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Differential sensing of sugars by colorimetric arrays
Christopher J Musto and Kenneth S Suslick
While the complexes between boronic acids and diols have
been studied for decades, researchers continue to design new
and interesting methods to use these interactions to produce
saccharide sensors that are more sensitive and selective.
Herein we discuss how the use of pattern-based colorimetric
arrays from a collection of crossreactive sensors have been
developed as new differential sensing platforms for sugars and
related saccharides.
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Introduction
Since the first synthesis of phenylboronic acid in the late
19th century, scientists have been interested in the
unique properties associated with boron chemistry. Not
until the mid-20th century, however, were the interactions between boronic acids and diol-containing compounds discovered [1]. While the reaction was debated for
several years, it soon became apparent that the formation
of cyclic boronate esters dominated. In a review published by Shinkai and coworkers in 1996 [2], numerous
synthetic receptors for the optical detection of saccharides
based on boronic acid receptors gained notoriety and
helped launch a new field of chemical sensors. In 2002,
Wang et al. discussed work on boronic-acid-based sensors
[3], leading the group to later publish several articles
related to the pH and pKa dependence of boronic
acid–diol interactions. It should be noted that while
fluorescence-based saccharide detection is not within
the scope of this review, significant work has also been
reported with that approach [4–9].

receptors, the responses of which are analyzed as a
whole in order to gain information on a diverse chemical
library. While the concept has been well documented,
only recently has pattern-based, differential sensing
made its way into the forefront of sensing platforms
and has found useful applications to a wide range of
analytes, including peptides [10–12], proteins [13],
volatile organic compounds [14–16], toxic industrial gases
[17,18], organic compounds in water [19], and many
others. Herein we discuss the use of differential sensing
for the colorimetric detection of sugars and sugar substitutes.

Interactions between boronic acids and
diols
Boronic acids bind strongly with diol-containing compounds with high affinities via boronate ester formation
(Figure 1). The reaction, discovered in 1954 by Kuivila
et al., has been the basis for many synthetic molecular
receptors, but considerable recent efforts have been made
to improve the strength of binding, thus paving the way
for more sensitive sensing methods for diol-containing
targets [20,21]. Shinkai and James have spent the better
part of a decade designing new and interesting sensing
platforms based on the complexation of the two species
[22–24]. The selectivity relies in part on the differences in
association constants of different boronic acids with diols
resulting in changes in equilibrium between the boronic
acid and the cyclic boronate ester.
It has been shown that changing the parameters of the
experiment (e.g. solution pH, boronic acid pKa, etc.)
can result in drastically different binding constants
between boronic acids and diols. As a result, derivatization techniques have been employed to produce a
plethora of molecular sensors for saccharides based
on phenylboronic acid. In many cases, phenylboronic
acids are coupled with chromophores to give a color
response to binding of the boronic acid moiety. In this
manner, several color-changing motifs have been utilized including, indicator displacement [26,27,28],
boronic acid appended chromophores [24,29–31,32],
and pH induction [33,34], and these have been
extended to produce differential sensing platforms optimized to human body temperature and physiological
pH [23,35–37].

Colorimetric sensors and sensing methods
Indicator displacement assays

Pattern-based sensing, similar to what we now know of
the human olfactory and gustatory systems, relies on a
selection of crossreactive semiselective indicators or
Current Opinion in Chemical Biology 2010, 14:758–766

The use of indicator displacement assays (IDAs) for
colorimetric sensing has been pioneered most recently
by Anslyn and coworkers [26,38,39]. The basic principle
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Figure 1

Diol adducts of phenylboronic acid. Formation of the cyclic boronate ester can result in one of several detectible changes including pH depression,
bond cleavage, indicator displacement, etc., that can result in color changes or changes in color intensity. Image used with permission [25].
Figure 2

General scheme for indicator displacement assay. Saccharides are represented by white hexagons and are introduced to the receptor scaffolding,
then indicator (represented by blue hexagons). The sensing platform is regenerated by washing in acid and base. Image used with permission [26].

relies on the affinity for two competing guests to one host.
For sensing, the analyte displaces the indicator from the
host or receptor (or vice versa), causing the indicator to
change its spectroscopic properties (c.f. Figure 2). For
saccharide detection, color-changing indicators containing cis-diols were optimized to create an IDA sugar sensor.
Among the most common of these indicators is alizarin
red and bromopyrogallol red. IDA inherently represents
an equilibrium competition between the indicator and
the analyte of interest; this has a potential downside of
limiting sensitivity, particularly for lower-affinity analytes.
Indicator displacement has recently gained new ground
via a sensing motif based on dye displacement using
boronate hydrogels [28]. Making use of a new development, boronate affinity in saccharide electrophoresis, or
BASE, that relies on the modulation of saccharide mobility within a flexible porous hydrogel, the group went on
to quantitatively detect a wide range of fructose concentrations at physiological pH; the indicator displacement
scheme used can be seen in Figure 3. Recently, the
synthesis of a similar sensing platform has been reported
based on phenylboronic acid derivatization of solid silica
supports [27].
www.sciencedirect.com

Figure 3

Indicator displacement scheme. Binding and analyte-mediated release
of alizarin red-S with hydrogel-bound boronic acid. Image used with
permission [28].
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Boronic-acid appended chromophores
Chemosensors

Recently, various colorimetric sensors based on boronic
acid appended chromophores have been designed and
studied for detection of a host of analyte classes including
amines, aldehydes, alcohols, and in particular, cis-diols.
Mohr has published numerous articles focused on the use
of reversible covalent-bonding sensing motifs combining
a chromogenic center with a reactive terminus capable of
color-change upon reaction with the desired analyte
[40–43]. Several chromogenic receptors designed by
Shinkai et al. are based on photo-induced electronic
transfer (PET) created by complexation between the
receptors’ boronic acid functionality and saccharides.
This strengthens the Lewis acid–Lewis base interaction
within the receptor, resulting in PET from the amino
nitrogen to the chromophoric center, thereby causing a

change in color (Figure 4a) [2,31]. Since a shift in the
absorbance of most azo-dyes is directly associated with
changes in the environment of one of the bridging
nitrogens, some sugar sensors have been designed that
make use of a spectral change based on the formation and
cleavage of the B–N bond between the boronic acid and
the azo linkage (Figure 4b) [30,32]. In other examples,
the boronic acid group is directly attached to the
chromophore, whose color changes upon chelation of
the boronic acid group to a monosaccharide (see
Figure 4c) [29]. In this manner, facile sugar detection
has been possible, particularly involving the differentiation of glucose from fructose.
Macrocyclic ring opening and oxidation

A new class of color-changing saccharide sensors was
developed earlier this decade by Strongin and coworkers

Figure 4

Representative boronic-acid-based saccharide sensors. (a) Photo-induced electron transfer (PET) method [31], (b) B–N bond formation/cleavage
method [32], (c) boronic-acid chelating method [29], (d) macrocyclic ring opening method [44], and (e) pH-induced color-change method [33]. Images
used with permission.
Current Opinion in Chemical Biology 2010, 14:758–766
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[44,45]. This sensing motif takes advantage of phenylboronic acid appended macrocycles undergoing significant color changes in the presence of carbohydrates as
well as glucose phosphates, carboxylic acid, and amino
sugars. It was found that solutions containing the tetraarylboronic acid resorcinarene macrocycle (Figure 4d),
undergo a condensation reaction in situ to form a
xanthene chromophore. The authors argue that ring
opening of macrocycles to acyclic oligomers could be a
prerequisite for xanthene formation from resorcinarenes.
In this way, complexation of a sugar with the newly
formed acyclic chromophores was shown to semiselectively discriminate among a family of closely related
saccharides.
pH-induced color changes

Oddly, one of the least exploited characteristics regarding the reactions of boronic acids with saccharides had
been the production of protons resulting from the formation of a cyclic boronate ester. The pH depression
associated with the complexation of boronic acids with
saccharides is, of course, buffer dependent, and in most of
the detection methods mentioned thus far, systems have
been strongly buffered. That being said, several groups
have developed sugar-sensing systems based mostly, if
not solely, on induced pH depression. Among these,
Chang and coworkers have presented a wonderful piece
of work wherein pH indicators were employed to monitor
and report the change in solution pH upon the addition of
sugars [34]. More recently, pH reporter dyes have been
incorporated with one of several phenylboronic acid
candidates (c.f. Figure 4e) [33]. This new sensor technique can selectively and quantitatively differentiate
between fructose and glucose at millimolar concentrations.

the composite response that is unique to an odorant or
taste, just as in the mammalian olfactory and gustatory
systems. In this design architecture, one receptor
responds to many analytes and many receptors respond
to any given analyte. It is the distinct pattern of responses
produced by the array that provides differential sensing of
multiple analytes.
For nearly 50 years, the concept of pattern-based discrimination of a broad range of analytes, also known as
‘differential sensing’, has emerged as a powerful sensing
tool. Recently, Anslyn and coworkers have successfully
used arrays of crossreactive sensors in combination with
IDA and kinetic measurements to differentiate among a
wide selection of aqueous analytes including, peptides
[12], nucleotide phosphates (e.g. ATP, AMP, and GTP)
[47], proteins [48], and recently, saccharides. Using
boronic-acid-based peptidic receptors; chemosensors
were developed capable of discrimination among a
number of monosaccharides, disaccharides, and saccharide derivatives such as sucralose (the sweetening agent
used in Splenda brand sweetener) and maltitol (a sugar
alcohol derived by the reduction of maltose) [26].
Multiple liquid wells were assembled using a randomly
chosen set of receptors from a combinatorial library
of pentapeptidic boronic acids optimized to work at

Figure 5

Array-based (pattern-based) sensing
The detection and identification of chemicals is, fundamentally, supramolecular chemistry and intrinsically
relies on the interactions between molecules [46].
The classification and relative strength of intermolecular
interactions is of course very well established and
includes Lewis acid–base interactions (the limiting case
of which is bond formation and metal ion coordination),
Brønsted acid–base interactions, hydrogen-bonding,
charge-transfer and p–p molecular complexation, dipolar and multipolar interactions, and van der Waals interaction and physical adsorption. The use of sensors in
arrays that probe this full range of intermolecular interactions is essential to the further development of array
technology.
Array-based sensing has emerged as a potentially powerful approach toward the detection of chemically diverse
analytes. On the basis of crossresponsive sensor elements,
rather than analyte-specific receptors for individual analytes, sensor arrays produce composite responses and it is
www.sciencedirect.com

Pattern-based saccharide sensing plot. Rate constants are used to
assess the responses of each of eight semiselective receptors to six
sugars and sugar adducts. Each saccharide concentration was set to
80 mM in 500 mM HEPES buffer at pH 7.4. The blank resin beads were
exposed first to the saccharide solution, then to a brief buffer wash, and
finally to the indicator solution (8 mM in 500 mM HEPES buffer at pH 7.4).
Image used with permission [26].
Current Opinion in Chemical Biology 2010, 14:758–766

Author's personal copy

762 Model Systems

Figure 6

Principal component analysis (PCA) plot for the identification of 23 carbohydrates at high concentrations (100 mM). Each numbered cluster represents
multiple trials for each sugar using 384-well plates of liquid solutions containing one of 12 different pH indicators with one of two boronic acids at
nonphysiological pH with full spectrophotometric analysis. 98% of discriminatory information was contained within the first two principal components.
Cluster plot was designed by combining two sets of data, one for each boronic acid system at a pH optimal to the system. Image used with permission
[34].

physiological pH. A three-dimensional plot relating
analytes, receptors, and average rate constants for
indicator adduct displacement is shown in Figure 5.
The plot shows how each semiselective receptor
responds to each analyte via rate constants. Indicator
displacement assays were carried out, generating a set of
response data that, when coupled with dimension-reducing chemometric tools such as linear discriminant
analysis (LDA), can classify both structurally similar
and chemically diverse analytes.
Another example of differential sensing is described by
Chang and coworkers, who have recently published
their work on a pH change-induced carbohydrate sensing ensemble that allowed for the differential recognition of 23 monosaccharides, disaccharides, and
trisaccharides at millimolar concentrations [34].
Twelve dyes were employed in an array of aqueous
Current Opinion in Chemical Biology 2010, 14:758–766

solutions in well plates, covering a large pH range along
with two boronic acids: boric acid and phenylboronic
acid. Experiments for each system were carried within a
pH range that optimizes the production of the cyclic
tetrahedral boronate ester and thus depress the solution
pH. A principal component analysis (PCA) scatter plot
showing the discrete clusters of saccharides can be seen
in Figure 6.
The Suslick research group has been developing colorimetric sensor arrays to detect a myriad of analytes for over
a decade. This work started as an application of metalloporphyrins as sensor elements for array-based vaporsensing [49]. The arrays were broadened to include a
wide range of chemically diverse sensors, adding pH
indicators (which actually indicate much more than just
pH), solvatochromic dyes, and shape-selective receptors
to detect and differentiate between chemically diverse
www.sciencedirect.com
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analytes [50–52]. We have successfully designed colorimetric sensor arrays capable of differential sensing
of volatile organic compounds [14], organics in water
[19], amines [53], toxic industrial chemicals (TICs)
[17,18], and even coffees [54], beers [55], and soft
drinks [56]. Our previous printing formulations had been
based on plasticized hydrophobic colorants that showed
resistance to humidity while successfully detecting gaseous analytes and hydrophobic organic analytes in aqueous solutions.

Figure 7

The sensitivity of our earlier hydrophobic sensing platform [19], however, proved to be problematic for the
sensing of hydrophilic analytes, including carbohydrates.
We determined that rapid and sensitive detection of
these classes of analytes requires an immobilization
method whereby all chromogenic centers are accessible
to analytes while the dyes themselves must remain
impervious to leaching or blooming upon exposure to
aqueous solutions. After several techniques were tested,
we developed a printable sensor array based on nanoporous organically modified polysiloxanes (ormosils) to
encapsulate a diverse set of chemically responsive dyes.
These nanoporous pigments were printed onto hydrophilic, porous membranes, which permits the user to
avoid tedious handling of multiple aqueous solutions in
well plates. One simply exposes the analyte solution
once to a single printed array and images on an ordinary
flat bed scanner. We successfully used this approach to
detect and identify 14 structurally similar monosaccharides and disaccharides as well as reduced sugars and
sugar substitutes at low millimolar concentrations [25].
Most of this discrimination was based on the induced
solution pH changes from 3-nitrophenylboronic acid–
diol complexation an initially neutral pH. Color difference maps are useful in showing how colorimetric sensor
arrays can provide ‘molecular fingerprints’ of the analytes tested. As visualized qualitatively in difference
maps, discrimination can be easily achieved, as shown
in Figure 7a.
For display of the discrimination among the sweeteners
and sugars, we use a standard chemometric approach,
hierarchical cluster analysis (HCA), which is based on the
grouping of the analyte vectors according to their spatial
distances in their full vector space [57]. HCA has the
advantages of being model-free (unlike, e.g. LDA or
neural nets) and of using the full dimensionality of the
data. As shown in Figure 7b, HCA generates dendrograms
based on clustering of the array response data. Using
HCA, we showed that our array was capable of discrimination of the analytes with discreet clustering and no
misclassifications among 14 different analytes in 75 trials.
As an extension of this work, we were also able to test our
array’s performance in real-world situations using common table-top sweetener packets readily found in any
restaurant or café, both in aqueous solution and in sweewww.sciencedirect.com

Colorimetric sensor array for sugars. (a) Difference maps (DRGB) for 14
representative natural and artificial sweeteners (10 mM) and one control,
and (b) hierarchical clustering analysis dendrogram for aforementioned
sweeteners; zero misclassifications were observed. Image used with
permission [25].

tened iced-tea. Differential sensing among these analytes
was observed without error. Color difference maps representing the arrays response to one serving of several
representative sweeteners and a control are shown in
Figure 8.
Current Opinion in Chemical Biology 2010, 14:758–766
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Figure 8

Color difference maps for six commonly used natural and artificial sweetener packets and one control. One packet of each analyte was dissolved in 4
oz. of weakly buffered 5 mM, 3-nitrophenylboronic acid solution (pH 7.45) and scanned for 5 min after exposure. The color range is expanded from 3
bits to 8 bits per color (RGB range of 3–10 expanded to 0–255). Image used with permission [25].
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Conclusion and future endeavors
In recent years, we have seen substantial progress in the
design, optimization, and application of semiselective,
crossresponsive indicators for the differential sensing of a
host of analytes, including sugars, the focus of this overview. By manipulating the old and well-understood reaction of boronic acids with diols, scientists have developed
arrays of chemoresponsive chromophores for the detection and identification of sugars and sugar analogs. Using
biomimetic pattern-based sensing similar to the mammalian olfactory and gustatory systems, the development of
electronic noses and electronic tongues based on colorimetric sensor arrays are providing advancements in sensitivity and pattern-based selectivity above and beyond
that which nature provides.
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