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The use of boronic acids has seen significant increase over the last few decades, as 

researchers have employed the functional group in smart materials ranging from responsive 

hydrogels, to sensors, to drug delivery devices, as separations media, and targeted cancer 

treatment. The interest in boronic acids is derived from both the Lewis acidity of the boron 

center and the ability to form boronate esters with 1,2- and 1,3-diols in solution. As a number of 

biologically important species contain sugar moieties (which are often diols), the binding of 

boronic acids with sugars is an important concept for a number of biological applications. 

In this work, thermoresponsive materials were prepared from a boronic acid monomer 

bearing an electron withdrawing amide substituent. These materials were shown to have a cloud 

point transition that could be tuned by controlling the solvent conditions, including solution pH 

and glucose concentration. With optimization, these polymers have potential application in the 

controlled release of encapsulated pharmaceuticals under hyperglycemic conditions. 

As scientists expand the use of boronic acids in the development of diol-dependent 

medical devices, it is important to understand the relationship between boronic acid structure and 

diol affinity and how to tune the affinity to a specific diol. The binding of various boronic acids 
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and boronic acid analogues with glucose, fructose, and sorbitol was investigated across a wide 

pH range. These boronic acids represent the range of boronic acids present in recent boronic 

acid-containing materials. Interestingly, intramolecularly coordinated Wulff-type boronic acids 

showed very low affinity for these diols, while heterocyclic benzoxaboroles showed some of the 

highest glucose binding constants, along with the intramolecularly coordinated 2-

formylphenylboronic acid. 

Finally, novel boronic acid monomers were prepared from 2-aminophenylboronic acid 

pinacol ester. The amide carbonyl in this monomer was found to coordinate with the boron 

center. It was also discovered that the removal of the pinacol protecting group resulted in 

dehydration, yielding a new monomer, 3-vinyl-benzo[c][1,5,2]oxazaborinin-1-ol. Attempts were 

made to polymerize the new monomer via reversible addition-fragmentation chain transfer 

polymerization. However, further optimization of the system is necessary to prepared well-

defined block copolymers and examine the stimuli-response of the new polymers. 
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CHAPTER 1 
SYNTHESIS AND APPLICATIONS OF BORONIC ACID-CONTAINING POLYMERS* 

1.1 Introduction 

Recently, boronic acid-containing macromolecules have been utilized in a number of 

biomedical applications,1 including use in dynamic-covalent materials, dual thermo- and 

saccharide-responsive hydrogels, sensors, and nanomaterials, often with the goal of detection and 

treatment of type-1 diabetes, which requires constant monitoring of blood glucose levels and 

proactive insulin management. The ability of boronic acids to bind with saccharides and 

potentially undergo an ionization transition makes the materials ideal for diabetes-related 

applications. Other biomedical applications of boronic acid-containing macromolecules include 

use as potential HIV transmission barriers, separations and chromatography, and cell capture and 

culture. This chapter addresses each of these potential and current areas of application, with 

particular attention to the fundamental chemistry involved. 

Boronic acids can be produced by the successive formal hydrolysis of a borane, a boron 

center bearing three carbon-boron bonds (Figure 1-1). The first hydrolysis from a borane results 

in a borinic acid, which is more stable than a borane but can undergo a second hydrolysis event 

to form a boronic acid. The boron center of these three species, boranes, borinic acids, and 

boronic acid, is trivalent.2 While hydrolysis of boranes can be used to prepare boronic acids, 

there are a number of synthetic methods to prepare boronic acids including trans-metallations, 

metal-halogen exchange, transition metal-catalyzed direct borylation, and coupling of diboryl 

species with aryl halides2. In the neutral form, boronic acids exist with a trigonal planar sp2-

hybridized boron, which shares a bond with either an alkyl or aryl group, along with two 

                                                 
* Adapted with permission from Chem. Rev. DOI: 10.1021/acs.chemrev.5b00300. Copyright 2015 American 
Chemical Society. 
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hydroxyl groups, giving the boron center six valence electrons. While boronic acids are much 

more stable than either boranes or borinic acids, the oxidation of a boronic acid yields boric acid, 

a low-toxicity compound found in many household products. In the solid state, boronic acids 

often exist as anhydride oligomers, particularly the trimeric anhydride, boroxine. Similarly, 

borinic acids can form anhydride dimers, known as diboroxanes, with a B-O-B bridge. 

 

 
Figure 1-1. Various organoboron species that can be prepared from borane and its subsequent 

decomposition events. Boroxines are the trimeric anhydride of a boronic acid, and 
diboroxanes are the dimer anhydride of borinic acids. 

 

Rather than serving as proton donors like most carboxylic acids, boronic acids act 

primarily as Lewis acids, due to the vacant p-orbital on the boron center. Boronic acids often 

form complexes with Lewis bases, such as fluoride or hydroxide anions or electron donating 

centers such as nitrogen or oxygen. Upon complexation, the hybridization of the boron center 

shifts from sp2 to sp3, with the boronic acid becoming an anionic and tetrahedral hydroxyl 

coordinate species.  

In aqueous solution, boronic acids exist in equilibrium between the neutral form and a 

hydroxyboronate anion after complexation with a hydroxide ion (Figure 1-2). The pKa of boronic 
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acids, where 50% of the boron centers exist as anionic boronate species, can range from 4.0 to 

10.5.2 Similar to carboxylic acids, boronic acids can form esters, most frequently with 1,2 and 

1,3-diols, allowing boronate ester formation with a number of biologically important species 

including saccharides, glycoproteins, and dopamine - significantly broadening the applicability 

of boronic acids in biology. As ester formation can be very efficient, being described as a “click” 

reaction, the use of multifunctional boronic acids and diols have been used to prepared a wide 

variety of hierarchal structures.3 While diols can form esters with both neutral boronic acids and 

with boronate anions, the esters formed from the neutral boronic acid are significantly less 

hydrolytically stable than those formed from the boronate species. However, boronic esters often 

have a pKa lower than that of free boronic acids. As such, the binding of diols with boronic acids 

can shift the equilibrium from the neutral species to an anionic boronate ester. This shift in 

ionization often results in a concomitant shift in some measurable characteristics, such as 

solubility, fluorescence intensity, or cross-link density. The ability to form reversible complexes 

with both Lewis bases and diols allows for real-time molecular recognition of various analytes, 

with boronic acids being used as sensors for a number of compounds.4 A recent review by James 

and coworkers highlights much of the research towards recognition of glucose, a key step in the 

treatment of diabetes mellitus.5 
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Figure 1-2. The esterification equilibrium between a boronic acid or boronate anion in aqueous 

solution with 1,2 or 1,3-diols, where pKa,BA and pKa,BE are the pKa values for the 
boronic acid and boronic ester, respectively. 

 

Boronate ester formation is often favored near or above the pKa of a given boronic acid 

(Figure 1-2). As most boronic acids used in biomedical applications are arylboronic acids, there 

are a number of modifications that can be made to the aromatic ring and associated substituents 

to alter the pKa of the boronic acid and the efficiency of ester formation. For example, the 

addition of electron withdrawing groups on the aromatic ring can reduce the pKa through 

inductive effects, while the addition of electron donating substituents can increase the pKa. 

Benzoxaboroles, cyclic analogues of boronic acids (Figure 1-3C), have similar reactivity as 

boronic acids towards diols but have lower pKa’s, as the transition from sp2 to sp3 hybridization 

releases ring strain within the B-O heterocycle.6 Wulff and coworkers found that the addition of 

a nitrogen center adjacent to boron can facilitate the formation of boronate esters.7 As shown in 

Figure 3D, this observation is thought to be due to formation of a B-N dative bond, shifting the 

boron center towards sp3 hybridization, which allows for the formation of more stable boronate 

esters. At neutral pH, the deprotonated nitrogen coordinates with the boron center, creating a 
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tetrahedral boronate anion. At lower pH, the amine is protonated, and the boron shifts to trigonal 

planar sp2 hybridization. At higher pH, the boronic acid forms a boronate center with a 

hydroxide anion, releasing the nitrogen. Interestingly, secondary and tertiary amines show 

similar effects on boronate pKa’s.8 However, recent studies suggest that a solvent insertion 

mechanism may be favored over B-N dative bond formation in protic media, such as methanol or 

water. This solvent insertion creates a zwitterionic species, with a cationic ammonium center and 

an anionic boronate center, with the ionic stabilization of the boronate center potentially being 

the reason for enhanced binding of diols at neutral pH. 9,10 The real contribution of the B-N 

dative bond is debated, and both in situ and computational examination of the complex point to a 

number of factors that determine the abundance of this dative bond, including solvent, boronic 

acid structure, steric hindrance on the nitrogen, diol concentration, and solution pH. Similarly, 

the placement of a carbonyl adjacent to the boron center (Figure 1-3E) facilitates boronate ester 

formation across nearly the full pH range as a result of the interaction between boron and 

oxygen.11-13 

 

 
Figure 1-3. Ionization equilibrium of various boronic acids and analogues. 
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1.2 Boronic Acid Functionalized Hydrogels 

1.2.1 Dynamic-Covalent Boronate Ester Cross-Linked Hydrogels 

The binding affinity of a diol with a boronic acid is dictated by a number of factors, 

including diol acidity, boronic acid pKa, solution pH, solution composition, and the dihedral 

angle of the incoming diol. In an aqueous environment, the free diol is in equilibrium with the 

bound diol in the boronate ester. As with any equilibrium, there is a kinetically controlled 

dynamic exchange between the reactants (i.e. free diol and boronic acid) and the products (i.e. 

boronate ester) when low energy transition state exists between the two. Due to this exchange, 

materials prepared from boronate esters constantly underdo dynamic rearrangement. This 

relatively facile exchange between the bound and free species allows boronate and boronic esters 

to be considered “dynamic-covalent” structures.14,15 In boronate ester hydrogels, this covalent 

character leads to unique mechanical properties. Hydrogels cross-linked via boronate esters are 

not entirely rigid, but rather can flow under their own weight. This creep is a result of the 

inevitable rearrangement of boronate esters, in which the esters dissociate by hydrolysis to yield 

the free boronic acids and diols, with the functional groups potentially diffusing away from each 

other before reforming boronate ester cross-links with newly adjacent acids and diols. While 

creep is a potentially unwanted physical property for some applications, the exchange between 

boronate esters allows for materials to exhibit “self-healing” behavior. Damage to the material 

can be repaired through the formation of new dynamic-covalent bonds without the need for 

external stimuli. The following section is meant to serve as an introduction to boronate ester 

hydrogel formation and response. Applications discussed later will, at times, make use of 

hydrogels in various architectures to accomplish desired tasks, such as saccharide sensing. 

A number of approaches have been used in the preparation of boronate ester networks, 

including mixing of polymeric boronic acids and polymeric diols, mixing of multifunctional 
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small molecules with a counter-functionalized polymer support (i.e., polymeric boronic acid with 

multifunctional diols or a polydiol with multifunctional boronic acids).16 Similarly, boronate 

ester-like gels can be prepared from diol-functional polymers and borax, a tetrahydroxy boron 

species.17 Gels can also be prepared through the cross-linking of multifunctional small molecules 

to form a macroscopic network.14 In an early report of boronate ester hydrogels by Kataoka et 

al.,18 a copolymer was prepared by a radical polymerization of N-vinyl-2-pyrrolidone (NVP) and 

3-acrylamidophenylboronic acid (3-APBA), followed by gel formation after mixing with 

poly(vinyl alcohol) (PVA) of various molecular weights. A number of important factors were 

found to control the physical properties of the resulting gels. Increasing molecular weight of the 

polymers resulted in increased viscosity, an effect attributed to greater chain entanglement, 

which is enhanced via cross-linking. Similarly, increased polymer concentration caused an 

increase in gel viscosity due to greater chain entanglement. The molar ratio of boronic acid to 

diol units was also of importance, since the cross-link density is a function of both boronic acid 

and diol content. Similarly, the modulus of a gel could be tuned by the degree of boronic acid 

incorporation within a polymer at a given polymer concentration.19 At higher boronic acid 

content, the gel cross-link density increases, resulting in lower molecular weights between cross-

links. As boronate esters are dynamic in nature, competitive binding with added diols caused 

disruption of these hydrogels. The addition of glucose to PVA/P(NVP-co-3-APBA) hydrogels 

caused a significant reduction in gel viscosity, suggesting preferential binding with glucose over 

PVA. This approach provides a potential route for gel disruption under physiological conditions. 

Our group has recently prepared novel hydrogels that can self-heal at both neutral and 

acidic pH. Copolymers of 2-acrylamidophenylboronic acid (2-APBA) and N,N-

dimethylacrylamide (DMA) were prepared, and gels were made by mixing the copolymers with 
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PVA or a dopamine-modified polymer (Figure 1-4).20 As the carbonyl oxygen of the amide 

group was in a position to coordinate with the boron center, the boron existed as the tetrahedral 

boronate species over a wide pH range. Rheological studies showed that the resulting gels were 

able to self-heal almost instantly, even at pH 4.0. Similar self-healing hydrogels have been 

prepared from telechelic boronic acid-modified Jeffamine cross-linkers.21 The stability of these 

hydrogels shows promise for applications under more acidic conditions, such as in the 

gastrointestinal tract. 

 
Figure 1-4. Mechanism of hydrogel formation between poly(N,N-dimethylacrylamide-co-2-

acrylamidophenylboronic acid) with either poly(vinyl alcohol) or poly(N,N-
dimethylacrylamide-co-N-acryloyl dopamine). Reprinted with permission from ref 
20. Copyright 2015 American Chemical Society. 

 

Gel strength can be adjusted by coupling multiple complexation mechanisms. The 

hydrophilic polymer poly(ethylene oxide) (PEO), also known as poly(ethylene glycol) (PEG), 

has been show to form inclusion complexes with α-cyclodextrin, allowing for hydrogel 

formation.22,23 A PEO-b-PVA block copolymer was mixed with α-cyclodextrin and 

homotelechelic boronic acid-modified PEO.24 In the resulting gel, the PEO section of the block 
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copolymer formed an inclusion complex with α-cyclodextrin, while the boronic acid end-groups 

formed cross-links with PVA units. While boronic acid-PVA hydrogels are known to undergo 

relaxation and creep,25 the addition of the α-cyclodextrin inclusion complexes inhibited 

relaxation. With increasing α-cyclodextrin content, the gel strength increased and the material 

behaved like an elastic solid. The gel was used to encapsulate fluorescein isothiocyanate (FITC)-

labeled bovine serum albumin, which could be released in the presence of glucose. This result 

suggests that gels of this nature can be used as controlled delivery devices for biologically 

important compounds, including proteins such as insulin. 

Recently, a boronic acid-containing hydrogel was prepared from modified hyaluronic 

acid, which was chosen as a readily available biopolymer that degrades easily via enzymatic 

pathways.26 As shown in Figure 1-5, hyaluronic acid was modified with either an aryl boronic 

acid or a maltose derivative. As hyaluronic acid does not contain cis-diol moieties, the polymer 

side chains were modified with maltose, a disaccharide of glucose. When the boronic acid and 

maltose-modified polymers were mixed, boronate esters formed between the boronic acids and 

the diols in maltose. The resulting hydrogels exhibited pH-dependent self-healing behavior and 

viscoeleastic properties. Given the soft nature of the materials and the wide distribution of 

hyaluronic acid in the brain, the hydrogels were suggested for use as soft matrices for neuronal 

regeneration. 
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Figure 1-5. The structure and gel formation mechanism of 3-aminophenylboronic acid-modified 

hyaluronic acid and maltose-modified hyaluronic acid. Reprinted with permission 
from ref 26. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA. 

 

Boronate ester cross-linked hydrogels have been used to prepare shape-memory 

materials. Sodium alginate partially modified with 3-aminophenylboronic acid (3-AmPBA) was 

reacted with PVA to form hydrogels (Figure 1-6).27 The hydrogels were formed into their 

permanent shape and cross-linked with calcium cations. As the boronate esters were unstable at 

low pH, the hydrogel could be temporarily deformed at pH 6.0 before fixing at pH 10.6. The 

temporary shape could then be reversed either by reducing the pH or by soaking in a saccharide 

solution. 
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Figure 1-6. The structure and shape memory response of calcium cross-linked hydrogels 

prepared from 3-aminophenylboronic acid-modified sodium alginate and poly(vinyl 
alcohol). Reproduced with permission from ref 27. Copyright 2015 Wiley-VCH 
Verlag GmbH & Co. KGaA. 

 

1.2.2 Thermoresponsive Hydrogels 

Boronic acid-modified hydrogels can also be coupled with other stimuli-responsive 

compounds to prepare multi-responsive materials. Homopolymers of N-isopropylacrylamide 

(NIPAM) undergo a volume phase transition in aqueous solution when heated to temperatures 

above ~32 °C.28,29 For polymers that exhibit a lower critical solution temperature (LCST), such 

as NIPAM, the polymer is soluble in water below the cloud point (the temperature at which 

polymer transitions from soluble to insoluble upon heating). This behavior arises as a result of 

hydrogen bonding of the polymer with the surrounding water and limited intra- and 

intermolecular hydrogen bonding between monomer units. Upon heating, the entropic penalty of 

stabilizing the hydrophobic portion of the monomer units increases, hydrogen bonds between the 

polymer and water break, and intra- and intermolecular hydrogen bonding dominates. For 
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polymers exhibiting a LCST-like cloud point, the volume phase transition temperature (VPTT) 

can be adjusted by copolymerization, with hydrophobic comonomers lowering the cloud point 

and hydrophilic monomers increasing the cloud point.29 As boronic acids can exist as either 

hydrophobic below the pKa or hydrophilic above the pKa or upon complexation with glucose, the 

VPTT of boronic acid-modified thermoresponsive materials are a function of glucose 

concentration and pH.30 Kataoka et al. prepared boronic acid-modified thermoresponsive 

hydrogels by copolymerizing NIPAM, methylene bisacrylamide (MBA), and 3-APBA, with the 

resulting gels having 10 mol% boronic acid content.31 The gels were swollen in a pH 9 buffer, 

and the degree of swelling was measured as a function of temperature and glucose concentration. 

Because complexation with glucose increases the hydrophilicity of 3-APBA units, increasing 

glucose concentration caused an increase in the VPTT. The device was employed as an ex situ 

insulin release device. Fluorescein-modified insulin was encapsulated within the gel, and release 

of the protein was measured as a function of glucose concentration. The swelling of the 

hydrogels with increasing glucose concentration allowed for the diffusion of insulin from the gel, 

creating a self-regulating insulin delivery device. 

Cross-linked gels were prepared via copolymerizations of either NIPAM or N-

isopropylmethacrylamide (NIPMAAm) with either 3-APBA or (4-((2-

acrylamidoethyl)carbamoyl)phenyl)boronic acid (ACPBA).32 Gels prepared from NIPAM and 3-

APBA exhibited enhanced swelling upon glucose addition, but only at elevated pH, as the 3-

APBA copolymer had an apparent pKa of 8.5, much higher than physiological pH. Gels prepared 

from NIPAM and ACPBA showed enhanced swelling at pH 7.4 because of the lower apparent 

pKa (8.1) of ACPBA. However, for both gels, complete thermoresponsive deswelling occurred 

below body temperature, as the VPTT of PNIPAM is already near body temperature before 
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being depressed by the incorporation of hydrophobic boronic acid comonomers. To shift the 

response temperature, NIPAM was replaced with NIPMAAm (VPTT of ~ 40 °C). Even so, the 

hydrophobicity of the boronic acids lowered the VPTT of the gel to below body temperature. 

Copolymerization with a small amount of methacrylic acid was successful in shifting the VPTT 

to above body temperature upon glucose addition. The resulting gel was collapsed at body 

temperature, but when glucose was added the gel could swell and release any payload 

encapsulated within the gel. In a separate study, cross-linked hydrogels were prepared from 

NIPMAAm, ACPBA, and 2-carboxyisopropylacrylamide (CIPAAm).33 Upon reaction with 

glucose, the hydrogel volume increased by as much as 163%. The volume increase could 

potentially serve as a release mechanism for encapsulated insulin, creating an implantable 

stimuli-responsive insulin delivery device. 

Thermoresponsive boronic acid-modified hydrogels have also been prepared from 

NIPAM copolymerized with acrylic acid and MBA in water. During the polymerization, the 

resulting polymers exhibited a volume phase transition, precipitating into microgels that were 

subsequently cross-linked through MBA. After purification, the microgels were modified with 2-

aminophenylboronic acid (2-AmPBA)34,35 and 3-aminophenylboronic acid (3-AmPBA)36 

through the acrylic acid units. Unlike 3-AmPBA-conjugates, which have the amide group in the 

meta-position relative to the boronic acid, the amide groups in 2-AmPBA-conjugates are in the 

ortho-position. In this geometry, the oxygen of the amide can coordinate with the boron, creating 

a tetrahedral center. While gels modified with 3-AmPBA expand upon reaction with glucose, the 

microgels modified with 2-AmPBA contracted (Figure 1-7). The contraction was thought to be 

the result of glucose forming esters with two boronic units rather than undergoing a single 

complexation. Previous work showed that if the boronic acids in a hydrogel exist primarily in the 
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neutral trigonal form, a 1:1 glucose:boronic acid complex is favored, while a 1:2 glucose:boronic 

acid complex is favored when the boronic acid exists primary in the anionic tetrahedral form.37 

As the amide oxygen coordinates with the boron center, the 1:2 complex is favored and 

contraction occurs.  

 

 
Figure 1-7. Swelling (A) and contraction (B) response of NIPAM-based nanogels modified with 

3-aminophenylboronic acid and 2-aminophenylboronic acid, respectively. Adapted 
from ref 34 with permission. Copyright 2014 Royal Society of Chemistry. 

 

Zhang and coworkers took a different approach to hydrogel formation. NIPAM and 

ACPBA were copolymerized in the presence of 3-mercaptopropionic acid to prepare a 

carboxylic acid-functional copolymer.38 NHS-coupling linked the polymers covalently to M13 

viruses. Upon heating above the VPTT, the M13 virus segments interact and the solution 

undergoes a sol-gel transition. The addition of 25 mM glucose causes a shift in the sol-gel 

transition temperature from 18 to 23 °C. FTIC-labeled insulin was encapsulated within the gel 

and the release profile was measured with and without glucose. Although insulin was released 

from the gel without glucose, the release rate increased significantly when glucose was added. 
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1.2.3 HIV-Barrier Gels 

One of the primary routes of human immunodeficiency virus (HIV) transmission in 

heterosexual sex occurs through the transfer of virions from seminal fluid to the mucosa of the 

vaginal walls. Before intercourse, the vaginal fluid has a pH range of 4 to 5, but the pH increases 

upon insemination due to the alkaline pH, buffering capacity, and volume of semen. The virions 

diffuse from the seminal fluid to the vaginal mucosa before penetrating the mucosal surface. This 

diffusion occurs within a matter of minutes. After reaching the vaginal mucosa, the virions 

penetrate the epithelium before infecting CD4+ T-cells, macrophages, and dendritic cells in the 

sub-epithelium tissue.  

If the diffusion of HIV virions to the vaginal mucosa can be inhibited, a primary route of 

HIV infection would be suppressed. This objective could be accomplished through the use of a 

viscous gel that limits virion diffusion. However, application of a high-viscosity gel is 

problematic, necessitating a lower viscosity during application and higher viscosity during 

intercourse. Salicylhydroxamic acid has been shown to exhibit weak interactions with boronic 

acids under acid conditions, while having a much higher binding constant at neutral pH.39 As 

such, loose gels can be administered at acidic vaginal pH and then become more rigid upon 

insemination and neutralization (Figure 1-8). Jay et al. prepared copolymers of 2-

hydroxypropylmethacrylamide (HPMA) with either N-[3-(2-methylacryloylamino) propyl]-4-

amidophenylboronic acid (APMAmPBA) or 4-[(2-methylacryloylamino)-methyl]-

salicylhydroxamic acid (MAAmSHA).40 Mixing the two copolymers at low pH resulted in gels 

that underwent a sol-gel transition at high shear rates, suggesting the boronic ester-like cross-

links were in low concentration. As the pH increased, the boronic acid shifted towards the 

boronate anion, favoring ester formation. The rheological crossover point shifted to lower shear 

rates, and at pH 7.5 the gel behaved purely like a covalently cross-linked elastomer.  
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Diffusion of Gag–Cherry-labeled HIV-1 virions through the gel at various pH was 

monitored via video particle tracking.41 At pH 4.5, the HIV-1 virions were able to diffuse 

through the gel due to the low gel viscosity, although virion diffusion may have been retarded 

due to interactions between the boronic acids in the gel and the protein envelope coating the 

virions. Binding with surface proteins has been shown to occur in polymers and oligomers 

functionalized with benzoxaboroles, a boronic acid analogue.42 At higher pH, the virions 

exhibited limited diffusion, suggesting that higher gel viscosity is the limiting factor to particle 

diffusion. At pH > 4.8, diffusion of HIV-1 nearly ceased, with the virions diffusing an average of 

3.4 μm in 6 h, long enough for natural vaginal mechanisms and pharmaceuticals to deactivate 

infectious virions.  
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Figure 1-8. Representation of boronic acid-derived HIV barrier gel application and response (I) 

An applicator [a] is used to apply the weak viscoelastic boronic acid- 
salicylhydroxamic acid hydrogel [b]. (II) The gel forms a barrier between the vaginal 
mucosa and the environment. (III) The gel consists of cross-links between the two 
polymers [d] and the diols present on the epithelial surface [c] and in cervical mucus 
[e] (IV) Upon insemination, vaginal pH is neutralized and the hydrogel undergoes a 
shift to much higher viscosity, inhibiting diffusion of virions [g] to the vaginal 
mucosa. (V) The pH-dependent equilibrium between free and boronate-cross-linked 
structures with salicylhydroxamic acid. Reprinted with permission from ref 41. 
Copyright 2011 Elsevier. 

 

1.3 Nanomaterials 

1.3.1 Boronic Acid-Containing Block Copolymers 

 In aqueous solution, amphiphilic block copolymers can self-assemble to form a 

variety of different nanostructures, including spherical micelles, cylindrical micelles, and 

vesicles. This self-assembly provides a potential route for drug delivery, as pharmaceuticals can 

be sequestered within the nanoparticles. By incorporating boronic acids, amphiphilic 

nanoparticles can be prepared that dissociate in response to changes in solution pH or saccharide 
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concentration. The inherent ability of block copolymers to self-assemble and provide protection 

for an encapsulated species, while simultaneously allowing for stimuli-responsive release of the 

encapsulated payload, provides a clear advantage over other delivery mechanisms. As such, there 

is great interest in employing glucose-responsive block copolymers to controllably deliver 

insulin as a method of treating type 1 diabetes. 

Boronic acid-containing block copolymers have often been prepared by controlled or 

living polymerization techniques.43 Qin et al. prepared block copolymer of styrene and 4-

vinylphenylboronic acid via atom transfer radical polymerization (ATRP).44 Homopolymers of 

either 4-vinylphenylboronic acid pinacol ester (VPBAE) or a silane-functional styrenic monomer 

were prepared, followed by chain extension of the resulting macroinitiator with styrene. The 

silane-functional polymer was converted to the pinacol boronic ester via post-polymerization 

modification. The self-assembled morphologies of the pinacol deprotected materials could be 

tuned through careful control of solution pH and choice of organic cosolvent.45 Water-soluble 

block copolymers have also been prepared by our group.46 VPBAE was polymerized via 

reversible addition-fragmentation chain transfer (RAFT) polymerization, yielding polymers of 

controlled molecular weight and narrow molecular weight distribution. The PVPBAE 

homopolymers were chain extended with DMA followed by deprotection of the boronic acid via 

a transesterification with a heterogeneous boronic acid-modified resin. Polymerization of the 

unprotected styrenic monomer was also possible.43 Due to the hydrophobicity of the boronic acid 

segment at pH < pKa, the polymer underwent self-assembly in water to form nanostructures with 

a diameter of ~100 nm.  

Sugar-responsive block copolymers have been prepared from 3-APBA via RAFT 

polymerization. The free boronic acid, with no protecting group, was polymerized in 95:5 (v/v) 
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DMF:water.47 The addition of 5% water was necessary to inhibit boronic acid dehydration and 

boroxine formation.15 After polymerization, the boronic acid homopolymers were chain extended 

with DMA to prepare the amphiphilic block copolymer. At pH 8.7, below the pKa of the P(3-

APBA) block (pKa ~ 9), the block copolymer formed nanostructures with hydrodynamic 

diameters of 40 nm. The addition of 45 mM glucose caused the nanoparticles to dissociate due to 

the formation of the boronate ester with glucose. Similarly, the nanoparticles were disrupted by 

increasing the pH to 10.7, (i.e., pH > pKa of the 3-APBA units). The critical concentration of 

glucose needed to induce nanoparticle dissociation could also be tuned by incorporating DMA as 

a hydrophilic comonomer within the 3-APBA block.48 

Our group also combined the pH- and sugar-responsiveness of 3-APBA with the 

thermoresponsiveness of NIPAM to prepare schizophrenic block copolymers.49 3-APBA was 

polymerized via RAFT polymerization, followed by chain extension with NIPAM. In aqueous 

solution, the block copolymer displayed three different morphologies. At high pH and at room 

temperature, both segments of the block copolymer were hydrophilic, with the boronic acids 

existing primarily in the anionic tetrahedral form. Similarly, at a pH near the pKa of 3-APBA and 

upon addition of glucose, the polymers transitioned to unimers due to the formation of anionic 

boronate esters with glucose. If the pH was lowered to below the pKa in the absence of glucose, 

the majority of the boronic acids became neutral and hydrophobic, causing the 3-APBA blocks 

to self-assemble in the interior of nanoparticles with NIPAM-decorated coronas. At high pH and 

elevated temperature, the NIPAM segment underwent a transition in solubility, self-segregating 

into the interior of the nanoparticle, while the anionic hydroxyl boronate groups remained in the 

corona (Figure 1-9).  
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Figure 1-9. Schizophrenic behavior of P(NIPAM-b-3-APBA). At high pH and low temperature, 

the polymer exists as unimers. High pH and temperature led to nanoparticle formation 
with a PNIPAM core, while low temperature and pH leads to nanoparticle formation 
with a P(3-APBA) core. Reproduced with permission from ref 49. Copyright 2009 
Royal Society of Chemistry. 

 

Most of the previously discussed examples of self-assembled boronic acid block 

copolymers were responsive to the addition of saccharides such as glucose and fructose. 

However, this response was generally only possible at pH higher than physiological pH, as the 

boronic acids only efficiently bind with diols near or above the pKa of the boronic acid. One 

route to increasing glucose response at reduced pH is to facilitate boronate anion formation (i.e., 

sp3 hybridization) through coordination of Lewis bases with the boron center. The ability to bind 

with glucose at physiological pH has been obtained through the use of Wulff-type boronic acids 

(Figure 1-3B), in which a secondary or tertiary amine was used to weakly coordinate with the 

boron center.7 Upon coordination, the boronic acid transitions to the boronate anion, facilitating 

boronate ester formation. Block copolymers of (2-((dimethylamino)methyl)-5-

vinylphenyl)boronic acid with PEG formed nanostructures due to the insolubility of the boronic 

acid segment.50 The nanostructures dissociated at physiological pH when saccharides were 

added. Response at physiological pH was also obtained through the use of a para-amido 

substituted boronic acid. 51,52 The electron-withdrawing nature of the amide carbonyl reduced the 

pKa of the arylboronic acid, facilitating glucose-response at physiological pH. Self-assembled 

nanoparticles of PDMA-b-PACPBA were found to dissociate in the presence of glucose and 

fructose at pH 7.4. Benzoxaboroles have also been shown to respond at physiological pH.53 An 
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alternating copolymer of styreneboroxole and oligo(ethylene glycol)-maleimide was prepared 

with a PEG RAFT macro-chain transfer agent (Figure 1-10).54 The resulting block copolymers 

were used to encapsulate insulin, with the rate of release being a function of glucose 

concentration. 

 

 
Figure 1-10. Self-assembly of benzoxaborole-containing copolymer to encapsulate insulin, 

followed by disruption of the nanoparticle upon glucose addition to release insulin. 
Reprinted with permission from ref 54. Copyright 2012 American Chemical Society. 

 

Block copolymers of boronic acids can also be used in the preparation of dynamic-

covalent nanostructures. PDMA-b-P(3-APBA), prepared via RAFT polymerization, was 

dissolved in methanol and core-cross-linked stars were prepared through boronic ester formation 

with multifunctional diols.15 As both segments of the block copolymer were methanol soluble, 

the polymer existed as unimers in solution with a size of ~5 nm. Upon addition of a 

multifunctional diol, the unimers began to coalesce, forming polymeric stars (Figure 1-11). 

Various multifunctional cross-linkers were examined, with a trifunctional diol prepared from 

thioglycerol and triacryloylhexahydro-1,3,5-triazine providing the most efficient cross-linking, 

forming stars with a hydrodynamic diameter of ~17 nm as determined via dynamic light 
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scattering. With this tris-diol, only 0.3 equivalents of the cross-linker was necessary to efficiently 

form stars with a negligible concentration of free arms remaining. The formation of stars was 

further verified by 1H NMR spectroscopy, where the attenuation of the aromatic peaks in the 

stars suggested desolvation of the boronic acid segments. Interestingly, due to the dynamic 

nature of boronic esters, the stars were easily dissociated upon addition of 2-amino-2-methyl-1,3-

propanediol (AMPOH), a diol that competes with the tris-diol in boronic ester formation. After 

dissociation, the stars could be reformed upon addition of more tris-diol, even without removal 

of AMPOH. This star formation-dissociation was shown to occur even after 6 cycles, with the 

high concentration of both the tris-diol and AMPOH having no noticeable deleterious effect on 

star formation. 

 

 
Figure 1-11. Reversible star formation in solution by alternating addition of mono- and multi-

functional diol cross-linkers. Reprinted with permission from ref 15. Copyright 2011 
American Chemical Society. 
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1.3.2 Boronate Ester-Stabilized Nanoparticles 

Boronate esters have also been used to stabilize nanoparticle assemblies.55-58 It has 

previously been shown that boronic acids bind more efficiently with catechol-based diols 

compared to other diol types, including glucose and fructose.59 Lam et al. prepared a series of 

PEG-ylated dendritic cholic acids, referred to as telodendrimers, bearing either phenylboronic 

acid or catechol functional groups at the junction point between PEG and the dendritic unit.60 

Upon mixing, boronate esters formed between the catechol and boronic acid units, with the 

cross-linked micelles stable upon addition of a physiological concentration of glucose but 

dissociated when the pH was reduced to 5.0 or upon addition of mannitol, a sugar alcohol. Such 

micelles show potential for triggered release either in the acidic environment of tumor tissues or 

upon intravenous injection of mannitol.  

The in situ stability of the boronate ester cross-linked micelles was compared to that of a 

non-cross-linked analogue using a fluorescence resonance energy transfer (FRET) reporter 

system.60 The red-orange dye rhodamine B (acceptor) was covalently bound to the dendritic 

polymer, while green dye DiO (donor) was encapsulated in the micelle. In the nanoparticles, DiO 

and rhodamine B were in close proximity, allowing energy transfer. However, upon particle 

dissociation, the FRET ratio was reduced by separation of the donor and acceptor. Solutions of 

cross-linked and non-cross-linked micelles were injected into the tail vein of mice, and samples 

of blood were withdrawn periodically for FRET ratio measurement. Non-cross-linked micelles 

quickly dissociated, with the FRET ratio falling from 80% pre-injection to 46% within 1 minute 

and to 21% after 24 minutes. The FRET ratio in cross-linked micelles decreased much more 

slowly showing that cross-linked micelles had significantly longer blood circulation times 

compared to their non-cross-linked analogues. Furthermore, the cross-linked micelles were found 

to accumulate in tumor tissue, potentially allowing for targeted delivery with triggered release as 
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a result of the lower tissue pH or by injection of mannitol. Similarly, mixtures of catechol and 

boronic acid functional block copolymers resulted in cross-linked nanoparticles that were stable 

at physiological pH (Figure 1-12).57 The nanoparticles were disrupted at low pH, such as that 

found in an endosome, or upon fructose addition, releasing encapsulated fluorescein-labeled 

insulin. 

 

 
Figure 1-12. Encapsulation of insulin in boronic acid-catechol stabilized nanoparticles. The 

nanoparticle cross-links were disrupted at the lower endosomal pH, resulting in 
nanoparticle swelling and disassembly, releasing insulin. Adapted with permission 
from ref 57. Copyright 2013 American Chemical Society. 

 

Two sets of doxorubicin-loaded nanoparticles were prepared from dextran-b-poly(DL-

lactide) block copolymers.55 One set of nanoparticles was unmodified, while in the other set, the 

dextran blocks were modified with 3-carboxy-5-nitrophenylboronic acid which has a relatively 

low pKa. Under acidic conditions, both nanoparticle assemblies had similar critical micelle 
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concentrations. However, at physiological pH, the boronate ester stabilized nanoparticle showed 

a much lower critical micelle concentration, due to cross-links forming between the boronic acid 

units and the dextran backbone, while simultaneously allowing for doxorubicin release at the 

lower pH of cancerous tissue (Figure 1-13). Similarly, DOX-loaded nanoparticles were prepared 

from catechol-modified PEG-b-P(L-lysine).61 Boronic acid-functionalized cholesterol was 

conjugated to the polymer, facilitating self-assembly and thus DOX-loading. When the pH was 

reduced, boronate ester formation became unfavorable and the nanoparticles dissociated. 

Boronate ester nanoparticles have also been prepared by modification of poly(acrylic acid) with 

glucosamine, an amine-functional monosaccharide, followed by mixing with PEG-b-P(AA-co-3-

APBA).58 The resulting nanoparticles dissociated upon addition of glucose due to 

transesterification with the boronate ester cross-links. 

 

 
Figure 1-13. Doxorubicin loading in boronic acid-dextran stabilized nanoparticles. The cross-

links were disrupted upon endocytosis, releasing doxorubicin in the interior of the 
cell. Reproduced with permission from ref 55. Copyright 2014 Wiley-VCH Verlag 
GmbH & Co. KGaA. 
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1.4 Molecular Sensing 

1.4.1 Electrochemical Sensors 

Boronic acids can be used in the analysis of a wide range of substrates, including 

fluoride,62 saccharides,63 copper,64-67 reactive oxygen species, 68-70 and even water in organic 

solvents.71,72 Simple glucose electrochemical sensors can be prepared by depositing boronic acid 

hydrogels onto an electrode surface. For example, a 3-APBA-based PVA hydrogel was cast on 

the surface of a platinum electrode and cross-linked through the residual hydroxyl groups on 

PVA.73 Swelling in the presence of glucose yielded a measureable increase in current. The 

saccharide response could also be measured by Faradaic impedance spectroscopy.74 When an 

electrode modified with a boronic acid hydrogel was placed in glucose solution, the electron-

transfer resistance dropped, suggesting the swollen hydrogels allow for more facile electron 

transfer between the gold wire and the solution redox label. Upon removal of glucose, the 

resistance increased. A calibration curve based on the reduced electron-transfer resistance 

allowed for the determination of solution glucose concentration and the preparation of glucose 

sensors.  

Conductive polymers have been used to sense a variety of analytes including glucose, 

fructose, dopamine, and fluoride anions.75 Polyaniline, a highly conductive polymer prepared 

from the relatively simple monomer aniline through an oxidative polymerization mechanism, is 

relatively straightforward to polymerize at the surface of an electrode, allowing for facile probe 

synthesis. By preparing polyaniline with boronic acid groups, the electrochemical properties of 

the material change as a function of solution conditions,76,77 although binding with diols is highly 

pH dependent.78 When poly(aniline boronic acid) (PABA) was prepared at the surface of a 

glassy carbon electrode (Figure 1-14), the resulting probe exhibited an increased open circuit 

voltage when α-methyl-D-glucoside, D-glucose, or fructose was added, allowing for 
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determination of analyte concentrations.79 Interestingly, the sensitivity of the probes increased 

significantly when the electrochemical polymerization was carried out in the presence of excess 

fluoride anion, suggesting side reactions in the absence of fluoride may be detrimental to 

electrode performance.80 Copolymers of aniline and 3-aminophenylboronic acid have also been 

prepared enzymatically using horseradish peroxidase. At low concentrations, the 3-AmPBA 

acted as a self-dopant, increasing conductivity. However, at increased concentration, the 

bulkiness of the boronic acid limited conductivity.81 Films prepared from copolymers of aniline 

and 3-aminophenylboronic acid exhibited fully reversible changes in absorption spectra upon 

binding with various saccharides.81,82 Increasing the rate of diffusion of analytes into PABA can 

increase the response of the material.80 In one route, increased diffusion was achieved through 

the preparation of PABA nanotubes in the pores of anodized aluminum substrates. The increased 

porosity and surface-area significantly increased response to added saccharides.83 PABA systems 

have also been used to sense other biologically important compounds, including dopamine84,85 

and glycoproteins.86 

 

 
Figure 1-14. The structure of poly(aniline boronic acid). The ratio of the repeat units is 

determined by the oxidation state of the polymer. Adapted with permission from ref 
79. Copyright 2001 American Chemical Society. 

 

A similar approach was employed to design a molecularly imprinted polymer (MIP) 

sensor for dopamine.87 Poly(aniline-co-anthranilic acid) was modified with 3-AmPBA. 

Electrochemical sensors were then cast in the presence of dopamine to prepare molecularly 
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imprinted polymers, increasing sensitivity and specificity towards dopamine over similar 

compounds. The resulting sensors were used to determine dopamine concentrations in a known 

sample and in human plasma. Dopamine-specific MIP electrochemical sensors have also been 

prepared from 3-APBA with MBA and acrylamide (Figure 1-15).88  The resulting sensors 

responded selectively to dopamine and showed limited interference by ascorbic acid, which has a 

similar redox potential to dopamine.  

 

 
Figure 1-15. Formation of a cross-linked network imprinted with dopamine. Removal of the 

dopamine leaves a cavity with size and shape similar to that of dopamine, increasing 
sensitivity towards dopamine over other substrates. Adapted with permission from ref 
88. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA. 

 

MIP sensors were also prepared on quartz crystal microbalance (QCM) electrodes using 

4-methacrylamidophenylboronic acid and mannose, cross-linked with ethylene glycol 

dimethacrylate.89 Binding with mannose was significantly more favorable than with fructose, 
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even though fructose generally has a higher association constant.59 The sensor also exhibited 

binding with immunoglobulin M, a basic antibody that contains mannose groups. 

QCM-based sensors have seen wide use in the analysis of a number of compounds, 

allowing for rapid, highly sensitive measurements. When modified with boronic acid-containing 

polymers, QCM surfaces become reliable sensors for several biologically important compounds, 

particularly saccharides such as glucose.90 As shown in Figure 1-16, Klok and coworkers used 

direct surface RAFT polymerization to grow brushes of 3-methacrylamidophenylboronic acid on 

the surfaces of silica QCM devices, which exhibited reproducible changes in the first harmonic 

shift in the presence of glucose. In a different study, copolymers of 3-APBA and various cationic 

monomers were prepared and placed on QCM electrodes. The QCM-hydrogel sensors were then 

used to measure the capture of nucleotides by the gel.91  

 

 
Figure 1-16. Functionalization of a silica surface with a RAFT chain transfer agent, followed by 

grafting-from brush growth to yield boronic acid-modified polymer brushes bound to 
the silica surface. Reproduced with permission from ref 90. Copyright 2014 Wiley-
VCH Verlag GmbH & Co. 

 

Pressure transducer-based sensors have been prepared from cross-linked hydrogels 

containing 3-APBA and N,N-dimethylaminopropyl acrylamide (DMAPAA).92 When 
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incorporated between a pressure transducer and a semi-permeable membrane, the resulting 

hydrogels shrink in response to increasing glucose concentration, while swelling in response to 

fructose (Figure 1-17). This shrinking was believed to be caused by a combination of boronate 

ester cross-links formed with glucose and the reduced thermodynamic favorability of mixing 

after glucose binds with the boronic acids.93 The sensors showed little interference from 

physiological fructose concentrations when measuring glucose response, and the resulting 

pressure changes were reversible over numerous cycles.  

 

 
Figure 1-17. Pressure transducer-derived glucose sensor. A boronic acid modified hydrogel is 

pressed between a metal pressure transducer and a semi-permeable membrane. If the 
hydrogel is swollen with a fructose solution, the gel swells upon boronate ester 
formation, while gels contract in the presence of glucose. Adapted with permission 
from ref 92. Copyright 2010 Elsevier. 

 

There has also been interest in employing boronic acids to identify and quantify 

endogenous glycated proteins.94 Unlike glycosolation, which is enzymatically driven process and 

serves a vital role in bodily function, glycation occurs through a non-enzymatic pathway and is 

considered destructive to the protein. Glycation results in the formation of advanced glycation 

end-products (AGEs), many of which are associated with diabetes, including fructosamine and 

glycated hemoglobin (HbA1c). AGEs are also thought to play a role in other chronic diseases 
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and the aging process. Boronic acid-modified heterogeneous supports have been used to remove 

fructosamine, along with glycated lipoprotein and glycated albumin.95 Yoon and coworkers have 

developed a glucose oxidase-enhanced boronic acid-based biosensor for HbA1c.96 The 

electrodes were prepared via modification of polyamidoamine dendrimers to the surface of the 

electrode, followed by covalent attachment of glucose oxidase and 4-formylphenylboronic acid 

to the dendritic amine groups. As glycation is a relatively slow process, determining the blood 

levels of HbA1c gives a much better understanding of long-term glucose management in a 

diabetic patient.  

 
1.4.2 Optical Sensors 

The use of optical sensors provides a rapid, relatively simple approach to quantify desired 

substrates. As such, boronic acids-based sensors have been prepared, employing a number of 

sensing mechanisms, including surface plasmon resonance, reflectance spectroscopy, 

holographic devices, shifts in absorbance, and changes in fluorescence intensity. While optical 

sensors can be prepared simply by embedding small molecule boronic acids and esters in 

polymer-based sensors,97,98 covalently linking the boronic acid to a sensor may provide better 

long-term response and stability.  

 

1.4.2.1 Surface plasmon resonance 

The use of boronic acids in hydrogels is not limited to cross-link formation. By creating 

permanent covalent hydrogels with boronic acid pendent groups, the resulting materials can be 

used as sensors for various biological species, including saccharides.99,100 Willner and coworkers 

examined the glucose binding-induced swelling of a permanently cross-linked hydrogel modified 

with 3-APBA by determining the shifting reflectance minimum in surface plasmon resonance 



 

54 

(SPR) on a gold-modified glass slide.74 As SPR is sensitive to changes in film refractive index, 

the technique provided an effective means to study hydrogel swelling. Upon submersing the 3-

APBA hydrogel in a glucose solution, the reflection minimum shifted by an angle of 0.6°, 

corresponding to a film thickness increase of 110 nm. Replacing the glucose solution with a 

buffer solution reversed the swelling. The increase in film thickness, along with increased 

diffusion of a redox label, suggests glucose-responsive hydrogel swelling may be a useful 

strategy to encapsulate and release target compounds. 

The use of MIP’s has not been limited to electrochemical sensors, and, interestingly, 

molecular imprinting of small molecules can lead to recognition of macromolecular species. SPR 

was used to investigate the binding of ganglioside, a phospholipid with one or more sialic acid 

groups.101 MIP cross-linked films of VPBA-sialic acid esters were prepared on gold surfaces, 

after which the sialic acid was removed in an acidic buffer. Although the imprint was prepared 

with sialic acid, ganglioside was found to bind efficiently with the sensor. Binding of sialic acid 

also occurred, but the molecule was too small to elicit a change in SPR. 

 

1.4.2.2 Reflectance spectroscopy 

Optical sensors for glucose have also been prepared through surface-modification of 

porous silicon films. Thiol-functional homopolymers of VPBA were grafted to the surface of 

single layer silicon films and silicon-based rugate filters.102 The PVPBA was found to collapse or 

expand in the pores of the silicon in response to changes in pH and glucose concentration. The 

sensor response was determined via interferometric reflectance spectroscopy, whereby the 

effective optical thickness was calculated from the changes in film thickness. The rugate filters 

had limited applicability, potentially due to degradation of the surfaces, but the boronic-acid 
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modified single layer silicon films exhibited a reversible response to glucose at physiological 

concentration and pH in both aqueous solution and in glucose-spiked wound fluid. 

 

1.4.2.3 Holographic devices 

Holographic sensors can provide a readily measureable response to a variety of stimuli. 

Silver-modified holographic films were prepared from 3-APBA103,104 and 2-acrylamido-5-

fluorophenylboronic acid.104 The sensors exhibited a red shift in the diffraction wavelength with 

increasing glucose concentration. The anionic nature of the 2-acrylamido-5-fluorophenylboronic 

acid units, caused by the coordination of the amide carbonyl with the boron center, led to 

enhanced selectivity for glucose over lactate, while lactate interacted with the sensors based 

solely on 3-APBA. Similar holographic sensors were prepared from 2-APBA, showing rapid 

response to glucose with limited effect of pH on response.105 Holographic colorimetric sensors of 

glucose have also been achieved through the preparation of hydrogels containing N,N′-

methylenebisacrylamide (MBA) and (3-acrylamidopropyl)trimethylammonium chloride with 

VPBA106 or 3-APBA.107 The resulting hydrogels exhibited holographic fringes that shifted in 

diffraction wavelength with changing glucose concentration. A calibration curve was prepared 

by measuring the diffraction wavelength as a function of glucose concentration in plasma 

solutions. To test the applicability of the holograms in real-time continuous glucose monitoring, 

the diffraction wavelength was measured while fluctuating the concentration of glucose, with all 

measurements accurate to within 20% error.  

 

1.4.2.4 Polymerized crystalline colloidal arrays 

Colorimetric sensors can be prepared from polymerized crystalline colloidal arrays 

(PCCA), which consist of colloidal particles packed in a “crystalline” order, similar to that seen 
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on the atomic scale.108-113 Because the colloidal crystal order is on the size scale of the 

wavelength of light, crystalline colloidal arrays can diffract light in accordance with Bragg’s law. 

By varying the distance between colloidal particles, either constructive or destructive 

interference of electromagnetic waves can cause iridescence. The spacing of particles can be 

dictated by Coulombic interparticle interactions. Thus, an increase in surface charge on the 

particles creates a Coulombic repulsion, repelling the particles from one another. Particle spacing 

can also be dictated by matrix swelling. In a PCCA, the particles are unable to diffuse through 

the matrix, and should the surface charge change, the resulting Donnan potential within the 

matrix would shift with the matrix swelling or contracting as a result. This change in matrix 

volume results in a change of particle spacing, shifting the wavelength of iridescent light. 

Polymerized crystalline colloidal arrays were prepared by dispersing boronic acid-

modified cross-linked particles in cross-linked hydrogels.108-113 In an initial study, 3-APBA-

modified polystyrene particles were embedded in a polyacrylamide matrix. The resulting 

materials exhibited a red shift in the diffraction wavelength with increasing saccharide 

concentration as a result of electrostatic repulsion between the boronic acid particles upon 

boronate ester formation.108 It was proposed that the inability of the boronate anions to diffuse in 

the gel created a gradient in ionic concentration due to the Donnan effect, causing the gel 

between the colloidal particles to swell. Subsequent studies employed monomers that would 

stabilize the boronate ester109,110 or lower the pKa of the boronic acid,110,111,113,114 facilitating 

cross-linking via diesterification with glucose. Cross-linking caused shrinkage of the gel, and 

thus a blue shift. As the color shift covers a wide range of the visible spectrum, it was suggested 

that these crystalline colloidal arrays may have use in color-changing glucose-responsive contact 

lenses. 110,114 Braun and coworkers examined a wide range of functionalized aryl boronic acids to 
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determine the structure-property relationship between glucose response and the chemical 

properties of the boronic acids.113 A number of characteristics were examined, including reaction 

kinetics, hysteresis, and response mechanism. Boronic acids that contained intramolecularly 

coordinating carbonyls, such as 2-APBA, exhibited a slow, linear response to glucose addition, 

but also exhibited a large hysteresis, while boronic acids that do not contain coordinating species 

exhibited a non-linear response to glucose addition with fast kinetics and limited hysteresis. 

 

1.4.2.5 Absorbance sensors 

Polymers of L- and D-lysine were modified with phenylboronic acids. Ester formation 

between the boronic acids and saccharides caused a cationic cyanine dye to complex with the 

anionic boronate center (Figure 1-18). Complexation shifted the absorption spectrum of the dye 

to shorter wavelengths, also causing an increase in the helix content of the poly(lysine) 

secondary structure as determined through circular dichroism.115-117  

 

 
Figure 1-18. Structure of boronic acid-modified polylysine and a cyanine dye counter ion. Upon 

complexation with glucose, the anionic boronate ester forms an electrostatic complex 
with the dye, shifting the λ max of the dye.115 
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Shifts in absorbance have also been observed in azobenzene modified boronic acid-

containing polymers. 118-120 In the absence of diols, intramolecular coordination occurs between 

the boronic acid and one of the azobenzene nitrogen centers (Figure 1-19). This coordination was 

disrupted upon binding between the boronic acid and a diol, causing a change in shape of the 

absorption spectrum. Polyethyleneimine modified with boronic acid-substituted azobenzene 

groups was manufactured into sugar-responsive films via layer-by-layer assembly with various 

polyanionic polymers.118 

 

 
Figure 1-19. Reversible coordination of a boronic acid and a nitrogen atom in an azobenzene-

based monomer unit. Glucose binding limits coordination and causes a shift in the 
absorption spectrum.119 

 
1.4.2.6 Fluorescence sensors 

Glucose sensing can also be achieved by combining boronic acids with fluorescence 

quenching. An anionic pyranine derivative and quaternary viologen boronic acid derivatives 

were cross-linked with poly(ethylene glycol) dimethacrylate (PEGDMA). 121-124 The electrostatic 

interaction between the anionic pyranine and cationic viologen-based boronic acid caused 

quenching of the pyranine fluorescence. In a model consisting of a mixture of the hydrogels 

constituent monomers, the addition of glucose disrupted the electrostatic interaction, leading to 
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an increase in fluorescence intensity (Figure 1-20). A similar response was observed in the 

resulting hydrogels. The measured fluorescence intensity increased with increasing glucose 

concentration, and the response was reproducible for increasing or decreasing glucose 

concentrations. The utility of the hydrogel systems was expanded by mounting the materials on 

the tip of a fiber optic probe.122,125 The newly manufactured glucose probe exhibited a nearly 

identical response, although faster, as compared to the mounted film device previously 

discussed. To determine the extended stability and response of the new sensor, the fiber optic 

probe was submerged in a circulating solution of glucose. The measured fluorescence intensity 

remained constant over the course of 36 h, proving the probe was stable and that the measured 

intensity was not affected by extended immersion in glucose solutions. Non-fluorescent fiber 

optic probes have been prepared from 3-APBA hydrogels, based on measuring the changing 

optical length for several different saccharides over a wide concentration range.126 

 

 
Figure 1-20. Disruption of electrostatic interaction between an anionic pyranine and cationic 

viologen-based boronic acid monomer unit. Binding with glucose causes separation 
of the ionic species and an increase in fluorescence intensity of the pyranine unit. 
Reprinted with permission from ref 122. Copyright 2006 American Chemical Society. 

 
Glucose-responsive nanogels based on fluorescence resonance energy transfer (FRET) 

were prepared through a precipitation polymerization with 3-APBA, MBA, and NIPAM along 

with rhodamine (FRET acceptor) and fluorescein (FRET donor) based monomers.127 In the 

absence of glucose, the nanogels were less swollen; the rhodamine and fluorescein were in close 
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proximity, and fluorescence intensity was reduced. However, upon glucose binding, the gels 

swelled, separating the dyes, increasing the fluorescence intensity. As expected, the response was 

greater at higher pH due to increased boronate ester formation. In another precipitation 

polymerization of 3-APBA and N,N-dimethylaminoethylacrylate, gold nanoparticles were 

encapsulated in the nanogel.128 By controlling the ratio of 3-APBA to DMAEA, the swelling or 

contraction of the nanogels could be tailored, with gel swelling resulting in a decrease in 

photoluminescence from the gold nanoparticles and gel shrinkage leading to an increase in 

photoluminescence. 

Saccharide sensing can also be achieved through photoinduced electron transfer (PET) 

fluorescence quenching.129-131 Mader et al. used atom transfer radical polymerization (ATRP) to 

prepare polymers with a Wulff-type boronic acid-modified anthracene methacrylate that were 

used to molecularly imprint fructose. Upon binding with fructose, electron transfer between the 

nitrogen and anthracene was quenched, causing an increase in anthracene fluorescence 

intensity.132 A similar approach was taken by Takeuchi and coworkers, whereby fluorescent 

microgels133 and fiber hydrogels134 were prepared from PEG-modified Wulff-type boronic acids 

bearing anthracene groups. The addition of the PEG spacer allowed for greater mobility of the 

anthracene units, leading to an enhanced response over a more sterically hindered anthracene 

group. Both the microgels and fibers showed an increase in fluorescence with the addition of 

glucose due to the decreased electron transfer from the nitrogen center to the anthracene group. 

Both materials also exhibited long-term in vivo response to glucose concentrations in mouse 

models. However, overtime the microgels were dispersed from the mouse’s ear tissue, 

necessitating the development of the fiber-based sensor, which remained responsive for over four 

months. Appleton and Gibson saw a similar PET-fluorescence response when employing a 
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naphthalene-based Wulff-type boronic acid monomer.135 A modular approach has also been used 

to prepare a series of polymer and small molecule PET-based Wulff-type boronic acid 

fluorescent sensors.136 The use of Wulff-type PET-based glucose sensors is very promising, as 

shown by the recent successful trial of a implantable fiber optic probe for continuous glucose 

monitoring.125 

Similarly, fluorogenic boronic acids have been covalently attached to the core of agarose 

colloidosomes through copper(I)-catalyzed azide alkyne cycloaddition (Figure 1-21).137  The 

resulting triazole ring coordinated with the boronic acid center, resulting in fluorescence 

emission from the boronic acid.138 The fluorescence intensity increased upon cis-diol binding, 

allowing for optical determination of saccharide concentrations.138-140 

 

 
Figure 1-21. Fluorescent boronic acid-modified colloidosomes (A) Fluorogenic boronic acids 

were covalently attached to the core of agarose-filled colloidosomes. (B) Binding 
with fructose increased the fluorescence intensity within the core of the 
colloidosomes. Reproduced from ref 137 with permission. Copyright 2013 Royal 
Society of Chemistry. 
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The addition of fluorescent monomers into boronic acid copolymers can also yield 

saccharide-responsive sensors.141 Copolymers of boronic acid and pyrene-based monomers 

showed sugar-responsive fluorescence response. In one example, pyrene aggregation was 

disrupted upon saccharide binding, due to electrostatic repulsion between boronate anions. 

However, when the copolymer was prepared with a quaternary amine monomer, the electrostatic 

attraction between the ammonium and boronate species increased the pyrene aggregation and 

thus the fluorescence intensity.130 Fluorescence sensing with boronic acids was also achieved 

simply through the addition of a quaternary amine-modified pyrene derivative (Figure 1-22).142  

In a copolymer of acrylamide (Am) and 3-APBA, the anion formed upon saccharide binding 

complexed with the cationic pyrene derivative, causing increased pyrene excimer emission, 

which allowed ratiometric sensing of glucose concentration. 

 

 
Figure 1-22. Structure of P(Am-co-3-APBA) and quaternary amine-functionalized pyrene. 

Electrostatic interactions between the pyrene and the boronic acid upon complexation 
with a diol resulted in pyrene aggregation and increased pyrene excimer emission.142 

 

Fluorescence sensing has also been achieved in boronic acid-modified conjugated 

polymers.143 Zwitterionic boronic acid-modified polythiophene was prepared from poly(3-

bromohexylthiophene). The resulting quaternary pyridine boronic acid exhibited decreasing 

fluorescence intensity with increasing concentration of D-glucose, lactose, dopamine, and 
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vitamin C.144 A similar material was prepared from polyfluorene, which showed a fluorescence 

reduction upon addition of D-glucose, D-fructose, vitamin C or L-DOPA.145 

Alizarin Red S has frequently been used to quantify saccharide-boronic acid affinity 

through competitive binding.59,146,147 In solution, Alizarin Red S exhibits no fluorescence until 

bound with a boronic acid. Upon addition of a secondary diol, some of the alizarin red S is 

displaced and the fluorescence intensity is reduced. Tuncel and coworkers have used this 

reduction in fluorescence intensity to prepare diol sensors.148 Copolymers of NIPAM were 

prepared with VPBA, followed by conjugation with alizarin red S. Since copolymers of NIPAM 

are thermoresponsive, the copolymers exhibited limited decrease in fluorescence intensity at 40 

°C, likely due to the collapsed state of the polymers. However, near room temperature, a 

reduction in fluorescence intensity occurred upon addition of various diols, including fructose. 

Similarly, ARS-conjugated boronic acid-modified polystyrene nanoparticles have been used to 

sense fructose and glucose.149 

 

1.5 Cell Capture and Culture 

1.5.1 Cell Culture Growth 

Boronic acids have been used to label cells and viral capsids,150 and have also been 

shown to bind reversibly with the glycoproteins at cell surfaces.151,152 This interaction can be 

used in a number of interesting applications including cell culture media, cell capturing, and 

imaging. Boronic acids have been shown to be effective supports for cell cultures,153-159 even 

potentially acting as mitogens, or species that promote cell growth.157,158 Cell culture often 

occurs at hard interfaces, as many cells are unable to grow in suspension. While cell growth is 

efficient on cell culture media, detaching cells from surfaces often involves proteases, such as 

trypsin, which digest the cell attachment proteins and can result in cell damage. The reversible 
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nature of boronic esters provides a route for cell attachment for cell growth,154-156,158,159 while 

simultaneously allowing for cell detachment through a transesterification with saccharides.154-

156,159 Ivanov et al. have undertaken a number of investigations with cell growth occurring 

directly on boronic acid-modified cell culture surfaces,155,156,159 showing that the cell 

proliferation occurs more efficiently at polymeric brush surfaces rather than chemisorbed 

organosilane layers or cross-linked gels.159 Not only can boronic acid-functionalized surfaces 

facilitate cell growth, they can induce the formation of large tissues (e.g., in the formation of 

capillary structures during the growth of endothelial cells on 3-APBA surfaces).160,161 Cell 

proliferation can also be facilitated at protein-modified boronic acid surfaces. HeLa-Fucci cells 

were grown on fibronectin, which was covalently bound to a surface coated with a copolymer of 

2-methacryloyloxyethyl phosphorylcholine, n-butyl acrylate, and 4-vinylphenylboronic acid. 

After incubation, the cells were released from the fibronectin surface through a 

transesterification with fructose or sorbitol. 

Although the controlled culture of cells is of great importance, regulation of cell growth 

is also necessary, particularly in the treatment of cancer. One route to limit tumor growth is 

through the targeted and controlled release of cytotoxic compounds, an approach that potentially 

allows for selective treatment of cancerous tissues while limiting deleterious effects in non-

cancerous tissue. This can be achieved through controlled dissociation of materials that 

encapsulate pharmaceutical compounds, such as in responsive layer-by-layer assemblies. Choi 

and coworkers prepared layer-by-layer assemblies through alternating deposition of PVA and a 

water-soluble phospholipid polymer bearing VPBA units, with paclitaxel being embedded in the 

phospholipid layers (Figure 1-23).162 The addition of glucose caused dissociation of the layers 

and release of the encapsulated paclitaxel, leading to cell death. With a slow controlled release, it 
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was possible to regulate the number of viable cells over an extended period of time. This slow 

release profile suggests that layer-by-layer assemblies may serve as effective drug-eluting 

coatings, potentially for arterial stents. 

 

 
Figure 1-23. Layer-by-layer assembly of alternating boronic acid-modified phospholipid-based 

polymer and PVA. Paclitaxel (PTX) was loaded in the phospholipid layers and was 
released upon glucose binding and layer disruption. Reprinted with permission from 
ref 162. Copyright 2012 Elsevier. 

 

1.5.2 Cell Capture and Release 

The dynamic-covalent nature of boronate esters allows for the selective attachment and 

detachment of cells from heterogeneous surfaces. Liu et al. grafted 3-APBA from the surface of 

flat and nanowire-like silica surfaces, allowing MCF-7 cancer cells to be reversibly bound via 

boronate esters with sialic acid units on the cell surface glycoproteins.163 Because sialic acid has 

a higher binding constant than glucose, the cells were able to form boronate esters at lower pH, 

while glucose could not, allowing for efficient capture at pH 6.8. Similarly, without glucose at 

physiological pH, the cells formed esters with the surface. The addition of an excess of glucose 

triggered cell release (Figure 1-24). This capture and release was shown to be effective over 

several cycles.  
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Figure 1-24. Reversible capture of MCF-7 cancer cells through sialic acid-containing 

glycoproteins on the cell surface. At low pH and in the absence of glucose, the cells 
were bound to the boronic acid surface. Increasing the pH and the addition of glucose 
displaced the cells through transesterification. Reprinted with permission from ref 
163. Copyright 2013 American Chemical Society. 

 
Transport of cells can also be facilitated by cell adhesion to surfaces. Poly(3-

aminophenylboronic acid) was coated onto the surface of Ni/Pt nanotubes through an 

electrochemical polymerization, with the nanotube acting as a self-propelled nanomachine.164 

When the nanotube encountered a yeast cell, the cell became bound to the nanotube through 

esterification with cell membrane glycoproteins and was transported along with the tube. 

Addition of fructose caused the yeast cells to dissociate from the nanotube surface. Videos of the 

capture, transport, and release of yeast cells are available in the original manuscript’s supporting 

information. 

Lymphocyte growth was increased in solution after complexation with poly(Am-co-3-

APBA). It is thought that the polymers may mimic lectins (i.e., sugar binding proteins). Binding 

of lectin with glycoproteins on the lymphocyte cell membrane causes cross-linking of the 

glycoproteins, starting a cascade of physiological changes resulting in RNA and DNA synthesis, 

thereby proliferating lymphocyte growth.157  
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1.5.3 Cell Surface Interactions 

While it has been shown that attachment of cells to boronic acid surfaces can be used to 

regulate cell proliferation, the interaction between boronic acids and cell surfaces can also be 

used to control the adhesion of cells to other biological materials. Poly(L-lysine) was modified 

with PEG and 4-formylphenylboronic acid, generating a polymer that could bind with the surface 

of cells through the boronic acid, but also passivate the cell by PEGylation, limiting adhesion of 

proteins and other cells.165,166 When the polymers were bound to the surface of red blood cells, 

the modified cells showed limited antibody-induced agglutination. This is of great importance to 

individuals who receive frequent blood transfusions, for example during the treatment for sickle 

cell anemia. The body’s natural immune response to transfused blood can make finding a 

suitable donor difficult. PEGylation of red blood cells through boronate ester coupling may 

prove to be of great benefit in the attempt to limit immunogenic response. The polymers were 

also attached to the surface of extracellular matrix and were shown to inhibit attachment of 

unmodified rabbit lens epithelial cells. 

 

1.6 Summary and Future Directions 

Boronic acid-containing macromolecules have found promise in a wide range of 

important applications, including as optical and electrochemical sensors for a wide range of 

biologically relevant materials, separation devices for concentrating and quantifying diol-

functionalized biomaterials, and in situ treatment or prevention of disorders like diabetes and 

HIV. Nanomaterials and hydrogels have been modified with boronic acid species for glucose-

responsive insulin release. Finally, boronic acids are also effective media for cell manipulation, 

including capture, culture, and protection of cells.  
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However, many of the materials investigated in this chapter suffer from a similar 

shortcoming in the lack of specificity towards desired targets. This has been addressed to a 

degree with the development of molecularly imprinted materials, which enhance specificity. 

Many applications will require greater selectivity towards a desired substrate to see wider 

clinical use. A variety of strategies can be employed to enhance selectivity of polymers 

containing boronic acids for specific diols. For example, the structural and chemical identity of 

the boronic acid can be tuned to enhance binding with a diol of a given shape/size or which 

contains a complimentary structural group to facilitate additional secondary interactions. One 

way to approach this is by directly modifying the immediate environment of the boronic acid 

(e.g., by incorporating additional electron withdrawing/donating or Lewis acid/base functionality 

on the ring of polymer-bound phenyl boronic acid groups). Another method of increasing the 

diol specificity of boronic acid-containing polymers is by copolymerization with monomers that 

contain carefully selected functional groups that enhance diol selectivity by favorably interacting 

with the boronic acid or diol components. This approach of seeking enhanced selectivity via 

copolymerization is unique to boronic acid-containing polymers and can be exploited to explore 

the effects of chemical diversity to achieve specificity without tedious multistep syntheses.  

The examples highlighted in this chapter focus on the biological applications of boronic 

acid-containing polymers. While many of the discussed materials have shown limited toxicity in 

simple cytotoxicity assays, there remains a relative lack of true in vivo evaluation. Moving 

forward, current technologies will need to be refined and the efficacy of the materials tested, first 

with animal models and finally in human clinical trials. Even so, the use of boronic acids has 

steadily grown, likely a result of the advantageous synergy between boronic acid reactivity and 

biological composition. The binding of diols, many of which are present in natural systems has 
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allowed boronic acid-containing materials to be of use in many intensely researched fields of 

biotechnology. With further study and application, boronic acids will likely find much wider use 

in clinical settings. 
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CHAPTER 2 
RESEARCH OBJECTIVE 

The purpose of this research was to study the stimuli-responsive nature of boronic acids 

and analogues and to use knowledge of stimuli-responsive materials to prepare new boronic 

acid-functional materials for glucose-responsive applications. Boronic acids have received 

widespread interest in organic, polymer, and materials chemistry, not only as a functional group 

that allows for efficient cross coupling reactions, but also as a moiety that instills pH- and diol-

responsive character into materials in which they are incorporated. Boronic acids have found use 

in a number of interesting applications, ranging from self-healing or thermoresponsive 

hydrogels, to glucose-responsive nanostructures for drug delivery applications, or as the 

foundation of photo- or electrochemical sensors. Boronic acids have even seen fringe 

applications in enzymatic inhibition or in site-directed cancer treatment through the use of boron 

neutron capture therapy. However, there is always room to improve these applications through 

the use of novel boronic acid functional groups or in the design of materials with enhanced 

response at lower boronic acid loading. 

The goal of the research in Chapter 3 was to prepare new thermoresponsive polymers 

with inherent glucose response through the copolymerization of a thermoresponsive monomer 

and a boronic acid. To accomplish this, block copolymers were synthesized to contain a 

permanently hydrophilic poly(N,N-dimethylacrylamide) block along with a thermo- , pH-, and 

sugar-responsive block consisting of monomer units of N-isopropylacrylamide (NIPAM) and 2-

acrylamidoethylcarbamoylphenyl boronic acid (ACPBA). We found that the volume phase 

transition temperature, or cloud point, of the copolymers could be tuned by controlling the ratio 

of NIPAM and ACPBA, with increasing ACPBA content resulting in a lower cloud point 

transition temperature. The cloud point could then be shifted to higher temperatures, either 
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through an increase in solution pH or through the addition of glucose. Interestingly, the polymers 

exhibited a concentration-dependent transition temperature, with decreasing polymer 

concentration resulting in an increasing cloud point temperature, suggesting that dilution under 

physiological conditions could shift the cloud point even higher to above physiological 

temperature. 

The research in Chapter 4 examines the pKa and association constants of a number of 

boronic acid families. Having an understanding of how boronic acid structures affect the binding 

affinity towards various diols is of vital importance to the design of new materials. In this study, 

we found that the boronic acids that currently serve as the basis for many applications have high 

pKa’s and relatively low binding with glucose, a very common diol target for many applications. 

We also found that Wulff-type boronic acids, which are boronic acids with adjacent coordinating 

nitrogen centers, had the lowest diol affinity at neutral and basic pH, while performing the best 

of all the boronic acids investigated at acidic pH. Overall, the boronic acids that provided the 

greatest glucose binding at physiological pH were benzoxaborole and 2-formylphenylboronic 

acid, with the latter molecule containing intramolecular coordination and electron donation to the 

boron center. 

Chapter 5 investigates the controlled polymerization of novel boronic acids containing 

intramolecular coordinating oxygen centers in the form of amide carbonyls. The coordination 

between the boron center and the oxygen was found to be very stable, likely due to 

tautomerization of the amide to the imidic acid. Interestingly, the removal of the pinacol 

protecting group from the boronic acid resulted in a dehydration event involving the amide 

oxygen, resulting in the formation of a new benzoxazaborinine monomer that has not previously 
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been described. Ultimately, controlled polymerization of the monomer proved to be challenging 

and further optimization is necessary to prepare polymers of well-defined structure. 
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CHAPTER 3 
PREPARATION AND CHARACTERIZATION OF GLUCOSE AND 

THERMORESPONSIVE BLOCK COPOLYMERS EXHIBITING A WIDE CLOUD POINT 
TRANSITION WINDOW 

3.1 Introduction 

3.1.1 Stimuli-Responsive Materials 

A number of systems have been shown to exhibit reversible changes in conformation or 

topology in response to environmental change, making these polymers attractive for use in areas 

like drug delivery, sensors, or tissue engineering.1,167-169. These stimuli-responsive or “smart” 

materials can undergo a number of property changes as a result of various external influences, 

including non-chemical stimuli, such as light170 or temperature,29,171,172 or through chemical 

stimuli, such as changes in pH,170,172,173 redox reactions,29,171,172,174 or dynamic-covalent175 and 

supramolecular interactions.167,176 Photoresponsive materials generally demonstrate reversible 

isomerization upon irradiation and commonly include materials containing azobenzene moieties, 

which undergo cis-trans isomerization,177 or spiropyrans which change from a neutral compound 

to a zwitterion after UV irradiation.178 Polymers with pH-responsive characteristics most often 

contain weak acid or base functional groups that lead to ionization or neutralization when 

exposed to a change in pH. Provided the ionization events are accompanied by a change in 

solubility or chain dimensions, the polymers can exhibit behaviors such as self-assembly or 

controlled release. Polymers that exhibit redox-response have frequently relied on disulfide or 

thiol groups present in the polymer that reversibly cleave or couple, resulting in gelation, 

assembly/disassembly, or other morphological changes.179-181 Redox-responsive ferrocene-

modified polymers, coupled with glucose oxidase, have been employed as glucose-responsive 

sensors.182 Dynamic-covalent chemistry has also been used to prepare various polymer 

architectures and to control soluble-insoluble transitions in polymeric nanostructures.15,52  
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Thermal response has been primarily associated with materials that undergo volume-

phase transitions in solution. Materials exhibiting a lower critical solution temperature (LCST, 

maximum temperature for complete miscibility) can undergo a soluble-insoluble transition with 

increasing temperature and materials exhibiting an upper critical solution temperature (UCST, 

minimum temperature for complete miscibility) undergo a soluble-insoluble transition with 

decreasing temperature.29 Because the transition temperatures of thermoresponsive polymers in 

solution are often concentration dependent, thermal transitions are often described as a cloud 

point (temperature at which a soluble-to-insoluble phase transition occurs for a given system). In 

the system described in this report, in the absence of glucose and at physiological pH, the 

polymers have an LCST-type cloud point, with the cloud point increasing with the addition of 

glucose or increasing pH. This approach allows for the formation of self-assembled 

nanostructures at room temperature that can dissociate near body temperature in the presence of 

glucose. 

Boronic acid derivatives are of particular interest, as they have been shown to exhibit a 

number of interesting stimuli-responsive behaviors, including the ability to form dynamic-

covalent boronic (or boronate) esters with 1,2- and 1,3-diols15 and pH-induced solution phase 

transitions, due to the Lewis acidic nature of the boron center. Many of these applications have 

focused on the ability of boronic acids to bind various saccharides, primarily glucose, in aqueous 

solution. The equilibrium between bound and free glucose is driven by a number of factors, 

including the pKa of the boronic acid, the pKa of the diol, and the diol dihedral angle, with the 

ratio of bound to free glucose generally increasing with decreasing pKa of the boronic acid. 

While phenylboronic acid has a pKa value near 9.0, the specific acidity of other phenylboronic 

acid derivatives is a function of the substituents on the aromatic ring, with electron-withdrawing 
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groups on the aromatic ring lowering the pKa.2,51,110 The transition temperature of a 

thermoresponsive polymer is determined by a number of factors, including the monomer 

structure and the composition of the block into which the thermoresponsive monomer is 

incorporated.29 Thus, by incorporating boronic acids within a thermoresponsive polymer, the 

cloud point of the polymer relies on a synergistic combination of both pH and diol concentration 

(Figure 3-1).  

 

 

Figure 3-1. Representation of the various morphologies possible with the amphiphilic block 
copolymers described herein. The polymers exist as unimers in aqueous solution 
when the solution temperature is below the cloud point (CP1). Heating the solution to 
a temperature greater than CP1 results in self-assembly. Increase of solution pH or the 
addition of glucose shifts the cloud point higher (CP2), causing nanoparticle 
dissociation. 

 
Boronic acids and esters have been incorporated into a number of different 

macromolecular architectures, but controlled-release applications have relied on the synthesis of 

boronic acid-containing block copolymers.15,43,46-48,50,51,54,57,183,184 The solution self-assembly of 

such block copolymers allows for the sequestration of materials to the interior of the 

nanostructures, potentially shielding these materials from degradation or preserving their 

biological activity while simultaneously increasing circulation lifetime in the blood. By 
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combining thermoresponsive self-assembly and the glucose-responsive nature of boronic acids, 

block copolymers can provide a potential route for the controlled release of bioactive materials, 

such as insulin under physiological conditions.  

Multiple synthetic steps must often be taken in the preparation of boronic acid-containing 

monomers and polymers, making these materials expensive and difficult to prepare. However, 

the incorporation of a secondary stimulus-response mechanism to facilitate nanostructure 

formation can allow for glucose-responsive nanomaterials with reduced boronic acid content.185 

Thus, by incorporating functional groups that allow an orthogonal (i.e., additional, chemically 

unrelated) stimulus-response mechanism, a boronic acid-containing polymer can be induced to 

self-assemble into a nanostructure when the orthogonal stimulus is applied. The second response 

(i.e., diol binding) can then result in nanostructure dissociation when induced. Through this 

route, nanoassemblies can be prepared with very broad cloud point windows dependent on the 

solution pH and glucose concentration. 

Poly(N-isopropylacrylamide), PNIPAM, is one of the most commonly employed 

thermoresponsive polymers, exhibiting a lower critical solution temperature of approximately 32 

°C. 28,186 At room temperature, PNIPAM exists as unimers in aqueous solution. Upon heating 

above the cloud point, dissolution of PNIPAM becomes unfavorable, with the formation of a 

polymer-rich phase, indicated by precipitation for homopolymers or complex nanoassemblies for 

amphiphilic block copolymers. The copolymers detailed herein were prepared through 

copolymerization of N-isopropylacrylamide (NIPAM) and 4-((2-

acrylamidoethyl)carbamoyl)phenyl boronic acid pinacol ester (ACPBAE) to prepare pH-, 

thermo-, and glucose-responsive block copolymers. The copolymers were then employed to 

investigate the effect of various pH and glucose concentrations on the thermoresponsive nature 
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of the block-copolymers, with one copolymer exhibiting a cloud point transition window of 

nearly 30 °C.  

 

3.1.2 Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization 

The copolymers were prepared via reversible deactivation radical polymerization 

(RDRP), which has been used extensively to prepare many of the architectures described above. 

Of the various RDRP techniques available, including atom transfer radical polymerization 

(ATRP)187 and nitroxide mediated radical polymerization (NMP)188, reversible addition-

fragmentation chain transfer (RAFT) polymerization is particularly suited to synthesizing well-

defined block copolymers due to functional group tolerance and high chain-end retention. 189,190  

The proposed mechanism of a RAFT polymerization is shown in Scheme 3-1. As with 

conventional radical polymerization, a RAFT polymerization begins with a traditional initiation 

step. Following initiation, the monomer-derived radical fragment can either continue propagation 

or add to the carbon-sulfur double bond of a thiocarbonylthio chain transfer agent, producing an 

intermediate carbon centered radical. This radical then undergoes a degenerative chain transfer 

process to either reform the original monomer-derived radical fragment or to produce a new 

radical derived from the chain transfer agent R-group. This equilibrium is referred to as the pre-

equilibrium or initialization period. As the concentration of the RAFT agent is much greater than 

that of the initiator, the majority of polymer chains are initiated by the R-group radical. 
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Scheme 3-1. Proposed RAFT mechanism  

 

The partition of the intermediate radical is dictated by the relative radical stability and 

steric factors of the monomer-derived radical and R-group radical. To produce polymers of well-

defined molecular weight, the fragmentation of the intermediate radical should favor 

fragmentation towards the R-group, with the R-group undergoing rapid initiation. If the R-group 

is too stable, fragmentation with favor the R-group, but reinitiation will be slow, resulting in 

inhibition of the polymerization. If fragmentation favors regeneration of the monomer-derived 

radical, the polymerization will proceed through a conventional radical polymerization 

mechanism. 

Following reinitiation of the R-group radical, the newly formed radical can either 

continue with propagation or add to a chain transfer agent, entering the main equilibrium. To 

produce polymers with narrow molecular weight distribution, the main equilibrium should 
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undergo rapid degenerative chain transfer, with each radical produced adding a minimal number 

of monomer units before adding to another chain transfer agent. 

It is important to note that all radical polymerizations, including conventional radical 

polymerizations and RDRP, undergo termination events. The rate of termination is determined 

by the radical concentration, which is in turn dependent, in part, on the initiator concentration at 

the beginning of the polymerization. However, as the majority of chains are initiated by the 

CTA-derived R-group in the RAFT process, there are a limited number of dead polymer chains 

at the conclusion of the polymerization relative to the total number of polymer chains, with the 

majority of chains retaining a thiocarbonylthio chain end, allowing for chain extension with a 

second monomer to produce block copolymers. 

 

3.2 Results and Discussion 

3.2.1 Synthesis of poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide-co-4-
((2-acrylamidoethyl)carbamoyl)phenyl boronic acid) [PDMA-b-P(NIPAM-co-ACPBA)] 

The monomer conversion, boronic acid content, Mn, dispersity, and cloud point data for 

PDMA-b-P(NIPAM-co-ACPBA) block copolymers P1-P4 are presented in Table 3-1. The 

polymers in this study were prepared by first synthesizing a poly(N,N-dimethylacrylamide) 

[PDMA] macro-chain transfer agent (macroCTA), which was successfully chain extended 

through a copolymerization of NIPAM and ACPBAE (Scheme 3-2). The chain extension was 

evident by the shift in elution volume (Figure A-12) and an increase in molecular weight, as 

determined by size exclusion chromatography (SEC). The block copolymer composition was 

determined via 1H NMR by comparing the methine proton of the NIPAM units to the aromatic 

protons of the boronic acid (Figure 3-2 to Figure 3-4).  
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Scheme 3-2. Synthesis of PDMA macroCTA and chain extension to prepare PDMA-b-

P(NIPAM-co-ACPBA) block copolymers 

 

 

 

 
Figure 3-2. 1H-NMR spectrum of poly(N,N-dimethylacrylamide)-b-poly(N-isopropylacrylamide-

co-(4-((2-acrylamidoethyl)carbamoyl)phenyl)boronic acid) [PDMA-b-P(NIPAM-co-
ACPBA] (P2) in CD3OD 
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Figure 3-3. 1H-NMR spectrum of poly(N,N-dimethylacrylamide)-b-poly(N-isopropylacrylamide-

co-(4-((2-acrylamidoethyl)carbamoyl)phenyl)boronic acid) [PDMA-b-P(NIPAM-co-
ACPBA] (P3) in CD3OD 

 

 
Figure 3-4. 1H-NMR spectrum of poly(N,N-dimethylacrylamide)-b-poly(N-isopropylacrylamide-

co-(4-((2-acrylamidoethyl)carbamoyl)phenyl)boronic acid) [PDMA-b-P(NIPAM-co-
ACPBA] (P4) in CD3OD 
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Table 3-1. Percent monomer conversion, mol% boronic acid content in copolymer, Mn, 

Dispersity, and cloud point data for PDMA-b-P(NIPAM-co-ACPBA) block 
copolymers  

 
PDMA 
(equiv.) 

NIPAM 
(equiv.) 

ACPBAE 
(equiv.) 

AIBN 
(equi
v.) 

Conv.a Mn,MALS
b Đb mol% 

ACPBAc 

Cloud 
Point 
(°C)d 

P1 1 124 0 0.1 >95% 16,100 1.14 0 32 
P2 1 110 6 0.1 >95% 19,600 1.27 6 26 
P3 1 98 11 0.1 >95% 23,700 1.34 11 19 
P4 1 78 20 0.1 >95% 19,700 1.38 21 (7) 

a) Conversion determined by 1H NMR spectroscopy by comparing integration of vinyl proton to trioxane internal 
standard. b) Absolute molecular weights and dispersity determined via SEC-MALS. c) Boronic acid content 
determined by comparing integral of NIPAM unit methine proton to aromatic protons. d) Cloud point determined by 
dynamic light scattering in 0.1 M pH 7.4 PB at 5 mg/mL. The cloud point for P4 was estimated from the linear 
relationship between cloud point and boronic acid content. 
 

3.2.2 Determination of Cloud Point Transition Temperatures for Copolymers in pH 7.4 
Phosphate Buffer Solution 

As the cloud point of a thermoresponsive polymer can be adjusted by copolymerization 

with hydrophilic or hydrophobic monomers, the random incorporation of the hydrophobic 

boronic acid units within the NIPAM block should result in a decreased cloud point. This was 

found to be the case in the prepared copolymers, as increasing boronic acid content resulted in a 

lower cloud points. The transition temperatures for the copolymers were determined via dynamic 

light scattering (DLS). After purification, samples of each polymer were diluted to 5 mg/mL in 

pH 7.4 sodium phosphate buffer (PB), cooling if necessary to dissolve the polymer. Each sample 

was placed in the cavity of the DLS, and the derived count rate, a numerical representation of 

solution turbidity, was measured over a wide temperature range. As shown in Figure 3-5, below 

the cloud point, the count rate increased slowly with heating. However, at the cloud point and 

upon nanostructure formation, the solution became more turbid due to the higher scattering cross 

section of the nanoparticles, causing the count rate to increase dramatically with further heating. 

Therefore, the increase in scattering intensity with temperature was used to observe the onset of 
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self-assembly. For the purpose of these measurements, the cloud point was defined as the 

temperature at which the plot of derived count rate vs. temperature showed an abrupt slope 

change. Specifically, linear fits of the count rate data were obtained before and after the sharp 

slope change, and the temperature at which these lines intersected was taken as the cloud point. 

An example is shown in the Figure 3-6.  

 

 

 
Figure 3-5. Plots for cloud point determination of P1-P4 A) Derived count rate plots for P1-P4 in 

pH 7.4 PBS at 5 mg/mL B) Relationship between cloud point and boronic acid 
content for PDMA-b-P(NIPAM-co-ACPBA) block copolymers. The transition 
temperature for P4 was below the temperature range of the instrument. 
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Figure 3-6. Derived count rate measured as a function of solution temperature for sample P3. 
The cloud point was taken as the intersection of the linear fits of the blue and red 
segments before and after the inflection point. 

 
 Using the linear fit method, the cloud point of P1 was determined to be 32 °C, which 

agrees with literature determination of the cloud point for PNIPAM block copolymers.28,49 As 

expected, the hydrophobic character of the boronic acid units at neutral pH led to a decrease in 

the cloud point transition temperature of the NIPAM copolymers. While the cloud point for P4 

was below the operation limit of our instrument due to condensation formation on the surface of 

the cuvette, a linear relationship was found between boronic acid content in the copolymers 

containing 0, 6, and 11 mol% boronic acid (Figure 3-6B), a characteristic commonly seen in 

thermoresponsive copolymers.29,191-193 From this linear relationship, the cloud point for P4 can be 

estimated to be approximately 7 °C, well below room temperature. The self-assembled 

nanostructures exhibited a number-average size from 23-26 nm, while the dissociated polymers 

in glucose solutions had sizes ranging from 7-9 nm (Figure 3-7). 
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Figure 3-7. DLS traces for P1-P4. Each polymer was dissolved in pH 7.4 PBS, forming 
nanostructures at temperatures greater than the cloud point. For P1, which only 
contains NIPAM, the addition of 100 mM glucose disrupted the nanostructures 
containing boronic acid units, with the size of the assemblies decreasing from 
approximately 23-26 nm to a size of 7-9 nm. 

 

3.2.3 Examining the Effect of pH on Cloud Point Transition Temperature 

In solution, boronic acids exist in equilibrium between the neutral trigonal planar 

geometry and the anionic tetrahedral geometry, with the position of the equilibrium being 

dictated by the solution pH and diol concentration (Figure 3-3). Anionic boronate esters are 

much more hydrolytically stable than neutral boronic esters. Furthermore, the pKa of a neutral 

boronic ester is usually lower than the free boronic acid, further facilitating anion formation. 
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Scheme 3-3. Dynamic equilibrium between neutral boronic acid, boronate anion, and boronate 

ester. Neutral boronic ester formation is less favored than boronate ester formation. 

 

Because the hydrophobicity of the boronic acid units is a function of the ioniziation of the 

boronic acid, the cloud point was measured as a function of solution pH (Figure 3-8A). A 

solution of P4 was prepared in PB at a polymer concentration of 5 mg/mL, after which the pH 

was adjusted to 7.4 using dilute HCl and NaOH solutions. No cloud point transition above 15 °C 

was observed until pH 8.55, with the cloud point reaching approximately 40 °C at pH 9.0. As 

seen in Figure 3-8B, increasing pH led to a non-linear increase in cloud point due to the 

formation of the tetrahedral boronate anion near and above the pKa of the boronic acid. Since pH 

is a logarithmic scale, the non-linear increase in cloud point with increasing solution pH is to be 

expected. A slight increase in pH can lead to a large shift in boronate anion concentration. This 

data indicates that the formation of the boronate anion can drastically increase the cloud point 

transition temperature, suggesting increased anionic boronate ester concentration should also 

lead to an increase in cloud point transition temperature.  
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Figure 3-8. pH dependent cloud point transition temperature for P4 A) Count rate as a function 

of solution temperature and pH for P4 at 5 mg/mL polymer concentration in PBS. B) 
Non-linear relationship between solution pH and cloud point for P4 at 5 mg/mL in 
PBS. 

 

3.2.4 Examining the Effect of Glucose Concentration on Cloud Point Transition 
Temperature 

The effect of glucose concentration on cloud point was also investigated. As the 

formation of boronic esters with glucose causes a shift in the boronic acid equilibrium towards 

the anionic boronate ester, the addition of glucose was expected to result in an increase in 

anionic charge along the polymer, which in turn should increase the cloud point. Solutions of P2-

P4 were prepared in pH 7.4 PB at a polymer concentration of 10 mg/mL. An aliquot from each 

solution was then mixed with an aliquot of 1 M glucose in pH 7.4 PB, and the solutions were 

diluted with buffer to obtain final polymer concentrations of 5 mg/mL with the various glucose 

concentrations. After mixing, the cloud points were determined by DLS (Figure 3-9).  

 

 



 

88 

 
Figure 3-9. Cloud point determination data A) Count rate as a function of temperature and 

glucose concentration for P2 at 5 mg/mL polymer concentration. B) Count rate as a 
function of temperature and glucose concentration for P3 at 5 mg/mL polymer 
concentration C) Count rate as a function of temperature and glucose concentration 
for P4 at 5 mg/mL polymer concentration D) Relationship between cloud point and 
glucose concentration for P2-P4 in PBS at 5 mg/mL polymer concentration 

 

As shown in Figure 3-9D, increasing glucose concentration led to an increase in the 

measured cloud points, which is consistent with anionic boronate ester formation. However, for 

P2, which had only 6 mol% boronic acid in the thermoresponsive block, the shift in cloud point 

was minimal, increasing by only approximately 4 °C over the glucose concentration investigated. 

With increasing boronic acid content, the temperature range at which the polymers exhibited a 

cloud point increased. This increased cloud point transition window is due to the higher 

concentration of boronate ester anion, which increases the hydrophilicity of the NIPAM block. 

For P4, which had the highest boronic acid content, the cloud point range was from 
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approximately 13 to 29 °C for the glucose concentrations investigated. All three polymers 

exhibit a non-linear relationship between cloud point and glucose concentration, likely due to 

near saturation of the boronic acid units at higher glucose concentrations. As the boronic acid 

units bind with glucose, fewer units are available for further binding, necessitating a large 

increase in glucose concentration to measure a small incremental increase in cloud point. 

 

3.2.5 Examining the Effect of Polymer Concentration on Cloud Point Transition 
Temperature Over Broad Glucose Concentrations 

Many thermoresponsive polymers exhibit a cloud point transition temperature that varies 

with polymer concentration. As such, it was necessary to determine if there was a concentration 

dependence with the system being investigated. Given that P4 exhibited the widest cloud point 

range over the glucose concentration range investigated, this polymer was chosen to investigate 

the cloud point transition temperature at various glucose concentrations as a function of polymer 

concentration (Figure 3-10). 
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Figure 3-10. Derived count rate measurements for solutions of P4 over wide glucose 
concentrations. The polymer concentration were A) 10 mg/mL, B) 5.0 mg/mL, and C) 
2.5 mg/mL. 
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As can be seen in Figure 3-10, the cloud point of P4 exhibits a distinct concentration 

dependence. Higher polymer concentrations resulted in a more narrow cloud point transition 

window, with the cloud point ranging from approximately 11 to 20 °C at a polymer 

concentration of 10 mg/mL. Decreasing the polymer concentration led to widening of the cloud 

point transition window. At a polymer concentration of 2.5 mg/mL, P4 has widest effective 

cloud point transition windows, with the cloud point ranging from approximately 13 °C for the 

copolymer at 15 mM glucose to 34 °C for the copolymer at higher glucose concentration (Figure 

3-11). For use in controlled-release applications, a shift in cloud point from below room 

temperature to above body temperature would provide a facile approach for triggered drug 

release. These results suggest that under physiological conditions, at which point the polymer 

would be significantly more dilute than 2.5 mg/mL, P4 may have an even higher cloud point 

after glucose saturation. Although the largest difference in cloud point was seen at very high 

glucose concentrations, dilution of the copolymers in the body may result in glucose saturation at 

lower glucose concentrations. With the cloud point of P4 approaching body temperature, the 

cloud point range for P4 could span from just above the freezing point of water to above body 

temperature, allowing for controlled drug delivery within the body while maintaining 

nanoparticle integrity at room temperature and below. 
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Figure 3-11. Glucose dependent cloud point transition temperature for P4 A) Cloud point 

measurements for P4 as a function of glucose concentration. The polymer 
concentration ranged from 2.5 to 10 mg/mL. B) Concentration dependent cloud 
points for P4 at glucose concentrations ranging from 15 to 500 mM 

 

3.3 Conclusions 

In this study, thermo-, pH-, and glucose-responsive block copolymers were prepared 

through copolymerization of NIPAM with ACPBAE with a hydrophilic PDMA macroCTA, 

followed by deprotection of the boronic acids. The cloud point of the resulting block copolymers 

can be tuned by controlling the incorporation of ACPBA within the NIPAM block, with 
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increasing boronic acid content leading to a lower cloud point at physiological pH. In this 

system, increasing glucose concentration led to an increase in the solution cloud point due to 

boronate anion formation upon glucose binding. Polymers with increasing boronic acid content 

exhibited a wider thermoresponsive temperature window, spanning a cloud point transition 

temperature window from approximately 7 to 35 °C under the conditions examined. The dilution 

of the boronic acid copolymers led to an increase in the cloud point after glucose binding at 

higher glucose concentrations, suggesting a concentration-dependent cloud point for the 

copolymer. Dilution in the body during potential drug delivery applications would likely result in 

higher cloud points after glucose saturation. With further optimization, boronic acid-containing 

thermoresponsive block copolymer systems may provide a route for delivery of biologically 

important materials, such as insulin, with greatly reduced boronic acid content as compared to 

previously studied systems. 

 

3.4 Experimental 

3.4.1 Materials 

2-(((Dodecylthio)carbonothioyl)thio)-2-methylpropanoic acid (DMP) was prepared as 

previously reported.194 N,N-dimethylacrylamide (DMA, Fluka, 98%) was passed through a short 

column of basic alumina before use to remove inhibitors. N-Isopropylacrylamide (NIPAM, TCI, 

>98%) was recrystallized three times from hexane before use to remove inhibitor. 

Azobisisobutyronitrile (AIBN, Sigma, 98%) was recrystallized three times from ethanol. N,N-

Dimethylacetamide (DMAc, Fisher), N,N-Dimethylformamide (DMF, BDH, 99.8%), 1,3,5-

trioxane (Alfa Aesar, 98%), acryloyl chloride (Aldrich, >97%), triethylamine (TEA, Alfa Aesar, 

99%), tetrahydrofuran (THF, EMD, 99.5%), toluene (Sigma, 99.5%), sodium hydroxide 

(Macron), hydrochloric acid (Fisher, ACS grade), anhydrous sodium sulfate (Fisher), basic 
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alumina (Fisher), ethyl acetate (Fisher, ACS grade), dichloromethane (DCM, Macron), 

molecular sieves (4Å, 4 to 8 mesh, Acros Organics), oxalyl chloride (Alfa Aesar, 98%), ethylene 

diamine (Sigma), di-tert-butyl dicarbonate (Fluka, >98%), 4-carboxyphenylboronic acid (Combi-

Blocks, 98%), pinacol (Alfa Aesar, 99%), dialysis membrane (Spectra/Por, 3.5kDa MWCO), 

deuterated methanol (CD3OD, Cambridge Isotopes), deuterated chloroform (CDCl3, Cambridge 

Isotopes) and any other chemicals were used as received unless otherwise noted. 

 

3.4.2 Characterization 

Proton NMR spectroscopy was performed using a Varian Inova 500 spectrometer with 

either deuterated methanol (CD3OD) or deuterated chloroform (CDCl3) as the solvent. Molecular 

weights and molecular weight distributions were determined via multi-angle laser light scattering 

size exclusion chromatography (MALS-SEC) in N,N-dimethylacetamide (DMAc) with 50 mM 

LiCl at 50 °C and a flow rate of 1.0 mL/min (Agilent isocratic pump, degasser, and autosampler; 

PLgel 5 μm guard column and two ViscoGel I-series G3078 mixed bed columns, with molecular 

weight ranges 0−20×103 and 0−100×104 g/mol, respectively). Detection consisted of a Wyatt 

Optilab T-rEX refractive index detector operating at 658 nm and a Wyatt miniDAWN Treos 

light scattering detector operating at 659 nm. Absolute molecular weights and polydispersities 

were calculated using Wyatt ASTRA. Dynamic light scattering (DLS) analysis was conducted 

with a Zetasizer Nano-ZS (Malvern) operating at a wavelength of 633 nm. 

 

3.4.3 Synthesis of tert-butyl (2-aminoethyl)carbamate 

Ethylenediamine (16.0 g, 0.266 mol) was dissolved in THF (250 mL), and a solution of 

di-tert-butyldicarbonate (14.3 g, 0.0655g) in THF (50.0 mL) was added drop-wise while stirring 

at room temperature. The reaction was allowed to stir overnight. A white precipitate was 
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removed via filtration, and the solvent was removed under reduced pressure. The remaining oily 

solution was dissolved in DI water and the difunctionalized ethylenediamine was removed by 

filtration. The aqueous solution was saturated with sodium chloride and repeatedly extracted 

with DCM. The organic layers were collected, dried over anhydrous sodium sulfate, filtered, and 

then concentrated under reduced pressure to yield the crude product, which was used without 

further purification. 9.40 g, 90% yield. 

 

3.4.4 Synthesis of tert-butyl (2-acrylamidoethyl)carbamate 

tert-Butyl(2-aminoethyl)carbamate (9.40 g, 0.0587 mol) was dissolved in THF (200 mL), 

along with triethylamine (5.90 g, 0.0587 mol). The solution was cooled in an ice bath, and 

acryloyl chloride (5.30 g, 0.0587 g) in THF (50 mL) was added drop-wise while maintaining the 

ice bath. The reaction was allowed to come to room temperature and stir overnight. The resulting 

TEA-HCl salt was removed via filtration, and the reaction solution was concentrated under 

reduced pressure to yield a white powder. The product was used without further purification. 

10.0 g, 80% yield. 

 

3.4.5 Synthesis of 2-acrylamidoethylammonium trifluoroacetate 

Tert-butyl (2-acrylamidoethyl)carbamate (6.04 g, 0.0282 mol) was dissolved in DCM (30 

mL) and trifluoroacetic acid (TFA) (60.0 mL). The reaction was stirred for 3 h until gas 

evolution had ceased. The excess DCM and TFA were carefully removed via rotary evaporation. 

Further removal of solvent under high vacuum or excess nitrogen purging was avoided due to the 

tendency of the material to polymerize. The resulting oil was used without further purification. 
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3.4.6 Synthesis of 4-carboxyphenylboronic acid pinacol ester 

Pinacol (10.2 g, 0.0863 mol) was dissolved in dry DCM (250 mL), to which activated 

molecular sieves (10 g) had also been added. 4-Carboxyphenylboronic acid (15.0 g, 0.0904 mol) 

was added to this solution, solubilizing upon reaction. After stirring at room temperature for 12 

hours, the solution was filtered to remove the molecular sieves and unreacted 4-carboxyphenyl 

boronic acid. The DCM was removed under reduced pressure, and the resulting white solid was 

recrystallized from ethyl acetate. 14.6 g, 65% yield. 

 

3.4.7 Synthesis of (4-(chlorocarbonyl)phenyl)boronic acid pinacol ester 

4-Carboxyphenylboronic acid pinacol ester (6.87 g, 0.0277 mol) was dissolved in DCM 

(125 mL), to which oxalyl chloride (12.0 mL, 0.140 mol) was added, along with 1-2 drops of 

DMF. The reaction was allowed to proceed for several hours, until gas evolution had ceased. 

Excess DCM and oxalyl chloride were removed under reduced pressure to yield a slightly yellow 

powder, which was used without further purification. 

 

3.4.8 Synthesis of (4-((2-acrylamidoethyl)carbamoyl)phenyl)boronic acid pinacol ester 
(ACPBAE) 

The 2-acrylamidoethylammonium trifluoroacetate prepared above was dissolved in THF 

(45.0 mL) and cooled in an ice-bath. Triethylamine (45.0 mL) was cooled in an ice-bath and then 

slowly added to the salt while maintaining the ice-bath. (4-(Chlorocarbonyl)phenyl)boronic acid 

pinacol ester, as prepared above, was dissolved in THF (50.0 mL) and added drop-wise to the 

previous solution. The reaction was allowed to come to room temperature and stir overnight. The 

resulting TEA-HCl salt was removed via filtration, and the reaction solution was concentrated 

under reduced pressure to yield an off-white powder, which was suspended in DI water (200 
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mL). The pH of the solution was adjusted to 4.0, and the product was recovered by extraction 

with ethyl acetate (3 x 100 mL). The organic layers were dried over anhydrous sodium sulfate 

before being filtered and concentrated under vacuum to yield an off-white powder. The product 

was recrystallized from ethyl acetate to yield a white powder. 5.43 g, 57% yield. 

 

3.4.9 Synthesis of poly(N,N-dimethylacrylamide) [PDMA] 

DMA (10.0 g, 0.101 mol), DMP (0.566g, 1.55 mmol), AIBN (0.0127 g, 0.0773 mmol), 

and trioxane (0.454 g, 5.04 mmol) were dissolved in toluene (30.0 mL) in a 40 mL septum-

capped vial. The solution was purged with nitrogen for 30 min before the vial was placed in a 

preheated block at 70 °C. The reaction was quenched after 150 min by exposing to air and 

chilling in a water bath. The polymerization had reached 76% conversion, as determined by 1H 

NMR spectroscopy. The product was purified by precipitation into hexane, first from toluene, 

before being redissolved in THF and precipitated twice more (Mn,MALS = 5,900 g/mol, Đ = 1.06). 

 

3.4.10 Synthesis of poly(N,N-dimethylacrylamide)-b-poly(N-isopropylacrylamide-co-(4-((2-
acrylamidoethyl)carbamoyl)phenyl)boronic acid) [PDMA-b-P(NIPAM-co-ACPBA] (P1-
P4) 

NIPAM (0.264 g, 2.33 mmol) and ACPBAE (0.206 g, 0.598 mmol) were dissolved in 

DMF (1.00 mL). A stock solution of PDMA (1.43 g, 0.242 mmol), AIBN (0.0090 g, 0.0548 

mmol), and 1,3,5-trioxane (0.150 g, 1.67 mmol) in DMF (16.4 mL) was prepared, and an aliquot 

of the stock (2.00 mL) was added the above solution. The mixed solution was purged with 

nitrogen for 30 min before the vial was placed in a preheated block at 70 °C. The reaction was 

quenched after 24 h by exposing to air and chilling in a water bath. The polymerization had 

reached greater than 95% conversion. The product was purified to remove residual monomer, 

solvent, and the pinacol protecting group by dialyzing against pH 10 water for 3 days, followed 
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by dialysis against deionized water for 3 days, changing the water twice a day. The product was 

recovered as a white solid after lyophilization.  
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CHAPTER 4 
EVALUATION OF DIOL BINDING CONSTANTS WITH VARIOUS BORONIC ACID 

CLASSES 

4.1 Introduction 

Boronic acids and boronic acid analogues have been employed for a number of 

biomedical applications, for example, in sensors and drug delivery.195 Sensors provide rapid, 

quantitative resolution of analytes and are important in the field of diagnostic medicine.5,125 

Boronic acids have been shown to be effective sensors for various saccharides, polysaccharides, 

glycoproteins, glycated proteins, and dopamine. Sensing occurs primarily through the formation 

of boronate esters with 1,2- or 1,3-diols present on the substrate. 

Careful design of macromolecules containing boronic acids can also allow for the 

controlled release of encapsulated pharmaceuticals.55,196 Release profiles are generally dictated 

by formation of boronate esters with the macromolecules, resulting in a concomitant adjustment 

in material properties or morphology. For instance, in boronic acid-containing thermoresponsive 

hydrogels, the binding of glucose or fructose with boronic acid units along the hydrogel 

backbone causes an increase in the hydrophilicity of the hydrogel, resulting in gel swelling,32,52 

increased pore size, and more rapid diffusion of encapsulated therapeutics through the gel. In 

boronic acid-modified nanoassemblies or in boronate ester-stabilized nanoparticles, the binding 

of saccharides often results in an increase of material solubility, causing a disruption in 

nanoassemblies and a release of encapsulated therapeutics.  

Understanding the interactions of boronic acids with various substrates is important for 

the design of sensors and release devices. Diol binding constants can easily be determined for 

boronic acids having absorbance or fluorescence characteristics that depend strongly on ester 

formation. However, for boronic acids that do not exhibit shifts in spectroscopic properties upon 

ester formation, determination of binding constants can be less straightforward, often relying on 
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pH-depression methods which require high boronic acid concentrations and assumes that 

esterificiation always results in anionic boronate ester formation with a negligible concentration 

of neutral boronic ester.197,198 The pH depression method also assumes that the boronic esters 

have a lower pKa than the free boronic acid, which may not always be the case.199 Wang and 

Springsteen examined the nature of boronate ester formation and diol binding through the use of 

Alizarin Red S (ARS), a hydrophilic dye. In solution, ARS exhibits a blue shift in absorbance 

upon binding with a boronic acid.59,147 Displacement of ARS by a diol results in a red shift back 

to the characteristic absorbance of unmodified ARS.  

The binding of ARS with boronic acids also results in an increase in fluorescence 

intensity. In solution, excited-state proton transfer between the catechol hydroxyl groups and the 

adjacent ketone results in quenching of the ARS fluorescence.200 Upon ester formation, this 

proton transfer is no longer possible, and fluorescence quenching is not observed. To examine 

the binding of diol substrates with various boronic acids, the transesterification of the ARS-

boronate ester with the substrate disrupts the ARS-ester equilibrium, resulting in reduced 

fluorescence intensity (Figure 4-1). This three-component system allows for determination of 

diol association constants. 
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Figure 4-1. ARS binding and transesterification scheme. A) Upon ester formation with the 

boronic acid, the ARS adduct becomes fluorescent. B) The fluorescence intensity 
decreases upon transesterification with a competing diol. 

 
ARS-boronate esters have been employed for both the examination of diol association 

constants61,201-203 and the development of diol sensors.148,149,204 Previous studies have 

investigated the effects of substituents on boronic acid-diol binding, but have not broadly 

compared various boronic acid classes. Furthermore, apparent diol binding constants as 

determined by the ARS competitive binding assay have been shown to be dependent on a 

number of factors, including solution pH, boronic acid structure, and most importantly, buffer 

composition. As such, it is important to ensure that apparent association constants are determined 

under identical conditions to allow comparative evaluations of boronic acid species. This study 

evaluates six boronic acids and boronic acid analogues across a wide pH range and under 
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identical solution conditions so as to provide a true comparison between boronic acid classes in 

terms of diol binding. 

4.2 Results and Discussion 

Six boronic acids and analogues were chosen. (Figure 4-2) Both 3-

acetamidophenylboronic acid (3-AcPBA) and 4-methylcarbamoylphenylboronic acid (MCPBA) 

were chosen as analogues of boronic acids used previously in our research48,49,51 and by other 

groups. 26,27,52,205 Benzoxaboroles (benzoboroxoles) have also seen limited use in self-assembled 

polymeric nanoassemblies.42,53,54,185 Wulff-type boronic acids, similar in structure to 2-

dimethylaminomethylphenylboronic acid (DAPBA), are of great interest in biomedical 

applications.21,50,135,206,207 However, there has been very limited investigation of glucose binding 

with Wulff-type boronic acids, which is vital in development of glucose-responsive materials.202 

 

 
Figure 4-2. Structures of various boronic acids and boronic acid analogues investigated 

 

The determination of boronic acid-diol binding constants involves a three-component 

competitive binding assay.59,147,208 The association constant between each boronic acid and ARS 

(KARS) must first be determined. To do this, each boronic acid is titrated into a constant 
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concentration of ARS. Formation of the boronic acid-ARS adduct results in an increase in 

solution fluorescence intensity. To derive the relationship between the association constant 

(KARS) and fluorescence intensity, we first consider the relationship between the association 

constant and the concentration of the solution components, given by Equation 4-1, where 

[BA∙ARS] is the concentration of the boronic acid-ARS conjugate, [BA] is the free boronic acid 

concentration, and [ARS] is the free ARS concentration. As the boronic acid is in large excess 

relative to ARS, the concentration of the boronic acid is considered constant. 

 

𝐾𝐾ARS =
[BA ∙ ARS]
[BA][ARS] (4-1) 

 

Equation 4-1 can be rewritten as Equation 4-2. 

 

𝐾𝐾ARS =
[BA ∙ ARS]

[BA]([ARS]o − [BA ∙ ARS]) =
[BA ∙ ARS]

[BA] � [ARS]o
[BA ∙ ARS] − 1�

 (4-2) 

 

Equation 4.2 can be further simplified to give Equation 4.3 

 

[ARS]o
[BA ∙ ARS] =

[BA ∙ ARS]
[BA]𝐾𝐾ARS

+ 1 (4-3) 

 

The fluorescence intensity for any given concentration of BA∙ARS is given by Equation 4-4, 

where If is the fluorescence intensity, k is a constant related to instrument parameters such as 
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monochromator throughput, ϕ is the quantum yield, Io is the incident light intensity, ε is the 

molar absorptivity, and b is the path length. 

 

I𝑓𝑓 = kϕIoεb[BA ∙ ARS] (4-4) 

 

Rearrangement of Equation 4-4 allows for determination of BA∙ARS concentration, as given by 

Equation 4-5. 

 

 

[BA ∙ ARS] =
I𝑓𝑓

kϕIoεb
 (4-5) 

 

Substitution of Equation 4-5 in Equation 4-3 gives Equation 4-6. 

 

kϕIoεb[ARS]o
I𝑓𝑓

=
1

[BA]𝐾𝐾ARS
+ 1 (4-6) 

 

Equation 4-6 can be rearranged to give Equation 4-7, the Benesi-Hildebrand equation. 

 

1
I𝑓𝑓

=
1

kϕIoεb[ARS]o𝐾𝐾ARS[BA] +
1

kϕIoεb[ARS]o
 (4-7) 

 

Given Equation 4-7, the ARS association constant, KARS, can be found from the plot of 1/If vs. 

1/[BA] for a titration of a boronic acid with a solution of constant ARS concentration. The 
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association constant is determine by dividing the plot intercept by the slope. Examples of these 

plots can be found in the appendix (Figure A-19).  

Once KARS is known, the apparent boronic acid-diol association constant (Keq) can be 

determined through competitive binding assay. Each diol is titrated into a solution with constant 

boronic acid and ARS concentrations. Increasing the diol concentration displaces a fraction of 

the ARS from the boronic acid-ARS adduct, resulting in a decrease in fluorescence intensity. The 

equilibrium for the displacement of the boronic acid-ARS adduct with a diol is shown in Scheme 

4-1. 

 

 

Scheme 4-1. Equilibrium for the displacement of the boronic acid-ARS adduct with a diol 

 

The mass-balance expressions for the individual components are given by Equations 4-8 through 

4-10. 

 

[Diol]o = [Diol] + [BA ∙ Diol] (4-8) 

  

[ARS]o = [ARS] + [BA ∙ ARS] 
(4-9) 

 

  

[BA]o = [BA] + [BA ∙ Diol] + [BA ∙ ARS] (4-10) 

  

The association constant for each diol, Keq, is given by Equation 4-11. 
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𝐾𝐾eq =
[BA ∙ Diol]
[Diol][BA] (4-11) 

 

Combining the mass-balance equations with Equations 4-1 and Equation 4-11 gives Equation 4-

12. 

 

[BA]o = [BA] +
𝐾𝐾eq[BA][Diol]o

1 + 𝐾𝐾eq[BA] +
𝐾𝐾ARS[BA][ARS]o

1 + 𝐾𝐾ARS[BA]  (4-12) 

 

If we define the indicator ratio, Q, by Equation 4-13, then Equation 4-12 can be rewritten as 

Equation 4-14. 

 

𝑄𝑄 =
[ARS]

[BA ∙ ARS] (4-13) 

  

[BA]o =
1

𝑄𝑄𝐾𝐾ARS
+

𝐾𝐾eq[Diol]o
𝑄𝑄𝐾𝐾ARS + 𝐾𝐾eq

+
[ARS]o
1 + 𝑄𝑄

 (4-14) 

 

If we define a quantity, P, as given by Equation 4-15, then Equation 4-14 can be rewritten as 

Equation 4-16. 

 

𝑃𝑃 = [BA]o −
1

𝑄𝑄𝐾𝐾ARS
−

[ARS]o
1 + 𝑄𝑄

 (4-15) 
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𝑃𝑃 =
𝐾𝐾eq[Diol]o
𝑄𝑄𝐾𝐾ARS + 𝐾𝐾eq

 (4-16) 

 

Equation 4-16 can be rewritten as Equation 4-17. 

 

[Diol]o
𝑃𝑃

=
𝐾𝐾ARS
𝐾𝐾eq

𝑄𝑄 + 1 (4-17) 

 

Given equation 4-17, the boronic acid-diol association constant, Keq, can be found from a plot of 

[Diol]o/P vs. Q. The association constant can be determined by dividing KARS by the slope of the 

plot. The value Q can be obtained from measured fluorescence intensities as given by Equation 

4-18, where I𝑓𝑓,BA⋅ ARS is the fluorescence intensity of the boronic acid-ARS adduct in the absence 

of competitive diol, I𝑓𝑓,ARS is the fluorescence intensity of ARS, and I𝑓𝑓 is the measured 

fluorescence intensity in the presence of competitive diol. 202,208  

 

𝑄𝑄 =
I𝑓𝑓,BA⋅ARS − I𝑓𝑓

I𝑓𝑓 − IARS
 (4-18) 

 

Examples of these plots can be found in the appendix (Figure A-20).  

A number of studies have examined the substitution (or heterocyclic ring structure in the 

case of benzoxaboroles) of boronic acids to determine the effect of these modifications of 

boronic acid pKa and binding affinity. 6,59,199,202,209 However, these studies have been performed 

under a number of different conditions, leading to determinations of association constants that 

can vary between studies.210 In many of these investigations, the binding affinity was found in 
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aqueous/organic cosolvent systems, which was necessary to solubilize the boronic acids in 

question.202,211 As such, there is a need for a study that examines the association constants of a 

variety of boronic acid families under identical conditions to better identify the most viable 

candidates for future applications. 

 
4.2.1 Determination of Boronic Acid pKa Values  

The pKa of a boronic acid is defined as the pH at which 50% of the boronic acid exists as 

the hydroxyboronate anion species. Many applications of boronic acids rely on a shift in 

solubility or solute-solvent favorability, which is often dictated by the transition from 

hydrophobic neutral boronic acid to the anionic hydroxyboronate or boronate ester. As such, 

employing a boronic acid with a pKa much higher than physiological pH may not yield a material 

or device with an optimum response profile under physiological conditions. It has been shown 

that the binding affinity of a boronic acid is often related to the pKa of the boronic acid, although 

the most effective binding is not always near or above the pKa of the boronic acid.199 Several 

studies have proposed that optimal binding should occur at a pH between the pKa of the boronic 

acid and of the diol, as given by Equation 4-19, although this may not account for secondary 

effects, such as buffer composition, steric hindrance, or solvent system, which can affect the 

ability to form boronic esters.199 

 

pHoptimal = (p𝐾𝐾a−acid + p𝐾𝐾a−diol)/2 (4-19) 

 

In this study, the pKa of each boronic acid was determined by monitoring the UV 

absorption of each molecule as a function of pH. As the boronic acid transitions from the neutral 

trigonal planar species to the tetrahedral boronate center, the absorbance at wavelengths ranging 
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from approximately 200 to 260 nm decreases, allowing for facile pKa determinations. The 

measured pKa’s are given in Table 4-1 and examples of titration data can be found in the 

appendix (Figure A13-Figure A18). 

 

Table 4-1. Measured pKa values for various boronic acids and analogues 
Boronic Acid pKa 
 

 
 

3-AcPBA 8.5 

 
 

4-MCPBA 7.9 

 
 

4-FPBA 7.8 

 
 

BOB 7.5 

 
 

2-FPBA 7.5 

 
 

DAPBA  5.3 

 

Unmodified phenylboronic acid has previously been shown to have a pKa of 

approximately 8.8.9 To adjust the pKa, the aromatic ring can be modified with electron-

withdrawing or -donating substituents. Of the boronic acids investigated, 3-

acetamidophenylboronic acid (3-AcPBA) was found to have the highest pKa, while the electron 

withdrawing inductive and resonance effects for both 4-methylcarbamoylphenylboronic acid (4-

MCPBA) and 4-formylphenylboronic acid (4-FPBA) result in a decrease of pKa for both boronic 
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acids. 212 As the aldehyde is slightly more electron withdrawing, 4-FPBA has a slightly lower 

overall pKa than 4-MCPBA.  

Benzoxaborole (BOB) is a heterocycle-modified boronic acid, with a pKa significantly 

lower than 3-AcPBA, 4-MCPBA, or 4-FPBA. The lower pKa is driven by the release of ring 

strain in the 5-membered ring as the boron center transitions from a trigonal planar geometry in 

the neutral form to a tetrahedral geometry in the boronate anion form, with the heterocycle being 

retained.6 Interestingly, the pKa of 2-formylphenylboronic acid (2-FPBA) is similar to that of 

BOB. This is likely due to intramolecular interaction between the carbonyl oxygen and the boron 

center. It has been shown that in aqueous solution 2-FPBA can exist as an isomer of similar 

structure to BOB, forming a benzoxaborole heterocycle with a hydroxyl substituent on the 

methylene unit between the aromatic ring and the oxygen derived from the carbonyl. This is due 

to tautomerization of the carbonyl, followed by a ring closing cyclization.213 The formation of 

this heterocycle is more favorable as the pH of the solution increases, resulting in 2-FPBA 

having a pKa similar to that of BOB.  

 

Scheme 4-2. Isomerization of 2-FPBA through keto-enol tautomerization 

 

The boronic acid with the lowest measure pKa was 2-dimethylaminomethylphenylboronic 

acid (DAPBA). This family of boronic acids, containing an adjacent coordinating amine center, 

is often referred to as a “Wulff-type” boronic acid.7 In these Wulff-type boronic acids, the 

nitrogen center coordinates with boron, forming a tetrahedral boronate. As such, the pKa of this 

boronic acid is formally the pKa of the amine center, as deprotonation of the amine results in the 
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B-N coordinative interaction. It has been previously shown that both secondary and tertiary 

amines have similar effect on boronic acid activity.8 Further increase in solution pH results in 

formation of the hydroxyboronate anion and release of the adjacent amine. Recently, there has 

been some evidence of a solvent insertion mechanism also taking place with Wulff-type boronic 

acids, whereby a polar protic solvent such as water or methanol can donate electron density to 

the boron center. In this mechanism, the solvent insertion results in the formation of an anionic 

boronate center and a cationic ammonium center.9,10 

 

 

Scheme 4-3. pH dependent coordination of an amine to a boron center in Wulff-type boronic 
acids 

 

4.2.2 Apparent Association Constants for Various Boronic Acid Families 

The association between a boronic acid and a diol is affected by a number of factors, 

including boronic acid pKa, diol pKa, dihedral angle of the diol, steric hindrance, and stabilization 

of the boronate center. Given the acidity of aromatic hydroxyl groups and the planar nature of 

the diol, it is common for catechol functional molecules to have high binding constants at 

relatively low pH. As such, Alizarin Red S, a catechol functional molecule, is often used as a 

fluorescent reporter, as it becomes fluorescent upon binding with a boronic acid. This provides a 

direct method for determination of binding constants with ARS. (Table 4-2) The binding of ARS 

was found to follow a similar pattern for most of the boronic acids in question, with the highest 

association constant found near physiological pH. The exception was DAPBA, where the 
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association constant was significantly higher for DAPBA under acidic conditions, potentially due 

to an electrostatic attraction between the protonated ammonium center below the amine pKa and 

the anionic sulfonate group on ARS. For the boronic acids with functional groups directly 

attached or adjacent to boron (BOB, 2-FPBA, and DAPBA), the association constants were 

much lower than those for the other boronic acids, likely due to steric hindrance at the boron 

center. For measurements where the apparent association constant was too low to be reliably 

determined, the value is reported as n/d (not determined). 

Table 4-2. Measured apparent association constants (M-1) for various boronic acids with ARS, 
sorbitol, fructose, and glucose at pH 5.2, 7.4, and 8.7. Under some conditions, the 
binding constant was too low to accurately measure and was thus not determined 
(n/d). 

Boronic 
Acid (pKa) 

3-AcPBA 
(8.5) 

4-MCPBA 
(7.9) 

4-FPBA 
(7.8) BOB (7.5) 2-FPBA 

(7.5) 
DAPBA 

(5.3) 

-Diol       
-ARS       
pH 5.2 1220 1720 2580 620 620 17400 
pH 7.4 2200 2490 4850 940 760 600 
pH 8.7 490 470 720 100 89 43 
-Sorbitol       
pH 5.2 6.6 13 22 5.5 9.7 130 
pH 7.4 610 980 2100 340 440 380 
pH 8.7 3200 4200 3000 1200 1200 230 
-Fructose       
pH 5.2 n/d n/d 3.1 n/d 1.9 4 
pH 7.4 350 470 1260 230 360 64 
pH 8.7 1400 1600 2000 770 790 9.6 
-Glucose       
pH 5.2 n/d n/d n/d n/d n/d n/d 
pH 7.4 8.1 8.8 21 11 22 n/d 
pH 8.7 20 38 52 42 42 n/d 

 

We were interested in investigating the association constants of the boronic acids and 

sorbitol, as the sugar alcohol can potentially behave as a multifunctional diol for crosslinking 
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between boronic acids or as a competitive binding agent. The latter is of great importance in 

heterogeneous separation devices for release of captured diol functional molecules in affinity 

chromatography.214 Of the sugar and sugar alcohols investigated, sorbitol had the highest 

association constants with each boronic acid as compared to fructose and glucose, even though 

sorbitol, fructose, and glucose all have a pKa close to 12.5. This is likely due to the availability of 

the diols in solution, as both fructose and glucose can exist as various linear and cyclic isomers. 

Of the possible fructose isomers, β-D-fructofuranose has been shown to have the highest binding 

constant and an abundance of around 25% in aqueous solution, while the glucose isomer with the 

highest binding constant has been shown to be α-D-glucofuranose which has an abundance of 

approximately 0.14%.120 For the unhindered boronic acids, the association constant with sorbitol 

increased with decreasing pKa. This pattern remained true for both fructose and glucose. 

Despite the fact that the sterically hindered boronic acids have significantly lower pKa 

values than the unhindered boronic acids, it was observed that the association constants for the 

bulky boronic acids were considerably lower for sorbitol and fructose, with similar binding 

constants for glucose. This counterintuitive binding affinity highlights the need an understanding 

of the effect of structure on binding affinity and to not assume that a lower pKa will consistently 

result in a higher association constant. The glucose association constants for BOB and 2-FPBA 

were amongst the highest values of the various boronic acids, with 2-FPBA having a slightly 

higher association constant than BOB at neutral pH. At higher pH, where intramolecular 

cyclization of 2-FPBA is more favored, the association constants for 2-FPBA and BOB are very 

similar. The slightly higher glucose association constants of BOB and 2-FPBA, coupled with the 

lower pKa of the boronic acids, make these classes of materials fitting for glucose-responsive 

systems.  



 

114 

DAPBA, the Wulff-type boronic acid, which has seen use in self-healing hydrogels206 

and glucose detection devices,125 had the lowest association constants at neutral and basic pH of 

all the boronic acids investigated. Other groups have observed the lower binding affinity of 

Wulff-type boronic acids at neutral and basic pH.202 Interestingly, the association constants at 

acidic pH were notably higher than those for all other boronic acids, likely due to the 

electrostatic stabilization of the boronate species with the cationic ammonium ion. The ability to 

stabilize esters at relatively low pH has been utilized to prepared hydrogels at acidic pH.21 

 

4.3 Conclusions 

Even with the increased association constants of BOB and 2-FPBA, glucose binding is 

still much lower than the binding of other biologically relevant diols, such as fructose. This may 

be overcome through the use of specially designed diboronic acid ligands, in which the 3-

dimensional space between the boronic acids is designed to favor binding of one type of diol 

over others. A similar strategy is taken in molecularly imprinted networks, where the targeted 

substrate is incorporated during network formation, precluding the binding of other diols for 

purely steric reasons. However, these approaches are either synthetically difficult or may simply 

not be amenable to a desired application. As such, it is necessary to have knowledge of the 

characteristics of each boronic acid family, so that the best functional group can be chosen for 

each application. 

In the design of boronic acid-functional materials, it is vital to understand the structure-

property relationships between the functional groups and the effect on boronic acid 

characteristics, including pKa, binding affinity, and relative selectivity. This study provides a 

direct comparison of various boronic acid families, allowing for selection of the optimal boronic 

acid for each application. Many materials intended for physiological applications have relied on 
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boronic acids that are similar in structure to 3-AcPBA or 4-MCPBA, while those boronic acids 

have been shown to have a pKa much higher than physiological pH and glucose association 

constants lower than those of other boronic acid families. Wulff-type boronic acids have seen 

relatively widespread use, even though the bulky nature of the amine results in very low diol 

binding constants at neutral and basic pH. The results of this research indicate that heterocyclic 

boronic acids, like benzoxaboroles, or boronic acids with less hindered electron donating species, 

like 2-formylphenylboronic acid, may provide the best response profile under physiological 

conditions of the boronic acid families investigated.  

 

4.4 Experimental 

4.4.1 Materials 

4-Formylphenylboronic acid (Combi-blocks, 98%), 2-formylphenylboronic acid (Combi-

blocks, 98%), 4-(methylcarbamoyl)phenylboronic acid (Combi-blocks, 98%), 3-

aminophenylboronic acid (Combi-block, 98%), N,N-dimethylammonium chloride (Aldrich, 

>95%), sodium borohydride (Sigma Aldrich, ACS grade), sodium bicarbonate (Fisher, ACS 

grade), methanol (Fisher, ACS grade), magnesium sulfate (Alfa Aesar, 99.5%), potassium 

hydroxide (Fisher, ACS grade), acetic anhydride (Fisher, ACS grade), molecular sieves (4Å, 4 to 

8 mesh, Acros Organics), dichloromethane (DCM, Fisher, ACS grade), sodium sulfate (Sigma 

Aldrich, ACS grade), diethyl ether (EMD Millipore, ACS), Alizarin Red S (ARS, Acros 

Organics, Pure Grade) were used as received unless otherwise noted. 

 
4.4.2 Synthesis of 3-Acetamidophenylboronic Acid (3-AcPBA) 

In a 100 mL round bottom flask, 3-aminophenylboronic acid (2.00 g, 14.6 mmol) was 

added to an aqueous solution of sodium hydroxide (25 mL, 10 wt %). The solution was cooled in 
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an ice bath, and acetic anhydride (2.80 mL, 29.7 mmol) was added slowly. After the addition 

was complete, the solution was allowed to come to room temperature and was stirred for 3 hours. 

The solution pH was then adjusted to pH 8 with dilute hydrochloric acid (0.1 M), and a beige 

precipitate formed. The compound was recovered by vacuum filtration and washed with cold DI 

water, and was purified via recrystallization from DI water to yield light beige needles. (1.41 g, 

54% yield) 

 

4.4.3 Synthesis of Benzoxaborole (BOB) 

In a 100 mL round bottom flask, 2-formylphenylboronic acid (2.00 g, 13.3 mmol) was 

added to methanol (30.0 mL). The solution was cooled in an ice bath and sodium borohydride 

(0.550 g, 14.5 mmol) was added in three portions while maintaining the ice bath. The solution 

was allowed to come to room temperature and stir overnight. The solution was concentrated 

under reduced pressure and hydrochloride acid (3 M, 50 mL) was added. The solution was 

extracted with diethyl ether (3 x 50 mL) and the organic layers were combined and dried over 

sodium sulfate. The solvent was removed under reduced pressure and the product was 

recrystallized from DI water. (1.40 g, 78% yield) 

 
4.4.4 Synthesis of 2-((dimethylamino)methyl)phenylboronic acid (DAPBA) 

In a 200 mL round bottom flask, N,N-dimethylammonium chloride (3.26 g, 40.0 mmol) 

was added to anhydrous methanol (30.0 mL), along with potassium hydroxide (2.24 g, 40.0 

mmol). After the potassium hydroxide pellets completely dissolved, anhydrous magnesium 

sulfate (15.0 g) was added as a water scavenger. To this slurry, 2-formylphenylboronic acid (3.00 

g, 20.0 mmol) was added and the solution was stirred at room temperature for 2 hours. The 

solution was cooled in an ice bath, and sodium borohydride (1.13 g, 29.9 mmol) was added in 
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three portions. The solution was allowed to come to room temperature and was stirred overnight. 

The solution was filtered to remove the salts, and the volume was reduced by 2/3 under reduced 

pressure. To this, DI water (30 mL) and saturated sodium bicarbonate (30 mL) were added and 

the solution was extracted with (dichloromethante,  3 x 300 mL). The organic phases were 

combined, dried over sodium sulfate, and concentrated under vacuum to yield a white powder. 

(3.08 g, 86% yield) 

 

4.4.5 pKa Determinations for Free Boronic Acids 

The pKa of the each boronic acid was determined spectroscopically. Each compound was 

dissolved in an acidic sodium phosphate buffer solution (0.1 M) and titrated with dilute NaOH. 

The absorption spectra were measured over the full titration pH range and an appropriate 

absorbance wavelength was chosen for each compound. The absorbance at that wavelength was 

plotted as a function of pH, and the pKa was taken as the mid-point of the titration curve. 

Absorbance measurements were taken with a Molecular Devices SpectraMax M2 Microplate 

Reader using 96 well plates. 

 

4.4.6 Determination of Apparent ARS-Boronic Acid Association Constants (KARS) 

To spectroscopically determine the association constant of ARS with a boronic acid, each 

boronic acid was titrated into solutions of constant ARS concentration. A stock solution of ARS 

was prepared in DI water (9.0 x 10-5 M), along with stock sodium phosphate buffers (1.0 M, pH 

5.2, pH 7.4, or pH 8.7). Stock solutions were also prepared in DI water for each boronic acid (2.0 

x 10-2 M) except for 4-formylphenylboronic acid, which required the measurement of individual 

aliquots for each measurement due to the limited solubility of 4-FPBA. From these solutions, 

two separate solutions were prepared in DI water, one containing a boronic acid (2.0 x 10-3 M), 
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ARS (9.0 x 10-6 M), and phosphate buffer (0.1 M) with the second solution containing the same, 

with the exception of the boronic acid. These solutions were used to perform titrations of 

constant ARS concentration and decreasing boronic acid concentration. A non-fluorescent ARS 

standard was prepared as a solution of ARS and phosphate buffer in the absence of boronic acid 

and was used as a fluorescence blank. Fluorescence measurements were acquired with a 

Molecular Devices SpectraMax M2 Microplate Reader using 96 well plates, with the samples 

being excited at 468 nm and emission being measured at 572 nm. Deviations in boronic acid 

concentration were necessary when the KARS for a boronic acid was too low (<100 M-1). To 

determine KARS for DAPBA at pH 5.2, it was necessary to titrate to a 100x dilution of the 

boronic acid concentration to determine an accurate association constant. A full presentation of 

component concentrations for every measurement can be found in the appendix (Table A-1 and 

A-2) 

 

4.4.7 Determination of Apparent Diol-Boronic Acid Association Constants (Keq) 

To determine the diol-boronic acid association constant of each diol and boronic acid, 

three solutions were prepared from the previously mentioned stock solutions. The first solution 

contained the boronic acid (2.0 x 10-3 M), ARS (9.0 x 10-6 M), and phosphate buffer (0.1 M), 

while the second solution also contained the diol in question. The concentration of the diol varied 

with each boronic acid-diol combination and at each pH. A third ARS standard solution was 

prepared containing only ARS (9.0 x 10-6 M), and phosphate buffer (0.1 M). The first solution 

was then titrated into the second to prepare solutions of constant ARS and boronic acid 

concentration but varying diol concentration. The boronic acid-diol free ARS solution was used 

as a fluorescence blank. Fluorescence measurements were acquired with a Molecular Devices 
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SpectraMax M2 Microplate Reader using 96 well plates, with the samples being excited at 468 

nm and emission being measured at 572 nm.  
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CHAPTER 5 
SYNTHESIS OF MACROMOLECULES CONTAINING INTRAMOLECULAR 

COORDINATING BORONIC ACIDS AND NOVEL HETEROCYCLIC BORONIC ACID 
ANALOGUES 

5.1 Introduction 

The development of novel boronic acids is of great importance to the generation of 

stimuli-responsive sensors or drug delivery applications. One area of particular interest is the 

development of boronic acids with a response profile that covers a wide pH range. As described 

in Chapter 4, boronic acids containing heterocyclic subunits or intramolecular B coordination 

show great potential as glucose-responsive materials due to their relatively high glucose binding 

constants. As such, we are interested in the development of novel block copolymer 

nanoassemblies that contain intramolecular coordination or heterocyclic structure.  

The research detailed below describes our efforts in the design and preparation of 

(co)polymers derived from 2-acrylamidophenylboronic acid (2-APBA). There has been little 

discussion of 2-APBA modified polymers in the literature.11,20,34,105,113 However, we have 

recently shown that hydrophilic copolymers of 2-APBA can be utilized to prepare dynamic-

covalent hydrogels, even at very low pH.20 The hydrogels were found to have very similar 

performance at neutral and acidic pH, suggesting that self-assembled nanostructures modified 

with these intramolecularly coordinated boronic acids may prove to be efficient glucose-

responsive materials. 

While it is known that boronic acids containing an intramolecularly coordinated carbonyl 

can undergo isomerization, we were surprised to find that deprotection of 2-

acrylamidophenylboronic acid pinacol ester (2-APBAE) does not yield the carbonyl coordinated 

free boronic acid. Instead, the molecule underwent a rapid intramolecular dehydration to form a 

new heterocyclic species, which has seen very limited mention in the literature.215-217 This 
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monomer is similar in structure to benzoxaboroles, which were found to have effective glucose 

binding in Chapter 4. 

 

5.2 Results and Discussion 

5.2.1 Polymerization of 2-APBAE with 2-(((Dodecylthio)carbonothioyl)thio)-2-
methylpropanoic acid monomethoxypolyetheylene glycol ester (PEG-DMP) Macro-
Chain Transfer Agent 

Much of our research is dedicated to the synthesis and characterization of stimuli-

responsive amphiphilic block copolymers. Whenever possible, these block copolymers are 

prepared from PEG-derived starting materials, as PEG has been shown to be biocompatible with 

limited cytotoxicity.218 With that in mind, our first attempt to polymerize 2-APBAE was 

undertaken with the use of a PEG-ester macroCTA prepared from 2-

(((dodecylthio)carbonothioyl)thio)-2-methylpropanoic acid (DMP), a carboxylic acid terminal 

trithiocarbonate CTA (Scheme 5-1). The polymerization proceeded with linear pseudo-first order 

kinetics, suggesting a constant radical concentration without a large extent of unwanted chain-

terminating side reactions (Figure 5-1A). However, the molecular weights observed during 

polymerization did not increase with conversion as expected (Figure 5-1B). Rather, the 

molecular weight was nearly constant through the course of the polymerization (Figure 5-2), a 

characteristic commonly found in conventional radical polymerizations, not in RDRP. The 

inability to control molecular weight was also observed for polymerizations with the unmodified 

DMP chain transfer agent. The effect of solvent on the polymerization was difficult to 

investigate, as the monomer was found to have very poor solubility in nearly every solvent other 

than DMAc.  
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Scheme 5-1. RAFT polymerization of 2-APBAE in the presence of a PEG-DMP macroCTA 

 

 

Figure 5-1. Kinetics and molecular weight evolution for P(2-APBAE) A) Pseudo-first order 
kinetic plot for the RAFT polymerization of 2-APBAE with PEG-DMP B) Molecular 
weight evolution of P(2-APBAE) 

 
 
 

 

Figure 5-2. Size exclusion chromatography traces of P(2-APBAE) 
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Interestingly, the molecular weight for the monomer, as determined by SEC, was found 

to be much higher than expected, with the monomer exhibiting an apparent molecular weight of 

approximately 1,300 g/mol when compared to narrow molecular weight polystyrene standards. 

This high apparent molecular weight suggests that in DMAc the monomer is not molecularly 

dissolved, but rather exists as a multiunit complex. Crystals of 2-APBAE grown from wet DMAc 

via an evaporative crystallization method confirmed that the acrylamide oxygen was in a position 

to interact with the boron center. This interaction is desired for the final application, but may 

have been one of the reasons for the lack of polymerization control.  

 

 

Scheme 5-2. Amide-imidic acid tautomerization 

 

Amides are known to undergo tautomerization, with two main isomeric forms being 

possible: an amide and an imidic acid (Scheme 5-2).219  While the amide, containing a carbon-

oxygen double bond, is often the more stable of the two configurations, the coordination of the 

carbonyl oxygen with the boron center may help to stabilize the resonance form containing a 

carbon-nitrogen double bond. The crystals grown from wet DMAc were shown to be a 

monohydrate, with the oxygen of the water molecule in a position to hydrogen bond with the 

nitrogen proton (Figure 5-3). This hydrogen bonding may further stabilize the now slightly more 

acidic proton, further stabilizing the resonance form of the monomer containing a carbon-

nitrogen double bond.  
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Figure 5-3. Crystal structure of 2-APBAE, exhibiting coordination between the amide oxygen 
(O1) and the boron center (B1). 

 
The delocalization through the carbon-nitrogen double bond allows for extended conjugation 

through the molecule and into the aromatic ring. As such, when a radical is formed at the carbon 

adjacent to this carbon-nitrogen double bond, the radical can delocalize throughout the molecule 

(Scheme 5-3), resulting in a radical center that is much more stable than would be seen in a 

traditional, uncoordinated acrylamide monomer. 

 

 

Scheme 5-3. Proposed delocalization of radical center in 2-APBAE-derived radical fragment 

 

Due to this increased radical stability, it is believed that the difficulty in controlling 

molecular weight and molecular weight distribution may derive from the pre-equilibrium or 

initialization period of the RAFT polymerization (Scheme 5-4). Following conventional 
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initiation, the monomer radical fragment adds to the carbon-sulfur double bond, resulting in 

formation of an intermediate radical. Because of the increased stability of the boronic acid-

derived radical fragment, the intermediate radical preferentially fragments towards the initial 

radical species rather than towards the R group. These intermediate radicals are thought to be 

very short-lived under most conditions, resulting in regeneration of the carbon-sulfur double 

bond and the boronic acid-derived radical fragment. As the monomer-derived radical quickly 

adds and fragments from the chain transfer agent, the polymerization behaves essentially as a 

conventional radical polymerization. 

 

 

Scheme 5-4. Initialization period for the polymerization of 2-APBAE with a RAFT chain 
transfer agent. 

 

5.2.2 Polymerization of 2-APBAE with Cumyl Dithiobenzoate 

To test this hypothesis, 2-APBAE was polymerized in the presence of cumyl 

dithiobenzoate. The cumyl R-group produces a much more stable radical species than the gem-

dimethyl ester of the previous PEG-DMP chain transfer agent.189 The inclusion of cumyl 

dithiobenzoate during the polymerization did lead to more control during the polymerization, 

with the resulting polymer molecular weights increasing with conversion (Figure 5-5B), although 

the polymers still exhibited a broad molecular weight distribution and the molecular weight 

deviated from the theoretical molecular weight at higher monomer conversion. 
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Figure 5-4. Kinetics and molecular weight evolution for P(2-APBAE) with cumyl dithiobenzoate 
A) Pseudo-first order kinetic plot for the polymerization of 2-APBAE with cumyl 
dithiobenzoate. B) Molecular weight evolution of P(2-APBAE)  

 

 

Figure 5-5. Size exclusion chromatography traces for P(2-APBAE) polymerization with cumyl 
dithiobenzoate 

 
As mentioned above, the monomer peak of 2-APBAE elutes at a lower retention time 

than what is expected for a molecule of such low molecular weight. This suggests intermolecular 

interaction of the monomer may be taking place in DMAc that is not otherwise seen with other 

non-intramolecular coordinating boronic acids we have studied. Perhaps, if the intramolecular 

coordination could be disrupted during the course of the polymerization, the monomer would 

again behave like a conventional acrylamide monomer. Unfortunately, we found no change in 
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the aggregation behavior of the monomer upon addition of various competitive Lewis bases, 

including triethylamine, pyridine, or tetrabutylammonium fluoride (TBAF), where fluoride ion 

would serve as the competitive coodinating species. Transesterification was also attempted with 

N-methyldiethanolamine, which has been shown to efficiently displace diol protecting groups as 

a result of nitrogen coordination with the boronic center.220 Even with a large excess,  

transesterifcation with N-methyldiethanolamine was inefficient. The inability of these Lewis 

bases to coordinate with the boron center suggests that the intramolecular interaction between the 

oxygen and boron center is very stable. 

 

5.2.3 Copolymerization of 2-APBAE and NIPAM and determination of reactivity ratios 

As with the investigation in Chapter 2, we were interested in studying the response 

profile of NIPAM copolymers with intramolecular coordinating boronic acids. A copolymer of 

2-APBAE and NIPAM was prepared using the PEG-DMP macro-chain transfer agent. Although 

we found that 2-APBAE does not controllably homopolymerize with PEG-DMP, we 

hypothesized that the incorporation of NIPAM monomer units would result in favorable R-group 

release and result in a more controlled polymerization (Scheme 5-5).  

 

 

Scheme 5-5. Copolymerization of 2-APBAE and NIPAM in the presence of PEG-DMP 

 

Even though the copolymerization of 2-APBAE and NIPAM was carried out with the 

same PEG-DMP macro-chain transfer agent that previously yielded an uncontrolled 
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polymerization with 2-APBAE, the molecular weight of the copolymers increased with 

conversion (Figure 5-6B). This suggests that the incorporation of NIPAM units facilitates 

fragmentation of the intermediate radical towards the R-group during the initialization period. 

However, the molecular weight at low conversion was higher than the theoretical molecular 

weight. This is a sign of slow consumption of the chain transfer agent. The slow consumption of 

the CTA also visible in the SEC traces, as evidenced by the slow reduction in the PEG-DMP 

peak at a retention time of approximately 17 min. (Figure 5-7) The molecular weight 

distributions were also broad, (Figure 5-6B) which may be a result of poor degenerative chain 

transfer for polymers with a terminal 2-APBAE unit. 

 

 

Figure 5-6. Kinetics and molecular weight evolution for P(2-APBAE-co-NIPAM) A) Pseudo-
first order kinetic plots for the copolymerization of 2-APBAE and NIPAM with PEG-
DMP. B) Molecular weight evolution of P(2-APBAE-co-NIPAM)  
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Figure 5-7. Size exclusion chromatography traces for P(2-APBAE-co-NIPAM) polymerization 
with PEG-DMP 

 
We found that throughout the course of the polymerization, the rate of incorporation of 2-

APBAE was significantly higher than the rate of incorporation of NIPAM (Figure 5-6A). This 

further suggests that stabilization of the 2-APBAE radical is occurring. The more rapid 

incorporation of 2-APBAE yields a gradient copolymer, with the initial segment of the block 

being primarily 2-APBAE. After much of the 2-APBAE has been incorporated, a segment 

largely consisting of NIPAM monomer units is produced.  

To quantitatively determine the favorability of incorporation of each monomer unit at the 

end of a growing chain, the reactivity ratios of 2-APBAE and NIPAM were measured using 

conventional free radical polymerization. Previous reports have shown that reactivity ratios 

determined via conventional radical polymerization do not usually greatly differ from those 

obtained by RAFT polymerization.221 A number of various models can be chosen to calculate 

reactivity ratios, including the Kelen-Tudos model,222 the Finemann-Ross model,223 and the 

Inverted Finemann-Ross model.224 Of these three, the inverted Finemann-Ross method was 

chosen as the primary method for reactivity ratio determination, as it is the least susceptible to 

errors caused by monomer conversion greater than 5-10%. As 2-APBAE incorporates 
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significantly faster than NIPAM, 2-APBAE can reach relatively high monomer conversion 

before NIPAM has been significantly incorporated.  

To determine the reactivity ratios, small-scale polymerizations were carried out, 

quenching the polymerization at low conversion. The results of the polymerizations and the 

reactivity ratio calculations are shown in Tables 5-1 and 5-2. From the inverted Finemann-Ross 

method, the reactivity ratios were found to be r1 = 3.71, as determine from the intercept of the 

IFR plot, r2 = 0.23, as determined from the slope, and r1r2 = 0.89, where M1 corresponds to 2-

APBAE and M2 corresponds to NIPAM (Figure 5-8). These results are very similar to values 

calculated using the Finemann-Ross and Kelen-Tudos methods as well.  The high r1 value and 

low r2 value quantitatively proves that the copolymerization of 2-APBAE and NIPAM favors 

incorporation of 2-APBAE over NIPAM, resulting in a random copolymer that heavily 

incorporates 2-APBAE early in the polymerization, as opposed to a copolymer that forms blocky 

regions of one monomer or the other. In a controlled polymerization, this increased incorporation 

of 2-APBAE results in the formation of a gradient random copolymer. The more favorable 

addition of 2-APBAE over NIPAM further suggests that 2-APBAE produces more stable 

radicals than a traditional acrylamide, like NIPAM, and is further evidence of intramolecular 

coordination resulting in a radical delocalization in 2-APBAE. 

Table 5-1. Experimental data for the copolymerization of 2-APBAE and NIPAM. M1, M2, m1, 
and m2 are values relative to a trioxane internal NMR standard. 

Sample 
M1

a            
(2-APBAE) 

M2
a 

(NIPAM) 
m1

b            
(2-APBAE) 

m2
b 

(NIPAM) 
Conv.c   

M1 
Conv.c   

M2 
Totalc 
Conv. 

1 0.93 3.04 0.71 2.85 0.24 0.06 0.10 
2 1.01 4.44 0.83 4.24 0.18 0.05 0.07 
3 0.55 3.33 0.40 3.12 0.27 0.06 0.09 
4 0.39 3.78 0.26 3.46 0.34 0.08 0.11 

a) initial monomer content relative to non-reactive NMR standard where M1 is 2-APBAE and M2 is NIPAM b) 
monomer content relative to non-reactive NMR standard after quenching the polymerization where m1 is 2-APBAE 
and m2 is NIPAM c) monomer conversion after the polymerization was quenched where M1 is 2-APBAE and M2 is 
NIPAM d) total monomer conversion 
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Table 5-2. Calculated values model for the copolymerization of 2-APBAE and NIPAM for the 
for the inverted Finemann-Ross reactivity ratio model 

Ma Pb Gc Hd G/H 1/H 

0.31 1.16 0.04 0.08 0.52 12.37 
0.23 0.90 -0.03 0.06 -0.44 17.39 
0.17 0.71 -0.07 0.04 -1.73 26.18 
0.10 0.41 -0.15 0.03 -5.83 39.16 

a) M = (M1/M2), b) P = (M1-m1)/(M2-m2), c) G = M-(M/P), d) H = (M2)/P 

 

 

Figure 5-8. Inverted Finemann-Ross plot for the copolymerization of 2-APBAE and NIPAM 

 
5.2.4 Deprotection of 2-APBAE and the resulting monomer formed 

As a boronic acid is often less Lewis acidic than its respective boronic esters, we were 

interested in examining the polymerization behavior of the free boronic acid of 2-APBAE. As 

mentioned above, attempts to displace pinacol through the use of N-methyldiethanolamine were 

unsuccessful, resulting in incomplete deprotection. Boronic esters have also been deprotected 

through a transesterification with a heterogeneous boronic acid modified resin (which is then 

deprotected with diethanolamine).46 However, this approach requires refluxing under harsh 

conditions not amenable to deprotecting a polymerizable molecule. We found the best method to 

deprotect 2-APBAE was a simple acidic hydrolysis. Initially, the deprotection was attempted 
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through hydrolysis in a 1:1 mixture of 1 M HCl and THF, followed by oxidative cleavage of the 

pinacol to acetone using sodium periodate.220 While the deprotection was rapid and quantitative, 

the resulting boronic acid formed a complex with the excess sodium periodate which made 

isolation of the product difficult. However, we found that by simply dispersing 2-APBAE in 

THF and adding concentrated aqueous HCl, 2-APBAE undergoes rapid hydrolysis, becoming 

temporarily soluble in THF before the product precipitates from solution in very high purity. 

As others have previously reported the synthesis of the ester-free 2-

acrylamidophenylboronic acid (2-APBA),11 we expected the hydrolysis of 2-APBAE to yield the 

free acid. However, this is not what was produced. Rather, the resulting product was found to be 

a novel heterocyclic monomer not previously reported, 3-vinyl-benzo[c][1,5,2]oxazaborinin-1-ol 

(3-VBOB), as verified by high-resolution mass spectrometry, where the primary peak correspond 

to 3-VBOB or anhydrides of 3-VBOB, with no major peak found corresponding to 2-

acrylamidophenylboronic acid.  

One method to prepare benzoxaborole, as described above in section 4.4.3, is through the 

reduction of 2-FPBA. After formation of the primary alcohol from the aldehyde, the molecule 

undergoes a rapid dehydration to yield the benzoxaborole heterocycle (Scheme 5-6). This may 

provide insight in the formation of the benzoxazaborinine. 

 

 

Scheme 5-6. Formation of benzoxaboroles from the dehydration of 2-
(hydroxymethyl)phenylboronic acid 
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As the coordination in 2-APBAE of the carbonyl oxygen with the boron center is 

relatively strong, it is believed that following hydrolysis of 2-APBAE, the imidic acid isomer 

undergoes a rapid intramolecular dehydration. This ring formation drives the amide towards the 

imidic acid and thus the benzoxazaborinine (Scheme 5-7). It remains unclear if other reports of 

2-APBA were truly the free boronic acid, although it is unlikely, as Schofield and coworkers 

have shown various substituted 2-amidophenylboronic acids yielding benzoxazaborinines upon 

deprotection.217 Even so, this is the first report of 3-VBOB and preparation of polymers from the 

monomer. 

 

 

Scheme 5-7. Proposed route for benzoxazaborininie formation 

 

5.2.5 RAFT polymerization of 3-vinylbenzoxazoborinine 

Given the structure of the resulting monomer, with the internal carbon-nitrogen double 

bond, it is expected that 3-VBOB-derived radicals would have as much, if not more, resonance 

stabilization than 2-APBAE (Scheme 5-8). Therefore, we chose a RAFT chain transfer agent, 

CDTPA, with a dialkylcyano R-group, which has similar radical stability as a cumyl R-group.189 

 

 

Scheme 5-8. Proposed delocalization of radical center in 3-VBOB-derived radical fragment 
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As with the polymerization of 2-APBAE, DMAc was chosen as the polymerization 

solvent for 3-VBOB (Scheme 5-9). While the monomer was soluble in methanol, 

polymerizations carried out in methanol resulted in very slow monomer consumption without the 

formation of high molecular weight polymer. The nature of the deleterious side reaction that 

inhibited polymer formation is still unknown. 

 

Scheme 5-9. RAFT polymerization of 3-VBOB with CDTPBA 

 

As was seen for many of the polymerizations of 2-APBAE, the polymerization of 3-

VBOB resulted in polymers with broad molecular weight distribution. Furthermore, the peak 

molecular weight of polymers formed during the reaction was nearly constant (Figure 5-10), 

suggesting that the growth of polymer chains does not proceed through the RAFT mechanism. 

(The average molecular weight was artificially inflated for early time points due to cutoff of the 

overlapped monomer peak.) It seems likely that monomer fragment radical stabilization results 

in an initialization period that favors reformation of the monomer-derived radical rather than 

generation of the R-group radical fragment. 
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Figure 5-9. Kinetics and molecular weight evolution for P(3-VBOB) A) Pseudo-first order 
kinetic plots for the polymerization of 3-VBOB with CDTPBA. B) Molecular weight 
evolution of P(3-VBOB) 

 

Figure 5-10. Size exclusion chromatography traces for P(3-VBOB) polymerization with 
CDTPBA 

 
5.3 Conclusions 

In this chapter, we examined the synthesis and controlled polymerization of an 

intramolecularly coordinated boronic acid, 2-APBAE, along with the synthesis and 

polymerization of the novel heterocyclic 3-vinylbenzoxazaborinine. We found that for both 

monomers, 2-APBAE and 3-VBOB, the interaction of the amide-derived oxygen center and the 
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boron atom resulted in a monomer structure likely containing an internal carbon-nitrogen double 

bond. The formation of this double bond resulted in conjugation that extended into the aromatic 

ring, making monomer-derived radical fragments very stable. This hindered our ability to 

prepare well-defined homo- and block copolymers with the monomers via RAFT 

polymerization. We also found that 2-APBAE does not form a random copolymer when 

polymerized with NIPAM. Rather, 2-APBAE is incorporated at a significantly faster rate than 

NIPAM, likely resulting in gradient copolymers. 

As copolymers of 3-VBOB have already been shown to effectively form boronate esters, 

even under acidic conditions, we feel confident that well-defined amphiphilic block copolymers 

containing 3-VBOB could yield glucose-responsive nanoassemblies that respond over a wide pH 

range. Further optimization of the RAFT agent structure is necessary, with design of a RAFT 

agent containing an R-group more stable than the monomer-derived radical as a vital factor. 

 
5.4 Experimental 

5.4.1 Materials 

2-Aminophenylboronic acid pinacol ester (Combi-blocks, 97%), triethylamine (TEA, 

Alfa Aesar, 99%), acryloyl chloride (Aldrich, >97%), tetrahydrofuran (THF, EMD, 99.5%), N,N-

dimethylacetamide (DMAc, Fisher), hydrochloric acid (Fisher, ACS grade), oxalyl chloride 

(Alfa Aesar, 98%), N,N-dimethylformamide (DMF, BDH, 99.8%), dichloromethane (DCM, 

Macron), monomethoxy-polyethylene glycol (PEG, Mn ~ 2 kg/mol, Aldrich), dodecanethiol 

(Acros Organics, 98%), sodium hydride (Acros Organics, 60% dispersion in mineral oil), carbon 

disulfide (Alfa Aesar, 99.9%), iodine (Alfa Aesar 99.5%), sodium thiosulfate (Amresco, Reagent 

Grade), magnesium sulfate (Fisher), 4,4′-azobis(4-cyanopentanoic acid) (Aldrich, >98%), 2,2′-
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azobisisobutyronitrile (AIBN, Sigma, 98%) were used as received unless otherwise noted. DMP 

was prepared as previously described.194 

 
5.4.2 Characterization 

Proton NMR spectroscopy was performed using a Varian Inova 500 spectrometer with 

deuterated methanol (CD3OD), deuterated chloroform (CDCl3), or deuterated DMSO (DMSO-

d6) as the solvent. Molecular weights and molecular weight distributions were determined via 

conventional calibration relative to narrow molecular weight polystyrene or poly(methyl 

methacrylate) standards in N,N-dimethylacetamide (DMAc) with 50 mM LiCl at 50 °C and a 

flow rate of 1.0 mL/min (Agilent isocratic pump, degasser, and autosampler; PLgel 5 μm guard 

column and two ViscoGel I-series G3078 mixed bed columns, with molecular weight ranges 

0−20×103 and 0−100×104 g/mol, respectively). Detection consisted of a Wyatt Optilab T-rEX 

refractive index detector operating at 658 nm. 

 

5.4.3 X-Ray Crystallography 

X-Ray Intensity data were collected at 100 K on a Bruker DUO diffractometer using 

MoKα radiation (λ = 0.71073 Å) and an APEXII CCD area detector.   

Raw data frames were read by program SAINT1 and integrated using 3D profiling 

algorithms.  The resulting data were reduced to produce hkl reflections and their intensities and 

estimated standard deviations.  The data were corrected for Lorentz and polarization effects and 

numerical absorption corrections were applied based on indexed and measured faces.   

The structure was solved and refined in SHELXTL2013, using full-matrix least-squares 

refinement.  The non-H atoms were refined with anisotropic thermal parameters and all of the H 

atoms were calculated in idealized positions and refined riding on their parent atoms.  The 
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asymmetric unit consists of the molecule and a water molecule in general position. The water 

protons and the amino protons, along with those on C8 and C9 were obtained from a Difference 

Fourier map and refined freely.  In the final cycle of refinement, 3512 reflections (of which 3262 

are observed with I > 2σ(I)) were used to refine 218 parameters and the resulting R1, wR2 and S 

(goodness of fit) were 6.73%, 17.25% and 1.182, respectively.  The refinement was carried out 

by minimizing the wR2 function using F2 rather than F values. R1 is calculated to provide a 

reference to the conventional R value but its function is not minimized.  

 

5.4.4 Synthesis of 2-acrylamidophenylboronic acid pinacol ester (2-APBAE) 

2-Aminophenylboronic pinacol ester (5.00 g, 22.8 mmol) was dissolved in THF (150 

mL) along with TEA (3.18 mL, 22.8 mmol), and the resulting solution was chilled to 0 °C. A 

slight excess of acryloyl chloride (2.00 mL, 25.0 mmol) was diluted in THF (50 mL) and added 

drop-wise over the course of 1 h via addition funnel. The solution was allowed to come to room 

temperature after the addition and was left to stir for 24 h. The mixture was filtered to remove 

the TEA salt, and the solvent was removed under reduced pressure to yield a slightly yellow 

solid. The monomer was recrystallized from toluene (×2) to yield a white solid. Crystals of 2-

APBAE for X-ray crystallography were prepared by solvent evaporation from wet DMAc. 

 

5.4.5 Synthesis of 3-vinyl-benzo[c][1,5,2]oxazaborinin-1-ol (3-VBOB) 

2-Acrylamidophenylboronic acid pinacol ester (0.60 g, 2.2 mmol) was dispersed in THF 

(25 mL) in a 50 mL round bottom flask. To this, concentrated hydrochloric acid (1.3 mL) was 

quickly added. After stirring for a few minutes, the starting materials dissolved, at which point 

the product began to precipitate from solution. The mixture was stirred for a further 30 minutes 
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before being stored at -20 °C for 6 hours. The product was filtered and washed with cold THF. 

The powder was dried overnight under vacuum to yield a white solid (0.24 g, 63% yield) 

 
5.4.6 Synthesis of 2-(((Dodecylthio)carbonothioyl)thio)-2-methylpropanoic acid 

monomethoxypolyetheylene glycol ester (PEG-DMP) 

To a 50 mL round bottom flask, 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl-

propionic acid (DMP, 0.91 g, 2.5 mmol) was added, along with DCM (5.0 mL), oxalyl chloride 

(1.0 mL), and 1-2 drops of DMF. The reaction was allowed to proceed for 3 hours until gas 

evolution had ceased. DCM and residual oxalyl chloride were removed under vacuum, and the 

resulting solid was redissolved in DCM (10 mL). Monomethoxy-polyethylene glycol (PEG, Mn ~ 

2 kg/mol, 2.0 g, 1.0 mmol) was dissolved in DCM (12.5 mL), and the resulting solution was 

added drop-wise to the first solution. The reaction was stirred overnight before being precipitated 

into cold hexane. The precipitate was redissolved in DCM and reprecipitated in hexane three 

more times. The final product was recovered by centrifugation and dried overnight under 

vacuum. (2.1 g, 89% yield) 

 

5.4.7 Synthesis of 4-Cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid 
(CDTPA) 

Dodecanethiol (15.4 g, 76 mmol) was added drop-wise to a suspension of sodium hydride 

(60% dispersion in mineral oil, 3.2 g, 79 mmol) in diethyl ether (150 mL) at 0 ºC. A thick, white 

slurry formed, and carbon disulfide (6.0 g, 79 mmol) was added drop-wise while maintaining the 

temperature at 0 ºC. The resulting yellow precipitate was isolated by filtration, rinsed with 

diethyl ether and used without further purification. S-dodecyl trithiocarbonate was suspended in 

ether (150 mL), and iodine (6.3 g, 47 mmol) was added portion-wise while stirring. After 1 h, the 

white sodium iodide precipitate was removed by filtration. The filtrate was washed with aqueous 
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sodium thiosulfate (5 wt%, 150 mL, ×1), DI water (150 mL, ×2), and brine (150 mL, ×2). The 

organic layer was dried over MgSO4, filtered, and concentrated in vacuo to an orange oil. Bis-

(dodecylsulfanylthiocarbonyl) disulfide (7.4 g, 13 mmol) was dissolved in ethyl acetate (200 

mL) and purged with nitrogen. 4,4′-Azobis(4-cyanopentanoic acid) (5.6 g, 20. mmol) was added 

and the reaction was heated at reflux for 18 h. The solvent was removed in vacuo and the product 

was twice recrystallized from hexanes to give a yellow powder (5.1 g, 16% overall yield). 

 

5.4.8 Synthesis of Cumyl Dithobenzoate: 

To a dry three-necked round- bottomed flask, sodium methoxide (25% solution in 

methanol, 51 mL, 0.25 mol) was added along with anhydrous methanol (100 mL), followed by 

rapid addition of elemental sulfur (8.0 g, 0.25 mol). Benzyl chloride (18 mL, 0.125 mol) was 

added drop-wise by addition funnel under a nitrogen atmosphere. After addition, the reaction 

mixture was heated in an oil bath at 65 °C overnight. The reaction mixture was cooled to 0 °C, 

and the precipitated salt was removed by filtration. The solvent was removed under vacuum, and 

the resulting product (sodium dithiobenzoate) was redissolved in DI water and wash three times 

with DCM in a separatory funnel. These washes were discarded. Another portion of DCM was 

slowly added along with concentrated HCl, shaking frequently to distribute the HCl. The 

solution color changed, turning an opaque pink/purple that partitioned into the DCM layer upon 

shaking. Concentrated HCl was slowly added until the aqueous layer was nearly transparent and 

the DCM layer was a dark color. The DCM layer was removed and the aqueous layer was 

washed with two more portions of DCM. The organic layers were combined, dried over 

magnesium sulfate, and the DCM was removed under reduced pressure to recover dithiobenzoic 

acid, which was used without further purification.  
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Dithiobenzoic acid (4.5 g, 0.029 mol) and α-methylstyrene (3.3 g, 0.027 mol) were 

dissolved in carbon tetrachloride (50 mL), and the resulting solution was purged with nitrogen 

and stirred at 70 °C overnight. The crude product was obtained as a dark purple oil in 69% yield 

and was subsequently purified by column chromatography (neutral alumina packing, hexanes as 

eluent). 

 

5.4.9 Polymerization of PEG-b-P(2-APBAE) via RAFT Polymerization with PEG-DMP 

To a 20 mL spectrum capped vial, 2-APBAE (0.63 g, 2.3 mmol) was added along with 

PEG-DMP (0.039 g, 0.017 mmol), and trioxane (0.010g, 0.11 mmol). A stock solution of AIBN 

was prepared (0.030 g, 0.18 mmol, in 10 mL DMAc), and a portion of the stock solution (0.10 

mL) was added to the 20 mL vial. DMAc (5.9 mL) was added, and the vial was purged with 

nitrogen for 30 min. before being placed in a heating block preheated to 70 °C. The reaction was 

monitored via 1H NMR and SEC, with the reaction being quenched by opening to air. 

 

5.4.10 Polymerization of 2-APBAE via RAFT Polymerization with CDB 

A 6 mL vial was charged with 2-APBAE (0.050 g, 0.18 mmol) and CDB (0.0015 g, 

0.0037 mmol), and 1,3,5-trioxane (3.5 mg, 0.039 mmol), which acted as an internal NMR 

reference standard. A small magnetic stir bar was added, and the components were dissolved in 

DMAc (1.0 mL). A stock solution of AIBN (6.0 mg, 0.036 mmol) was prepared in DMAc (1.0 

mL) and a 10 µL aliquot was added to the above reaction solution. The vial was sealed with a 

rubber septum and was degassed by purging with nitrogen gas for 30 minutes. The vial was then 

placed in a aluminum block, preheated to 60 °C. The polymerization was quenched by opening 

to air. 
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5.4.11 Copolymerization of PEG-b-P(2-APBAE-co-NIPAM) via RAFT Polymerization with 
PEG-DMP 

To a 20 mL spectrum capped vial, 2-APBAE (0.63 g, 2.3 mmol) was added along with 

PEG-DMP (0.039 g, 0.017 mmol), and 1,3,5-trioxane (0.010g, 0.11 mmol). A stock solution of 

AIBN was prepared (0.030 g, 0.18 mmol, in 10 mL DMAc), and a portion of the stock solution 

(0.10 mL) was added to the 20 mL vial. DMAc (5.9 mL) was added, and the vial was purged 

with nitrogen for 30 min. before being placed in a heating block preheated to 70 °C. The reaction 

was monitored via 1H NMR and SEC, with the reaction being quenched by opening to air. 

 

5.4.12 Determination of Reactivity Ratios between 2-acrylamidophenylboronic acid and N-
isopropylacrylamide 

Reactivity rations between 2-acrylamidophenylboronic acid and N-isopropylacrylamide 

were determined via conventional free radical copolymerization. Briefly, a stock solution of 

AIBN (4.9 mg, 0.030 mmol in 1.0 mL DMAc) was prepared, along with a stock solution of 

trioxane (0.027 g, 0.30 mmol in 11.9 mL DMAc and 0.10 mL AIBN stock solution). A portion 

of the 1,3,5-trioxane solution (2.0 mL) was added to each of four vials containing various ratios 

of 2-APBAE and NIPAM. Each vial was capped with a rubber septum, and the solutions were 

purged with nitrogen for 30 minutes. An aliquot was removed for NMR analysis before the vials 

were placed in a heating block preheated to 70 °C. The reactions were stopped after 30 minutes, 

and the reactions were quenched by rapidly cooling the vials in an ice bath and opening to air. 

The monomer conversion for each monomer was determined via 1H NMR by comparing the 

respective vinyl peaks of each monomer with the trioxane internal standard both at the beginning 

of the reaction and after the reaction was complete. Reactivity ratios were calculated using the 

inverted Finemann-Ross model. 
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5.4.13 Polymerization of 3-VBOB via RAFT Polymerization with CDTPA 

3-VBOB (50 mg, 0.29 mmol) was added to a 6 mL vial, along with CDTPBA (1.2 mg, 

0.0030 mmol), 1,3,5-trioxane (6.5 mg, 0.072 mmol), and DMAc (1.9 mL). A stock solution of 

AIBN (3.9 mg, 24 mmol) was prepared in DMAc (1.0 mL), and an aliquot of the stock solution 

(0.10 mL) was transferred to the reaction solution. The vial was sealed with a rubber septum, and 

the reaction solution was deoxygenated by purged with nitrogen gas for 30 min. After removing 

an initial aliquot for NMR analysis, the reaction vial was placed in an aluminum block preheated 

to 70 °C. The reaction was monitored via NMR and SEC. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE DIRECTIONS 

The research presented in this dissertation investigated the use of boronic acid-containing 

materials and their applicability to novel stimuli-responsive polymer compositions. Synthesis 

and characterization of various boronic acid-containing materials, including both high molecular 

weight polymers and small molecule analogues of boronic acids often used in stimuli-responsive 

nanoassemblies and sensors, were described. The purpose of this work is to further develop 

novel boronic acid polymers and investigate the response of those polymers to changes in 

solution conditions, including pH and glucose concentration. Furthermore, a broad study of 

boronic acid activity was undertaken to investigate the binding affinity of various boronic acids 

and their potential for further investigation in future soft materials. Finally, this research 

examined novel intramolecularly coordinated boronic acids, whereby an internal carbonyl from 

an amide group was found to coordinate with the boron center, potentially allowing for ester 

formation with the boronic acid over a very wide pH range. 

Many boronic acid functional nanoassemblies require a high molar content of boronic 

acid to retain the hydrophobic character necessary for preparation of stimuli-responsive 

materials. Previous research in our group investigating the copolymerization of boronic acids and 

hydrophilic comonomers found that less than 50 mol% boronic acid in a copolymerization with 

DMA led to polymers that were incapable of self-assembly. As boronic acids are cost-prohibitive 

in many situations, the ability to prepare materials that can self-assemble while requiring reduced 

boronic acid content could be of great advantage. The block copolymers described in this 

dissertation, having a permanently hydrophilic PDMA block and a thermoresponsive block 

consisting of varying amounts of NIPAM and ACPBA, were shown to exhibit a shifting cloud 

point, and thus a wide cloud point transition window, that was ultimately dependent on boronic 
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acid content, solution pH, and glucose concentration. Further optimization of this system, with 

increased block length for the thermoresponsive block along with the introduction of a boronic 

acid comonomer with a higher glucose binding constant or lower pKa could provide a system 

with an improved response profile. One particularly promising avenue is the development of a 

carefully designed diboronic acid functional monomer. Various groups have shown that by 

designing a diboronic acid with just the right spacing between the boronic acids, selective 

binding of glucose can be heavily favored over other saccharides, with significantly higher 

glucose association constants than commonly observed with monofunctional boronic acids. This 

selective binding has been used almost exclusively in sensing applications, but if the monomer 

were incorporated into a thermoresponsive copolymer, the resulting polymer could potentially 

have an excellent response profile while maintaining a low overall boronic acid content. 

With further study of boronic acids as functional groups within the area of materials 

science, the need for a better understanding of the various boronic acids and boronic acid 

analogues is necessary. Herein, the binding constants of 6 different boronic acids were 

investigated over a wide pH window and with three sugars or sugar alcohols that are often of 

interest in sensing, response, or bulk materials applications. These boronic acids were chosen 

because they serve as analogues of boronic acids commonly found in stimuli-responsive 

materials, sensors, separations and chromatography, or in the preparation of bulk materials like 

hydrogels. The improved understand of the binding profiles of these categories of boronic acids 

may prove to be valuable for investigators moving forward. As the binding constants are 

dependent on solution conditions, including buffer type and concentration, this study compared 

materials within a single solvent system rather than the various systems investigated in the 

literature. 
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As shown in the binding studies, boronic acids containing heterocycles or intramolecular 

coordination may be of great interest in new sensing applications or materials development. We 

have shown through X-ray crystallography that 2-acrylamidophenylboronic acid pinacol ester 

does contain the desired intramolecular coordination. Furthermore, we found that deprotection of 

2-APBAE resulted in a rapid intramolecular dehydration, producing a previously undescribed 

monomer, 3-vinyl-benzo[c][1,5,2]oxazaborinin-1-ol (3-VBOB). This new heterocyclic monomer 

may be of great use in future materials. However, controlled polymerization of 3-VBOB through 

RAFT polymerization proved elusive, likely due to extensive delocalization of the radical center 

in the monomer-derived radical fragments. Further optimization of RAFT agent design is 

necessary to prepare well-defined macromolecular architectures with 3-VBOB. As we have 

previously shown that random copolymers containing 3-VBOB units can form boronate esters, 

even under acidic conditions, nanoassemblies containing 3-VBOB-derived polymers are of great 

interest for controlled delivery of insulin for treatment of Type-1 diabetes.  

Further development of specialty chain transfer agents may be necessary to successfully 

prepare homo- and block copolymers of this novel heterocyclic monomer. As we believe the 

poor control in RAFT polymerization of these monomers is a result of the pre-equilibrium 

intermediate radical favoring reformation of the monomer-derived radical, it may be necessary to 

prepare a CTA with an R-group that mimics the monomer-derived radical. For the best chance of 

success, the CTA would also benefit from increased steric hindrance at the R-group to even 

further favor radical fragmentation towards the new R-group derived radical. This could be 

prepared through amidation of the DMP CTA with 2-aminophenylboronic acid. 

Many groups have applied computational analysis to RAFT polymerizations to better 

understand the intricacies of the RAFT mechanism and to predict trends in molecular weight 
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growth and molecular weight distribution. Application of that computational analysis to our 

current attempts to polymerize our boronic acid monomers may provide insight into the cause of 

our lack of polymerization control. With a better understanding of the reactivity of our 

monomers and the propensity of monomer-derived radicals to partake in the RAFT mechanism, 

we may be better equipped to design novel RAFT agents that result in better polymerization 

control. 

If this methodology continues to prove to be unsuccessful, development of a monomer 

that separates the reactive moiety of the monomer from the heterocycle may be necessary. To 

ensure the resulting monomer maintains its hydrophobic nature, it may be necessary to use a 

more hydrophobic spacer such as 2-carboxyethylacrylate. Following successful preparation of 

block copolymers containing the new heterocyclic boronic acid, solution studies must be carried 

out to determine the ability of the resulting polymers to efficiently self-assemble and ultimately 

dissociate in response to elevated glucose levels. If the results are promising, encapsulation of 

insulin and in situ animal studies would be the required next step towards development of 

glucose-responsive insulin delivery vehicles. 
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CHAPTER 7 
APPENDIX 

A.1 Nuclear Magnetic Resonance Spectra 

 
Figure A-1. 1H-NMR spectrum of tert-butyl (2-aminoethyl)carbamate in CDCl3 

 
 

 
Figure A-2. 1H-NMR spectrum of tert-butyl (2-acrylamidoethyl)carbamate in CDCl3 
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Figure A-3. 1H-NMR spectrum of 4-carboxyphenylboronic acid pinacol ester in CDCl3 

 
 
 
 

 
Figure A-4. 1H-NMR spectrum of (4-((2-acrylamidoethyl)carbamoyl)phenyl)boronic acid 

pinacol ester (ACPBAE) in CDCl3 
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Figure A-5. 1H-NMR spectrum of poly(N,N-dimethylacrylamide)-b-poly(N-

isopropylacrylamide) [PDMA-b-PNIPAM] (P1) in CD3OD 
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Figure A-6. 1H-NMR spectrum of 2-((dimethylamino)methyl)phenylboronic acid in CD3OD 
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Figure A-7. 1H-NMR spectrum of 3-acetamidophenylboronic acid in DMSO-d6 
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Figure A-8. 1H-NMR spectrum of benzoxaborole in DMSO-d6 



 

154 

 
Figure A-9. 1H-NMR spectrum of 2-acrylamidophenylboronic acid pinacol ester in CDCl3 
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Figure A-10. 1H-NMR spectrum of 3-vinyl-benzo[c][1,5,2]oxazaborinin-1-ol in CD3OD 
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Figure A-11. 13C-NMR spectrum of 3-vinyl-benzo[c][1,5,2]oxazaborinin-1-ol in CD3OD 
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A.2 Gel Permeation Chromatography Traces 

 
Figure A-12. Size exclusion chromatograms for PDMA macroCTA and block copolymers P1-P4 

prepared from a chain extension of PDMA 

A.3 pH Titration Curves 

  

Figure A-13. pH titration curve for 3-acetamidophenylboronic acid in 0.1M sodium phosphate 
buffer; absorbance measured at 219 nm 
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Figure A-14. pH titration curve for 4-methylcarbamoylphenylboronic acid in 0.1M sodium 
phosphate buffer; absorbance measured at 232 nm 

 

Figure A-15. pH titration curve for benzoxaborole in 0.1M sodium phosphate buffer; absorbance 
measured at 222 nm 
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Figure A-16. pH titration curve for 2-formylphenylboronic acid acid in 0.1M sodium phosphate 
buffer; absorbance measured at 260 nm 

 

Figure A-17. pH titration curve for 4-formylphenylboronic acid in 0.1M sodium phosphate 
buffer; absorbance measured at 245 nm 
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Figure A-18. pH titration curve for 2-((dimethylamino)methyl)phenylboronic acid in 0.1M 
sodium phosphate buffer; absorbance measured at 225 nm 
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A.4 Solution Conditions for Association Constant Determinations 

Table A-1. Concentration (mol/L) of the solution components used to determine apparent 
association constants for 3-AcPBA, 4-MCPBA, and BOB. 

 
3-AcPBA 4-MCPBA BOB 

pH 5.2       

Phosphate Buffer 0.10 0.10 0.10 
Boronic Acid 2.0 x 10-3 2.0 x 10-3 2.0 x 10-3 
ARS 9.0 x 10-6 9.0 x 10-6 9.0 x 10-6 
Sorbitol 1.5 2.0 2.0 
Fructose 4.0 4.0 4.0 
Glucose n/a n/a n/a 

pH 7.4       

Phosphate Buffer 0.10 0.10 0.10 
Boronic Acid 2.0 x 10-3 2.0 x 10-3 2.0 x 10-3 
ARS 9.0 x 10-6 9.0 x 10-6 9.0 x 10-6 
Sorbitol 0.05 0.05 0.05 
Fructose 0.1 0.1 0.1 
Glucose 3.5 3.5 1.0 

pH 8.7       

Phosphate Buffer 0.10 0.10 0.10 
Boronic Acid 2.0 x 10-3 2.0 x 10-3 2.0 x 10-2 
ARS 9.0 x 10-6 9.0 x 10-7 9.0 x 10-6 
Sorbitol 0.010 0.010 0.10 
Fructose 0.020 0.020 0.10 
Glucose 0.40 0.50 2.0 
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Table A-1. Continued 

 
2-FPBA 4-FPBA DAPBA 

pH 5.2       

Phosphate Buffer 0.10 0.10 0.10 
Boronic Acid 2.0 x 10-3 2.0 x 10-3 2.0 x 10-3 
ARS 9.0 x 10-6 9.0 x 10-6 9.0 x 10-6 
Sorbitol 2.0 2.0 2.0 
Fructose 4.0 4.0 4.0 
Glucose n/a n/a n/a 

pH 7.4       

Phosphate Buffer 0.10 0.10 0.10 
Boronic Acid 2.0 x 10-3 2.0 x 10-3 2.0 x 10-3 
ARS 9.0 x 10-6 9.0 x 10-6 9.0 x 10-6 
Sorbitol 0.05 0.05 0.1 
Fructose 0.1 0.1 0.2 
Glucose 1.0 3.5 n/a 

pH 8.7       

Phosphate Buffer 0.10 0.10 0.10 
Boronic Acid 2.0 x 10-2 2.0 x 10-3 2.0 x 10-2 
ARS 9.0 x 10-6 9.0 x 10-6 9.0 x 10-6 
Sorbitol 0.10 0.010 0.10 
Fructose 0.10 0.020 1.0 
Glucose 2.0 0.5 n/a 

 

A.5 Association Constant Determination Titrations 
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Figure A-19. Titration curves to determine KARS of 3-AcPBA at pH 5.2; three replicate titrations 

 
Figure A-20. Titration curves to determine Keq of 3-AcPBA with sorbitol at pH 5.2; three 

replicate titrations 

 
 

 
Figure A-21. Titration curves to determine KARS of 3-AcPBA at pH 7.4; three replicate titrations 
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Figure A-22. Titration curves to determine Keq of 3-AcPBA with sorbitol at pH 7.4; three 

replicate titrations 

 

 
Figure A-23. Titration curves to determine Keq of 3-AcPBA with fructose at pH 7.4; three 

replicate titrations 
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Figure A-24. Titration curves to determine Keq of 3-AcPBA with glucose at pH 7.4; three 

replicate titrations 

 

 
Figure A-25. Titration curves to determine KARS of 3-AcPBA at pH 8.7; three replicate titrations 
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Figure A-26. Titration curves to determine Keq of 3-AcPBA with sorbitol at pH 8.7; three 

replicate titrations 

 

 
Figure A-27. Titration curves to determine Keq of 3-AcPBA with fructose at pH 8.7; three 

replicate titrations 
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Figure A-28. Titration curves to determine Keq of 3-AcPBA with glucose at pH 8.7; three 

replicate titrations 

 

 
Figure A-29. Titration curves to determine KARS of 4-MCPBA at pH 5.2; three replicate titrations 
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Figure A-30. Titration curves to determine Keq of 4-MCPBA with sorbitol at pH 5.2; three 

replicate titrations 

 
Figure A-31. Titration curves to determine KARS of 4-MCPBA at pH 7.4; three replicate titrations 
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Figure A-32. Titration curves to determine Keq of 4-MCPBA with sorbitol at pH 7.4; three 

replicate titrations 

 

 
Figure A-33. Titration curves to determine Keq of 4-MCPBA with fructose at pH 7.4; three 

replicate titrations 
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Figure A-34. Titration curves to determine Keq of 4-MCPBA with glucose at pH 7.4; three 

replicate titrations 

 
Figure A-35. Titration curves to determine KARS of 4-MCPBA at pH 8.7; three replicate titrations 
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Figure A-36. Titration curves to determine Keq of 4-MCPBA with sorbitol at pH 8.7; three 

replicate titrations 

 

 
Figure A-37. Titration curves to determine Keq of 4-MCPBA with fructose at pH 8.7; three 

replicate titrations 
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Figure A-38. Titration curves to determine Keq of 4-MCPBA with glucose at pH 8.7; three 

replicate titrations 

 
Figure A-39. Titration curves to determine KARS of BOB at pH 5.2; three replicate titrations 
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Figure A-40. Titration curves to determine Keq of BOB with sorbitol at pH 5.2; three replicate 

titrations 

 
 

 
Figure A-41. Titration curves to determine KARS of BOB at pH 7.4 
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Figure A-42. Titration curves to determine Keq of BOB with sorbitol at pH 7.4; three replicate 

titrations 

 
 

Figure A-43. Titration curves to determine Keq of BOB with fructose at pH 7.4; three replicate 
titrations 

 



 

175 

 
Figure A-44. Titration curves to determine Keq of BOB with glucose at pH 7.4; three replicate 

titrations 

 
Figure A-45. Titration curves to determine KARS of BOB at pH 8.7; three replicate titrations 
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Figure A-46. Titration curves to determine Keq of BOB with sorbitol at pH 8.7; three replicate 

titrations 

 

 
Figure A-47. Titration curves to determine Keq of BOB with fructose at pH 8.7; three replicate 

titrations 
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Figure A-48. Titration curves to determine Keq of BOB with glucose at pH 8.7; three replicate 

titrations 

 
Figure A-49. Titration curves to determine KARS of 2-FPBA at pH 5.2; three replicate titrations 
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Figure A-50. Titration curves to determine Keq of 2-FPBA with sorbitol at pH 5.2; three replicate 

titrations 

 

 
Figure A-51. Titration curves to determine Keq of 2-FPBA with fructose at pH 5.2; three replicate 

titrations 
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Figure A-52. Titration curves to determine KARS of 2-FPBA at pH 7.4; three replicate titrations 

 

 
Figure A-53. Titration curves to determine Keq of 2-FPBA with sorbitol at pH 7.4; three replicate 

titrations 
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Figure A-54. Titration curves to determine Keq of 2-FPBA with fructose at pH 7.4; three replicate 

titrations 

 

 
Figure A-55. Titration curves to determine Keq of 2-FPBA with glucose at pH 7.4; three replicate 

titrations 
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Figure A-56. Titration curves to determine KARS of 2-FPBA at pH 8.7; three replicate titrations 

 

 
Figure A-57. Titration curves to determine Keq of 2-FPBA with sorbitol at pH 8.7; three replicate 

titrations 
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Figure A-58. Titration curves to determine Keq of 2-FPBA with fructose at pH 8.7; three replicate 

titrations 

 

 
Figure A-59. Titration curves to determine Keq of 2-FPBA with glucose at pH 8.7; three replicate 

titrations 
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Figure A-60. Titration curves to determine KARS of 4-FPBA at pH 5.2; three replicate titrations 

 

 
Figure A-61. Titration curves to determine Keq of 4-FPBA with sorbitol at pH 5.2; three replicate 

titrations 
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Figure A-62. Titration curves to determine Keq of 4-FPBA with fructose at pH 5.2; three replicate 

titrations 

 

 
Figure A-63. Titration curves to determine KARS of 4-FPBA at pH 7.4; three replicate titrations 
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Figure A-64. Titration curves to determine Keq of 4-FPBA with sorbitol at pH 7.4; three replicate 

titrations 

 

 
Figure A-65. Titration curves to determine Keq of 4-FPBA with fructose at pH 7.4; three replicate 

titrations 

 



 

186 

 
Figure A-66. Titration curves to determine Keq of 4-FPBA with glucose at pH 7.4; three replicate 

titrations 

 

 
Figure A-67. Titration curves to determine KARS of 4-FPBA at pH 8.7; three replicate titrations 
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Figure A-68. Titration curves to determine Keq of 4-FPBA with sorbitol at pH 8.7; three replicate 

titrations 

 

 
Figure A-69. Titration curves to determine Keq of 4-FPBA with fructose at pH 8.7; three replicate 

titrations 
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Figure A-70. Titration curves to determine Keq of 4-FPBA with glucose at pH 8.7; three replicate 

titrations 

 
 

 
Figure A-71. Titration curves to determine KARS of DAPBA at pH 5.2; three replicate titrations 
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Figure A-72. Titration curves to determine Keq of DAPBA with sorbitol at pH 5.2; three replicate 

titrations 

 

 
Figure A-73. Titration curves to determine Keq of DAPBA with fructose at pH 5.2; three replicate 

titrations 
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Figure A-74. Titration curves to determine KARS of DAPBA at pH 7.4; three replicate titrations 

 

 
Figure A-75. Titration curves to determine Keq of DAPBA with sorbitol at pH 7.4; three replicate 

titrations 
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Figure A-76. Titration curves to determine Keq of DAPBA with fructose at pH 7.4; three replicate 

titrations 

 

 
Figure A-77. Titration curves to determine KARS of DAPBA at pH 8.7; three replicate titrations 
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Figure A-78. Titration curves to determine Keq of DAPBA with sorbitol at pH 8.7; three replicate 

titrations 

 

 
Figure A-79. Titration curves to determine Keq of DAPBA with fructose at pH 8.7; three replicate 

titrations 
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A.6 High Resolution Mass Spectrometry Plots 

 
Figure A-80. High-resolution mass spectrometry trace of 3-VBOB 



 

194 

LIST OF REFERENCES 

(1) Cambre, J. N.; Sumerlin, B. S. Polymer 2011, 52, 4631–4643. 
 
(2) Hall, D. G. Boronic Acids; Wiley-VCH Verlag GmbH & Co KGaA: Weinheim, 

Germany: Weinheim, Germany, 2011; Vol. 1. 
 
(3) Kubo, Y.; Nishiyabu, R.; James, T. D. Chem. Commun. 2015, 51, 2005–2020. 
 
(4) Bull, S. D.; Davidson, M. G.; van den Elsen, J. M. H.; Fossey, J. S.; Jenkins, A. T. A.; 

Jiang, Y.-B.; Kubo, Y.; Marken, F.; Sakurai, K.; Zhao, J.; James, T. D. Acc. Chem. 
Res. 2013, 46, 312–326. 

 
(5) Sun, X.; James, T. D. Chem. Rev. 2015, 115, 8001–8037. 
 
(6) Tomsho, J. W.; Pal, A.; Hall, D. G.; Benkovic, S. J. ACS Med. Chem. Lett. 2011, 3, 

48–52. 
 
(7) Wulff, G.; Lauer, M.; Böhnke, H. Angew. Chem. Int. Ed. Engl. 1984, 23, 741–742. 
 
(8) Wiskur, S. L.; Lavigne, J. J.; Ait-Haddou, H.; Lynch, V.; Chiu, Y. H.; Canary, J. W.; 

Anslyn, E. V. Org. Lett. 2001, 3, 1311–1314. 
 
(9) Zhu, L.; Shabbir, S. H.; Gray, M.; Lynch, V. M.; Sorey, S.; Anslyn, E. V. J. Am. 

Chem. Soc. 2006, 128, 1222–1232. 
 
(10) Collins, B. E.; Sorey, S.; Hargrove, A. E.; Shabbir, S. H.; Lynch, V. M.; Anslyn, E. V. 

J. Org. Chem. 2009, 74, 4055–4060. 
 
(11) Yang, X.; Lee, M. C.; Sartain, F.; Pan, X.; Lowe, C. R. Chem. - Eur. J. 2006, 12, 

8491–8497. 
 
(12) Hughes, M. P.; Smith, B. D. J. Org. Chem. 1997, 62, 4492–4499. 
 
(13) Bhat, K. L.; Howard, N. J.; Rostami, H.; Lai, J. H.; Bock, C. W. J. Mol. Struct.: 

THEOCHEM 2005, 723, 147–157. 
 
(14) Cash, J. J.; Kubo, T.; Bapat, A. P.; Sumerlin, B. S. Macromolecules 2015, 48, 2098–

2106. 
 
(15) Bapat, A. P.; Roy, D.; Ray, J. G.; Savin, D. A.; Sumerlin, B. S. J. Am. Chem. Soc. 

2011, 133, 19832–19838. 
 
(16) Heleg-Shabtai, V.; Aizen, R.; Orbach, R.; Aleman-Garcia, M. A.; Willner, I. Langmuir 

2015, 31, 2237–2242. 
 
(17) He, L.; Szopinski, D.; Wu, Y.; Luinstra, G. A. ACS Macro Lett. 2015, 4, 673–678. 



 

195 

(18) Kitano, S.; Koyama, Y.; Kataoka, K.; Okano, T.; Sakurai, Y. J. Controlled Release 
1992, 19, 161–170. 

 
(19) Chantasirichot, S.; Inoue, Y.; Ishihara, K. Macromolecules 2014, 47, 3128–3135. 
 
(20) Deng, C. C.; Brooks, W. L. A.; Abboud, K. A.; Sumerlin, B. S. ACS Macro Lett. 2015, 

4, 220–224. 
 
(21) Piest, M.; Zhang, X.; Trinidad, J.; Engbersen, J. F. J. Soft Matter 2011, 7, 11111–

11118. 
 
(22) Li, J.; Harada, A.; Kamachi, M. Polym. J. 1994, 26, 1019–1026. 
 
(23) Wang, J.; Li, L.; Zhu, Y.; Liu, P.; Guo, X. Asia-Pac. J. Chem. Eng. 2009, 4, 544–550. 
 
(24) Yang, T.; Ji, R.; Deng, X.-X.; Du, F.-S.; Li, Z.-C. Soft Matter 2014, 10, 2671–2678. 
 
(25) Ivanov, A. E.; Larsson, H.; Galaev, I. Y.; Mattiasson, B. Polymer 2004, 45, 2495–

2505. 
 
(26) Tarus, D.; Hachet, E.; Messager, L.; Catargi, B.; Ravaine, V.; Auzély-Velty, R. 

Macromol. Rapid Commun. 2014, 35, 2089–2095. 
 
(27) Meng, H.; Zheng, J.; Wen, X.; Cai, Z.; Zhang, J.; Chen, T. Macromol. Rapid Commun. 

2015, 36, 533–537. 
 
(28) Scarpa, J. S.; Mueller, D. D.; Klotz, I. M. J. Am. Chem. Soc. 1967, 89, 6024–6030. 
 
(29) Roy, D.; Brooks, W.; Sumerlin, B. S. Chem. Soc. Rev. 2013, 42, 7214–7243. 
 
(30) Aoki, T.; Nagao, Y.; Sanui, K.; Ogata, N.; Kikuchi, A.; Sakurai, Y.; Kataoka, K.; 

Okano, T. Polym. J. 1996, 28, 371–374. 
 
(31) Kataoka, K.; Miyazaki, H.; Bunya, M.; Okano, T.; Sakurai, Y. J. Am. Chem. Soc. 

1998, 120, 12694–12695. 
 
(32) Matsumoto, A.; Yoshida, R.; Kataoka, K. Biomacromolecules 2004, 5, 1038–1045. 
 
(33) Matsumoto, A.; Yamamoto, K.; Yoshida, R.; Kataoka, K.; Aoyagi, T.; Miyahara, Y. 

Chem. Commun. 2010, 46, 2203–2205. 
 
(34) Tang, Z.; Guan, Y.; Zhang, Y. Polym. Chem. 2014, 5, 1782–1790. 
 
(35) Zhang, Y.; Guan, Y.; Zhou, S. Biomacromolecules 2007, 8, 3842–3847. 
 
(36) Zhang, Y.; Guan, Y.; Zhou, S. Biomacromolecules 2006, 7, 3196–3201. 



 

196 

(37) Ancla, C.; Lapeyre, V.; Gosse, I.; Catargi, B.; Ravaine, V. Langmuir 2011, 27, 12693–
12701. 

 
(38) Cao, J.; Liu, S.; Chen, Y.-J.; Shi, L.; Zhang, Z. Polym. Chem. 2014, 5, 5029–5036. 
 
(39) Stolowitz, M. L.; Ahlem, C.; Hughes, K. A.; Kaiser, R. J.; Kesicki, E. A.; Li, G.; Lund, 

K. P.; Torkelson, S. M.; Wiley, J. P. Bioconjugate Chem. 2001, 12, 229–239. 
 
(40) Jay, J. I.; Shukair, S.; Langheinrich, K.; Hanson, M. C.; Cianci, G. C.; Johnson, T. J.; 

Clark, M. R.; Hope, T. J.; Kiser, P. F. Adv. Funct. Mater. 2009, 19, 2969–2977. 
 
(41) Mahalingam, A.; Jay, J. I.; Langheinrich, K.; Shukair, S.; McRaven, M. D.; Rohan, L. 

C.; Herold, B. C.; Hope, T. J.; Kiser, P. F. Biomaterials 2011, 32, 8343–8355. 
 
(42) Jay, J. I.; Lai, B. E.; Myszka, D. G.; Mahalingam, A.; Langheinrich, K.; Katz, D. F.; 

Kiser, P. F. Mol. Pharmaceutics 2010, 7, 116–129. 
 
(43) Maji, S.; Vancoillie, G.; Voorhaar, L.; Zhang, Q.; Hoogenboom, R. Macromol. Rapid 

Commun. 2013, 35, 214–220. 
 
(44) Qin, Y.; Sukul, V.; Pagakos, D.; Cui, C.; Jäkle, F. Macromolecules 2005, 38, 8987–

8990. 
 
(45) Cui, C.; Bonder, E. M.; Qin, Y.; Jäkle, F. J. Polym. Sci., Part A: Polym. Chem. 2010, 

48, 2438–2445. 
 
(46) Cambre, J. N.; Roy, D.; Gondi, S. R.; Sumerlin, B. S. J. Am. Chem. Soc. 2007, 129, 

10348–10349. 
 
(47) Roy, D.; Cambre, J. N.; Sumerlin, B. S. Chem. Commun. 2008, 2477–2479. 
 
(48) Cambre, J. N.; Roy, D.; Sumerlin, B. S. J. Polym. Sci., Part A: Polym. Chem. 2012, 50, 

3373–3382. 
 
(49) Roy, D.; Cambre, J. N.; Sumerlin, B. S. Chem. Commun. 2009, 2106–2108. 
 
(50) Kim, K. T.; Cornelissen, J. J. L. M.; Nolte, R. J. M.; Hest, J. C. M. V. J. Am. Chem. 

Soc. 2009, 131, 13908–13909. 
 
(51) Roy, D.; Sumerlin, B. S. ACS Macro Lett. 2012, 1, 529–532. 
 
(52) Matsumoto, A.; Ikeda, S.; Harada, A.; Kataoka, K. Biomacromolecules 2003, 4, 1410–

1416. 
 
(53) Kim, H.; Kang, Y. J.; Kang, S.; Kim, K. T. J. Am. Chem. Soc. 2012, 134, 4030–4033. 
 



 

197 

(54) Kim, H.; Kang, Y. J.; Jeong, E. S.; Kang, S.; Kim, K. T. ACS Macro Lett. 2012, 1, 
1194–1198. 

 
(55) Zhao, Z.; Yao, X.; Zhang, Z.; Chen, L.; He, C.; Chen, X. Macromol. Biosci. 2014, 14, 

1609–1618. 
 
(56) Wang, Y.; Zhang, X.; Mu, J.; Li, C. New J. Chem. 2013, 37, 796–803. 
 
(57) Ren, J.; Zhang, Y.; Zhang, J.; Gao, H.; Liu, G.; Ma, R.; An, Y.; Kong, D.; Shi, L. 

Biomacromolecules 2013, 14, 3434–3443. 
 
(58) Ma, R.; Yang, H.; Li, Z.; Liu, G.; Sun, X.; Liu, X.; An, Y.; Shi, L. Biomacromolecules 

2012, 13, 3409–3417. 
 
(59) Springsteen, G.; Wang, B. Tetrahedron 2002, 58, 5291–5300. 
 
(60) Li, Y.; Xiao, W.; Xiao, K.; Berti, L.; Luo, J.; Tseng, H. P.; Fung, G.; Lam, K. S. 

Angew. Chem. Int. Ed. Engl. 2012, 51, 2864–2869. 
 
(61) Bin Yang; Lv, Y.; Zhu, J.-Y.; Han, Y.-T.; Jia, H. Z.; Chen, W.-H.; Feng, J.; Zhang, X. 

Z.; Zhuo, R. X. Acta Biomater. 2014, 10, 3686–3695. 
 
(62) Wu, X.; Chen, X.-X.; Song, B.-N.; Huang, Y.-J.; Ouyang, W.-J.; Li, Z.; James, T. D.; 

Jiang, Y.-B. Chem. Commun. 2014, 50, 13987–13989. 
 
(63) Wu, X.; Li, Z.; Chen, X.-X.; Fossey, J. S.; James, T. D.; Jiang, Y.-B. Chem. Soc. Rev. 

2013, 42, 8032–8048. 
 
(64) Li, M.; Ge, H.; Arrowsmith, R. L.; Mirabello, V.; Botchway, S. W.; Zhu, W.; Pascu, S. 

I.; James, T. D. Chem. Commun. 2014, 50, 11806–11809. 
 
(65) Hu, P.; Song, Y.; Andrade, M. D. R.; Chen, S. Langmuir 2014, 30, 5224–5229. 
 
(66) Janczyk, M.; Adamczyk-Woźniak, A.; Sporzyński, A.; Wroblewski, W. Anal. Chim. 

Acta 2012, 733, 71–77. 
 
(67) Nicolas, M.; Fabre, B.; Marchand, G.; Simonet, J. Eur. Cell Mater. 2000, 2000, 1703–

1710. 
 
(68) Chan, J.; Dodani, S. C.; Chang, C. J. Nat. Chem. 2012, 4, 973–984. 
 
(69) Sun, X.; Xu, Q.; Kim, G.; Flower, S. E.; Lowe, J. P.; Yoon, J.; Fossey, J. S.; Qian, X.; 

Bull, S. D.; James, T. D. Chem. Sci. 2014, 5, 3368–3373. 
 
(70) Sun, X.; Xu, S.-Y.; Flower, S. E.; Fossey, J. S.; Qian, X.; James, T. D. Chem. 

Commun. 2013, 49, 8311–8313. 



 

198 

(71) Ooyama, Y.; Uenaka, K.; Matsugasako, A.; Harima, Y.; Ohshita, J. RSC Adv. 2013, 3, 
23255–23263. 

 
(72) Ooyama, Y.; Furue, K.; Uenaka, K.; Ohshita, J. RSC Adv. 2014, 4, 25330–25333. 
 
(73) Kikuchi, A.; Suzuki, K.; Okabayashi, O.; Hoshino, H. Anal. Chem. 1996, 68, 823–828. 
 
(74) Gabai, R.; Sallacan, N.; Chegel, V.; Bourenko, T.; Katz, E.; Willner, I. J. Phys. Chem. 

B 2001, 105, 8196–8202. 
 
(75) Nicolas, M.; Fabre, B.; Simonet, J. J. Electroanal. Chem. 2001, 509, 73–79. 
 
(76) Deore, B. A.; Freund, M. S. Macromolecules 2009, 42, 164–168. 
 
(77) Deore, B. A.; Freund, M. S. Chem. Mater. 2005, 17, 2918–2923. 
 
(78) Deore, B. A.; Braun, M. D.; Freund, M. S. Macromol. Chem. Phys. 2006, 207, 660–

664. 
 
(79) Shoji, E.; Freund, M. S. J. Am. Chem. Soc. 2001, 123, 3383–3384. 
 
(80) Shoji, E.; Freund, M. S. J. Am. Chem. Soc. 2002, 124, 12486–12493. 
 
(81) Huh, P.; Kim, S.-C.; Kim, Y.; Wang, Y.; Singh, J.; Kumar, J.; Samuelson, L. A.; Kim, 

B.-S.; Jo, N.-J.; Lee, J.-O. Biomacromolecules 2007, 8, 3602–3607. 
 
(82) Pringsheim, E.; Terpetschnig, E.; Piletsky, S. A.; Wolfbeis, O. S. Adv. Mater. 1999, 

11, 865–868. 
 
(83) Li, J.; Liu, L.; Wang, P.; Zheng, J. Electrochim. Acta 2014, 121, 369–375. 
 
(84) Fabre, B.; Taillebois, L. Chem. Commun. 2003, 2982–2983. 
 
(85) Mathiyarasu, J.; Senthilkumar, S.; Phani, K. L. N.; Yegnaraman, V. J Appl. 

Electrochem. 2005, 35, 513–519. 
 
(86) Liu, S.; Bakovic, L.; Chen, A. J. Electroanal. Chem. 2006, 591, 210–216. 
 
(87) Gu, L.; Jiang, X.; Liang, Y.; Zhou, T.; Shi, G. Analyst 2013, 138, 5461–5469. 
 
(88) Hong, S.; Lee, L. Y. S.; So, M.-H.; Wong, K.-Y. Electroanalysis 2013, 25, 1085–1094. 
 
(89) Diltemiz, S. E.; Hür, D.; Keçili, R.; Ersöz, A.; Say, R. Analyst 2013, 138, 1558–1563. 
 
(90) Sugnaux, C.; Klok, H. A. Macromol. Rapid Commun. 2014, 35, 1402–1407. 
 



 

199 

(91) Kanekiyo, Y.; Sano, M.; Iguchi, R.; Shinkai, S. J. Polym. Sci., Part A: Polym. Chem. 
2000, 38, 1302–1310. 

 
(92) Lin, G.; Chang, S.; Hao, H.; Tathireddy, P.; Orthner, M.; Magda, J.; Solzbacher, F. 

Sens. Actuators, B 2010, 144, 332–336. 
 
(93) Horkay, F.; Cho, S. H.; Tathireddy, P.; Rieth, L.; Solzbacher, F.; Magda, J. Sens. 

Actuators, B 2011, 160, 1363–1371. 
 
(94) Pereira Morais, M. P.; Marshall, D.; Flower, S. E.; Caunt, C. J.; James, T. D.; 

Williams, R. J.; Waterfield, N. R.; van den Elsen, J. M. H. Sci. Rep. 2013, 3, 
doi:10.1038–srep01437. 

 
(95) Okada, C.; Hashimoto, T.; Nakashima, T.; Murabayashi, S. J. Artif. Organs 1999, 2, 

78–84. 
 
(96) Song, S. Y.; Yoon, H. C. Sens. Actuators, B 2009, 140, 233–239. 
 
(97) Li, Y.; Xie, Y.; Qin, Y. Sens. Actuators, B 2014, 191, 227–232. 
 
(98) Peng, B.; Qin, Y. Anal. Chem. 2008, 80, 6137–6141. 
 
(99) Ma, R.; Shi, L. Polym. Chem. 2014, 5, 1503–1518. 
 
(100) Wu, W.; Zhou, S. Macromol. Biosci. 2013, 13, 1464–1477. 
 
(101) Kugimiya, A.; Takeuchi, T. Biosens. Bioelectron. 2001, 16, 1059–1062. 
 
(102) Krismastuti, F. S. H.; Brooks, W. L. A.; Sweetman, M. J.; Sumerlin, B. S.; Voelcker, 

N. H. J. Mater. Chem. B 2014, 2, 3972–3983. 
 
(103) Horgan, A. M.; Marshall, A. J.; Kew, S. J.; Dean, K. E. S.; Creasey, C. D.; Kabilan, S. 

Biosens. Bioelectron. 2006, 21, 1838–1845. 
 
(104) Kabilan, S.; Marshall, A. J.; Sartain, F. K.; Lee, M. C.; Hussain, A.; Yang, X.; Blyth, 

J.; Karangu, N.; James, K.; Zeng, J.; Smith, D.; Domschke, A.; Lowe, C. R. Biosens. 
Bioelectron. 2005, 20, 1602–1610. 

 
(105) Yang, X.; Pan, X.; Blyth, J.; Lowe, C. R. Biosens. Bioelectron. 2008, 23, 899–905. 
 
(106) Kabilan, S.; Blyth, J.; Lee, M. C.; Marshall, A. J.; Hussain, A.; Yang, X. P.; Lowe, C. 

R. J. Mol. Recognit. 2004, 17, 162–166. 
 
(107) Worsley, G. J.; Tourniaire, G. A.; Medlock, K. E. S.; Sartain, F. K.; Harmer, H. E.; 

Thatcher, M.; Horgan, A. M.; Pritchard, J. Clin. Chem. 2007, 53, 1820–1826. 
 



 

200 

(108) Asher, S. A.; Alexeev, V. L.; Goponenko, A. V.; Sharma, A. C.; Lednev, I. K.; 
Wilcox, C. S.; Finegold, D. N. J. Am. Chem. Soc. 2003, 125, 3322–3329. 

 
(109) Alexeev, V. L.; Sharma, A. C.; Goponenko, A. V.; Das, S.; Lednev, I. K.; Wilcox, C. 

S.; Finegold, D. N.; Asher, S. A. Anal. Chem. 2003, 75, 2316–2323. 
 
(110) Alexeev, V. L.; Das, S.; Finegold, D. N.; Asher, S. A. Clin. Chem. 2004, 50, 2353–

2360. 
 
(111) Ward Muscatello, M. M.; Stunja, L. E.; Asher, S. A. Anal. Chem. 2009, 81, 4978–

4986. 
 
(112) Bazin, G.; Zhu, J. X. X. Sci. China Chem. 2012, 56, 65–70. 
 
(113) Zhang, C.; Losego, M. D.; Braun, P. V. Chem. Mater. 2013, 25, 3239–3250. 
 
(114) Ben-Moshe, M.; Alexeev, V. L.; Asher, S. A. Anal. Chem. 2006, 78, 5149–5157. 
 
(115) Kimura, T.; Arimori, S.; Takeuchi, M.; Nagasaki, T.; Shinkai, S. J. Chem. Soc., Perkin 

Trans. 2 1995, 1889–1894. 
 
(116) Nagasaki, T.; Kimura, T.; Arimori, S.; Shinkai, S. Chem. Lett. 1994, 23, 1495–1498. 
 
(117) Kimura, T.; Takeuchi, M.; Nagasaki, T.; Shinkai, S. Tetrahedron Lett. 1995, 36, 559–

562. 
 
(118) Egawa, Y.; Gotoh, R.; Seki, T.; Anzai, J.-I. Mater. Sci. Eng., C 2009, 29, 115–118. 
 
(119) Okasaka, Y.; Kitano, H. Colloids Surf., B 2010, 79, 434–439. 
 
(120) Egawa, Y.; Miki, R.; Seki, T. Materials 2014, 7, 1201–1220. 
 
(121) Thoniyot, P.; Cappuccio, F. E.; Gamsey, S.; Cordes, D. B.; Wessling, R. A.; Singaram, 

B. Diabetes Technol. Ther. 2006, 8, 279–287. 
 
(122) Gamsey, S.; Suri, J. T.; Wessling, R. A.; Singaram, B. Langmuir 2006, 22, 9067–9074. 
 
(123) Cappuccio, F. E.; Suri, J. T.; Cordes, D. B.; Wessling, R. A.; Singaram, B. J. Fluoresc. 

2004, 14, 521–533. 
 
(124) Sharrett, Z.; Gamsey, S.; Hirayama, L.; Vilozny, B.; Suri, J. T.; Wessling, R. A.; 

Singaram, B. Org. Biomol. Chem. 2009, 7, 1461–1470. 
 
(125) Crane, B. C.; Barwell, N. P.; Gopal, P.; Gopichand, M.; Higgs, T.; James, T. D.; Jones, 

C. M.; Mackenzie, A.; Mulavisala, K. P.; Paterson, W. J. Diabetes Sci. Technol. 2015, 
9, 751–761. 



 

201 

(126) Tierney, S.; Volden, S.; Stokke, B. T. Biosens. Bioelectron. 2009, 24, 2034–2039. 
 
(127) Zenkl, G.; Mayr, T.; Klimant, I. Macromol. Biosci. 2008, 8, 146–152. 
 
(128) Ye, T.; Jiang, X.; Xu, W.; Zhou, M.; Hu, Y.; Wu, W. Polym. Chem. 2013, 5, 2352–

2362. 
 
(129) Wang, W.; Gao, S.; Wang, B. Org. Lett. 1999, 1, 1209–1212. 
 
(130) Kanekiyo, Y.; Sato, H.; Tao, H. Macromol. Rapid Commun. 2005, 26, 1542–1546. 
 
(131) Gao, S. Bioorg. Chem. 2001, 29, 308–320. 
 
(132) Mader, H. S.; Wolfbeis, O. S. Microchim. Acta 2008, 162, 1–34. 
 
(133) Shibata, H.; Heo, Y. J.; Okitsu, T.; Matsunaga, Y.; Kawanishi, T.; Takeuchi, S. Proc. 

Natl. Acad. Sci. U.S.A. 2010, 107, 17894–17898. 
 
(134) Heo, Y. J.; Shibata, H.; Okitsu, T.; Kawanishi, T.; Takeuchi, S. Proc. Natl. Acad. Sci. 

U.S.A. 2011, 108, 13399–13403. 
 
(135) Appleton, B.; Gibson, T. D. Sens. Actuators, B 2000, 65, 302–304. 
 
(136) Arimori, S.; Frimat, K. A.; James, T. D.; Bell, M. L.; Oh, C. S. Chem. Commun. 2001, 

1836–1837. 
 
(137) Shen, X.; Xu, C.; Uddin, K. M. A.; Larsson, P.-O.; Ye, L. J. Mater. Chem. B 2013, 1, 

4612–4618. 
 
(138) Xu, Z.; Uddin, K. M. A.; Ye, L. Macromolecules 2012, 45, 6464–6470. 
 
(139) Xu, Z.; Uddin, K. M. A.; Kamra, T.; Schnadt, J.; Ye, L. ACS Appl. Mater. Interfaces 

2014, 6, 1406–1414. 
 
(140) Xu, Z.; Deng, P.; Tang, S.; Li, J. Mater. Sci. Eng., C 2014, 40, 228–234. 
 
(141) Vancoillie, G.; Pelz, S.; Holder, E.; Hoogenboom, R. Polym. Chem. 2012, 3, 1726–

1729. 
 
(142) Yu, C.; Yam, V. W.-W. Chem. Commun. 2009, 1347–1349. 
 
(143) DiCesare, N.; Pinto, M. R.; Schanze, K. S.; Lakowicz, J. R. Langmuir 2002, 18, 7785–

7787. 
 
(144) Xue, C.; Cai, F.; Liu, H. Chem. - Eur. J. 2008, 14, 1648–1653. 
 



 

202 

(145) Chakraborty, C.; Bera, M. K.; Malik, S. New J. Chem. 2014, 38, 3522–3528. 
 
(146) De, P.; Gondi, S. R.; Roy, D.; Sumerlin, B. S. Macromolecules 2009, 42, 5614–5621. 
 
(147) Springsteen, G.; Wang, B. Chem. Commun. 2001, 1608–1609. 
 
(148) Elmas, B.; Senel, S.; Tuncel, A. React. Funct. Polym. 2007, 67, 87–96. 
 
(149) Cannizzo, C.; Amigoni-Gerbier, S.; Larpent, C. Polymer 2005, 46, 1269–1276. 
 
(150) Min, J.; Moon, H.; Yang, H. J.; Shin, H. H.; Hong, S. Y.; Kang, S. Macromol. Biosci. 

2014, 14, 557–564. 
 
(151) Ivanov, A. E.; Solodukhina, N.; Wahlgren, M.; Nilsson, L.; Vikhrov, A. A.; Nikitin, 

M. P.; Orlov, A. V.; Nikitin, P. I.; Kuzimenkova, M. V.; Zubov, V. P. Macromol. 
Biosci. 2010, 11, 275–284. 

 
(152) Ivanov, A. E.; Solodukhina, N. M.; Nilsson, L.; Nikitin, M. P.; Nikitin, P. I.; Zubov, V. 

P.; Vikhrov, A. A. Polym. Sci. Ser. A 2012, 54, 1–10. 
 
(153) Oda, H.; Konno, T.; Ishihara, K. Trans. Mat. Res. Soc. Japan 2012, 37, 357–360. 
 
(154) Saito, A.; Konno, T.; Ikake, H.; Kurita, K.; Ishihara, K. Biomed. Mater. 2010, 5, 

054101. 
 
(155) Ivanov, A. E.; Eccles, J.; Panahi, H. A.; Kumar, A.; Kuzimenkova, M. V.; Nilsson, L.; 

Bergenståhl, B.; Long, N.; Phillips, G. J.; Mikhalovsky, S. V.; Galaev, I. Y.; 
Mattiasson, B. J. Biomed. Mater. Res. 2009, 88A, 213–225. 

 
(156) Ivanov, A. E.; Panahi, H. A.; Kuzimenkova, M. V.; Nilsson, L.; Bergenståhl, B.; 

Waqif, H. S.; Jahanshahi, M.; Galaev, I. Y.; Mattiasson, B. Chem. - Eur. J. 2006, 12, 
7204–7214. 

 
(157) Miyazaki, H.; Kikuchi, A.; Koyama, Y.; Okano, T.; Sakurai, Y.; Kataoka, K. Biochem. 

Biophys. Res. Commun. 1993, 195, 829–836. 
 
(158) Otsuka, H.; Ikeya, T.; Okano, T.; Kataoka, K. Eur. Cell Mater. 2006, 12, 36–43. 
 
(159) Ivanov, A. E.; Kumar, A.; Nilsang, S.; Aguilar, M.-R.; Mikhalovska, L. I.; Savina, I. 

N.; Nilsson, L.; Scheblykin, I. G.; Kuzimenkova, M. V.; Galaev, I. Y. Colloids Surf., B 
2010, 75, 510–519. 

 
(160) Aoki, T.; Nagao, Y.; Terada, E.; Sanui, K.; Ogata, N.; Yamada, N.; Sakurai, Y.; 

Kataoka, K.; Okano, T. J. Biomater. Sci., Polym. Ed. 1996, 7, 539–550. 
 
 



 

203 

(161) Aoki, T.; Nagao, Y.; Sanui, K.; Ogata, N.; Kikuchi, A.; Sakurai, Y.; Kataoka, K.; 
Okano, T. J. Biomater. Sci., Polym. Ed. 1997, 9, 1–14. 

 
(162) Choi, J.; Konno, T.; Takai, M.; Ishihara, K. Biomaterials 2012, 33, 954–961. 
 
(163) Liu, H.; Li, Y.; Sun, K.; Fan, J.; Zhang, P.; Meng, J.; Wang, S.; Jiang, L. J. Am. Chem. 

Soc. 2013, 135, 7603–7609. 
 
(164) Kuralay, F.; Sattayasamitsathit, S.; Gao, W.; Uygun, A.; Katzenberg, A.; Wang, J. J. 

Am. Chem. Soc. 2012, 134, 15217–15220. 
 
(165) Winblade, N. D.; Nikolic, I. D.; Hoffman, A. S.; Hubbell, J. A. Biomacromolecules 

2000, 1, 523–533. 
 
(166) Winblade, N. D.; Schm kel, H.; Baumann, M.; Hoffman, A. S.; Hubbell, J. A. J. 

Biomed. Mater. Res. 2001, 59, 618–631. 
 
(167) Roy, D.; Cambre, J. N.; Sumerlin, B. S. Prog. Polym. Sci. 2010, 35, 278–301. 
 
(168) Mura, S.; Nicolas, J.; Couvreur, P. Nat. Mater. 2013, 12, 991–1003. 
 
(169) Schattling, P.; Jochum, F. D.; Theato, P. Polym. Chem. 2014, 5, 25–36. 
 
(170) Meng, H.; Jinlian Hu. J. Intell. Mater. Syst. Struct. 2010, 21, 859–885. 
 
(171) Jochum, F. D.; Theato, P. Chem. Soc. Rev. 2013, 42, 7468–7483. 
 
(172) Schmaljohann, D. Adv. Drug Delivery Rev. 2006, 58, 1655–1670. 
 
(173) Dai, S.; Ravi, P.; Tam, K. C. Soft Matter 2008, 4, 435. 
 
(174) Huo, M.; Yuan, J.; tao, L.; wei, Y. Polym. Chem. 2014, 5, 1519–1528. 
 
(175) Jackson, A. W.; Fulton, D. A. Polym. Chem. 2012, 4, 31–45. 
 
(176) Yan, X.; Wang, F.; Zheng, B.; Huang, F. Chem. Soc. Rev. 2012, 41, 6042–6065. 
 
(177) Smart Light-Responsive Materials: Azobenzene-Containing Polymers and Liquid 

Crystals; Zhao, Y.; Ikeda, T., Eds.; 1st ed.; Wiley. 
 
(178) Klajn, R. Chem. Soc. Rev. 2013, 43, 148–184. 
 
(179) Vogt, A. P.; Sumerlin, B. S. Soft Matter 2009, 5, 2347–2351. 
 
(180) Bapat, A. P.; Ray, J. G.; Savin, D. A.; Sumerlin, B. S. Macromolecules 2013, 46, 

2188–2198. 



 

204 

(181) Kamada, J.; Koynov, K.; Corten, C.; Juhari, A.; Yoon, J. A.; Urban, M. W.; Balazs, A. 
C.; Matyjaszewski, K. Macromolecules 2010, 43, 4133–4139. 

 
(182) Saleem, M.; Yu, H.; Wang, L.; Zain-ul-Abdin; Khalid, H.; Akram, M.; Abbasi, N. M.; 

Huang, J. Anal. Chim. Acta 2015, 876, 9–25. 
 
(183) Liu, G.; Ma, R.; Ren, J.; Li, Z.; Zhang, H.; Zhang, Z.; An, Y.; Shi, L. Soft Matter 2013, 

9, 1636–1644. 
 
(184) Yang, H.; Sun, X.; Liu, G.; Ma, R.; Li, Z.; An, Y.; Shi, L. Soft Matter 2013, 9, 8589–

8599. 
 
(185) Jeong, E. S.; Park, C.; Kim, K. T. Polymer Chemistry 2015, 6, 4080–4088. 
 
(186) Schild, H. G. Prog. Polym. Sci. 1992, 17, 163–249. 
 
(187) Matyjaszewski, K. Macromolecules 2012, 45, 4015–4039. 
 
(188) Nicolas, J.; Guillaneuf, Y.; Lefay, C.; Bertin, D.; Gigmes, D.; Charleux, B. Prog. 

Polym. Sci. 2013, 38, 63–235. 
 
(189) Moad, G.; Rizzardo, E.; Thang, S. H. Aust. J. Chem. 2005, 58, 379–410. 
 
(190) Hill, M. R.; Carmean, R. N.; Sumerlin, B. S. Macromolecules 2015, 48, 5459–5469. 
 
(191) Lutz, J.-F.; Hoth, A. Macromolecules 39, 893–896. 
 
(192) Xiangchun Yin; Allan S Hoffman, A.; Stayton, P. S. Biomacromolecules 7, 1381–

1385. 
 
(193) Chen, N.; Xiang, X.; Tiwari, A.; Heiden, P. A. J. Colloid Interface Sci. 2013, 391, 60–

69. 
 
(194) Lai, J. T.; Filla, D.; Shea, R. Macromolecules 2002, 35, 6754–6756. 
 
(195) Brooks, W. L. A.; Sumerlin, B. S. Chem. Rev. 2015, DOI:10.1021–

acs.chemrev.5b00300. 
 
(196) Yang, H.; Zhang, C.; Li, C.; Liu, Y.; An, Y.; Ma, R.; Shi, L. Biomacromolecules 2015, 

16, 1372–1381. 
 
(197) Lorand, J. P.; Edwards, J. O. J. Org. Chem. 1959, 24, 769–774. 
 
(198) Conner, J. M.; Bulgrin, V. C. J. Inorg. Nucl. Chem. 1967, 29, 1953–1961. 
 
(199) Yan, J.; Springsteen, G.; Deeter, S.; Wang, B. Tetrahedron 2004, 60, 11205–11209. 



 

205 

(200) Palit, D. K.; Pal, H.; Mukherjee, T.; Mittal, J. P. Faraday Trans. 1990, 86, 3861–3869. 
 
(201) Liu, J.; Yang, K.; Qu, Y.; Li, S.; Wu, Q.; Zhang, L.; Liang, Z.; Zhang, Y. Chem. 

Commun. 2015, 51, 3896–3898. 
 
(202) Dowlut, M.; Hall, D. G. J. Am. Chem. Soc. 2006, 128, 4226–4227. 
 
(203) Scarano, W.; Lu, H.; Stenzel, M. H. Chem. Commun. 2014, 50, 6390–6393. 
 
(204) Zhang, K.-D.; Matile, S. Angew. Chem., Int. Ed. 2015, 54, 8980–8983. 
 
(205) Hasegawa, U.; Nishida, T.; van der Vlies, A. J. Macromolecules 2015, 48, 4388–4393. 
 
(206) Cromwell, O. R.; Chung, J.; Guan, Z. J. Am. Chem. Soc. 2015, 137, 6492–6495. 
 
(207) Li, H.; Li, H.; Liu, Y.; Liu, Y.; Liu, J.; Liu, J.; Liu, Z.; Liu, Z. Chem. Commun. 2011, 

47, 8169–8171. 
 
(208) Connors, K. A. Binding constants: the measurement of molecular complex stability; 

John Wiley & Sons, Inc., 1987; pp. 175–183. 
 
(209) Bérubé, M.; Dowlut, M.; Hall, D. G. J. Org. Chem. 2008, 73, 6471–6479. 
 
(210) Adamczyk-Woźniak, A.; Borys, K. M.; Sporzyński, A. Chem. Rev. 2015, 115, 5224–

5247. 
 
(211) Adamczyk-Woźniak, A.; Brzózka, Z.; Cyrański, M. K.; Filipowicz Szymańska, A.; 

Klimentowska, P.; Żubrowska, A.; Żukowski, K.; Sporzyński, A. Appl. Organometal. 
Chem. 2008, 22, 427–432. 

 
(212) Soundararajan, S.; Badawi, M.; Kohlrust, C. M.; Hageman, J. H. Anal. Biochem. 1989, 

178, 125–134. 
 
(213) Luliński, S.; Madura, I.; Serwatowski, J.; Szatyłowicz, H.; Zachara, J. New J. Chem. 

2007, 31, 144–154. 
 
(214) Borlido, L.; Azevedo, A. M.; Roque, A. C. A.; Aires-Barros, M. R. J. Chromatogr. A 

2011, 1218, 7821–7827. 
 
(215) Soloway, A. H. J. Am. Chem. Soc. 1960, 82, 2442–2444. 
 
(216) Groziak, M. P.; Ganguly, A. D.; Robinson, P. D. J. Am. Chem. Soc. 1994, 116, 7597–

7605. 
 
 
 



 

206 

(217) Inglis, S. R.; Woon, E. C. Y.; Thompson, A. L.; Schofield, C. J. J. Org. Chem. 2010, 
75, 468–471. 

 
(218) Webster, R.; Elliott, V.; Park, B. K.; Walker, D.; Hankin, M.; Taupin, P. PEG and 

PEG conjugates toxicity: towards an understanding of the toxicity of PEG and its 
relevance to PEGylated biologicals; PEGylated Protein Drugs: Basic Science and 
Clinical Applications, 2009; pp. 127–146. 

 
(219) Brown, D. B.; Robin, M. B.; Burbank, R. D. J. Am. Chem. Soc. 1968, 90, 5621–5622. 
 
(220) Sun, J.; Perfetti, M. T.; Santos, W. L. J. Org. Chem. 2011, 76, 3571–3575. 
 
(221) Tsarevsky, N. V.; Sumerlin, B. S. Fundamentals of Controlled/Living Radical 

Polymerization; Royal Society of Chemistry, 2012. 
 
(222) Kelen, T.; Tüdös, F.; Turcsányi, B. Polym. Bull. 1980, 2, 71–76. 
 
(223) Fineman, M.; Ross, S. D. J. Polym. Sci. 1950, 5, 259–262. 
 
(224) O'Driscoll, K. F.; Reilly, P. M. Macromol. Symp. 2011, 10-11, 355–374. 
 
  



 

207 

BIOGRAPHICAL SKETCH 

William Brooks was born in San Bernardino, California to Edward (Eddie) and Lori 

Brooks. Throughout his life, he has lived in a number of locations, moving as a child from 

California to Utah, from Utah to Mississippi, from Mississippi to Wisconsin, and finally from 

Wisconsin back to Mississippi. (Wisconsin was his favorite.) He is an alumnus of the Mississippi 

School for Mathematics and Science (MSMS), having graduated in May of 2006. He continued 

his education first at Mississippi College, before moving to the University of Southern 

Mississippi (USM) in the spring of his freshman year. (SMTTT!) There, he received a Bachelor 

of Science degree (Magna Cum Laude) in Polymer Science with a Mathematics minor. From 

there, he made the trek to the Lone Star State, beginning graduate school at Southern Methodist 

University under the direction of Dr. Brent S. Sumerlin. He lived in Dallas for two years before 

moving with the Sumerlin group to the University of Florida in Gainesville, Florida. He 

completed his Ph.D. in chemistry in the fall of 2015. His research investigated the development 

of thermo- and glucose-responsive materials and examined the effect of solution conditions and 

boronic acid composition on boronic acid reactivity. 

While a student at USM, William met and fell in love with his future wife, Mieu (Ly) 

Brooks. They like to joke that they “had chemistry in organic chemistry lab.” Together, they 

have an amazing daughter, Linh. Outside of science, the three of them enjoy outdoor activities, 

including kayaking, camping, and trips to the springs or to the beach. William also enjoys 

visiting family and expanding his knowledge of Vietnamese culture. He hopes to one day travel 

the world, including visits to London, England; Paris, France; Mainz, Germany; Shanghai, 

China; and Ho Chi Minh City, Vietnam. William is a gearhead at heart, having been a Ford 

Mustang fan since birth.  


	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF SCHEMES
	LIST OF ABBREVIATIONS
	SYNTHESIS AND APPLICATIONS OF BORONIC ACID-CONTAINING POLYMERS0F
	1.1 Introduction
	1.2 Boronic Acid Functionalized Hydrogels
	1.2.1 Dynamic-Covalent Boronate Ester Cross-Linked Hydrogels
	1.2.2 Thermoresponsive Hydrogels
	1.2.3 HIV-Barrier Gels

	1.3 Nanomaterials
	1.3.1 Boronic Acid-Containing Block Copolymers
	1.3.2 Boronate Ester-Stabilized Nanoparticles

	1.4 Molecular Sensing
	1.4.1 Electrochemical Sensors
	1.4.2 Optical Sensors
	1.4.2.1 Surface plasmon resonance
	1.4.2.2 Reflectance spectroscopy
	1.4.2.3 Holographic devices
	1.4.2.4 Polymerized crystalline colloidal arrays
	1.4.2.5 Absorbance sensors
	1.4.2.6 Fluorescence sensors


	1.5 Cell Capture and Culture
	1.5.1 Cell Culture Growth
	1.5.2 Cell Capture and Release
	1.5.3 Cell Surface Interactions

	1.6 Summary and Future Directions

	RESEARCH OBJECTIVE
	PREPARATION AND CHARACTERIZATION OF GLUCOSE AND THERMORESPONSIVE BLOCK COPOLYMERS EXHIBITING A WIDE CLOUD POINT TRANSITION WINDOW
	3.1 Introduction
	3.1.1 Stimuli-Responsive Materials
	3.1.2 Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization

	3.2 Results and Discussion
	3.2.1 Synthesis of poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide-co-4-((2-acrylamidoethyl)carbamoyl)phenyl boronic acid) [PDMA-b-P(NIPAM-co-ACPBA)]
	3.2.2 Determination of Cloud Point Transition Temperatures for Copolymers in pH 7.4 Phosphate Buffer Solution
	3.2.3 Examining the Effect of pH on Cloud Point Transition Temperature
	3.2.4 Examining the Effect of Glucose Concentration on Cloud Point Transition Temperature
	3.2.5 Examining the Effect of Polymer Concentration on Cloud Point Transition Temperature Over Broad Glucose Concentrations

	3.3 Conclusions
	3.4 Experimental
	3.4.1 Materials
	3.4.2 Characterization
	3.4.3 Synthesis of tert-butyl (2-aminoethyl)carbamate
	3.4.4 Synthesis of tert-butyl (2-acrylamidoethyl)carbamate
	3.4.5 Synthesis of 2-acrylamidoethylammonium trifluoroacetate
	3.4.6 Synthesis of 4-carboxyphenylboronic acid pinacol ester
	3.4.7 Synthesis of (4-(chlorocarbonyl)phenyl)boronic acid pinacol ester
	3.4.8 Synthesis of (4-((2-acrylamidoethyl)carbamoyl)phenyl)boronic acid pinacol ester (ACPBAE)
	3.4.9 Synthesis of poly(N,N-dimethylacrylamide) [PDMA]
	3.4.10 Synthesis of poly(N,N-dimethylacrylamide)-b-poly(N-isopropylacrylamide-co-(4-((2-acrylamidoethyl)carbamoyl)phenyl)boronic acid) [PDMA-b-P(NIPAM-co-ACPBA] (P1-P4)


	EVALUATION OF DIOL BINDING CONSTANTS WITH VARIOUS BORONIC ACID CLASSES
	4.1 Introduction
	4.2 Results and Discussion
	4.2.1 Determination of Boronic Acid pKa Values
	4.2.2 Apparent Association Constants for Various Boronic Acid Families

	4.3 Conclusions
	4.4 Experimental
	4.4.1 Materials
	4.4.2 Synthesis of 3-Acetamidophenylboronic Acid (3-AcPBA)
	4.4.3 Synthesis of Benzoxaborole (BOB)
	4.4.4 Synthesis of 2-((dimethylamino)methyl)phenylboronic acid (DAPBA)
	4.4.5 pKa Determinations for Free Boronic Acids
	4.4.6 Determination of Apparent ARS-Boronic Acid Association Constants (KARS)
	4.4.7 Determination of Apparent Diol-Boronic Acid Association Constants (Keq)


	SYNTHESIS OF MACROMOLECULES CONTAINING INTRAMOLECULAR COORDINATING BORONIC ACIDS AND NOVEL HETEROCYCLIC BORONIC ACID ANALOGUES
	5.1 Introduction
	5.2 Results and Discussion
	5.2.1 Polymerization of 2-APBAE with 2-(((Dodecylthio)carbonothioyl)thio)-2-methylpropanoic acid monomethoxypolyetheylene glycol ester (PEG-DMP) Macro-Chain Transfer Agent
	5.2.2 Polymerization of 2-APBAE with Cumyl Dithiobenzoate
	5.2.3 Copolymerization of 2-APBAE and NIPAM and determination of reactivity ratios
	5.2.4 Deprotection of 2-APBAE and the resulting monomer formed
	5.2.5 RAFT polymerization of 3-vinylbenzoxazoborinine

	5.3 Conclusions
	5.4 Experimental
	5.4.1 Materials
	5.4.2 Characterization
	5.4.3 X-Ray Crystallography
	5.4.4 Synthesis of 2-acrylamidophenylboronic acid pinacol ester (2-APBAE)
	5.4.5 Synthesis of 3-vinyl-benzo[c][1,5,2]oxazaborinin-1-ol (3-VBOB)
	5.4.6 Synthesis of 2-(((Dodecylthio)carbonothioyl)thio)-2-methylpropanoic acid monomethoxypolyetheylene glycol ester (PEG-DMP)
	5.4.7 Synthesis of 4-Cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid (CDTPA)
	5.4.8 Synthesis of Cumyl Dithobenzoate:
	5.4.9 Polymerization of PEG-b-P(2-APBAE) via RAFT Polymerization with PEG-DMP
	5.4.10 Polymerization of 2-APBAE via RAFT Polymerization with CDB
	5.4.11 Copolymerization of PEG-b-P(2-APBAE-co-NIPAM) via RAFT Polymerization with PEG-DMP
	5.4.12 Determination of Reactivity Ratios between 2-acrylamidophenylboronic acid and N-isopropylacrylamide
	5.4.13 Polymerization of 3-VBOB via RAFT Polymerization with CDTPA


	CONCLUSIONS AND FUTURE DIRECTIONS
	APPENDIX
	A.1 Nuclear Magnetic Resonance Spectra
	A.2 Gel Permeation Chromatography Traces
	A.3 pH Titration Curves
	A.4 Solution Conditions for Association Constant Determinations
	A.5 Association Constant Determination Titrations
	A.6 High Resolution Mass Spectrometry Plots

	LIST OF REFERENCES
	BIOGRAPHICAL SKETCH

