA-BOxy) by radical addition-fragmentation and 

chain transfer polymerization. 

Synthesis of the block copolymers containing HEMA-FPBA and HEMA-BOx 

The block copolymer of PEGn-b-P(DMAEMAx-r-HEMA-FPBAy) or PEG114-b-P(DMAEMAx-r-

HEMA-BOxy) was synthesized via radical addition-fragmentation and chain transfer (RAFT) 

polymerization using a trithiocarbonate chain transfer agent, which substituted the PEG block (Mn = 

2000 or 5000) (Scheme 3.1), and azobisisobutyronitrile (AIBN) as a radical initiator. Under the standard 

conditions (DMAEMA:boronic acid:chain transfer agent (CTA):AIBN = 100:100:1:0.2) in 

dimethylformamide (DMF) at 70 °C in a closed reaction at nitrogen atmosphere, the conversion via 

RAFT polymerization using boronic acid increased linearly to 50% with increasing time. The reaction 

was monitored using 1H NMR (Figure 3.2A).  
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Figure 3.1. Schematic illustration of the self-assembly of ATP-responsive block copolymers and their 

disassembly in the presence of ATP. 

 

Figure 3.2(A) Time-conversion plot for the polymerization of HEMA-FPBA and DMAEMA under 

RAFT polymerization. (B) Gel permeation chromatography plot of 3 (DMF and dimethylacetamide 

(DMAc) (99:1 v/v), 65 C) 

During polymerization, the consumption of the monomer was monitored by 1H NMR integration of the 

reaction mixture and compared to the fixed peak corresponding to the methyl group in anisole, which 

was used as a standard because it did not take part in the reaction. After purification, the isolated yield 

of block copolymers was determined to be about 66%, based on the calculated yield of the compound, 

as shown in Table 3.1. The polydispersity index (PDI) of the block copolymer was quite narrow, and a 

unimodal peak was obtained using gel-permeation chromatography (GPC) in DMF (Figure 3.2B). This 

unimodal peak indicates that chain extension from the PEG macro-initiator had been successful. In 

addition, the molecular weight and degree of polymerization (DP) of the block copolymers were 

confirmed by 1H NMR integration of the methylene peak in PEG, which was used as the standard 

(Figure 3.8). The GPC data obtained using a polystyrene standard indicated a greater molecular weight 
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for the block copolymer than that calculated by 1H NMR analysis because of the interactions between 

the boroxole and the GPC column. 

Binding constant of boronic acid derivatives with alizarin red S and monosaccharides 

To determine the binding of HEMA-BOx to a monosaccharide, I used Wang’s competitive binding 

assay. I determined the equilibrium constant of the HEMA-BOx–diol complex (Keq1) using alizarin red 

S (ARS) competition experiments following the procedure outlined by Wang et al.23 An 8.0 × 10-5 M 

ARS solution was prepared in 10 mM phosphate solution at pH 7.4. Then, HEMA-BOx was added to 

the ARS solution to make a different concentration of HEMA-BOx in a total solution of 9:1 (v/v) 

phosphate buffer/DMF. To measure the fluorescence intensities, I set up the excitation wavelength of 

468 nm and an emission wavelength of 574 nm. I calculated the association constant (Keq1) for the ARS- 

HEMA-BOx by using the following equation. 32 In the case of monosaccharide-HEMA-BOx complex, 

the absorption was shifted from 452 nm to 520 nm under the same conditions. Therefore, I determined 

that the association constant of the monosaccharide–boronic acid derivative complex must be measured 

at low fluorescence emission compared to the emission of the ARS–boronic-acid-derivative complex, 

and the binding constant of HEMA-BOx was measured using a fluorimeter. The Keq1 of HEMA-BOx 

was 906.23 (Figure 3.3A), and Keq was 30 for glucose (Figure 3.3B). The binding constant of HEMA-

BOx is superior to that of benzoboroxole because of the introduction of the hydrophilic HEMA 

functionality to the monomer.  
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Table 3.1. Characterization of PEGn-b-P(DMAEMAx-r-HEMA-FPBAy) and PEGn-b-P(DMAEMAx-r- 

HEMA-BOxy) 

Entry Polymer 

DPna 

(DMA 

-EMA) 

DPna 

(Boronic 

acid) 

Mn (NMR) b 

(g mol-1) 

Mnc 

 (GPC) 
D 

1 
PEG45-b-P(DMAEMA60-r-HEMA-

FPBA44) 
60 44 24500 

3.56×10

6 
1.18 

2 
PEG113-b-P(DMAEMA41-r-HEMA-

FPBA21) 
41 21 17700 

3.03×10

6 
1.10 

3 PEG114-b-P(DMAEMA144-r-HEMA-FPBA26) 144 26 32300 
4.14×10

6 
1.14 

4 PEG114-b-P(DMAEMA50-r-HEMA-BOx30) 50 30 23000 3.29×106 1.12 

aThe number-average degree of polymerization determined by the feed ratio of monomers for copolymerization. bThe number-

average degree of polymerization of boronic acid determined by 1H NMR integration. cA mixture of dimethylformamide (DMF) 

and dimethylacetamide (DMAc) (99 : 1 v/v) was used as an eluent with a flow rate of 1 mL min−1. dThe number-average 

molecular weight determined by 1H NMR integration. 

 

Figure 3.3. (A) 1/ΔIf versus 1/[R] for the determination of the association constant of ARS-HEMA-

BOx (Keq1) in the presence ARS (8.0 × 10-5 M) HEMA-BOx (5.7 × 10-3–5.0 × 10-3). Keq1 = 906.227 (B) 

[S]/P versus Q plot for the binding of HEMA-BOx (3.0 × 10-3 M) with glucose (0.05–1.0 M) in the three 

components with the ARS solution (9.5 × 10-5 M). Keq = 30 

Self-assembly of block copolymers  

The block copolymer could be self-assembled into various morphologies depending on the ratio of the 

molecular weight of PEG and the hydrophilic solubilizing group and the molecular weight of boroxole 

and the hydrophobic block. These self-assembled structures could be used to encapsulate drugs that a 

poorly soluble in water, such as insulin, and used as drug delivery vehicles in water at neutral pH. This 
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is because block copolymers containing boronic acid derivatives show 1,2- or 1,3-diol-responsive 

behavior. Therefore, I optimized the self-assembly behavior of the block copolymer series in water. The 

block copolymer (5 mg) was added to a mixture of DMF/MeOH (9:1 v/v, 1 mL). Then, the solution of 

the block copolymer was added to distilled water at a rate of 1 mL/h for 2 h with stirring. The suspension 

was dialyzed against water for one day. I observed the morphologies of the self-assembled structures 

by dynamic light scattering (DLS) and transmission electron microscopy (TEM), and I studied the effect 

of the water-soluble repeating units in the polymer chain on the morphology of the block copolymer in 

water. Depending on the increase of the degree of polymerization (DP) of DMAEMA, which is 

hydrophilic, the size of the structures changed. As shown in Figures 3.4 and 3.9, the average of diameter 

increased from 37 nm to 118 nm despite the polymer chains having similar molecular weights of 

boroxole. In addition, with decreasing molecular weight of PEG, which is a hydrophilic block, the block 

copolymer altered the morphology from micellar to vesicular (Figures 3.4B,F). Over time, there were 

no changes in the diameter or morphologies of the self-assembled structures, indicating adequate 

stability in water. I investigated samples 1 and 4 in detail to test the encapsulation of insulin in the 

polymeric micelles. 

Glucose-responsive behavior of the polymersomes 

The polymers containing boronic acid derivatives show diol-responsive behavior and developed a 

negative charge at the tetravalent boron center when 1,2- or 1,3-diols were present in the solution. The 

polymersomes or micelles assembled from the polymer (containing boronic acid derivative) 

disassembled because of changes in the solubility of the boronic acid derivative group. To enhance the 

performance of the diol binding to the boronic acid derivatives, I introduced water-soluble repeating 

units to the polymer backbone. The ATP-responsive disassembly of the polymeric micelles of PEGn-b-

P(HEMA-BOx) was studied by measuring the turbidity of the micelle solution in the presence of ATP 

at neutral pH. For PEG114-b-P(DMAEMA50-r- HEMA-BOx30), optical transmittance measurements 

were made at 580 nm.With 0.05 M ATP, the turbidity of the micelle solution (pH 7.4) decreased, 

resulting in the disassembly of micelles into block copolymers because of the binding of the diol in 

ATP to P(HEMA-BOx). I studied the response time for the disassembly of micelles by measuring tR, 

which is defined as the time required to reach 50% transmittance at a specific ATP concentration (Figure 

3.5). The tR of the micelle of PEG114-b-P(DMAEMA50-r- HEMA-BOx30) was about 50 min with 0.05 

M concentration of ATP, whereas the turbidity of the suspension of the micelles was not dramatically 

changed with 0.01 M ATP in the buffer solution (Figure 3.10).  
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Figure 3.4. (A–D) Size distribution and TEM images of micelles and vesicles formed by the self-

assembly of PEGn-b-P(DMAEMAx-r-HEMA-FPBA)y in water (A,B) vesicles of 1 [average diameter 

(Dav) = 143.8 nm], (C,D) micelles of 3 [average diameter (Dav) = 61.98 nm], and (E,F) Size distribution 

and TEM images of micelles formed by self-assembly of 4 in water [average diameter (Dav) = 118.6 

nm]. 

 

 

Figure 3.5. Optical transmittance profiles of the polymersome solution of 4 in the presence of ATP 

(37 °C, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.65). 

3.4. Summary 

In summary, I synthesized PEGn-b-P(DMAEMAx-r-HEMA-FPBAy) and PEGn-b-P(DMAEMAx-r-
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HEMABOxy) via RAFT polymerization. The morphologies of block terpolymer was occurred by 

controling with a PEG macro-CTA, resulting in well-defined ATP-responsive block terpolymer. Owing 

to the amphiphilic properties, the block terpolymer self-assembled into micelles or vesicles on using 

the selective solvent method. I observed the disassembly of polymeric micelles or vesicles in the 

presence of a specific concentration of ATP at pH 7.45. The polymeric micelles composed of these 

block terpolymer could be used to entrap drugs that show poor solubility in water (e.g., insulin). They 

may also be expanded to other applications, such as anti-cancer drugs or insulin delivery systems. I am 

currently working on designing a new boroxole derivative for improving the binding efficiency with 

ATP under physiological conditions. 

3.5. Experimental 

Materials and Methods 

Unless otherwise noted, all reagents and chemicals were used as received from Sigma Aldrich and TCI. 

Tetrahydrofuran (THF) was refluxed over a mixture of Na and benzophenone under N2 and distilled 

before use. All reactions were performed under N2 unless otherwise noted. 1H and 13C NMR spectra 

were recorded on a Varian VNMRS 600 spectrometer, using DMSO-d6 and CDCl3 as solvents. Toluene 

was distilled over CaH2, and DMF was distilled over CaH2 under a reduced pressure. Molecular weights 

of block copolymers were measured on an Agilent 1260 Infinity GPC system equipped with a PL gel 5 

μm mixed D column (Polymer Laboratories) and a differential refractive index detector. A DMF was 

used as an eluent with a flow rate of 1 mL/min. PS standards (Polymer Laboratories) were used for 

calibration. A Cary Eclipse Fluorescence Spectrophotometer was used for all fluorescence studies. 

Transmission electron microscopy (TEM) was recorded on a JEOL JEM-2100 microscope at 200 kV. 

Specimens were prepared by placing a drop of the solution on a carbon-coated Cu grid (200 mesh, EM 

science). After 30 min, remaining solution on a grid was removed with a filter paper, and the grid was 

air-dried overnight. Dynamic light scattering (DLS) experiments were carried out on a BI-200SM 

equipped with a diode laser (637 nm, 4 mW). All DLS data were handled on Dispersion Technology 

Software (Brookhaven Instruments). Optical transmittance of the solutions was measured on an Agilent 

8453 spectrophotometer equipped with a thermostat sample holder with a magnetic stirrer. 

Sythesis of 3-Carboxy-2-hydroxymethylphenyl boronic acid (5-carboxybenzoboroxole)  

5-Carboxybenzoboroxole was synthesized by following the literature procedure.19 

Synthesis of HEMA-FPBA 

4-Fluorophenylboronic acid (0.5 g, 2.71 mmol), N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC)(0.62 g,3.26 mmol) and 4-(dimethylamino)pyridine (DMAP)(0.16 g,1.304 mmol) 

were dissolved in dry DMF and the solution was stirred for 15 minutes. HEMA was added dropwise to 

the reaction flask. The mixture was stirred for overnight. After the finished reaction, the resulting 
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mixture solution was evaporated on a rotavap. After solvent removal with a rotavap, the crude mixture 

was purified by silica gel column chromatography (dichloromethane: methanol = 9:1 v/v). The purified 

solid was washed with dichloromethane again. The white solid compound was obtained. Yield 0.40 g 

(50 %). 1H NMR (600 MHz, DMSO-d6) δ 8.41 (d, J = 1.8 Hz, 2H), 7.78 (t, J = 7.4 Hz 1H), 7.64 (d, J = 

7.7 Hz, 1H), 7.58 (d, J = 11.75 Hz, 1H), 6.00 (s, 1H), 5.65 (m, 1H), 4.50 (d, J = 3.8 Hz 2H), 4.40 (m, 

2H), 1.83 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 166.80, 163.87, 162.16, 136.03, 131.04, 130.28, 

126.53, 122.18, 119.42 63.24, 62.68, 53.58, 18.34. 

Synthesis of HEMA-BOx  

5-Carboxybenzoboroxole (1.0 g, 5.6 mmol), EDC (1.29 g, 6.72 mmol) and DMAP(0.27 g, 2.24 

mmol)were dissolved in dry DMF and the solution was stirred for 15 minutes. HEMA (0.87 g, 6.72 

mmol) was added dropwise to the reaction flask. The mixture was stirred for overnight. After the 

finished reaction, the mixture solution was evaporated on a rotavap. After solvent removal with a 

rotavap, After solvent removal with a rotavap, the crude mixture was purified by silica gel column 

chromatography (dichloromethane: methanol = 9:1 v/v). The purified solid was washed using 

dichloromethane again. The White solid compound was obtained. Yield 0.57 g (33%) 1H NMR (600 

MHz, DMSO) δ 9.37 (s, 1H), 8.35 (s, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.53 (d, J = 8.1 Hz, 1H), 6.00 (s, 

1H), 5.65 (s, 1H), 5.03 (s, 2H), 4.52 (d, J = 4.8 Hz, 2H), 4.43 (d, J = 4.5 Hz, 2H), 1.83 (s, 3H); 13C NMR 

(150 MHz, CDCl3) δ = 166.84, 166.22, 159.55, 136.03, 132.23, 131.80, 128.69, 126.54, 122.36, 70.45 

63.02, 62.89,18.36; MS (ESI) calcd. for C14H15BO [M+Na]+ 313.1; found 313.134. 

Synthesis of PEG-chain transfer agent (PEG-CTA). 

4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (0.4 g, 0.99 mmol) and DCC (0.2 

mL, 0.99 mmol) were added into a reaction flask containing 40 mL dry CH2Cl2. This solution was 

stirred at room temperature for minutes. To this solution was added monomethoxy PEG (0.99 g, 0.5 

mmol, Mn = 2000 g/mol, Aldrich) at once. After stirring this solution for 24 h at room temperature, the 

solution was filtered to remove DCU. After removal of the solvent with a rotavap, the crude mixture 

was purified by silica gel column chromatography (dichloromethane : methanol = 94:6 v/v) to remove 

free CTA and DCU then change the eluent gradient (dichloromethane : methanol = 90:10 v/v) to yield 

PEG-chain transfer agent. The residue was re-dissolved in 10 mL of dry CH2Cl2, and the concentrated 

solution was precipitated into cold diethyl ether twice. The product was collected by filtration and dried 

under vacuum to give the yellow powder. Yield 0.59 g (44 %). 1H NMR (400 MHz, CDCl3) δ 4.24 (m, 

2H), 3.80 (m, 2H), 3.61 (m, 500H), 3.44 (m, 2H), 3.36 (s, 3H), 3.30 (t, J = 7.5Hz, 2H), 2.64 (m, 2H), 

2.50 (m, 1H), 2.36 (m, 1H), 1.85 (s, 3H), 1.67 (m, 2H), 1.30 (d, J = 53.0 Hz, 21H), 0.86 (t, J = 6.7 Hz 

3H). 
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Methodology for screening boroxole derivatives (qualitative ARS assay) 

A typical procedure was as follows: 50 mL of a stock solution of Alizarin Red-S (ARS) (10-3 M) in 0.10 

M sodium phosphate dibasic buffer was diluted 10-fold with 0.10 M sodium phosphate monobasic 

buffer in a 500 mL volumetric flask. The pH of the solution was adjusted to 7.4 with 2 M HCl, resulting 

in a 10-4 M solution of ARS with 0.10 M phosphate buffer at pH 7.4 (solution A). Boroxole derivatives 

was added to 5 mL (0.5 mL DMF + 4.5 mL solution A). The pH was again checked and corrected to 7.4 

with 2 M HCl (solution B). The sugar solutions (0.5 M) were prepared by adding 0.5 mmol of sugar to 

the solution B in 1 mL. The pH was adjusted to 7.4 with 2 M NaOH. 

Synthesis of Block Copolymers containing boronic acid derivatives 

PEGn-b-P(DMAEMAx-r-HEMA-FPBAy) and PEGn-b-P(DMAEMAx-r-HEMA-BOxy) 

A typical procedure was as follows: Boronic acid derivatives and PEG-CTA were charged in a Schlenk 

tube with a magnetic stir bar. This tube was evacuacted and charged with N2 three times. To this mixture 

was added 5 mL of dry DMF. Then DMAEMA in DMF was added in Schlenk tube. The solution was 

degassed by bubbling N2 for 15 min. An AIBN stock solution in DMF was added at once to this solution, 

which, then, was immersed in a preheated oil bath (70 °C). After polymerization, the reaction mixture 

was exposed to air, added dichloromethane and immersed in an ice-water bath. The solution was 

precipitated into cold diethyl ether. The precipitates were collected by centrifugation. 

Preparation of polymersome solution  

Triply distilled water (Milli-Q, 18.2 MΩ) was used throughout the experiments. A typical procedure 

was as follows: the block copolymer (5 mg) was dissolved in MeOH (1 mL) in a 15 mL capped vial 

with a magnetic stirrer. The solution was stirred for 15 min at room temperature. A syringe pump was 

calibrated to deliver water at a speed of 1.0 mL h−1. The vial cap was replaced with a rubber septum, 

and 2 mL of water was added to the organic solution with vigorous stirring (850 rpm) by a syringe pump 

with a 5 mL syringe equipped with a steel needle. After the addition of water, the suspension was 

subjected to dialysis (SpectraPor, molecular weight cut-off: 12 000–14 000 Da) against water for 24 h 

by frequently changing water. The resulting solution was collected from a dialysis bag. The diameter 

and morphology of the polymersomes were studied by dynamic light scattering (DLS) and transmission 

electron microscopy (TEM).  

Turbidity Test of Polymersomes.  

2 mL of the polymersome solution (phosphate buffer, pH = 7.4) was charged in a quartz cuvette. To this 

solution was added ATP (10 mmol) at once. After complete dissolution of added ATP, the pH of the 

solution was readjusted to 7.4 by adding aqueous NaOH (1M). The absorbance at 580 nm was measured 

with constant temperature.  
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Figure 3.6. 1H NMR spectra of (A) HEMA-FPBA (C) HEMA-BOx and 13C NMR spectra of (B) 

HEMA-FPBA (D) HEMA-BOx. Asterisks indicate residual solvents (7.26 ppm CDCl3, 1.56 ppm water, 

2.5 ppm DMSO, 3.3 ppm water). 

 

 

Figure 3.7. 1H NMR spectra of macro CTA (Mn=5000g/mol).  

 

4 2 0
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Figure 3.8. 1H NMR spectra of PEGn-b-P(DMAEMAx-r-HEMA-FPBAy); (A-C) 1-3 Asterisks 

indicates residual solvents (3.31 ppm MeOH, 4.87 ppm water). (D) 1H NMR spectra of 4 of PEGn-b-

P(DMAEMAx-r-HEMA-BOxy) Asterisks indicate residual solvents (3.31 ppm MeOH, 4.87 ppm 

water,2.5 ppm DMSO, 3.3 ppm water). 

 

 

Figure 3.9. (A) 1H NMR spectra of PEG133-b-P(DMAEMA48-r-HEMA-FPBA115) Asterisks indicate 

residual solvents (3.31 ppm MeOH, 4.87 ppm water) (B) Size distribution and (B) TEM images of 

micelles formed by self-assembly of PEG133-b-P(DMAEMA144-r-HEMA-FPBA26) in water [average 

diameter (Dav)= 37.8 nm]. 
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Figure 3.10. Optical transmittance profiles of the polymersome solution of 1 (A) in presence of 

fructose (0.05 M) and (B) glucose 0.1 M 37 °C (HEPES pH 7.5). 

 

3.6. Reference 

1. A. P. Blum, J. K. Kammeyer, A. M. Rush, C. E. Callmann, M. E. Hahn, N. C. Gianneschi, Stimuli-

responsive Nanomaterials for Biomedical Applications. J. Am. Chem. Soc. 2015, 137 (6), 2140-2154. 

2. M. A. C. Stuart, W. T. Huck, J. Genzer, M. Müller, C. Ober, M. Stamm, G. B. Sukhorukov, I. Szleifer, 

V. V. Tsukruk, M. Urban, Emerging Applications of Stimuli-responsive Polymer Materials. Nat. Mater.  

2010, 9 (2), 101. 

3. F. Meng, Z. Zhong, J. Feijen, Stimuli-responsive Polymersomes for Programmed Drug Delivery. 

Biomacromolecules 2009, 10 (2), 197-209. 

4. M.-H. K. Li, P., Stimuli-responsive Polymer Vesicles. Soft Matter 2009, 5, 927–937. 

5. A. Matsumoto, K. Yamamoto, R. Yoshida, K. Kataoka, T. Aoyagi, Y. Miyahara, A Totally Synthetic 

Glucose Responsive Gel Operating in Physiological Aqueous Conditions. Chem. Commun. 2010, 46 

(13), 2203-2205. 

6. G. P. Robbins, M. Jimbo, J. Swift, M. J. Therien, D. A. Hammer, I. J. Dmochowski, Photoinitiated 

Destruction of Composite Porphyrin− protein Polymersomes. J. Am. Chem. Soc. 2009, 131 (11), 3872-

3874. 

7. M. Elsabahy, K. L. Wooley, Design of Polymeric Nanoparticles for Biomedical Delivery Applications. 

Chem. Soc. Rev.2012, 41 (7), 2545-2561. 

8. X. R. Song, S. H. Li, J. Dai, L. Song, G. Huang, R. Lin, J. Li, G. Liu, H. H. Yang, Polyphenol‐Inspired 

Facile Construction of Smart Assemblies for ATP‐and pH‐Responsive Tumor MR/Optical Imaging and 

Photothermal Therapy. Small 2017, 13 (20). 

9. C.-L. Zhu, C.-H. Lu, X.-Y. Song, H.-H. Yang, X.-R. Wang, Bioresponsive Controlled Release Using 

Mesoporous Silica Nanoparticles Capped with Aptamer-based Molecular Gate. J. Am. Chem. Soc. 2011, 



64 

 

133 (5), 1278-1281. 

10. X. He, Y. Zhao, D. He, K. Wang, F. Xu, J. Tang, ATP-responsive Controlled Release System Using 

Aptamer-functionalized Mesoporous Silica Nanoparticles. Langmuir 2012, 28 (35), 12909-12915. 

11. R. Mo, T. Jiang, R. DiSanto, W. Tai, Z. Gu, ATP-triggered Anticancer Drug Delivery. Nat. Commun. 

2014, 5. 

12. P. Pellegatti, L. Raffaghello, G. Bianchi, F. Piccardi, V. Pistoia, F. Di Virgilio, Increased Level of 

Extracellular ATP at Tumor sites: in vivo Imaging with Plasma Membrane Luciferase. PloS one 2008, 

3 (7), e2599. 

13. S. Trabanelli, D. Očadlíková, S. Gulinelli, A. Curti, V. Salvestrini, R. de Paula Vieira, M. Idzko, F. 

Di Virgilio, D. Ferrari, R. M. Lemoli, Extracellular ATP Exerts Opposite Effects on Activated and 

Regulatory CD4+ T Cells via Purinergic P2 Receptor Activation. J. Immunol. 2012, 189 (3), 1303-1310. 

14. M. Naito, T. Ishii, A. Matsumoto, K. Miyata, Y. Miyahara, K. Kataoka, A Phenylboronate‐

Functionalized Polyion Complex Micelle for ATP‐Triggered Release of siRNA. Angew. Chem. Int. Ed.  

2012, 51 (43), 10751-10755. 

15. S. Biswas, K. Kinbara, T. Niwa, H. Taguchi, N. Ishii, S. Watanabe, K. Miyata, K. Kataoka, T. Aida, 

Biomolecular Robotics for Chemomechanically Driven Guest Delivery Fuelled by Intracellular ATP. 

Nat. chem. 2013, 5 (7), 613-620. 

16. K. Okuro, M. Sasaki, T. Aida, Boronic Acid-Appended Molecular Glues for ATP-Responsive 

Activity Modulation of Enzymes. J Am Chem Soc 2016, 138 (17), 5527-30. 

17. F. Cheng, F. Jäkle, Boron-containing Polymers as Versatile Building Blocks for Functional 

Nanostructured Materials. Polym. Chem. 2011, 2 (10), 2122-2132. 

18. J. N. Cambre, B. S. Sumerlin, Biomedical Applications of Boronic Acid Polymers. Polymer 2011, 

52 (21), 4631-4643. 

19. R. Nishiyabu, Y. Kubo, T. D. James, J. S. Fossey, Boronic Acid Building Blocks: Tools for Sensing 

and Separation. Chem. Commun. 2011, 47 (4), 1106-1123. 

20. Y. Kanekiyo, M. Sano, R. Iguchi, S. Shinkai, Novel Nucleotide‐responsive Hydrogels Designed 

from Copolymers of Boronic Acid and Cationic Units and Their Applications as a QCM Resonator 

System to Nucleotide Sensing.  J. Polym. Sci., Part A: Polym. Chem. 2000, 38 (8), 1302-1310. 

21. K. Kataoka, H. Miyazaki, M. Bunya, T. Okano, Y. Sakurai, Totally Synthetic Polymer Gels 

Responding to External Glucose Concentration: Their Preparation and Application to on− off 

Regulation of Insulin Release. J. Am. Chem. Soc. 1998, 120 (48), 12694-12695. 

22. A. Matsumoto, R. Yoshida, K. Kataoka, Glucose-responsive Polymer Gel Bearing Phenylborate 

Derivative as a Glucose-sensing Moiety Operating at The Physiological pH. Biomacromolecules 2004, 

5 (3), 1038-1045. 

23. K. T. Kim, J. J. Cornelissen, R. J. Nolte, J. van Hest, A Polymersome Nanoreactor with Controllable 

Permeability Induced by Stimuli‐Responsive Block Copolymers. Adv. Mater. 2009, 21 (27), 2787-2791. 



65 

 

24. K. T. Kim, J. J. Cornelissen, R. J. Nolte, J. C. v. Hest, Polymeric Monosaccharide Receptors 

Responsive at Neutral pH. J. Am. Chem. Soc. 2009, 131 (39), 13908-13909. 

25. M. Dowlut, D. G. Hall, An Improved Class of Sugar-binding Boronic Acids, Soluble and Capable 

of Complexing Glycosides in Neutral Water. J. Am. Chem. Soc. 2006, 128 (13), 4226-4227. 
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A.1. Appendix to Chapter Ⅲ. Incomplete Incorporation of Polymer Containing 3-Nitro-5-

carboxybenzoboroxole.  

In Chapter Ⅲ, I described the synthesis of a block terpolymers that introduced a water-soluble pair 

monomer and HEMA-BOx for drug delivery systems. However, the disassembly rate of the self-

assembled structures in the presence of ATP was quite low. In addition, the structures disassembled in 

the presence of high concentrations of ATP. This poses limitations for their utilization as smart materials, 

such as self-regulated drug delivery systems under physiological conditions. Therefore, I hypothesized 

that the introduction of electron-withdrawing group in the phenyl ring of boroxole would enhance the 

binding constant of the boroxole with diols, which in turn may enable the new polymer to diassemble 

at low concentration of monosaccharide. Thus, I synthesized a new block copolymer series based on 3-

nitro-5-carboxybenzoboroxole, which adds an electron-withdrawing group to the phenyl ring of 
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boroxole. To synthesize the polymers containing 3-nitro-5-carboxybenzoboroxole, the precursor 

polymer poly(ethylene glycol)-block-poly(2-Boc-amino) ethyl amino methacrylate) (PEG114-b-PMMA) 

was polymerized via RAFT polymerization, and, subsequently, boroxole derivatives were coupled with 

polymers using 1'-carbonyldiimidazole (CDI). In addition, I confirmed the binding constant of 3-nitro-

5-carboxybenzoboroxole measured by Wang's competitive binding method and 11B NMR titration. Then, 

the block copolymer was self-assembled into micelles, as observed by TEM. I am currently planning 

further changes to this system, and I propose the introduction of a boroxole-substituted nitro group to 

the polymer to enhance the disassembly rate of the self-assembled structures at lower glucose 

concentrations, such as those close to the physiological concentration of glucose. 

A.2. Experimental Results 

Synthesis of 3-nitro-5-carboxybenzoboxole (NBOx) 

 

To 2 ml of fuming nitric acid, maintained at -45 to -40 ℃ was added 100 mg of 5-carboxybenzoboroxole 

with stirring. The addition was done portionwise and was complete in 4 min. The mixture was stirred 

and maintained at -45 to -30 ℃ for 20 minutes; at the end of this time, the mixture was very pasty. It 

was poured with stirring into water and ice and stored at 0-10℃ for 2 hr. The pale yellow crystals were 

collected, washed with ca. 25 ml. of water, and dried under vacuum. Yield 119.0mg (95 %). (Figure A-

1). 1H NMR (600 MHz, DMSO-d6) δ 9.73 (s, 1H), 8.71 (d, J= 4.9 Hz, 2H), 5.45 (s, 2H). 13C NMR (150 

MHz, DMSO-d6) δ 166.09, 153.46, 143.35, 137.82, 132.39, 126.92, 71.20.  
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Synthesis of model compounds (A) methyl 1-hydroxy-1,3-dihydrobenzo[c][1,2]oxaborole-6-

carboxylate and (B) methyl 1-hydroxy-4-nitro-1,3-dihydrobenzo[c][1,2]oxaborole-6-carboxylate 

 

The 5-carboxybenzoboxole (1g, 5.6 mmol) was dissolved in MeOH (30ml) and stirred at room 

temperature. The 12 N H2SO4 (0.54ml) was added in solution and then the mixture was stirred under 

reflux overnight. The reaction mixture was cooled to room temperature, and then the solvent was 

evaporated in vacuo. The solid was dissolved in ethyl acetate, washed using water, and dried over 

MgSO4. After filtration, the solution was evaporated in vacuo to give the product. The methyl ester of 

boroxole was obtained 0.86 g (Yield  0.86 g, 80 % ).(Figure A-2)  1H NMR (600 MHz, DMSO) δ 9.36 

(s, 1H), 8.38 (s, 1H), 8.04 (dd, J= 8.0, 1.6 Hz, 1H), 7.54 (d, 1H), 5.05 (s, 2H), 3.85 (s, 3H). 13C NMR 

(150 MHz, DMSO) δ 166.84,159.39, 132.22, 131.76, 128.87, 122.34, 70.48, 52.55. 

Methyl ester of nitro boroxole.  Yield 92.9 mg (70 %) 1H NMR (600 MHz, DMSO) δ 9.74 (s, 1H), 8.70 

(dd, J= 6.9, 6.2 Hz, 2H), 5.43 (s, 2H), 3.93 (s, 3H). 13C NMR (150 MHz, DMSO) δ 165.11, 153.81, 

143.39, 137.64, 131.07, 126.74, 71.21, 63.27. 

Synthesis of (2-Boc-amino) ethyl amino methacrylate (BOC-MMA)  

BOC-MMA monomer was synthesized by following the literature procedure (Figure A-3).33  

Binding constant of boronic acid derivatives with alizarin red S and monosaccharides 

The binding constant measurment of boronic acid derivatives was described by the experimental section 

in Chapter Ⅲ. However, in case of 5-carboxybenzoboxole and 3-nitro-5-carboxybenzoboxole, the 

carboxylic acid group is attributed to pH condition of the total solution so that I could synthesize the 

model compound that is protected by the carboxylic acid to stabilize the pH in solutions. In addition, 

the Keq1 of methylated nitro boroxole was 1234.77, and Keq1 of methylated carboxybenzoboxole was 

914.87 (Figure A-4).  The binding constant of the boronic acid derivatives indicated that the monomer 

substituted electron-withdrawing group is the highest among the three monomers. Therefore, I focused 

on the synthesis and investigation of polymers containing nitro boroxole. 



68 

 

Evaluation of the pKa of benzoboroxole derivatives using 11B NMR  

I controlled the complexation of boronic acid derivatives with 1,2- or 1,3-diols using the pH conditions. 

One of the crucial factors for diol recognition with boronic acid derivatives is the Lewis acidity of the 

boronic acid derivatives. To target tumor tissues, boronic acid derivatives that have lower pKa values 

and can be used under physiological conditions were investigated. The Hall group reported that 

benzoboroxole could bind diol efficiently in the neutral state compared to the normal boronic acid 

because of the intramolecular hydrogen bonds formed with other hydroxyl groups, resulting in an 

anionic complex.24 Therefore, I studied the Lewis acidity of benzoboroxole derivatives by using 11B 

NMR titration to determine their pKa values. The pKa values were estimated as 8.18 for benzoboroxole, 

and 8.77 for 5-carboxybenzoboxole, respectively. In contrast, the pKa of the nitro-substituted 5-

carboxybenzoboroxole was about 6.75 because of the electron-withdrawing group nitro group. (Figure 

A-5).  

 

Scheme A-1. Synthesis of block copolymer containing boroxole  

Synthesis of PEG5k-b-P(BOC-MMA)n   

To implement NBOx in the polymer, we first synthesized BOC-MMA for using RAFT polymerization. 

The RAFT polymerization of BOC-MMA with PEG-CTA (Mn(PEG) = 5000 g/mol), yielded block 
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copolymers in which the stimuli-responsive block was composed of BOC-MMA. In a typical procedure, 

the standard condition ([CTA]:[monomer]:[AIBN] =1:100:0.2) in dimethylformamide(DMF) at 70 °C 

in a closed reaction vessel (Scheme A-1). The RAFT polymerization of BOC-MMA showed a near-

linear increase of conversion over time up to ~60% (Figure A-6). The polymerization was quenched 

when the degree of polymerization of monomer reached the required value, as monitored by GPC data 

of reaction mixture. In all cases, the isolated yields of block copolymer were about 66% estimated from 

the calculated compound yield by assuming the complete consumption of the chain-transfer agent 

(Figure A-7). 

Synthesis of PEG133-b-P(2- aminoethyl methacrylate)n (PEG133-b-P(AE-MMA)) 

To modified precursor polymer, deprotection of BOC in polymer chain was proceed using TFA. Also 

the block copolymer was neutralized by using TEA, yielding an amine functionalized monomer in the 

polymer. A 100 mL round-bottom flask was charged with PEG133-b-P(BOC-MMA) and 

dichloromethane, which the polymer had dissolved. At this point, trifluoroacetic acid (TFA) 

(MC:TFA=1:1 v/v) was added dropwise and the solution was then allowed to stir at room temperature 

for 2 hours. Next, diethyl ether was added in order to precipitate the product (Figure A-8). The mixture 

was centrifuged to isolate the solid precipitate, and the solid product was subsequently washed with 

diethyl ether (20 mL) several times to yield a white solid. After drying the sample in rotavap, it was re-

suspended in methanol (10 mL), triethylamine (TEA) (5 equivalents) was added, and the solution was 

then allowed to stir at room temperature for 8 hours. Next, diethyl ether was added in order to precipitate 

the product. The mixture was centrifuged to isolate the solid precipitate, and the solid product was 

subsequently washed with diethyl ether (20 mL) several times to yield a white solid. The white powder 

was obtained by filtration and vacuum drying (Figure A-9). 

Synthesis of block copolymer containing boroxole  

The amine functionalized polymer could be coupled with 5-carboxybenzoboxole using 1'-carbonyl 

diimidazole (CDI) coupling reagent to yield the polymer containing boroxole. Synthesis of 5-

carboxybenzoboxole was followed by the literature procedure. The CDI reacts with the carboxylate ion 

(COO-) of 5-carboxybenzoboxole, forming a reactive intermediate that is subsequently reacted with an 

amino group of polymers. The polymer containing boroxole derivatives was confirmed by 1H NMR 

integration of boroxole compared to integration of methyl methacrylate protons (Figure A-10). The 

resulting stimuli-responsive polymer could be responsive to 1,2-diol due to the presence of boroxole. 

Also, the block copolymer could be self-assembled into various morphologies depending on the the 

molecular weight of PEG, hydrophilic solubilizing group. 

Self-Assembly of Block Copolymers. 

The self-assembly of block copolymers was described by the experimental section in Chapter Ⅲ. The 
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morphologies of the block copolymers were observed micelle (Figure A-11).  

 

Figure A-1. 1H NMR spectra of (A) 5-carboxybenzoboxole (C) 3-nitro-5-carboxybenzoboxole and 13C 

NMR spectra of (B) 5-carboxybenzoboxole (D) 3-nitro-5-carboxybenzoboxole.  

 

Figure A-2. 1H NMR spectra of (A) methyl 1-hydroxy-1,3-dihydrobenzo[c][1,2]oxaborole-6-

carboxylate (C) methyl 1-hydroxy-4-nitro-1,3-dihydrobenzo[c][1,2]oxaborole-6-carboxylate and 13C 

NMR spectra of (B) 5-carboxybenzoboxole (D) 3-nitro-5-carboxybenzoboxole.  
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Figure A-3. (A) 1H NMR and (B) 13C NMR spectra of BOC-MMA monomer. Asterisks indicate 

residual solvents (7.26 ppm CDCl3, 1.56 ppm water)  

 

Figure A-4. 1/ΔIf versus 1/[R] for determination of ARS-boroxole (Keq1) in the presence ARS (10-3 M) 

boronic acid monomer (5.7 x 10-3– 5.0 x10-3). (A) methyl 1-hydroxy-4-nitro-1,3-

dihydrobenzo[c][1,2]oxaborole-6-carboxylate Keq1 = 1234.77 (B) methyl 1-hydroxy-1,3-

dihydrobenzo[c][1,2]oxaborole-6-carboxylate Keq1=914.87 
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Figure A-5. (A-C) 11B NMR chemical shifts of boroxole with increasing pH (10% D2O in H2O, 16 mM 

in 0.10 M phosphate buffer). (A) pKa of 5-carboxybenzoboxole; 8.77 (C) 3-nitro-5-carboxybenzoboxole 

6.745. Referenced to Et2O-BF3 in deuterated chloroform as zero. 

 

Figure A-6. (A) Gel permeation chromatography (GPC) spectra showing the progress of 

polymerization for 1 during the polymerization time (h). (B) Plots of reaction conversion vs the reaction 

time (black dot) and polydispersity index (blue dot) (Đ) for 1.  

Table A-1. Characterization of PEG5k-b-P(BOC-MMA)x 

Entry Polymer 
DPna 

(BOC_MMA) 

Mnb 

(GPC) 
D 

1.1 PEG5k-b-P(BOC-MMA)50 50 1.64*104 1.14 

2.1 PEG5k-b-P(BOC-MMA)43 43 1.47*104 1.14 

3.1 PEG5k-b-P(BOC-MMA)30 30 1.52*104 1.13 

a The number-average molecular weight and molecular weight distribution determined by GPC (THF, 35 oC, 1 mL min-1 

flow rate) using PS standards. b The number-average degree of polymerization of the BOC_MMA determined by 1H NMR 

integration 
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Figure A-7. 1H NMR spectra of (A-C) PEG133-b-P(BOC-MMA) of 1.1-3.1 Asterisks indicate residual 

solvents (7.26 ppm CDCl3, 1.56 ppm water)  

 

Figure A-8. 1H NMR spectra of (A-C) BOC deprotected copolymer of 1.1-3.1 Asterisks indicate 

residual solvents (2.5 ppm DMSO, 3.3 ppm water)  
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Figure A-9. 1H NMR spectra of (A-C) block copolymer of 1.2-3.2 Asterisks indicate residual solvents 

(2.5 ppm DMSO, 3.3 ppm water) 

 

Figure A-10. 1H NMR spectra of (A-C) Boxroxole substituted block copolymer of 1-3 Asterisks 

indicate residual solvents (3.31 ppm MeOH, 4.87 ppm water). 
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Figure A-11. (A-C) TEM images of micelles formed by self-assembly of 1-3 in water 
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Chapter IV. 

Monosaccharide-responsive disassembly of polymersome of polypeptide containing boroxole 

derivatives at neutral pH 

 

4.1. Abstract 

I synthesized a block terpolymer comprising 3-5-carboxybenzoboroxole (NBOx) via N-

carboxyanhydride (NCA) ring-opening polymerization (ROP) and post-modification. By virtue of a N2-

flow-accelerated NCA ROP via the normal amine mechanism (NAM), the synthesis of the polypeptides 

was achieved with controllable polymerization rates, molecular weights, and narrow molecular weight 

distributions. NBOx was coupled with lysine in {poly(ethylene glycol)-b-[poly(leucine)-r-poly(lysine)]} 

[PEGn-b-P(Leu-r-Lys)] to yield PEGn-b-P(Leu-r-Lys-NBOx). Compared to 5-carboxybenzoboroxole, 

NBOx enhanced binding constant, as quantified by Wang’s competitive binding experiments. Because 

of the presence of the hydrophobic P(NBOx) block and the hydrophilic PEG block, the sugar-responsive 

block terpolymer could be self-assembled into a variety of nanostructures including fibers and polymer 

vesicles (polymersomes). The possibility of using these polymersomes as sugar-responsive delivery 

vehicles for insulin in neutral phosphate buffer (pH 7.4) is expected.  

4.2. Introduction 

Organoboronic acids have attracted significant interest as smart materials because of their recognition 

of monosaccharides and saccharides, such as D-glucose and D-fructose, by way of reversible covalent 

bond formation.1-3 In particular, homopolymers or block copolymers containing organoboronic acids 

and derivatives have been studied for various bio-applications because of their promise as sensors and 

drug delivery systems in the treatment of glucose-related diseases, such as diabetes.4-7 However, 

organoboronic acids and their derivatives have limitations under physiological conditions because of 

the weak acidity of the boronic acid moiety. In the case of benzoboroxole, the pKa of benzoboroxole, 

which is 7.2, is insufficient for monitoring glucose sensitivity at physiological pH and temperature (pH 

7.4 and 37 °C) for self-regulated insulin delivery system intended for diabetes patients. In my previous 

work, I reported a well-defined block copolymer containing benzoboroxole that could be self-assembled 

into polymersomes. These polymersomes showed glucose-responsive behavior, which disassembled the 

bilayer membranes and resulted in the release of the encapsulated insulin at a physiological conditions.9-

11 Despite an increased binding constant to glucose at neutral pH, these polymersomes exhibited 

disassembly in the presence of a high concentration of glucose (>0.3 M), which limits their use as smart 

materials, such as s self-regulated insulin delivery system under physiological conditions.9 In general, 

hyperglycemia or a high blood sugar level (higher than 11.1 mM) is indicative of diabetes. To change 

the morphology of the self-assembled boroxole-containing polymer at a glucose concentration 

corresponding to hyperglycemia, the binding constant of the boroxole should be low. The binding 
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constant of the boroxole with diols can be increased by introducing an electron-withdrawing group to 

the phenyl ring of the boroxole.8, 12 A strategy to decrease the pKa of phenylboronic acid and its 

derivatives has been reported. Introduction of an electron-withdrawing group substituents in the phenyl 

ring of boronic acid is one of the ways to lower the pKa of boronic acid. The introduction of electron-

withdrawing substituents, such as nitro or fluoro groups, into the phenyl ring of phenylboronic acid and 

its derivatives also reduces the pKa, i.e., increases the acidity of the boronic acid. The pKa of NBOx was 

determined to be about 6.75, which is lower than physiological pH (7.4). Thus, it is possible to use a 

polymer-containing this boronic acid for insulin delivery systems under physiological conditions. 

Indeed, well-defined synthetic polypeptides have been utilized in biomedical applications, such as drug 

and gene delivery and as responsive materials for sensors.13-17 Polypeptides, such as poly(propargyl-L-

glutamate) (PPLG) and poly(lysine) (PLys), have been extensively studied as the basis for readily 

functionalized, biocompatible, and biodegradable polypeptides with pH responsiveness.18 The interest 

in synthetic polypeptides prepared by the ring-opening polymerization (ROP) of N-carboxy-anhydride 

(NCA) has increased in the last few decades. Leuchs and co-workers first synthesized α-amino acid N-

carboxyanhydrides (NCAs) in 1906,19 and numerous reports have described the use of NCA in the 

synthesis of polypeptide block copolymers.20-23 In general, nucleophiles, such as primary amines, 

generate radicals that initiate the NCA polymerization and produce the polypeptide. In the past decades, 

several groups have synthesized various well-defined polypeptides with high molecular weights (MW) 

and narrow polydispersities.20-21, 24-25 The Wooley group synthesized well-defined polypeptides using 

the γ-benzyl-L-glutamate (BLG)-NCA monomer through a N2-flow-accelerated NCA ROP via the 

normal amine mechanism (NAM).26 This method reduces the toxicity issues because the reaction does 

not use metal catalysts. In addition, the initiator is commercially available. The accelerated 

polymerization decreases the side reactions caused by the presence of moisture and solvent. Post-

modification using a polymer precursor is one of the simple methods to synthesize the desired polymer 

compounds. In particular, boronic acid and its derivatives have several limitations in producing 

polymers. Therefore, post-modification methods have attracted considerable attention for the synthesis 

of polymers containing boronic acids. The Aida group reported novel molecular glues consisting of 

boronic acid and guanidinium ions. The molecular glues can be targeted to ATP in cancer cells because 

the glue forms a covalent bond between ATP and the boronic acid moiety. This system can be utilized 

as a responsive modulator for enzyme activity.27  

In this chapter, I describe the synthesis of amphiphilic block copolymers composed of poly(ethylene 

glycol) and polypeptides that are modified with 3-nitro-5-carboxybenzoboroxole using NCA 

polymerization and post-modification methods. The N2-flow-accelerated NCA ROP methods not only 

narrow the PDI but also control the molecular weight, yielding polymers with high molecular weights. 

The process is also advantageous because the synthesis proceeds rapidly and without side reactions, 

achieving a monomer conversion of close to 100%. The resulting block copolymers can self-assemble 
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into nanofibers and vesicles in solution. The self-assembled structures were studied by dynamic light 

scattering (DLS), transmission electron microscopy (TEM), and circular dichroism (CD) measurements. 

Because of the properties of lysine and boroxole, the block copolymer is changed based on the 

morphology. Based on the properties of organoboronic acids, I expected that the polymersomes of these 

block copolymers (which respond to the presence of monosaccharides in aqueous solution at 

physiological pH) would encapsulate water-soluble cargo molecules, such as insulin. Thus, the 

polymersomes are potential candidate for smart delivery vehicles under physiological conditions. 

4.3. Results and Discussions 

Synthesis of the block copolymers containing boroxole derivatives 

For the polymerization, I adopted N2-flow-accelerated NCA ROP methods using amine-functionalized 

PEG (Mn(PEG) = 2000 or 5000 g/mol) as a macroinitiator to yield block copolymers composed of 

poly(lysine) and poly(leucine). I synthesized ε-benzyloxycarbonyl-L-lysine N-carboxyanhydride (Z-

Lys NCA) to yield the NCA polymers (Figure 4.4). I confirmed the monomer consumption and near-

linear increase of conversion by IR analysis (Figure 4.1). During the polymerization, aliquots were 

collected by a syringe for the determination of the NCA concentration by measuring the intensity of the 

NCA anhydride peak at 1785.77 cm-1 using attenuated total reflection (ATR)-Fourier transform (FT)IR 

(Figure 4.1B).  I also synthesized a polymer series using different molecular weights of amine-

functionalized PEG. The ratio between two monomers and the total number of repeating units of the 

polymer was determined differently depending on the ratio of the two monomers charged at the time of 

the reaction. Thus, I synthesized the polymer series {poly(ethylene glycol)-b-[poly(leucine)-r-

poly(lysine)]} [PEGn-b-P(Leux-r-Lysy)] (Scheme 4.1 and Figure 4.5). 
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Figure 4.1. (A, B) Consumption of NCA monomer determined by measuring IR intensity at 1785.77 

cm-1 and (C,D) conversion plot during the polymerization reaction.  

 

Scheme 4.1. Synthesis of polypeptide containing 3-nitro-5-carboxybenzoboroxole (TFA = 

trifluoroacetic acid).  
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For the introduction of 5-carboxybenzoboroxole moieties to the polypeptide chain, the protected 

polypeptide must be de-protected and neutralized (Scheme 4.1 and Figure 4.5). In the case of boroxole, 

I introduced a substituent at the meta-position of the boroxole that shows increased binding to glucose. 

1'-Carbonyldiimidazole (CDI), a useful coupling reagent that allows one-pot amide formation, was used 

to yield a polypeptide modified with boroxole (Scheme 4.1). I synthesized PEGn-b-P(Leux-r-Lys-

NBOxy), and the molecular weight and the DP of poly(boroxole) block were estimated by 1H NMR 

integration using fixed peaks corresponding to the protons of lysine (Figure 4.6 and Table 4.1). However, 

some polypeptides modified with boroxole were not soluble in organic solvents, and I could not confirm 

the polymer structure using NMR or the self-assembly in the solution. Therefore, I focused on the block 

terpolymer that was soluble in organic solvents to form the desired morphology.  

Self-assembly of block terpolymers 

I prepared a block terpolymer series by the random copolymerization of leucine- and lysine-substituted 

5-carboxybenzoboroxole as the hydrophobic blocks and PEG as the hydrophilic block. Therefore, I 

studied the self-assembly behavior of these terpolymers in water. The method of self-assembly is 

solution assembly in selective solvents. In this process, a dimethylformamide (DMF) or 

dimethylsulfoxide (DMSO) solution of block terpolymer (0.25 wt%) was added to distilled water at a 

rate of 2 mL/h with stirring. 

Table 4.1. Characterization of PEGn-b-P(Leux-r-Lys-NBOxy)  

 
aThe number-average degree of polymerization determined by the feed ratio of monomers for copolymerization.  bThe 

number-average degree of polymerization of boronic acid determined by 1H NMR integration. dThe number-average 

molecular weight determined by 1H NMR integration. 

The suspension was dialyzed against water for one day. All synthesized block terpolymers self-

assembled in various morphologies, such as fibers or vesicles. To confirm the morphology of the block 

terpolymer, I used DLS and TEM measurements. The polydispersity of the self-assembled structures 

was narrow. I confirmed that 3 formed vesicles using DLS and TEM. The morphology could be 

controlled by varying the chain length of the hydrophobic block, leucine and boroxole, or the 

hydrophilic block, PEG. Notably, the series of block copolymers showed a morphological transition 

from fibers to vesicles with increasing molecular weight of PEG from 2000 to 5000 at a fixed molecular 

weight of lysine and leucine.  
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Figure 4.2. (A-D) Size distribution and TEM images of fiber and vesicles formed by self-assembly of 

PEGn-b-P(Leu20- r- Lys-NBOx10) in water, (A,B) fiber of 1 [average diameter (Dav)= 8672.42 nm], (C,D) 

vesicles of 3 [average diameter (Dav)= 256.51 nm]. 

I observed the assembly of structures of 1 and 3 using DLS and TEM (Figure 4.2), and 1 and 3 formed 

fibers (Figures 4.2B and 4.7) and vesicles (Figure 4.2D), respectively. Based on these observations, I 

used block terpolymers 3 for further characterization and investigation. The structural change of 3 from 

α-helix to random coil is attributed to the pH of the solution and the concentration of the 

monosaccharide. To focus on the structural changes of the chains of 3 as a function of pH, I prepared a 

suspension of the vesicles of 3 in a buffer solution. The secondary structures of 3 were investigated by 

CD spectroscopy. Figure 4.3 shows the ellipticity of the vesicles in a buffer solution at various pH values. 

The vesicle solution at pH 9.8 demonstrated a CD spectra with negative peaks at 208 nm and 222 nm, 

which are characteristic of the α-helix structure. When the pH of the buffer solution decreased, the 

characteristic of the vesicles solution changed from α-helices to random coils. 
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Figure 4.3. (A) The CD spectrum of 3 as a function of pH. pH 2.86 (pink), 3.57 (green), 5.02 (red), and 

9.86 (blue). (B) The ellipticity [Ɵ] at 222 nm of 3 from the CD spectra, from pH 2 to 10. 

Figure 4.3 shows the α-helix content of the vesicle solution in a buffer solution depending on pH. The 

vesicle solution formed α-helices under basic conditions, but, as the pH decreased, the α-helix contents 

decreased. The monosaccharide responsive disassembly of the vesicles was studied by measuring the 

turbidity of the polymersome solution in the presence of fructose using UV-vis spectrometry. However, 

the transmittance of the vesicle solution at 580 nm did not dramatically changed for 12 h at a 

concentration 0.05 M fructose (Figure 4.8).  

4.4 Summary 

In summary, I synthesized a new type of pH- and monosaccharide-responsive polypeptide containing 

nitroboroxole using NCA polymerization and post-modification. Polypeptides have several advantages 

for medical use such as biocompatibility and biodegradability. In addition, an electron-withdrawing 

substituent on the boroxole group was found to enhance the solubility of the entire polymer and lower 

the pKa of the polymer containing boroxole derivatives. The addition of a nitro group to the boroxole 

was helpful in lowering the pKa of the monomer, resulting in the block terpolymers that recognize 

monosaccharides at physiological pH. An amphiphilic block tercopolymer, formed by the introduction 

of a hydrophilic block such as PEG and a hydrophobic block in the polymer chain, self-assembled into 

fibers or vesicles. In particular, the vesicles, which can be used under physiological conditions, can be 

used to encapsulate drugs, such as insulin, and have potential as drug delivery systems for the treatment 

of diabetes. 

4.5. Experimental Section 

Materials and Methods. 

Unless otherwise noted, all reagents and chemicals were used as received from Sigma Aldrich and TCI. 

Tetrahydrofuran (THF) was refluxed over a mixture of Na and benzophenone under N2 and distilled 
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before use. All reactions were performed under N2 unless otherwise noted. 1H and 13C NMR spectra 

were recorded on a Varian VNMRS 600 spectrometer, using DMSO-d6, TFA-d6 and CDCl3 as solvents. 

DMF was distilled over CaH2 under a reduced pressure. Infrared (IR) spectra were carried out on a 

Varian 670 FT-IR spectrometer. Transmission electron microscopy (TEM) was recorded on a JEOL 

JEM-2100 microscope at 200 kV. Specimens were prepared by placing a drop of the solution on a 

carbon-coated Cu grid (200 mesh, EM science). After 30 min, remaining solution on a grid was removed 

with a filter paper, and the grid was air-dried overnight. Dynamic light scattering (DLS) experiments 

were carried out on a BI-200SM equipped with a diode laser (637 nm, 4 mW). All DLS data were 

handled on Dispersion Technology Software (Brookhaven Instruments). Circular dichroism (CD) 

spectra were carried out on JASCO J-815 CD spectrometer equipped with a temperature controller and 

a scan speed of 50 nm/min. Optical transmittance of the solutions was measured on an Agilent 8453 

spectrophotometer. 

Synthesis of ε-benzyloxycarbonyl-L-lysine N-carboxyanhydride (Z-Lys NCA) 

 

A total of 5 g (17.8 mmol) of Z-Lys NCA was suspended in 70mL of THF.  1.76g (5.95 mmol) of 

triphosgene was dissolved in 30mL of THF and added to the suspension of Z-Lys NCA. The reaction 

mixture was heated to 50 °C under stirring.  After the reaction mixture became transparent, the solvent 

was evaporated under reduced pressure.  The obtained Z-Lys NCA was recrystallized three times from 

a mixture of THF/n-hexane and dried at room temperature under vacuum. 1H NMR (400 MHz, CDCl3) 

δ 7.37-7.26 (m, 5H), 7.15 (s, 1H), 5.07 (s, 2H), 4.98 (m, 1H), 4.27-4.15 (m, 1H), 3.17 (m, 2H), 1.91-

1.45 (m, 4H), 1.56-1.32 (m, 2H); 13C NMR (150 MHz, CDCl3) δ 169.92, 156.89, 152.50, 136.30, 

128.56, 127.98, 66.88, 57.40, 40.07, 30.77, 29.09, 21.28. 
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NCA polymerization  

 

In a dried Schlenk flask equipped with a magnetic stir bar, Leucine-NCA and Lysine-NCA were 

dissolved in dry DMF. PEG-2000 NH2 in dry DMF was added directly into the monomer solution and 

was stirred under continuous N2 flow (200 mL/min). The Schlenk flask was capped with a rubber 

stopper with a needle outlet connected to a tube filled with a drying agent. The reaction mixture was 

stirred at room temperature with a stir rate of 425 rpm, and aliquots were collected by syringe for 

determination of NCA concentration by measuring the intensity of the NCA anhydride peak at 1785.77 

cm-1 using ATR-FTIR. 

 

Cbz deprotection of Lysine and Neutralization of polypeptide  

 

 

A 100 mL round-bottom flask was charged with PEGn-b-P(Leux- r- Lysy) and TFA. The flask was placed 

in an ice bath and allowed to stir for 15 minutes, after which the polymer had dissolved. At this point, 

HBr (in a 33 %) solution in acetic acid, 10 equivalents) was added dropwise and the solution was then 

allowed to stir in the ice bath for 1 hour. Next, diethyl ether was added to precipitate the product. The 

mixture was centrifuged to isolate the solid precipitate, and the solid product was subsequently washed 

with diethyl ether (20 mL) several times to yield a white solid. After drying the sample in air, it was 

resuspended in free water (10 mL), LiBr (150 mg) was added, and the solution was placed in a dialysis. 
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Synthesis of polypeptide containing boroxole. 

 

A CDI (40.98 mg, 0.25 mmol) in dry DMF solution (10 mL) was added dropwise to 3-nitro-5-

carboxybenzoboxole 50mg, 0.28 mmol) in dry DMF solution. The reaction mixture was stirred at 2 

hours. The purity was checked by TLC and the resulting compound was used without further 

purification. A polypeptide (37 g, 0.0056 mmol) in dry DMF solution (80 mL) was added dropwise to 

CDI activated boroxole. To remove CDI activated boroxole, the remaining solution was subjected to 

dialysis (molecular weight cut-off: 2000 Da) against basic water for 24 h with a frequent change of 

water. The resulting suspension was collected from a dialysis bag. The medium was exchanged from 

basic water to deionized water. 

 

 

Figure 4.4. (A) 1H NMR spectra (B) 13C NMR spectra of Lys(Z)-NCA. Asterisks indicates residual 

solvents (7.26 ppm CDCl3, 1.56 ppm water)  
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Figure 4.5. (A) 1H NMR spectra of PEG45-b-P(Leu20- r- Lys10) Asterisks indicates residual solvents 

(11.50 ppm TFA, 1.56 ppm water) (B) Neutralized PEG45-b-P(Leu20- r- Lys10) Asterisks indicates 

residual solvents (4.79 ppm D2O)  (C) 1. Asterisks indicates residual solvents (2.5 ppm DMSO, 3.3 ppm 

water) 

 

Figure 4.6. (A) 1H NMR spectra of 2 and (B) 3. Asterisks indicate residual solvents (2.5 ppm DMSO, 

3.3 ppm water) 
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Figure 4.7. TEM images of fiber and vesicles formed by self-assembly of 2 in water. 

 

Figure 4.8. Optical transmittance profiles of the polymersome solution of 3 in presence of fructose 

(0.05 M) in HEPES buffer solution (37oC, pH 7.5).  
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Chapter V 

 

Carboxylated Pillar[5]arene-Coated Gold Nanoparticles with Chemical 

Stability and Enzyme-like Activity 

5.1. Abstract 

 A facile synthesis of gold nanoparticles (AuNPs) covered with a multidentate macrocycle, carboxylated 

pillar[5]arene (CP), via a one-pot hydrothermal process is reported. The resulting AuNPs are highly 

stable against salts and pH variations, while their traditional counterparts are not stable at the same 

conditions. For the stabilization, multiple carboxylate groups of CP might contribute to electrostatic or 

steric stabilization. In addition, we found that CP coated AuNPs exhibit greater peroxidase-like activity 

than citrate-stabilized AuNPs in the presence of silver cations. The system presented herein would 

provide a new scheme to fabricate unique sensory systems in combination with enzymes, which can 

bind to the pocket of CP. This chapter is reproduced from Chem. Asian J. 2014, 9, 2761–2764. 

5.2. Introduction  

Macrocyclic molecules such as cyclodextrins (CDs), crown-ethers, calixarenes, and cucurbiturils have 

substantial roles in not only chemistry but also biomaterials sciences.1 Owing to their unique molecular 

recognition capability, macrocycles can entrap specific guest molecules, including many drugs, thereby 

solubilizing them for drug delivery. In addition, they have been used as biomimetic catalysts and 

efficient additives for biomaterials sciences.2 A recent approach to use macrocycles has been expanded 

to construct nano-assemblies with multi-functionality and multivalency. In this sense, we and others 

have presented a variety of supramolecular assemblies of macrocycles such as CD-covered gold 

nanoparticles for drug delivery,3 mesoporous silica nanoparticles with macrocycles as gatekeepers for 

controlled release,4 vesicles,5 nanotubes,6 metal-organic frameworks,7 nanosheets,8 nanofibers9 and so 

forth. Although such nanoarchitectures have exhibited unique characteristics, we still need to find novel 

hierarchical assemblies of macrocycles to efficiently encase nanomaterials with high stability derived 

from multivalent interactions. Recently, pillar[n]arenes, introduced by Ogoshi and others, have been 

used to explore new applications.10 Pillar[n]arenes, which are consisting of hydroquinone moieties 

bridged by methylene at their 2,5-positions, have unique structural symmetry, rigidity, and guests 

binding capabilities. The facile functionalization of pillar[n]arenes enables their extensive uses in 

various fields.11 For instance, tailoring polarity of molecules by host-guest interaction with 

pillar[n]arenes makes their original supramolecular structures transformed into other shapes.12A few 

studies have showed their uses for nanomaterials to give sensing capabilities. Recently, water-soluble 

pillar[n]arene-stabilized AuNPs were reported to impart good recognition and catalytic activity.13a The 

method using reducing agent allowed the synthesis of small AuNPs having 3 nm mean diameter.13a On 

the other hand, CP-coated silver nanoparticles were used as a plasmonic sensor, which can recognize 



92 

 

specific amines.13 However, chemical stability and enzyme-like activities of CP-coated NPs have not 

been studied yet. Here, we report synthesis and characteristics of CP-stabilized AuNPs prepared by 

one-pot synthesis. Our method enabled the synthesis of larger AuNPs (d~17 nm) than that reported by 

Yang et al.13a CP-AuNPs are stable on adding not only salt but also acid and base. We also found that 

the stable CP-AuNP has greater peroxidase-like activity than that of citrate (C)-stabilized AuNP.  

5.3. Result and discussion 

We utilized a series of oligo-carboxylic acid sodium salts as stabilizing ligands for AuNPs in this study 

(Scheme 5.1). Interestingly, successful fabrication of CP-AuNP was achieved without the need of 

reducing agent such as NaBH4, so that the method follows the similar process of citrate-mediated 

hydrothermal synthesis of AuNP.13a, 15 To obtain CP-AuNP, HAuCl4 (0.01 %) was refluxed in water (10 

mL) for 10 min, and the addition of CP solution (1%, 0.3 mL H2O) was subsequently followed. Within 

5 min, the solution turned wine-red, and the reaction was further allowed for 1 h (Figure 5.1). UV/vis 

absorption spectra of the solution exhibited the surface plasmon peak at 522 nm, which derives from 

nanoscale size of AuNP. The size of CP-AuNP was corroborated by transmission electron microscopy 

(TEM), showing the mean diameter of ~16.7 nm (Figure 5.1 B). Hydrodynamic diameter (Dh) of CP-

AuNP was ~24.0 nm, estimated by dynamic light scattering (DLS) (Figure 5.1C). Our method enables 

to make larger AuNP than that of the literature method, therefore both methods would be 

complementary for making a variety of AuNPs capped by CP.13a 

 

Scheme 5.1. (A) Chemical structures of CP (carboxylated pillar[5]arene), CM (carboxylated monomer; 

sodium 2,2’-[1,4-phenylenebis-(oxy)]diacetate), and C (trisodium citrate). (B) Schematic drawings of 

the synthesis of CP-AuNP. 
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Figure 5.1. (A) Absorption spectra and photos of AuNPs at different annealing times. (B) TEM image 

(scale bar=20 nm) and (C) DLS size distribution of CP-AuNP at a scattering angle of 908. (D) TEM 

image (scale bar=200 nm) and (E) DLS size distribution of CM-AuNP at a scattering angle of 90 °C. 

The solution of CP-AuNP was highly stable without any visible aggregation or precipitation over 6 

months, and the UV/vis absorption spectra of CP-AuNP were consistent for the period (Figure 5.7). 

Fourier transform infrared spectroscopy revealed the presence of CP by showing absorption peaks at 

C-C stretching of aromatics (1606, 1509, 1419 cm-1) and C-O stretch of carboxylic acids (1222 cm-1), 

indicating that CP-AuNP is capped by CP (Figure 5.7). In sharp contrast, the color of gold solution 

with the monomeric counterpart (CM) did not turn red at the same condition (Figure 5.1A). After 

keeping the solution at ambient condition for several days, we finally found the solution gradually 

became pink-red but contained flocculated particles. Absorption spectrum of the resulting solution 
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showed a plasmonic peak at 542 nm. TEM revealed the shape of the resulting particles are 

heterogeneous with ~71 nm in mean diameter. (Figure 5.1 D). We further confirmed that Dh of CM-

AuNP was 81.0 nm, estimated by DLS (Figure 5.1E). The above results imply that bulky 

macromolecules with multiple ligands may well interact with nanocrystals during hydrothermal 

synthesis. In this sense, we conceived that AuNP stabilized with CP may improve chemical stabilities 

of AuNPs compared to those of AuNP with small ligands. Since the stability and size of CM-AuNP are 

not comparable to those of CP-AuNP, we therefore prepared AuNPs by trisodium citrate reduction 

method (C-AuNPs), as a counterpart of CP-AuNP (Scheme 5.1).15 TEM analysis confirmed that the 

dimension of C-AuNP is almost identical to that of CP-AuNP (d~17 nm) (Figure 5.9). It is known that 

addition of NaCl solution triggers coagulation of C-AuNPs with coincidental decrease of absorption 

intensity at 520 nm, and the process is irreversible.16 To conveniently follow the kinetics of salt effects 

on the stability of colloidal gold, we traced the intensity change at 520 nm by UV/vis absorption 

spectroscopy. As shown in Figure 5.2 a, upon addition of NaCl, the solution of C-AuNP exhibited the 

decrease of absorbance at 520 nm. In sharp contrast, we found that CP-AuNP is stable at the same 

condition. Figure 5.2 a shows that the absorption intensity of CP-AuNP are almost identical upon 

addition of NaCl (aq). Absorption spectra also indicated no significant red-shift after addition of NaCl 

(Figure 5.10). However, the solution of CP-AuNP exhibited some aggregation upon addition of divalent 

cation, CaCl2 (Figure 5.10). As poly(acrylic acid) (PAA), a multivalent ligand, has aggregation 

prevention effect for AuNPs, CP with multiple carboxylates might contribute for electrostatic or steric 

stabilization.17 In addition, CP-AuNP was stable against acid as well as base (Figure 5.2B and Figure 

5.10-11), as PAA-coated AuNPs preserved their stability in various pH conditions. Therefore, we 

conclude that AuNPs coated with polycarboxylates can possess high stability in a variety of conditions 

owing to probably bulky structures with multiple ligands. 

Negatively charged AuNPs can exhibit peroxidase-like activity in the presence of specific cations such 

as silver.18 We assumed that CP-AuNP with Ag2+ may exhibit greater activity than that of C-AuNP 

owing to a favorable affinity. 18  
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Figure 5.2. (A) Time dependence of relative absorbance at 520 nm for CP-AuNP (2 mL, dotted line) 

and C-AuNP (2 mL, solid line) in the presence of NaCl (200 mL, 1m). (B) Relative stability of CP-

AuNP (2 mL, dotted line) and C-AuNP (2 mL, solid line) after sequential addition of HCl (2 mL, 1m) 

and NaOH (2 mL, 1m). (C) Schematic illustration of a AuNP having peroxidase-like activity after the 

incorporation metal ions. (D) Time-course analysis of oxidized ABTS by CP-AuNP (dotted line) and 

C-AuNP (solid line). 

AuNP solution was first aged with AgNO3 (aq),18 and the aqueous solution of 2,2’-azinobis(3-

ethylbenzothiazoline-6- sulfonic acid) diammonium salt (ABTS) with hydrogen peroxide was then 

added. Interestingly, we observed the greater activity of CP-AuNP than that of C-AuNP, as expected 

(Figure 5.2 D). In sharp contrast, both CP-AuNP and C-AuNP did not show peroxidase-like activity 

in the absence of Ag2+. Therefore, CP-AuNP with Ag2+ can effectively oxidize ABTS in the presence 

of H2O2 substrates (Figure 5.2).  

5.4. Summary 

We have developed a facile one-pot synthesis of AuNPs decorated with macrocycles via non-covalent 

stabilization. CP with multiple carboxylates efficiently stabilized AuNPs in various conditions, and the 

system exhibited an enzyme-like activity in a specific condition. We believe that the simple platform 

would allow the development of hybrid sensing system in combination with a couple of enzymes, which 

can bind to the pocket of CP owing to the interaction between CP and lysine residues of enzymes.19 
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5.5. Experimental 

Materials and Methods 

All reagents and chemicals were purchased from commercial sources and used as received. All reactions 

were performed under N2 unless otherwise noted. NMR spectra were recorded on a Varian VNMRS 

600 spectrometer. Transmission electron microscopy (TEM) was performed on a JEOL JEM-1400 

microscope at an acceleration voltage of 80 kV. Sample specimens were prepared by placing a drop of 

the solution on a carbon-coated Cu grid (200 mesh, EM science). After 30 min, remaining solution on 

a grid was removed with a filter paper, and the grid was air-dried for 18 h. Dynamic light scattering 

(DLS) experiments were carried out on a BI-200SM equipped with a diode laser (637 nm, 4 mW). All 

DLS data were handled on a Dispersion Technology Software (Brookhaven Instruments). Absorption 

spectra and time-course absorption changes AuNPs at 520 nm were collected on a JASCO V-670 

spectrophotometer. The solution of gold nanoparticles were diluted to a desired concentration for the 

measurement. Fourier transform infrared (FT-IR) spectroscopy was performed on a Varian 670-IR at 

ATR mode. The sample was freeze dried   for the measurement. 

CP was synthesized according to the previous literatures.20,21 

1H NMR (600 MHz, D2O) δ (ppm): 3.85 (s, 10H), 4.3 (d, 10H), 4.5 (d, 10H), 6.8 (s, 10H).  

Synthesis of CM. 

To a solution of NaH (9 g) in DMF (40 mL) at 0 °C was added hydroquione (10 g, 90.9 mmol). The 

solution was stirred for 30 min, and then excess amount of ethyl bromoacetate was added to continue 

the reaction at room temperature for 4 hr. After quenching the reaction with ice water, the crude was 

filtered, and recrystallized from a mixture of ethyl acetate/n-hexane (1:6) to give a white powder. The 

resulting product in THF (200 mL) was added to NaOH solution (20%, 200 mL), and the mixture was 

refluxed for 20 h. The resulting mixture was concentrated and diluted into water. The solution was 

acidified with HCl to give precipitate. The product was obtained by filtration, washing with water, and 

drying under vacuum.  

2,2'-[1,4-Phenylenebis(oxy)]diacetic acid; 1H NMR (600 MHz, DMSO-d6) δ (ppm): 4.57 (s, 4H), 6.82 

(s,4H), 12.9 (2H). 13C (600 MHz, DMSO-d6) δ (ppm): 65.449, 115.726, 152.556, 170.794. 

2,2'-[1,4-Phenylenebis(oxy)]diacetic acid (0.2 g) was dispersed in water (5 mL), and the suspension 

was dissolved by titrating NaOH solution. CM (sodium 2,2'-[1,4-Phenylenebis(oxy)]diacetate) was 

obtained by freeze-drying. 1H NMR (600 MHz, D2O) δ (ppm): 4.33 (s, 4H), 6.8 (4H). 13C (600 MHz, 

D2O) δ (ppm): 67.182, 115.402, 152.094, 176.882. 

Preparation of AuNPs 

In typical experiment, HAuCl4 (0.01 %) was dissolved in distilled water (10 mL), and refluxed for 10 
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min. To the solution was added carboxylated ligand (CP, CM or C; 1% 0.3 ml H2O). Within 5 min, the 

color of solution turn wine-red, and the reaction was further allowed for 1 hr. The shape and diameter 

of AuNPs were characterized by TEM and DLS. The plasmonic characteristic of AuNP was confirmed 

by UV/vis absorption spectroscopy. 

 

Figure 5.3. 1H NMR spectrum of 2,2'-[1,4-phenylenebis(oxy)]diacetic acid. 

 

Figure 5.4. 13C NMR spectrum of 2,2'-[1,4-phenylenebis(oxy)]diacetic acid. 
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Figure 5.5. 1H NMR spectrum of sodium 2,2'-[1,4-phenylenebis(oxy)]diacetate. 

 

Figure 5.6. 13C NMR spectrum of sodium 2,2'-[1,4-phenylenebis(oxy)]diacetate. 
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Figure 5.7. UV/vis absorption spectra of the solution of CP-AuNP as-made (black) and after 6 months 

(red). The result indicates the solution of CP-AuNPs is highly stable without aggregation or 

precipitation. 

 

Figure 5.8. FT-IR spectrum of CP-AuNP. Fourier transform infrared spectroscopy revealed the 

presence of C=C stretching of the aromatic ring in the backbone of CP, indicating that CP-AuNP is 

capped by CP. 
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Figure 5.9. TEM image of C-AuNP. TEM analysis corroborates that the dimension of C-AuNP is 

almost identical to that of CP-AuNP (d ~ 17 nm). 

 

Figure 5.10. Absorption spectra of CP-AuNPs before and after addition of (A) NaCl, (B) HCl, (C) 

NaOH or (D) CaCl2. In the case of CP-AuNP/CaCl2, the absorption intensity at 520 nm was almost 

identical to that of before addition, a broad and red-shifted band was appeared, probably implying an 

aggregation of AuNPs. 
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Figure 5.11. Relative stability of CP-AuNP (2 ml, red) and C-AuNP (2 ml, purple) after sequential 

addition of NaOH (2 μl, 1 M) and HCl (2 μl, 1 M). After scanning the relative absorbance for 200 sec, 

we added NaOH and followed the absorbance change for 200 sec. Subsequently, we added HCl to the 

solution, and the time-course analysis for relative absorbance between CP-AuNP and C-AuNP showed 

clear differences. 
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