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Selective sensing of saccharides using simple boronic

acids and their aggregates†
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Yun-Bao Jiang*a

The reversible boronic acid–diol interaction empowers boronic acid receptors’ saccharide binding capacities,

rendering them a class of lectin mimetic, termed ‘‘boronlectins’’. Boronic acids follow lectin functions not

just in being able to bind saccharides, but in multivalent saccharide binding that enhances both affinity and

selectivity. For almost a decade, efforts have been made to achieve and improve selectivity for given saccharide

targets, most notably glucose, by using properly positioned boronic acids, offering multivalent inter-

actions. Incorporation of several boronic acid groups into a covalent framework or non-covalent assembly

of boronic acid are two general methods used to create such smart sensors, of which the latter resembles

lectin oligomerisation that affords multivalent saccharide-binding architectures. In this review, we discuss

supramolecular selective sensing of saccharides by using simple boronic acids in their aggregate forms, after

a brief survey of the general aspects of boronic acid-based saccharide sensing.

1. Introduction

The effectiveness of boronic acids as receptors in chemosensors

for a range of biologically important species is perhaps

nowhere more evident than in the myriad of publications

related to this area. The target species to which boronic acids

are most often applied are saccharides. These neutral
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polyhydroxyl guests have high solvation enthalpies in aqueous

solutions that are difficult for synthetic chemosensors to over-

come as efficiently as naturally occurring lectins that operate

solely by non-covalent interactions.

There is yet another challenge, the binding selectivity, since

many saccharides show no structural difference except config-

urations of certain stereocentres, making them hard to be

distinguished between. These challenges are reflected by the

relatively slow progress in the development of completely non-

covalent interaction-based synthetic glucose sensors for real

world applications.1 In this context, sensors utilising biological

recognition elements, including those based on enzymes or

sugar binding proteins (lectins), have been developed and are

widely used. Synthetic chemosensors, however, are more

desired in terms of the stability, low cost, and oxygen indepen-

dence. Boronic acid-based synthetic chemosensors therefore

represent promising alternatives for saccharide sensing.

The reversible covalent interaction of boronic acids with

cis-1,2- or 1,3-diols to form five- or six-membered cyclic esters,

respectively, has proved sufficiently strong, enabling binding of

saccharides at mM or sub-mM levels, rendering boronic-acid

based saccharide sensing in biologically relevant scenarios

possible. The strength of boronic acid binding to saccharides

is determined by the orientation and relative position of hydroxyl

groups, thus boronic acids can differentiate structurally similar

saccharide molecules. It is now known that monoboronic acids

exhibit inherent fructose selectivity among monosaccharides.2

This is because of the high abundance in solution of the form of

fructose that contains a syn-periplanar pair of hydroxyl groups

available for boronic acid binding, i.e. the b-D-fructofuranose

form whose relative percentage of total fructose is 25% in D2O at

31 1C.3 In contrast, with glucose, the available a-D-glucofuranose

form makes up only 0.14% of the total composition in D2O at

27 1C (Scheme 1).4 In line with these facts the binding constant

of phenylboronic acid with fructose is 4370 M�1 while that with

glucose is 110 M�1.2 The generally observed binding affinity of

phenylboronic acids with monosaccharides follows the order of

fructose 4 galactose 4 mannose 4 glucose.2 In general both

the saccharide affinity and selectivity of simple monoboronic

acid based sensors are poor. This can be substantially improved

by using properly positionedmultiboronic acids. In this regard it

is of interest to note that the use of multiboronic acids parallels

the approach nature takes to enhance saccharide affinity by

lectins that contain multiple binding sites, in which two cases

the multivalency effect seem to operate.

Multivalency6,7 is actually a key working principle of molecular

recognition in biological systems, which makes cumulative use of

Scheme 1 Equilibria between the dominant form (left) and the form that

contains a syn-periplanar anomeric hydroxyl pair (right) of D-fructose (top),

D-glucose (middle) and D-galactose (bottom).3–5 Potential boronic acid binding

sites are highlighted in red. Positions for hydroxyl groups are numbered in

b-D-fructofuranose and a-D-glucofuranose.

John S. Fossey is a lecturer and

Royal Society Industry Fellow-

ship holder at the University of

Birmingham. He completed his

first degree in chemistry in 2000

at Cardiff University of Wales. In

2004 he was awarded a PhD

from Queen Mary University

London. He then worked as a

JSPS postdoctoral research fellow

with Professor Shū Kobayashi at
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individually weak interactions. Briefly, binding between two multi-

valent (i.e. having more than one binding site) entities involving n

(n 4 1) binding events occurs with an affinity higher than the

sum of n individual monovalent interactions. This is similar to the

chelate effect in coordination chemistry where a tridentate ligand

can have a higher binding affinity for a metal than three related

monodentate ligands. Note that the interaction between a multi-

valent receptor and several monovalent substrates is not multi-

valency, although multivalent receptors do bind monovalent

substrates with a higher binding constant than monovalent

receptors simply because of a higher total concentration of

binding sites. Of particular significance among the multivalency

effects found in nature is that observed in the reversible lectin–

saccharide interaction, which has been termed the ‘‘cluster-

glycoside effect’’.8,9 The interaction between a lectin binding site

and a monosaccharide molecule, as a combination of non-

covalent interactions such as hydrogen bonds, hydrophobic inter-

actions and van der Waals interactions, with binding constants

typically ranging from 103–104 M�1, is relatively weak and less

specific compared to those of other biological recognition events.

The binding constant of a lectin subunit with an oligosaccharide is,

however, substantially higher, up to 106 M�1 as a result of spatial

extension of the binding sites, which is the operating principle of

small lectins and is referred to as subsite multivalency. Further

affinity enhancement for oligosaccharide recognition is achieved

through clustering of binding sites via (i) non-covalent aggregation

of lecton polypeptides into oligomeric structures (e.g. the hepatic

asialoglycoprotein receptor10) or (ii) repeating binding sites

within a single lectin polypeptide (e.g. the macrophage mannose

receptor11). Multivalent architectures containing several binding

sites created via both (i) and (ii) allow multivalent interactions with

oligosaccharides with high specificity and dramatically increased

binding constants up to ca. 109 M�1. This is central to the cluster

glycoside effect and has made the lectin–saccharide interactions

operate in a variety of biological processes,12 such as control of

glycoprotein traffic, cell adhesion, immune response, bacterial

invasion, and tumor metastasis.

While the term ‘‘multivalency’’ is not commonly used for a

diboronic acid receptor, probably because of the low valence of

glucose compared to oligo- and polysaccharides, the successful

development of glucose selective boronic acid sensors, where

diboronic acids can often bind glucose substantially more

strongly than fructose is a manifestation of multivalency.

Although a single boronic acid–diol interaction, by definition,

is already divalent when considering the formation of each

B–O–C bond as monovalent (note: in some cases with boronic

acid–fructose binding, the boronic acid–diol motif can be further

stabilised by an additional B–O–C linkage, resulting in a triden-

tate boronate ester13), we here define binding of one boronic

acid moiety involving the formation of two or three B–O–C bonds

as a valence, for the sake of convenience in the following

discussions. Under this definition, b-D-fructofuranose, which is

the fructose isomer that participates in boronic acid binding,

can be seen as a monovalent ligand, whereas the a-glucofura-

nose form of glucose can be seen as divalent and can potentially

bind two boronic acid moieties via its two binding sites at the

1,2- and 3,5,6-positions (Scheme 1). Although fructose was also

shown by Norrild and Eggert to be bound by two boronic acids in

its b-pyranose form,13 that was observed at high boronic acid

concentration (in a NMR spectroscopic study) and in the

presence of excess fructose, which is unrealistic for sensing in

most biologically relevant settings. Actually almost all sensing

studies using boronic acid at 10�4–10�6 M have identified

fructose as a monovalent ligand with boronic acids binding to

its b-furanose form. Using this difference in the number of

valences for glucose and fructose, two typical monosaccharides,

remarkable progress has been made over the past decade in

developing boronic acid-based sensors selective for glucose, by

following a general concept that suitably arranged multiple

boronic acid groups favor multivalent saccharides.

Sensors selective for other saccharides and glycosylated

species have also been reported employing the same strategy,

but less than those for glucose. The majority of such efforts are

driven by the demand for practical sensors selective for glucose

which is of great biological and clinical importance. The other

reason is that the shorter distance and favorable orientation of

the two potential binding sites in glucose make rational sensor

design feasible. Mechanisms for creating supramolecular

boronic acid sensors selective for saccharides, by covalently

incorporating multiple boronic acid groups into one structural

framework or non-covalently assembling simple boronic acid

into aggregates are summarised in Fig. 1.

Glucose selective boronic acid-based sensors are typically

diboronic acids that are able to form 1 : 1 cyclic boronate esters

Fig. 1 Cartoon representation of four strategies for selective saccharide sensing

via multivalent boronic acid–saccharide interactions, exemplified by glucose

sensing. (a) Synthetic diboronic acids that form 1 : 1 cyclic boronate esters with

glucose, (b) boronic acid-containing polymers that bind glucose with two of the

pendant boronic acid moieties, (c) aggregation of simple boronic acids via non-

covalent interactions to allow multivalent glucose binding, and (d) boronic acid-

conjugated nanomaterials as multivalent scaffolds. Note that the aggregates

shown in (c) can be aggregates or saccharide binding altered aggregates of

boronic acid, or saccharide binding induced aggregates of boronic acid.
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with glucose (Fig. 1a). The multivalent diboronic acid–glucose

interaction leads to a higher affinity for glucose than for

fructose, in contrast to the higher affinity for fructose observed

with monoboronic acids. The first breakthrough in this area

was by Shinkai and co-workers in 199414 and was quickly

followed by the publication of other more structurally diverse

diboronic acids, each having their own advantages and

disadvantages. Diboronic acid-based sensors have also been

developed for other saccharides and glycosylated species for

which multivalent binding is possible. However, many of the

reported diboronic acid sensors exhibited several disadvan-

tages, including substantial synthetic demand and poor water

solubility.

Alternatives to these diboronic acids, are the boronic acid-

containing polymers (Fig. 1b), in which multiple boronic acid

moieties are covalently attached to the polymer backbone and

thereby allow more than one pendant boronic acid moieties to

interact with a saccharide molecule. In fact, both approaches

resemble the cluster glycoside effect by a single lectin poly-

peptide containing many binding sites.11 It is of interest, from

a biomimetic point of view, to question whether synthetic

‘‘boronlectins’’ can follow another approach; that taken by

naturally occurring lectins, i.e. the non-covalent aggregation,10

to achieve higher affinity and selectivity for a given saccharide

species. Indeed, it has been recently demonstrated that the

covalent framework of multiboronic acids can be replaced by

the non-covalent self-assembly of simple boronic acids (Fig. 1c),

in which boronic acid molecules can come together and result

in glucose selectivity, comparable to the best synthetic multi-

boronic acids reported. Selective saccharide sensing has also

been realised by the use of nanomaterials (Fig. 1d) to which

multiple boronic acids are covalently attached.

In this review, saccharide selective sensors based on supra-

molecular boronic acids are presented and discussed, which

are categorised into the aforementioned four sensing mechan-

isms (Fig. 1), of which those using the self-assembly of boronic

acids are of primary importance. We begin with a brief discus-

sion of the basic principles of molecular boronic acid based

saccharide sensing and key issues in sensor design. For

detailed discussions on molecular boronic acid–diol inter-

action for saccharide sensing, several excellent reviews,15–18

book chapters19,20 and a monograph5 are recommended.

Before moving onto the next sections, we need to clarify

what is meant by the concept of selectivity. While the term

‘‘selective’’ is used in almost all sensing publications, we

should remember the two types of selectivity, namely the

binding selectivity and the response selectivity.21 Traditionally,

selectivity is pursued by choosing an appropriate receptor that

binds thermodynamically more favorably to the target species

of interest than to potential interfering species. The selectivity

achieved can be termed ‘‘binding selectivity’’ or ‘‘thermo-

dynamic selectivity’’. While there are sensors that exhibit

‘‘selectivity’’ in terms of signal transduction, where the affinity

of a given target to the sensor might not be the highest among

species that can interact with the sensor, yet upon host–guest

interaction the given target creates an exclusive response,

showing response selectivity. In assessment of the sensor

performance, the two kinds of ‘‘selectivity’’ should not be

confused. If a sensor exhibits only response selectivity without

binding selectivity, coexistence of the interfering substance will

lead to a negative deviation due to a competitive binding of the

interfering species for the sensor. The concurrence of excellent

binding selectivity and response selectivity is without doubt

desired, but difficult to achieve, especially for boronic acid-based

sensors for glucose. Conformational changes or self-assembly

induced by glucose are means to elicit glucose-selective

responses where monovalent fructose is unable to induce the

same change. This, however, precludes the use of structurally

rigid diboronic acids that might be favorable for selective

binding for glucose over fructose. Therefore, in order to evaluate

the practical applicability of a saccharide-selective sensor,

especially those designed for glucose, competitive experiments

are needed to check the extent to which the coexistence of other

saccharides, especially fructose, interfere with the glucose

sensing. To demonstrate binding selectivity, many publications

report binding constants deduced from spectroscopic titra-

tions, which may not correctly predict the outcome when

interferants coexist, since kinetic factors may operate. A sensor

that shows a modest selectivity (e.g. 2 : 1) in either binding or

response might have rather limited practical applicability, yet

these sensors deserve attention. The methodologies used to

deliver this selectivity could be instructive in the development

of ‘‘better’’ sensors. Therefore, some modestly selective sensors

are included in this review.

2. Key issues for boronic acid-based

saccharide sensor design

The boronic acid–diol interaction is highly pH-dependent. It is

therefore necessary to consider the thermodynamic cycle

shown in Scheme 2, when designing boronic acid-based

saccharide sensors. Boronic acids are known to become more

acidic upon diol binding, with pKa
0 of the boronate ester lower

Scheme 2 Thermodynamic cycle of boronic acid ionisation and interaction with

cis-1,2-diols; Ka and Ka
0 represent ionisation constants of boronic acids and

boronate esters, respectively, Ktrig and Ktet represent formation constants of

trigonal and tetrahedral boronate esters formed from boronic acid and boronate

anion, respectively.
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by 2–4 units than the pKa of the boronic acid. Note that

exceptions exist with extremely weakly binding diols when pKa
0

was found to be slightly higher than pKa.
22 Formation con-

stants of anionic, tetrahedral boronate esters (Ktet) are in

general higher than that of the neutral, trigonal boronate esters

(Ktrig) by 2–4 orders of magnitude, since KaKtet = Ka
0Ktrig. It is

deduced from the larger value of Ktet compared to Ktrig that

higher pH favours diol binding when most of the boronic acid

exists in the anionic form. Experimentally, however, the opti-

mal binding pH is not necessarily higher than the pKa of the

boronic acid, which is attributed to the ionisation of diol

moieties.23 Furthermore, the optimal binding pH is not neces-

sarily the optimal pH for saccharide sensing since signal

modulation should be taken into account. Generally, sensors

are designed to exhibit differing signal outputs of the boronic

acid moiety in neutral and negatively charged forms, so that

measurable changes can be observed in buffered solutions in

which the originally neutral boronic acid becomes anionic

upon saccharide binding. In that case the optimal pH for

sensing lies between pKa
0 and pKa. Higher pH can be used for

sensors whose signal transduction does not rely on the acidity

change of the boron centre, for example sensors that show

fluorescence enhancement upon binding saccharides, that

leads to fluorophore rigidisation. It is also of significance to

note from Scheme 2 that upon binding to saccharides a

negatively charged boronate ester forms at high pH, thus a

positive charge, such as that from ammonium or pyridinium

cation, may be incorporated into the structure of the sensor to

facilitate the boronic acid–saccharide interaction.

Early investigations into boronic acid–saccharide interactions

date back to 1959 when Lorand and Edwards determined the

saccharide binding constants of boric acid and phenylboronic

acid using a pH-depression method.2 The first boronic acid-

based saccharide sensor, however, came over 30 years later with

the seminal work of Yoon and Czarnik in 1992.24 The earliest

sensor 1 showed a fluorescence quenching response to sacchar-

ides, which is usually the case when the boron centre is directly

attached to the fluorophore. Sensor 2 developed by James et al.25

was the first boronic acid-based saccharide sensor that displayed

a fluorescence ‘‘Off–On’’ response, due to inhibition of the

photo-induced electron transfer (PET) upon saccharide binding.

In addition to selectivity and sensitivity, other criteria are

important for the biological applications of these boronic acid

based sensors, for example, in vivo continuous glucose monitor-

ing. For effective continuous measurement the systems must be

reversible, have rapid response time, be stable, non-toxic, and

function at physiological pH. Most of the synthetic boronic acid-

based sensors perform well in terms of reversibility and response

time, as dictated by the nature of the boronic acid–diol

interaction. Several other aspects have also been improved, for

example, for the sensor to function at physiological pH, the acidity

of the boron centre has been increased via introduction of

electron-withdrawing substituents to the boronic acid moiety26

or by using the B–N interaction.25,27,28

3. Strategies for saccharide selectivity via

construction of multiboronic acid scaffolds

3.1 Synthetic diboronic acids that form 1 : 1 cyclic boronate

esters with glucose or other saccharides

Diboronic acid sensors for glucose. The successful design of

a glucose-selective diboronic acid lies in a structural arrange-

ment of two boronic acid moieties in the same covalent frame-

work that fits both the distance between two potential binding

sites (1,2- or 1,3-cis diol, Scheme 1) of glucose and the orienta-

tion of the hydroxyl groups. Typically, a glucose-selective

diboronic acid interacts with a-glucofuranose by binding the

pair of hydroxyl groups at the 1,2-position and two or three

hydroxyl groups at the 3,5,6-position. To this end, experiment-

driven modular approaches by systematically varying the length

of spacer or positions of the boronic acid groups and by

referring to computer modeling have been effective.

The possibility for multivalent saccharide binding by a

diboronic acid sensor was first explored by Tsukagoshi and

Shinkai in 1991.29 Achiral diboronic acid 3 displayed an

induced CD signal in the presence of D-glucose, D-maltose

and D-cellobiose but remained CD-silent in the presence of

monovalent D-fructose. It was proposed that the CD signal

arises from cyclic boronate esters formed, which was confirmed

by subsequent NMR spectroscopic studies.30 Although the

binding constant of 3 with glucose was as high as 19000 M�1,

3 is not a good optical sensor due to lack of a chromophore that

absorbs in the visible region.

The first glucose-selective boronic acid-based fluorescence

sensor 4 was designed and prepared by Shinkai et al. in 1994,14

following their previous success in developing the PET sensor 2.

Compound 4 showed a high glucose binding constant of

3981M�1, compared to that with fructose (316M�1) and galactose

(158 M�1). The 4–glucose complex was initially assigned to the

1,2:4,6-a-glucopyranose diboronate complex (Fig. 2a) and was

later shown by Norrild et al.31 to be the 1,2:3,5,6-a-gluco-

furanose diboronate complex (Fig. 2b) formed in aqueous

solutions. The initially-deduced product was found to form

only under completely anhydrous conditions. It was proposed

in later studies that the C–H� � �p interactions between the

hydrocarbon skeleton of glucose and the extended aromatic

surface of the anthracene core in 4 might also contribute to the

high affinity to glucose.32 Similar to 2, 4 displays fluorescence

enhancement responses to saccharides, and the high glucose
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affinity allows glucose sensing at sub-mM levels, a concen-

tration range over which other saccharides show much weaker

fluorescence enhancement. Competitive experiments showed

that fructose and galactose at 0.1 mM exerted negligible inter-

ference for glucose sensing, which was in good agreement with

the largest binding constants of 4 with glucose, among the

monosaccharides. Fructose and galactose at mM level, however

interfere as they lead to substantial fluorescence enhancement.

Takeuchi and co-workers incorporated 4 into a polymer matrix

to create fluorescent hydrogel microbeads33 and hydrogel

fibers34 for in vivo studies. The microbeads or fibres were

implanted into the ear skin of mice and the fluorescence signal

was detected via transdermal transmission, enabling successful

continuous monitoring of blood glucose concentrations. While

the microbeads dispersed from the implantation site and

are therefore not suitable for long-term use, implanted fibres

display better applicability and can continuously monitor

glucose concentrations for up to 140 days and are easily

removed non-surgically.

Norrild and co-workers reported a pyridinium derivative of

4, 5.35 The positively charged pyridinium cation improves the

water solubility and increases the acidity of the boron centre,

thus allowing glucose sensing in completely aqueous solution

at physiological pH, with a high binding constant of 2512 M�1.

NMR spectroscopic studies indicate that 5 binds to a-gluco-

furanose at its 1,2,3,5-hydroxyl groups. 5 shows fluorescence

enhancement in the presence of either glucose or galactose,

with selectivity for glucose at sub-mM levels. A drawback of 5 is

that its fluorescence response toward glucose is significantly

reduced in the presence of galactose or fructose.

Diboronic acid 636 is a sophisticated example designed by

Drueckhammer and co-workers. It binds to a-glucopyranose

form instead of the a-glucofuranose (binding with 3, 4 and 5)

form of glucose (Scheme 1). Computer-guided design followed

by an eight-step synthesis afforded 6 that contains a pair of

almost parallel-oriented boronic acid moieties attached to a

highly rigid covalent framework. Compound 6 exhibits a much

higher affinity for glucose, 400-fold greater than those of other

saccharides, with a glucose binding constant of 4.0 � 104 M�1.

The 400-fold binding selectivity for glucose over fructose and

galactose is the highest reported to date. Compound 6 repre-

sents an ‘‘extreme’’ example in which a highly rigid diboronic

acid scaffold matches perfectly the structure of glucose, thanks

to an elaborate design and formidable synthetic efforts.

Diboronic acid 737 also shows remarkable glucose selectivity

with a glucose binding constant of 1472 M�1, which is 43-fold

higher than that of fructose and 49-fold higher than galactose.

Another advantage of 7 is that glucose induces a fluorescence

enhancement by up to 7 times while the fluorescence enhance-

ment is less than double for fructose and galactose. In the search

for a glucose-selective diboronic acid, James et al.38 have devel-

oped a modular approach and prepared a series of compounds

8n with varying spacer length from n = 1 to n = 8. Sensor 86 was

identified as the best glucose sensor in the series, with binding

constants 960 M�1 for glucose, 760 M�1 for fructose, 660 M�1 for

galactose and 70 M�1 for mannose. While glucose sensing is

carried out in mixed solvents in the case of 5, 6, 7 and 8n,

Singaram et al.39 reported a structurally simple and water-

soluble cationic diboronic acid 9 with glucose selectivity 1.8-fold

higher than fructose and 11 times greater than galactose in

aqueous solution. A fluorescent sensing ensemble was created by

mixing cationic 9 and an anionic fluorescence reporter dye 10.

This ensemble shows enhanced fluorescence in the presence of

saccharides since saccharide binding induces an ionisation of

the boronic acid moieties of 10 leading to new negative charges

and thus the dissociation of the assembly of 9 and 10 originally

held together by electrostatic attraction (Scheme 3).

While rigid diboronic acids are desired for high binding

selectivity for glucose, flexible diboronic acid sensors may

adapt to different conformations with regard to whether a

Scheme 3 Glucose-binding induced dissociation of the electrostatic assembly

of 9 and 10.

Fig. 2 Structures of initially-deduced 4–a-glucopyranose complex formed in

MeOD (a) and the latter assigned 4–a-glucofuranose complex (b) formed under

aqueous conditions.
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1 : 1 cyclic or a 1 : 2 acyclic complex is formed, generating

different spectroscopic outputs from these two species that

means a ‘‘response’’ selectivity. An elegant example is the

fluorescent molecular tweezer 11.40 The mechanism for selec-

tive saccharide sensing by 11, is shown in Fig. 3. In the absence

of a saccharide, stacking between the two pyrene fluorophores

of 11 leads to a long-wavelength excimer emission. While

formation of a 1 : 2 boronate with fructose does not interrupt

the stacking and the excimer emission remains intact, upon

binding to glucose, galactose or mannose, however, a 1 : 1

boronate is formed in which the conformational change

brought about by the binding forces the pyrene moieties to

split apart, weakening pyrene excimer emission. The binding

constants follow the order of fructose4 glucosec galactose4

mannose. Although fructose has a higher affinity with 11 than

glucose, it does not show an excimer quenching response.

Di- and triboronic acid sensors for other saccharides. Dis-

accharide-selective systems can also be prepared by applying

multivalent boronic acid–saccharide interactions. In fact, diboro-

nic acid sensor 1241 for disaccharides was reported before the

first glucose-selective sensor 4. Compound 12 was designed on

the basis of previously observed induced CD of 1 : 1 cyclic

3–disaccharide boronate and the knowledge that the stilbene

fluorophore becomes more fluorescent when the rotation of the

ethylene double bond in the lowest excited state is blocked.

Compound 12 indeed shows a 3-fold fluorescence enhancement

in the presence of the disaccharide melibiose that can interact

with 12 via its 4,6-cis- and 10,20-cis-diols. Other disaccharides and

monosaccharides induce less or no fluorescence enhancement,

because of lower or no tendency of forming 1 : 1 cyclic boronate

due to unfavorable diol orientation, shorter inter-diol distance or

the presence of only one set of cis-diols.

By screening a large library of structurally diverse bis-

(boroxole) receptors, Hall and co-workers successfully identified

a receptor that selectively targets tumor marker Thomsen–

Friedenreich antigen disaccharide Gal-b-1,3-GalNAc (Fig. 4).42

The combinatorial strategy43 is well suited for identifying recep-

tors for structurally complicated substrates such as oligosacchar-

ides, for which rational design of the receptor structure appears

unfeasible. The benzoboroxole moiety44 was chosen as the

binding site for hexopyranoside, instead of the boronic acid

moiety that is unable to target pyranoside. The bis(boroxole)

library 13 consisted of 400 receptors that differ in spacer R1 (out

of 20 amino acid residues) and the capping group R2 (from 20

carboxylic acids). Additional interactions such as hydrogen

bonding, hydrophobic packing and CH–p interactions were

made possible by choosing R1 and R2 that contain suitable

functional groups for these interactions, in attempt to better

discriminate structurally related saccharides. The identified

receptor 13a is indeed highly specific for Gal-b-1,3-GalNAc, with

a binding constant of 1.1 � 103 M�1 which is in the same order

of magnitude as most of the diboronic acid–glucose interactions

and matches lectin–saccharide interactions.

While most of the reported diboronic acid sensors show

glucose selectivity among monosaccharides, there are a few

examples of galactose-selective boronic acid sensors. Among

the modular series 8n (n = 1–8), increase in the spacer length,

from 86 to 87 and 88, leads to the inversion of selectivity from

glucose to galactose. This was explained in that galactose has a

longer inter-diol distance and opposed diol orientations of

a-galactopyranose in its twist boat conformation thereby requir-

ing a larger binding pocket than that for glucose.5

Sialyl Lewis X (sLeX, Fig. 5) is a tetrasaccharide vital to

cell–cell recognition. It exists in large quantities at tumor cell

Fig. 4 Structure of Thomsen–Friedenreich antigen disaccharide Gal-b-1,3-GalNAc.

Fig. 5 Structure of sialyl Lewis X.

Fig. 3 Cartoon scheme of binding of tweezer 11 with monovalent saccharide

(left) and divalent saccharide (right). Reproduced from ref. 40 with permission

from The Royal Society of Chemistry.
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surface and its essential role in human fertilisation has just

been revealed.45 Selective binding of sLeX or LeX was achieved

by Wang et al.46 in 2002, using a combinatorial approach from

library 14 with different spacer (R). The identified diboronic

acid binder 14a for sLeX was later shown to specifically label

sLeX on hepatocellular carcinoma cells in vivo.47

Free sialic acid (e.g. Neu5Ac, Fig. 6), an important tumor

marker, contains a glycerol side chain and an anomeric a-hydroxyl

acid moiety both able to bind to the boronic acid group. Diboronic

acid 1548 was designed by Houston and co-workers for sialic acid

sensing. Demonstrated in this work is an interesting approach to

improve selectivity when multivalent binding and monovalent

binding are efficiently discriminated. Binding of either one of the

two boronic acid moieties results in divergent responses, fluores-

cence ‘‘On’’ when only the ortho-substituted boronic acid was

bound while ‘‘Off’’ when only the meta-substituted boronic acid

moiety was bound. Therefore when saccharide binding occurs in a

weak, monovalent manner, both ‘‘On’’ and ‘‘Off’’ species exist,

resulting in little overall change in fluorescence. Binding of both

boronic acidmoieties of 15withmultivalent sialic acid significantly

quenches the fluorescence (‘‘Off’’ state), which does not occur for

monovalent binding unless other saccharide interferants exist at

high concentration when 1 : 2 15–saccharide complexes form.

Ginsenosides (e.g. Rb1, Fig. 7) are bioactive species found in

ginseng. The group of natural products contains a steroid core

to which two saccharide substitutions are attached that allow

multivalent boronic acid binding. Porphyrin-cored diboronic

acid 149 designed by Anslyn et al. serves as a fluorescent sensor

for ginsenosides and shows ginsenoside-dependant binding

constants and extents of fluorescence quenching. The 1 : 1 cyclic

boronate formed from 16 and ginsenosides was supported by

fitting of binding isotherm and by ESI-MS studies. A library of

diboronic acids 1750 with various spacers were later used in

combination with three catechol-containing indicator dyes to

construct multicomponent sensing arrays for discrimination

and classification of ginsenosides and ginsengs. The three-

component sensing ensembles, each consisting of a diboronic

acid receptor and a pair of indicators, respond differently toward

ginsenosides. These ensembles were then employed as 96-well

plate sensing arrays that afforded fingerprints for both ginseno-

sides and ginsengs. Chiral fluorescent diboronic acids 18 and 19

were also applied to ginsenosides sensing.51

As a widely-used anticoagulant, heparin is a polysaccharide

that consists mainly of repeating disaccharide units of iduronic

acid and glucosamine residues (Fig. 8). Triboronic acids 2052 and

2153 were designed by Anslyn and co-workers for heparin sensing.

Both 20 and 21 bind heparin selectively, with binding constants of

3.8� 104M�1 and 1.4� 108M�1, respectively, with 21 beingmore

selective. The much higher heparin affinity of 21 was attributed to

a larger cavity that allows binding of an extended oligosaccharide

surface. In the case of 20, heparin was detected through its

displacement of pyrocatechol violet dye that leads to a colour

Fig. 8 Structure of major unit of heparin.

Fig. 6 Structure of sialic acid Neu5Ac.

Fig. 7 Structure of ginsenoside Rb1.

Review Article Chem Soc Rev

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

6
 J

u
ly

 2
0
1
3
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
5
/2

0
2
2
 1

2
:3

3
:1

8
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3cs60148j


8040 Chem. Soc. Rev., 2013, 42, 8032--8048 This journal is c The Royal Society of Chemistry 2013

change, differing from 21 that contains a fluorophore that under-

goes fluorescence quenching upon heparin binding. As a result of

the high binding affinity of 21, it is able to determine heparin in

serum at clinical relevant levels.

3.2 Boronic acid-containing polymeric sensors selective for

multivalent saccharides

To allow multivalent binding between the sensor and a multi-

valent saccharide target, boronic acid-containing polymers repre-

sent a simpler option than elaborately designed diboronic acids.

Multivalent binding between a polymeric boronic acid and

saccharides that contain more than one set of cis-diols is

possible, in which case the flexible polymer backbone can adjust

its conformation upon saccharide binding such that the boronic

acid moieties may fit to the positions and orientations of the

diols. This implies however a less pre-organised multivalent

binding scaffold and hence a lower binding selectivity than rigid

diboronic acids designed specifically for a certain target. Indeed

in the case of glucose sensing, attempts were made for selective

glucose binding using boronic-acid containing polymers, yet

with less satisfying results.54 Impressive results were obtained

only from those systems in which formation of 1 : 2 glucose–

boron complexes creates two adjacent negative charges or causes

crosslinking within the polymer network.

Schrader et al.55 reported a polymeric heparin sensor that

represents an excellent example of multivalent boronic acid–diol

interactions. The cationic boronic acid containing polymeric

sensor 22 binds heparin with a huge binding constant of 3 �

107 M�1, allowing heparin to be detected at a 30 nM level. The

individual monovalent binding was studied by using a heparin

fragment 23 and a 1 : 1 phenylboronic acid–piperidine complex

24 to represent a single binding unit of 22. The monovalent

binding constant is o70 M�1, which is 5–6 orders of magnitude

lower than the multivalent binding constant of 22 with heparin,

nicely demonstrating the dramatic effect of multivalency.

Water-soluble zwitterionic polythiophene-based sensor 25

reported by Liu et al.56 was expected to afford multivalent

boronic acid–saccharide interactions. Indeed, disaccharide

lactose shows the highest affinity among the tested sacchar-

ides, binding constants of 25 with mannose, fructose, glucose,

galactose and lactose being 3.33 � 104 M�1, 1.13 � 105 M�1,

1.23 � 105 M�1, 1.69 � 105 M�1 and 4.60 � 105 M�1, respec-

tively. It is of note that the binding constants of glucose and

galactose that contain two sets of cis-diols are also higher than

that of monovalent fructose. Multivalent binding of 25 with

lactose, galactose and glucose is therefore confirmed.

Yam et al.57 developed a glucose-selective sensing ensemble

that consists of a water-soluble boronic acid-containing polymer

26 and a cationic fluorescence probe 27. Compound 26 exists in

its neutral form at pH 9.0 in the absence of saccharides while 27 is

molecularly dissolved and therefore emits only its monomer

fluorescence of the pyrene fluorophore at 375 nm. Upon glucose

binding to the boronic acid group at pH 9.0, the boronate of 26 is

then a polyanion. Cationic 27 is thus induced to aggregate along

the polymeric chain through electrostatic interaction, as mani-

fested by the excimer emission at 492 nm from 27. Although other

saccharides can also induce the transformation of 26 into a

polyanion, glucose leads to the strongest excimer emission of 27

among the tested saccharides, arabinose, galactose, mannose,

lactose and sucrose. The glucose-selective response is likely to

result from the formation of 1 : 2 glucose–boron complexes which

brings two pendant boronic acid moieties into close proximity

and generates two adjacent negative charges which favors the

aggregation of 27. Other saccharides have lower tendencies of

such 1 : 2 binding and the resultant boronate anions along the

polymer chain are far apart because of the electrostatic repulsion.

A similar glucose sensing ensemble was later developed that

consists of 26 and a cationic platinum complex 28.58 Again,

glucose binding leads to electrostatic assembly of the then anionic

26–boronate and 28, facilitating aggregation of 28 via metallo-

philic and/or p–p interactions as confirmed by the 3MMLCT

emission of 28 observed at 800 nm. This ensemble was success-

fully applied to monitoring a-glucosidase activity.

Solid-phase polymeric boronic acid sensors were also

reported. Glucose selective hydrogels of boronic acid-containing
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polymers exhibit optical or mechanical change due to glucose-

induced hydrogel shrinkage when glucose crosslinks two boro-

nic acid moieties within the polymer network.59 Asher and

co-workers developed a series of colorimetric glucose-sensing

photonic crystals (PCCA). Embedded within hydrogels of

boronic acid-containing polymers are crystalline colloidal

arrays (CCA) whose diffraction in the visible spectral region

shifts to the red when the hydrogel swells and to the blue when

it shrinks. Their earliest investigation of saccharide sensing

used a boronic acid–polyacrylamide (BA-AA) PCCA60 that shows

diffraction red-shift toward all the tested saccharides due to

boronic acid ionisation that lead to a Donnan potential and

hence hydrogel swelling. The BA-AA PCCA was however fructose

selective. The second generation of PCCA incorporated Na+

chelating polyethylene glycol (PEG) units.59 The resultant

BA-PEG-AA sensor shows selective diffraction blue-shift with

glucose because of the crosslinking induced shrinkage, whereas

a red-shift was observed in the presence of fructose for a similar

reason observed with BA-AA sensor. Na+ was indispensable for

glucose-induced diffraction blue-shift, which was ascribed to

ion-paring that stabilises the dianion glucose complex (Fig. 9).

Further optimisations were carried out to improve the response

time61 and the concentration range of glucose sensing.62 Other

glucose-sensing hydrogel materials have been reported following

similar strategies. Instead of photonic crystals, silver-based

holographic gratings63,64 and an optical fibre65 were used as

indicators for the glucose-induced hydrogel shrinkage. Some of

these systems have been successfully applied to assays of glucose

in tear fluid61 and blood.65 In addition to those optical sensors, a

synthetic chemomechanical polymer66 was reported that under-

goes a reversible glucose-selective contraction.

3.3 Self-assembly of simple boronic acids for selective glucose

sensing

Compared to saccharide selective sensors in which two or more

boronic acids have to be positioned in a well-controlled manner,

monoboronic acid-based sensors offer advantages such as

facile syntheses, structural diversity, and ease in improving

water solubility. Monoboronic acids that exist discretely in

water would follow their intrinsic binding selectivity among

monosaccharides and show the highest affinity for fructose.2

Nevertheless, Heagy’s group was able to achieve glucose selec-

tivity using monoboronic acid sensors 2967 and 30;68 here the

selectivity refers to the optical responses that glucose produces

higher optical response than fructose and galactose, whereas

the binding constants with fructose were found higher than

those with glucose. Stoichiometry in the glucose–29 complex

was 1 : 1 from the Job plot, which precludes the possibility that

it is the formation of a 2 : 1 glucose–sensor complex that leads

to the glucose selectivity. This seemingly ‘‘abnormal’’ response

that is not dictated by the binding affinity was attributed to a

conformational restriction of the fluorophore upon saccharide

binding that influences the excited-state photophysics of the

formed boronate ester.

Monoboronic acids functioning in that way, however,

remain rare. 29 and 30 are actually the only two examples

reported to date. It has indeed been envisioned that aggrega-

tion of monoboronic acid molecules via non-covalent inter-

actions would lead to supramolecular assemblies that then

contain two or more boronic acid moieties. If well positioned

in the assembly, they would enable saccharide interaction in a

multivalent manner. Among reported sensing systems based on

this strategy, diboronic acids were also employed as building

blocks which, unlike those presented in Section 3.1, are struc-

turally simple and unable to form 1 : 1 cyclic boronate esters

with saccharides. Therefore, instead of ‘‘monoboronic acids’’,

we refer to all boronic acids discussed in this section as ‘‘simple

boronic acids.’’ The assemblies of these boronic acids bear

close resemblance to oligomeric aggregates of lectin poly-

peptides that afford cluster glycoside effects in multivalent

binding with oligosaccharide.9 Currently, success of this strategy

has been limited to glucose-selective sensors, yet in principle it

could be applied to the design and development of sensors

for other saccharide targets, especially those bearing a high

number of valences, i.e. oligo- and polysaccharides. Further

classifications can be made for these self-assembled glucose

sensing systems, based on (i) whether the assembly of boronic

acids is induced by glucose or already exists in the absence of

glucose and (ii) whether a multivalent template is required to

direct the boronic acid molecules for assembly. Glucose selective

sensors classified based on (ii) are presented below.

Template-directed assembly of boronic acids for multivalent

binding to glucose. A facile way for the creation of multivalent

binders from simple monovalent boronic acids is to use a

multivalent template that binds multiple boronic acid mole-

cules. This can be regarded as ‘‘transfer’’ of multivalency from

the template to boronic acid, allowing the latter to bind two

pairs of cis-diols in glucose or even more pairs of cis-diols in

other saccharides.

Fig. 9 Glucose binding to two boronic acid moieties of BA-PEG-AA. The binding

motif is stabilised by PEG-Na+ complex. Reproduced with permission from

Anal. Chem., 2003, 75, 2316–2323. Copyright 2003 American Chemical Society.
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The concept of non-covalently assembling simple boronic

acids for the purpose of glucose selectivity was first realised by

Kanekiyo and Tao in 2005.69 Polycation 31 was used as a

multivalent template, on which multiple copies of 32 in its

anionic form assemble via electrostatic interaction, resulting in

a multivalent scaffold that contains multiple boronic acids.

Excimer emission of 32 bound to 31 is weak in the absence of

glucose and it is dramatically enhanced upon glucose binding.

This was attributed to the formation of 1 : 2 glucose–32

boronate that brings two pyrene fluorophores into close proxi-

mity necessary for excimer formation. The 1 : 2 binding motif

was supported by the fact that excimer emission drops at higher

glucose concentration. Other saccharides, fructose, galactose

and ribose, induce little enhancement in excimer emission. In

the absence of 31 no excimer emission was observed even when

glucose was present, which confirms the role of the multivalent

template 31 in promotion of the 1 : 2 glucose–32 binding.

Sun et al.70 have developed assemblies of cysteine ligands on

a gold surface as a multivalent template. 3-Aminophenylboro-

nic acid in its protonated form assembled on top of the cysteine

layer, via its electrostatic interaction with the negatively

charged carboxylate group of the cysteine ligand. The self-

assembled bilayer (SAB, Scheme 4) thus formed contains on

its surface multiple boronic acid groups which are good for

glucose binding. The SAB displays highly sensitive fluorescence

quenching response following the order of glucose4 galactose4

fructose 4 mannose, with quenching constants at the order of

108 M�1 that are by six orders of magnitude higher than those

observed in the solution phase. 3-Aminophenylboronic acid

as a monoboronic acid shows in bulk solutions a binding

selectivity for fructose at a quenching constant of 102 M�1.

The SAB method is extremely sensitive for glucose, capable of

sensing glucose at sub-nM level, with a substantially improved

selectivity for glucose over fructose.

The Hayashita group has succeeded in creating glucose-

selective sensors using g-cyclodextrin (g-CyD) inclusion com-

plexes of boronic acid.71 Here g-CyD can be regarded as a

‘‘divalent’’ template in that it can potentially include two

boronic acids within its large and hydrophobic cavity. In the

absence of glucose, only the 1 : 1 33/g-CyD complex is formed,

whereas glucose binding leads to the formation of 2 : 1 33/g-CyD

complex (Scheme 5) as indicated by CD spectra and the changes

in absorption spectra. With fructose, however, no such 2 : 1

inclusion complex was observed and only very minor changes

in the absorption spectra were noted. The ‘‘dimer’’ of boronic

acid 33 in this case is induced by glucose, since without glucose

33 exists in its monomeric form within the g-CyD cavity. It is

worth noting that for this three-component assembly, without a

third component, neither the 1 : 2 glucose–33, nor the 2 : 1

33/g-CyD complex forms to an observable extent in solution,

since their individual binding constants are too low to be deter-

minable by isothermal titrations. In the presence of a third

component at a fixed concentration, e.g. glucose at 30 mM or

g-CyD at 3.0 mM, the binding constants of the remaining two

components are (2.7 � 0.4) � 107 M�2 for 2 : 1 33/g-CyD

complex and (3.0 � 0.5) � 107 M�2 for 1 : 2 glucose–33 complex.

The dramatic increase in the two-component affinities in the

presence of a third component is again a result of the multi-

valency effect in the binding enhancement.

Using g-CyD, Hayashita et al.72 later developed another

supramolecular sensor selective for glucose (Fig. 10). In this

example, g-CyD was modified with a phenylboronic acid (PB)

moiety at the secondary hydroxyl rim to yield 3-PB-g-CyD, when

the monoboronic acid guest 34 is included within this modified

cyclodextrin cavity, a multivalent scaffold results. In the

absence of saccharide, the 34/3-PB-g-CyD inclusion complex

exists in equilibrium with free 34 at an inclusion constant of

(2.4 � 0.4) � 103 M�1. A significant increase of the apparent

Scheme 4 2 : 1 inclusion complex of 33 with g-CD in the presence of D-glucose.

Adapted from ref. 71 with permission from The Royal Society of Chemistry. Scheme 5 Interaction of 2 : 2 35-g-CyD complex with D-glucose and D-fructose.
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inclusion constant to (6.5 � 0.9) � 103 M�1 was observed in the

presence of 30 mM glucose. At the same concentration of

fructose, however, a slightly decreased value of (2.1 � 0.3) �

103 M�1 was found. Thus the 34/3-PB-g-CyD inclusion complex

shows a positively cooperative binding with glucose whereas a

slightly negatively cooperative binding with fructose. The for-

mer observation was attributed to the multivalent interaction

between 34/3-PB-g-CyD complex and glucose that results in a

three-component ensemble, while the observation with fruc-

tose is probably due to steric hindrance between two fructose

molecules that are bound to the 34/3-PB-g-CyD complex. The

34/3-PB-g-CyD ensemble undergoes the largest fluorescence

enhancement upon binding to glucose among the tested mono-

saccharides, since glucose binding further strengthens the

34/3-PB-g-CyD inclusion complex. Competitive experiments

with monosaccharides coexisting at concentrations similar to

those in blood serum gave satisfactory results, with an average

error of ca. 4%.

Jiang and co-workers73 reported another g-CyD-based supra-

molecular ensemble sensor selective for glucose, relying on the

ability of g-CyD to include two stilbeneboronic acid guests to

which the two valences of g-CyD are transferred. The long and

hydrophobic characters of the boronic acid guest 35 are likely

the reasons for forming the 2 : 2 35-g-CyD inclusion complex.

The higher thermodynamic stability established by the 2 : 2

binding mode allows the multivalent scaffold to form in the

absence of glucose. Actually, the formation of the 2 : 2 inclusion

complex is close to saturation at 1 mM g-CyD, since later

addition of glucose induces only ca. 10% increase of the CD

signal observed from 2 : 2 35-g-CyD (Fig. 3a in ref. 73) whose

value was shown to be proportional to the concentration of the

2 : 2 complex. A one-fold fluorescence enhancement was

observed upon addition of glucose, ascribed to the rigidifica-

tion of the fluorophore upon glucose binding to the two

boronic acids within the g-CyD cavity, forming a 1 : 2 : 2

glucose–35/g-CyD supramolecular complex (Scheme 5, left).

While only a minor drop in the inclusion complex stability

was observed upon fructose binding to the 34/3-PB-g-CyD

complex, complete disassembly of the 2 : 2 35/g-CyD by fructose

binding was found (Scheme 5, right). The latter was supported

by the disappearance of the bisignate CD signal, together with a

blue shift of the fluorescence emission, reflecting the thermo-

dynamic instability of the 2 : 2 : 2 fructose-35/g-CyD ensemble

possibly due to the effect of severe steric hindrance between

two adjacent fructose molecules. The 2 : 2 35/g-CyD complex

hence serves as a multivalent scaffold that both enhances

glucose affinity and to some extent inhibits the binding of

fructose, which explains the observed higher apparent binding

constant with glucose (1048 � 64 M�1) than with fructose

(789 � 47 M�1). The fluorescence enhancement response was

exclusive to glucose. Competitive experiments with saccharide

interferent at 0.1 mM and tests in artificial urine samples

showed relative deviations below 30% for glucose sensing at

sub-mM levels.

Template-free self-assembly of simple boronic acids. While

in the template-directed approach, the multivalency require-

ment for high glucose affinity is granted by a multivalent

template, it is surprising that a monoboronic acid itself can

in some sense afford multivalence as well. It is indeed not

possible in the traditional view of a chemosensor that functions

in the molecularly dissolved state in solution. In that case,

aggregation of a sensory molecule should normally be avoided,

in order to ensure stability and not to complicate the study of

its interaction with the sensing species. Aggregation of organic

molecules in solution, on the other hand, has been extensively

investigated in material sciences, since new properties and

functions may emerge as a result of aggregation. In terms of

chemical sensing, increasing attention has been paid to the

employment of dyes in their aggregated forms. Most notably,

aggregation of dye molecules may lead to dramatic changes in

its fluorescence emission, either quenching or enhancement,

such as that termed ‘‘aggregation-induced emission’’.74 Indeed,

highly sensitive sensors have been developed that aggregate or

de-aggregate in the presence of the sensing species.

In addition to the benefit of sensitivity improvement, aggre-

gation of dye also affords a means of tuning selectivity, as is the

case with glucose sensing. Intuitively, aggregation of boronic

acid-containing dyes could yield a supramolecular multi-

boronic acid architecture that shows high glucose affinity as a

result of multivalency. An alternative approach is to use aggre-

gation induced by glucose, which provides the possibility of

employing fluorescence or absorption changes accompanying

the monomer–aggregate transition as highly sensitive responses

toward glucose. It is reasonable to predict the achievability of

selective induction of aggregation or aggregate structures by

Fig. 10 Boronic acid-containing SAB reported by Sun and co-workers.72
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glucose, since glucose, among monosaccharides, has the high-

est tendency to form diboronate esters. Implied in this strategy

is the requirement of one glucose molecule to interact with two

boronic acid molecules instead of two boronic acid moieties

within one molecule or bound by a template. This would not

be likely when the boronic acid used as a sensor is present at

10�4–10�5 M because of the low glucose affinity of the mono-

boronic acid, unless additional interactions are involved. The

boronic acid moiety has thus been attached to an aromatic core

that could afford hydrophobic and/or p–p interactions to facil-

itate the boronic acid ‘‘dimer’’–glucose interaction motif.

Tang et al. reported a tetraphenylethene (TPE)-cored diboronic

acid 3675 that represents a specific ‘‘light-up’’ sensor for

glucose. In the absence of saccharides in alkaline conditions,

36 in its dianionic form is weakly emissive. Fluorescence

enhancement up to B5.4 fold was observed upon addition of

glucose, while that induced by fructose, galactose and mannose

is much lower. It was proposed that it is the oligomers formed

between bifunctional 36 and divalent glucose (Scheme 6) that

restricts the intramolecular rotations (RIR) of the phenyl rotors

that leads to the fluorescence enhancement. Other mono-

saccharides are unable to induce such oligomerisation of 36,

resulting in only minor fluorescence enhancements. The oligo-

merisation mechanism is supported by the observation of an

emission drop at high glucose concentration and the negligible

fluorescence change produced by glucose with the monoboro-

nic acid counterpart 37. Thermodynamically it is not possible

that only the interactions of the two boronic acid moieties in 36

with the two binding sites of glucose could lead to appreciable

oligomerisation of 36 at a low concentration of 50 mM.76 We

thus infer that other interactions such as hydrophobic and p–p

interactions between TPEmoieties within the oligomermay operate.

No binding constants were reported, yet competitive experiments

showed that the fluorescence enhancement produced by 4 mM

glucose decreased by 60% when 0.1 mM of fructose co-exists,

which reveals themuch higher affinity of 36 towards fructose than

glucose. The relatively low glucose affinity might result from the

absence of multivalent interaction since each glucose molecule

binds each 36 monovalently, i.e. via a single linkage.

While multivalency is probably absent in glucose sensing by

36, another aggregation-based glucose sensor 3877 we recently

developed clearly manifests the multivalency effect, with higher

apparent affinity to glucose than to fructose. Sensor 38 contains

a hydrophobic pyrene fluorophore that is linked via a cationic

pyridinium to the boronic acid moiety. The latter becomes

hydrophilic when bound to saccharides in alkaline solutions.

The amphiphilicity of the 38–saccharide complex establishes

the basis for its supramolecular aggregation in aqueous

solution. In alkaline (pH 10) aqueous solution 38 at 0.1 mM

exists in small aggregates that exhibit only pyrene monomer

fluorescence at ca. 390 nm. Glucose binding to 38 leads to the

development of pyrene excimer emission at 510 nm together

with a minor increase in monomer emission. In the case of

fructose binding, however, only a modest enhancement of the

monomer fluorescence was observed. This suggests that the

aggregation of 38 is promoted by glucose but not fructose

binding (Fig. 11). Indeed, the hydrodynamic diameter of 38

aggregates increases dramatically from ca. 500 to 2000 nm

when glucose is added. In agreement with the emission variation,

the diameter of aggregates reduces to ca. 200 nm in the

presence of fructose. Although 38 already aggregates in the

absence of glucose, no excimer emission was observed. The fact

that excimer emission was observed upon glucose binding

thus indicates that glucose binding leads to not only a higher

extent of aggregation but also a well-ordered aggregate struc-

ture suitable for excimer emission. The 1 : 2 glucose–38

boronate was assumed responsible for the formation of

larger aggregates and the strong excimer emission. An

apparent binding constant of 38 with glucose of 1.9 � 106 M�2

Scheme 6 Proposed glucose-induced oligomerisation mechanism of 36 sensing

of glucose.

Fig. 11 Cartoon representation of different aggregation behavior of 1 : 1

38–fructose and 2 : 1 38–glucose complexes. Adapted with permission from J. Am.

Chem. Soc., 2013, 135, 1700–1703. Copyright 2013 American Chemical Society.
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(with an apparent 1 : 2 stoichiometry) was found whose square

root (1378 M�1) is higher than the binding constant with

fructose 353 M�1 (1 : 1 stoichiometry). The higher glucose

affinity is a result of multivalency-enhanced binding, although

the 1 : 2 glucose–38 binding motif is not multivalent itself.

Multivalency occurs not in the binding between glucose and

the boronic acids but in the supramolecular aggregation of the

1 : 2 glucose–38 boronate. The 1 : 2 glucose–38 boronate now

contains two pyrene moieties. Self-association of the 1 : 2

glucose–38 boronate is driven by a divalent aromatic p–p

stacking between two pyrene moieties from neighbouring

complexes, which gives rise to a much higher tendency for

the assembly of the 1 : 2 glucose–38 boronate than the unbound

38 and the 1 : 1 38-fructose boronate. Aggregation of the 1 : 2

glucose–38 boronate facilitates the glucose binding that results

in a higher apparent glucose affinity, which is crucial for the

reduction of interference from fructose, cf. 38 when compared

with 36.

Instead of employing aggregates of dye molecules, Anslyn

et al.’s boronic acid-functionalised DNA 3978 may also represent

a non-covalent assembly of boronic acids capable of achieving

multivalency. Two single-strand (ss) oligonucleotides with com-

plementary base sequences were functionalised with diboronic

acid functionalities. Upon DNA hybridisation, the tetraboronic

acid scaffold 39 forms. No appreciable saccharide binding by

the diboronic acid duplex was seen while significant binding of

galactose, maltose and trehalose by the tetraboronic acid DNA

duplex was observed. Surprisingly, essentially no binding was

observed with fructose, the strongest monovalent saccharide

binder for boronic acids.

3.4 Boronic acid-conjugated nanomaterials for selective

saccharide sensing

Quantum dots and nanochannels have been established as

platforms for covalently assembling boronic acids. Zhou

and co-workers prepared phenylboronic acid-functionalised

CdTe/ZnTe/ZnS quantum dots (PBA-QDs) for glucose sensing

(Fig. 12).79 With increasing glucose concentration, photo-

luminescence of PBA-QDs undergoes quenching and red shift

(585 to 609 nm). Dynamic light scattering data and TEM images

indicate that these are caused by glucose induced aggregation

of PBA-QDs. Lactate that contains one cis-diol induces signifi-

cantly less change in the hydrodynamic diameters and photo-

luminescence. The observed glucose-mediated assembly of

PBA-QDs was attributed to the interparticle bridging by glucose

binding to two boronic acid moieties, respectively, with two

PBA-QDs. Although glucose does not bind two boronic acid

moieties from the same single PBA-QD and the boronic acid–

glucose interaction is thus not multivalent, it appears that the

crosslinking of boronic acid moieties by glucose is possible

because of the inherent tendency of the nanoparticles to

undergo aggregation. The PBA-QDs are able to enter mouse

tumor cells thus enabling intracellular glucose assays in vivo.

In addition to glucose sensing, boronic acid-conjugated

nanoparticles have been employed for sensing of the poly-

saccharide dextran which has more valences than divalent

glucose. Zhang and co-workers prepared silver particles coated

by thiolate ligands that contain ca. 1% thiolate boronic acid for

dextran detection.80 In this case, particle aggregation occurred

only with high-valence dextran and not with glucose. The

boronic acid-capped silver particle shows an 11-fold binding

selectivity for dextran over glucose, which is significantly higher

than the 1.5-fold selectivity of the uncapped boronic acid.

A glucose-responsive biomimetic single nanochannel

(Fig. 13) was recently reported by Li et al.81 The single con-

ical-shaped nanochannel containing multiple boronic acid

moieties on the inner wall was fabricated by chemical etching

of a polyethylene terephthalate (PET) membrane followed by

Fig. 12 Glucose-mediated assembly of PBA-modified CdTe/ZnTe/ZnS QDs.

Reproduced with permission from ref. 79. Copyright 2010 John Wiley and Sons.

Fig. 13 Glucose responsive biomimetic nanochannel. Reproduced from ref. 81

with permission from The Royal Society of Chemistry.
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coupling of 3-aminophenylboronic acid to the carboxylate

groups on the inner wall. The boronic acid-functionalised

PET nanochannel displayed a significant decrease in the ionic

transmembrane current when exposed to glucose, whereas the

change was negligible in the presence of mannose, xylose,

galactose, ascorbic acid, glycine and urea. It was proposed that

glucose binds two adjacent boronic acid moieties on the inner

wall, which leads to steric hindrance and thus a decrease in the

transmembrane current. The process is fully reversible by

switching between pH 4.49 (under which condition glucose

does not bind to boronic acid moieties on the inner-wall) and

pH 7.38, and the switching can be cycled many times.

4. Conclusions and perspectives

We have discussed boronic acid based supramolecular sensors

selective for given saccharides under the framework of multi-

valent interactions. It has been clearly demonstrated that

artificial ‘‘boronlectins’’ compare well with natural lectins in

binding saccharides in a selective and multivalent manner,

through clustering multiple binding sites either within the

same covalent framework, or by non-covalent interactions via

hierarchical assembly. Remarkably, selectivity inversion from

fructose to glucose has been achieved by boronic acids with

surprisingly simple structures in their aggregated state that

affords multivalent binding which is unlikely from simple

boronic acids. Notably some of these multivalent boronic acid

sensors have shown biomedical applications.82,83

From a practical point of view, selectivity has always been a

key issue for boronic acid-based saccharide sensors. As for

glucose sensing, while rigid diboronic acids that respond via

saccharide binding-induced increase in the boron acidity suffer

from interference from fructose at high concentrations, boronic

acids, both molecular and supramolecular, that respond selec-

tively to glucose are generally not so rigid and therefore more

susceptible to competitive binding of the coexisting fructose.

This is why binding selectivity and response selectivity are

difficult to be converged. Although many sensors can satisfy

the selectivity requirement for the sensing of blood glucose

(normal concentration at 4–7 mM) at fructose concentration

lower than 0.1 mM, glucose sensors free from the interference

of fructose at higher concentration may be required, for

example for patients with fructosuria. Sensor 6, developed by

Drueckhammer et al. appears the most satisfying in terms of

selectivity in both sensing and response, yet the inherent

synthetic challenges may prevent its practical application. On

the other hand, self-assembled multivalent sensors require

much less synthetic effort whilst affording facile discrimination

between multivalent and monovalent binding events. The

synthetic ease should also allow more space in sensor struc-

tural optimisations for a variety of purposes. Further improve-

ment of the binding selectivity remains the primary issue to be

addressed, since no reported self-assembled sensor is able to

rival Drueckhammer’s diboronic acid in glucose selectivity.

Thermodynamically, enhanced selectivity could be realised by

increasing the stability of the multivalent aggregates or by

introducing ortho-substitution84 into the boronic acid moiety.

Those boronic acid sensors that already exhibit modest to good

selectivity for glucose might be taken to create more selective

sensors via derivation into assemble forms. Another possible

approach is to tune the kinetics of sensor binding events, i.e.

the exploration of sensors that not only bind to glucose strongly

but also more rapidly than they do with fructose.

Compared with synthetic multiboronic acids that have been

well developed, self-assembled simple boronic acid-based

sensors are still in their infancy, whose potentials remain

largely unexplored. The biomedical applications of boronic

acid aggregates could go far beyond sensing, e.g. if a boronic

acid selectively aggregates in the presence of a tumor marker

and shows subsequent cytotoxicity85 due to aggregation,

promising anti-cancer drugs could be developed.

In summary, boronic acids that afford multivalent inter-

actions with saccharides, created by assembling boronic acid

moieties covalently within a molecular or polymeric framework

or non-covalently in their aggregated forms, have been shown

to achieve improved selectivity for given saccharides, in parti-

cular glucose, and are functionally similar to lectins. Further

efforts are still required regarding the selectivity for a broad

scope of saccharides and biocompatibility of the boronic acid

sensors, which we believe can be explored by integrating

synthetic and supramolecular chemistry with material sciences.

Given the rich knowledge available for the construction of

self-assembled materials, we are very optimistic that the future

development of simple boronic acid based saccharide selective

sensors will benefit frommultivalency derived from aggregation.
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