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Sensing A Paradigm Shift in the Field of Molecular Recognition:
From Selective to Differential Receptors

John J. Lavigne and Eric V. Anslyn*

-~

Molecular recognition has evolved
from a science designed to understand
biological systems into a much more
diverse area of research. While work
continues to elucidate “nature’s tricks”
with respect to intermolecular interac-
tions, much attention has turned to the
perspective that molecular recogni-
tion, by design, can lead to new tech-
nologies. Applications ranging from
molecular sensing to information stor-
age and even working molecular ma-
chines have been envisioned. This re-
view will highlight a few historical
hallmarks of molecular recognition
oriented at studying the basic science
of intermolecular interactions, but then
detail recent advances in molecular
recognition aimed towards applica-
tions in the field of molecular sensing.
Rational design can be used to create

predictability and selectivity, and many
signal transduction mechanisms exist
for converting these receptors into
sensors. This is the first topic discussed.
The concept of “differential” or “gen-
eralized” sensing is then presented,
where one uses an array of sensors
that do not necessarily conform to the
“lock and key” principle. This ap-
proach to sensing is inspired by the
mammalian senses of taste and smell,
which we briefly describe. To mimic
senses of taste and smell, one is natu-
rally led to the use of combinatorial
libraries, a direction of research that
has seen continued growth over the
past few years. We summarize the
current state of the art in synthetic
combinatorial receptors/sensors, and
then predict a future direction that
the field of molecular recognition will

for the specialist, but instead for a
general audience. It does not present a
highly detailed analysis of each indi-
vidual topic: synthetic receptors, sen-
sors, olfaction/gustation, and combina-
torial receptors/sensors. Instead, this
review shows how all these fields
complement each other and fit togeth-
er to create sensing devices. Our con-
clusion is that specific analyte sensing,
differential sensing, and combinatorial
chemistry can and will be combined to
create sensor arrays, and give the sub-
field of molecular recognition that uses
synthetic systems a bright future in this
type of sensing scenario.

Keywords: analytical methods - com-
binatorial chemistry - molecular rec-
ognition - receptors - sensors

synthetic receptors with a good deal of

\_

possibly take. The review is not meant

J

1. Introduction

The field of molecular recognition has reached a stage
where one can confidently design and synthesize a receptor
with a good degree of predictability and selectivity for many
kinds of small to medium-sized molecules. The quest to obtain
this goal has been primarily driven by a desire to understand
and mimic nature’s exquisitely specific binding interactions
that are exemplified by the “lock and key” analogy (Fig-
ure 1A).[ Yet, there is an aspect to nature’s methods of
molecular recognition that has largely been unexplored by
synthetic chemists, and only recently has begun to be
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Figure 1. Schematic representation of host—guest interactions. A) A
specific binding event (the lock and key paradigm), which exhibits a large
degree of complimentarity between the host and guest. B) An array of
generalized receptors interacting with one analyte. The identification
results from the pattern of responses obtained from the entire array.

examined, that of “differential” binding. By differential,
rather than specific or selective, we refer to receptors that
have different binding characteristics, none of which are
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necessarily specific or even very selective. These receptors are
“generalized” rather than “specialized”. This approach re-
quires that an array of sensors be created (Figure 1B) and the
composite signal evaluated and interpreted by pattern-
recognition protocols. This is the binding scenario used in
the mammalian senses of taste and smell. In the following
sections, selective synthetic receptors will be briefly reviewed,
with an emphasis on representative successes, and then
contrasted to this new area of differential receptors. Appli-
cations of synthetic chemistry to the creation of differential
receptors are discussed, especially focusing upon combinato-
rial chemistry. Correlations between the specific and differ-
ential approaches to sensors are made, which leads us to
conclude that there is a very bright future for the field of
molecular recognition in arrayed sensors.

2. Lock and Key Inspired Synthetic Receptors

Hallmarks of specific binding from nature are enzyme—
substrate, antigen —antibody, and complementary DNA an-
nealing. Historical hallmarks for synthetic receptors include
cryptand —ion,! cyclophane —aromatic,®! boronic acid -su-
gar, and guanidinium - carboxylate interactions,”! while
more recent molecular recognition studies target much
broader chemical structures.”! Scheme 1 shows a few repre-
sentative synthetic hosts that have been studied to elucidate
their selectivity for various target guests over other similar
guests. In general, the design of such receptors involved an
identification of the proper recognition entities to be incor-
porated into the receptor in order to bind each particular
epitope on the guest. Following this, identification of a proper
spacer to pre-organize the recognition entities to complement
the display of epitopes on the guest provides the final host
design. Molecular-recognition forces including solvophobic
effects, hydrogen bonding, and ion pairing can all be exploited
with such synthetic systems. Significant rational design and
computer modeling, as well as trial and error testing, take
place to optimize the ability of the receptor to recognize the

guest. Through this process it is becoming more and more
routine to produce synthetic receptors with good selectivity
for many classes of small and medium-sized guests, especially
those which possess a reasonable number of sites for binding
interactions.

2.1. Combinatorial Approach to Receptors

Another approach for targeting small and medium-sized
molecules is the creation of a combinatorial library of
receptors. This process allows for the creation of several
different compounds through the combination of rapid
parallel and combinatorial syntheses.'!l' The subsequent
screening of the new materials can provide compounds
for many applications. Typically, combinatorial chemistry
has been used to develop the substrate rather than the
host, and is best exemplified with respect to drug discovery,
where the final product is often an inhibitor of a biological
pathway.

This is not to say that combinatorial approaches have not
been used to create effective host compounds. These have
usually been formed from oligomeric structures, such as
peptides'? and nucleotides (aptamers).l'¥] Recently unnatural
biopolymers formed from linking groups such as ureas,'¥]
peptoids,™ and guanidiniums'®! have been created from
which useful receptors may be expected quite soon. Encoding
schemes can be employed to decipher the structure of a
successful receptor derived from an oligomer.!'7)

For example, Still and co-workers have taken this ap-
proach to create a library of peptidosteroidal receptors
(Scheme 2 A).I'8I The driving force for this work was to mimic
nature’s ability to bind large oligomeric substrates with high
selectivity (for example, antibodies). The library consisted of
a conserved steroidal core derivatized with two different
tripeptide arms on rings A and B (aal-aa2-aa3, aa4-aa5-aa6)
to generate approximately 10*different compounds. The
resin-bound library was screened against a series of labeled
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Scheme 1. Representative hallmarks in molecular recognition: A) cryptand —anion recognition,”! B) cyclophane —aromatic complexation,® C) interaction
of boronic acid with a polyol,”) and D) guanidinium - carboxylate interactions.!'")

pentapeptides. Differentiation of oligomers varying by only
one amino acid was accomplished, thus demonstrating the
feasibility of the approach. Similarly, Hamilton and co-
workers have taken a more targeted approach to create a
small molecule library (15 compounds). The compounds were
again based on an antibody structure and incorporated a
constant template region (a terpyridine) with a variable
binding region (Scheme 2B).[')l The recognition capabilities
of the compounds followed expected trends, with cationic
binding groups recognizing anions and so on.

A unique approach results in polymeric receptors generated
from combinatorial molecular imprinting techniques.?l A
semi-automatic system has been developed to combinatori-
ally generate libraries of molecular imprinted polymers (MIP)

Angew. Chem. Int. Ed. 2001, 40, 3118-3130

and screen these compounds for selectivity and affinity
towards the original templating species. Receptors for triazine
herbicides were prepared by using varying ratios of two
functional monomers (methacrylic acid and 2-(trifluorome-
thyl)acrylic acid). The results suggest that different herbicides
prefer different monomer ratios.

One of the most recent advances in the field of combina-
torial chemistry is the use of dynamic combinatorial libraries
for the creation of receptors.?!l Herein, a series of monomers
are used to create libraries of aggregated structures that are in
equilibrium with one another, each of which could act as a
host. Introduction of a guest shifts the equilibrium to the host
that binds that guest. Covalent capture of the assembled
aggregate leads to receptors complementary to the added
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Scheme 2. Molecular receptors derived from combinatorial libraries:
A) the generic structure for a receptor based on a peptidosteroidal core
which were found to be able to differentiate between single amino acid
differences in pentapeptides, B)the terpyridine backbone (constant

region) and the variable sidearms attached to create a library of dimeric
compounds.

:

guest.[? This very ingenious method
for the creation of receptors is defi-
nitely applicable to the array sensor
technologies discussed in Section 2.2.

Recently, combinatorial chemistry
has been exploited for the creation of
libraries of compounds intended to
act as new catalysts.[® The size of the
library can be readily increased by
simply varying process and reaction
conditions, such as solvent, temperature, and additives, which
are held constant in traditional assays to eliminate assay
variability. Materials exhibiting vastly different characteristics
have also been generated with combinatorial approaches.?¥
Certainly the use of chemical libraries for creating receptors
from synthetic compounds will be seeing an explosion of
growth in the near future, and as we explore herein, this
method is ideal for the creation of differential or generalized
receptors.

2.2. Single-Analyte Chemosensors

Although much of the driving force for the development of
the synthetic receptors discussed above derives from a desire
to mimic and understand natural systems, these receptors can
also be used for practical applications. Sensing is one area
where the synthetic systems have found great utility and
promise. For example, it is more practical to sense small

3122

cations such as sodium,! potassium,®! calcium,?! mercu-
ry,?! and lead® using a synthetic system (a chemosensor)
rather than an antibody or aptamer. Similarly, receptors for
small anions, such as phosphate®! and phosphodiesters,!
azide,’!! and even medium-sized anions, such as citrate,*?
are readily developed using a synthetic system rather than a
large biopolymer (Scheme 3). In addition, synthetic receptors
can be successfully used in devices, such as chemically
modified field-effect transistors.[*!

One of the first analytes to be measured using a synthetic
sensor was probably the hydronium ion. Derivatization of
these pH reporters with chelating arms analogous to those
found in ethylenediaminotetraacetic acid (EDTA) leads to
metal ion sensors commonly referred to as the complex-
ones.? These derivatives display a response to pH much like
their precursors, however, there is a change in the pK, value of
the indicator in the presence of certain ions such that the color
change occurs at a different pH value (Scheme 4 A). Crown
ethers have undergone a similar transformation. Sensors have
been developed from these rather simple structures by
covalently attaching a chromophore or fluorophore into or
onto the ring skeleton (Scheme 4 B).5]

Several more intricate molecular sensors have been devel-
oped recently, again with a focus upon selective binding
coupled with signal modulation. Most of these sensors have a
chromophore or fluorophore covalently attached to the
recognition unit. The microenvironment of the sensor is
perturbed sufficiently upon binding of analyte to modify the
optical signal. Fluorescence resonance energy transfer

HO, A D_
0=\ o0 N
H -0 T Hy" =y
l N/ "/-::' 2 H HII,N__‘
H = S )

Scheme 3. Receptors for small and medium-sized anions.

(FRET) and photoinduced electron transfer (PET) are
common mechanisms for transduction. Examples where
these processes are utilized include indicators for the recog-
nition of organic cations, anions, and even neutral mole-
cules.’s] An example illustrating this chemistry is a chemo-
sensor for pyrophosphate (Scheme 5 A).*l This host displays
a thousandfold selectivity for pyrophosphate over phosphate
ions. The signaling event is PET based™! and is facilitated
by a change in the protonation state of the host upon binding
the analyte. The PET effect has also been used to signal
the presence of sugars. In particular, a bisboronic acid
host that exhibits selectivity for glucose has been re-
ported (Scheme 5B).41 Metal-containing receptors have
also been efficiently used for optical and electrochemical
sensing techniques.*!l All these approaches involve the
attachment of the signaling moiety to the recognition
unit.

Competition assays using synthetic receptors are also
currently being exploited. This methodology takes advantage

Angew. Chem. Int. Ed. 2001, 40, 3118 -3130
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Scheme 4. Complexone and crown-type indicators: A) o-cresolphthalein complexone,* an
EDTA-type cation chelator that incorporates a colorimetric transducer, and B) “sodium
green” ) a commercial indicator which can be used to signal the presence of and quantify

sodium ions in vivo.

of an optical modulation of a dye molecule being displaced
from the binding cavity of a host by an analyte having a higher
binding affinity. In this technique, the indicator is used to
identify an analyte that it was not originally designed to
signal.’] The advantage of these approaches is that less
covalent bond architecture is required. The disadvantages are
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the inability to use the system for applications
that require full imaging of a surface or
volume, such as whole cell imaging,*! and
they are single-use systems.

The sensing of hydrophobic analytes using
cyclodextrins (CDs) and naphthalene sulfo-
nates is a common example of a competition
assay.[*l The naphthalene sulfonate unit binds
within the CD cavity, but is displaced from the
binding pocket upon exposure of this ensemble
to a hydrophobic guest. The naphthalene
sulfonate moiety exhibits solvatochromism by
displaying a modulation of its fluorescence
intensity in bulk water relative to that in the
hydrophobic cavity of the CD.

We have shown that even more elaborate
receptors can be coupled with a signaling
molecule to create a sensing ensemble. For
example, tartrate can be readily quantified in
common beverages by using a synthetic recep-
tor with selectivity for tartrate, together with
alizarin complexone as the signaling molecule
(Scheme 6).14 This competition technique has
been used by other research groups and
expanded by us by using common indicators
to encompass chemosensory systems for acetyl choline,*]
nitrate,’] citrate*¥! and inositol trisphosphate (IP;).[*")

In summary, it is clear that the “lock and key” inspiration
can lead to the creation of synthetic receptors, by design or
combinatorial techniques, for simple complexation or sensing
applications. Molecular recognition is now sophisticated
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Scheme 5. Molecular recognition of pyrophosphate and glucose: A) a 1,8-polyamino-disubstituted anthranyl host displays a 2000-fold selectivity for
pyrophosphate over phosphate ions, B) glucose is bound by a 9-10-bisboronic acid anthranyl host with 6 — 1000-fold selectivity over other monosaccharides.
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Scheme 6. A synthetic host for tartrate. The recognition takes advantage of the guanidinium —carboxylate
and boronic acid — diol interactions. A competition between tartrate and alizarin complexone to bind to the

host results in a colorimetric assay for tartrate.

enough that selectivity in the recognition process is a common
outcome. However, lock and key type selectivity is not the
only method used by nature for the development of receptors
and sensors. The second method is that used in the senses of
taste and smell, where a series of generalized receptors is
used. In keeping with the spirit that one goal of the field of
molecular recognition is to mimic nature’s “tricks”, many
chemists are beginning to turn their attention in this direction.

3. Differential Receptors: Multi-Analyte Sensing

Interestingly, the sensors used in arrays may be designed to
exhibit highly selective association or they may be random,
and lack any targeted design. One of the strengths of
multicomponent arrays is the fingerprints or pattern gener-
ated from the response of all of the sensor elements, which
may display specific or nonspecific binding of an analyte. The
interpretation of this pattern allows for the analysis of
complex mixtures. To this end much work has been done to
mimic the senses of smell and taste, thereby leading to vapor-
phase (noses) and solution-phase (tongues) sensors.

Of the five primary mammalian senses, namely, vision,
hearing, touch, smell, and taste, gustation and olfaction have
been designated as the “lower senses” because of the minimal
influence they exhibit on behavior relative to auditory, visual,
and other sensory stimuli.’” However, these senses form the
basis of our response to chemical stimuli through chemo-
reception, and thus are quite amenable to chemists for
mimicry.

3.1. Olfaction

The mechanism by which smell functions is still somewhat
debated, however, a dominating theme does exist. As odor-
ants enter the nose through the nostrils, they reach the mucus
of the olfactory mucosa. These odorous molecules enter the
mucus according to the partition coefficient of their molecular
type. Once dissolved in the mucus, the analytes encounter the
olfactory cells, which are nerve cells. It is generally assumed
that the primary process of chemoreception takes place at the
cell membrane of these sensory neurons. This process involves
physical contact between the stimulant and potential or actual

3124

receptor sites which could either be
specialists, which react with only one
structural class, or generalists, which
would react with a multitude of
structural classes.”! The odor quality
of a compound is defined intrinsi-
cally by the chemical structure, its
solubility, and its diffusion rate. The
simultaneous analysis of the multiple
components, by potentially thou-
sands of different sensory neurons,
leads to a pattern for the odor that is
stored in the brain.

Though the understanding of the
sense of smell is still somewhat
uncertain, it is understood well enough to allow chemists to
mimic it using a variety of different transduction schemes.?>?)
This area has recently been very thoroughly reviewed by
Lewis, Walt, and co-workers.®) The methods described
include functional sensors based on surface acoustic wave
(SAW) crystals,¥ quartz-crystal microbalances (QCM),! tin
oxide sensors,*® and carbon black composites.””] One exam-
ple that takes advantage of nonspecific recognition has been
called the “electronic nose” and is commercially available as
AromaScan.® The technology is designed to identify volatile
chemicals based on the adsorption of the odors onto an array
of semiconducting organic polymers (Figure 2), much like the

Conducting
—  Polymers

N
4

Sensor

( Electrical
Signal

Resistivity

Figure 2. Schematic representation of an electronic nose based on semi-
conducting organic polymers. The resistance of each polymer is effected by
absorption of volatiles into the polymer matrix.

partitioning into olfactory mucosa. The adsorption is dynamic,
reversible, and is a function of the size of the voids within the
individual polymer sensors. It takes only a few seconds for the
system to reach an equilibrium, at which time the changes in
electrical resistance across each polymer are measured and a
fingerprint pattern created for the particular aroma. This
pattern can be stored in a computer and used to identify and
quantify further exposures of the array to complex mixtures.

An advantage of this system is that very little chemical
design need go into the creation of the conducting polymers.
For example, there are no designed receptors appended to the
polymers—natural or otherwise—and there are no individual
specific binding sites designed into the polymers. The lock and

Angew. Chem. Int. Ed. 2001, 40, 3118 -3130
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key principle has little if any influence on the choice of the
conducting polymers. The method simply relies on the natural
voids within the individual polymers.

The important point is that the polymers are differential,
and respond differently to the various analytes in the vapor.
Each polymer responds to a multitude of different vapors,
similar to the generalized olfactory receptors in the mamma-
lian olfactory mucosa. The identification of the vapor by the
electronic nose comes from a composite pattern of the change
in resistivity of all the conducting polymers responding
simultaneously.

3.2. Gustation

Taste, as part of the chemical senses, is used for food
selection and evaluation, including avoidance of potentially
harmful substances such as bitter tasting poisons. The surface
of the tongue is the major focus of taste transduction in
mammals. Clusters of taste buds are located in various regions
of the tongue. Taste buds contain taste cells and are located in
small depressions in the tongue called taste pores. Some foods
are acted upon by enzymes in the saliva which results in
components that may be recognized at the cell surface. The
taste pores are thought to prevent the diffusion of taste stimuli
into the extracellular fluids and restrict the site of interaction
to the taste cells.

Similar to the sense of smell, the mechanism of taste is still
not clear. Cell surface receptors for particular taste stimuli
have not yet been isolated. Traditionally, taste has been
divided into four fundamental classes: sweet, salty, sour, and
bitter, with each taste bud responding to only one class.
Recent findings, however, suggest that most nerve fibers
respond to more than one taste stimulus, with only a few
responding to stimuli representing one basic taste. In fact
most of the nerve fibers react to stimuli from two or three
modalities.’ This observation has led to the development of
additional taste classifications. The Japanese, for example,
distinguish a fifth taste, umami (savory or delicious taste),
which is elicited by monosodium glutamate (MSG), disodium
inosinate, and disodium guanylate. Further, there is electro-
physiological, biochemical, and behavioral evidence for the
presence of at least two different sweet receptors. Therefore,
in actuality, taste cells respond to a myriad of chemical stimuli
including those that lead to the perception of classical taste
qualities. It appears from the available data that these taste
cells use several signal transduction mechanisms, even within
a particular taste class.’”] Importantly, although there are
specific taste sensations, they are elicited from a variety of
different tastants. Hence, the taste receptors themselves are
not specific, but instead are generalized and differential,
similar to the sensors used with smell.

Just as with the sense of smell, the development of human-
made arrays to mimic the sense of taste has drawn much
attention of late. These approaches include acoustic-wave
devices, [ arrays based on polyaniline,®] polymerized crys-
talline colloidal arrays (PCCA),®? and microelectrodes.[®]
Work by Toko et al. focuses on an array composed of lipid
membranes that can detect tastes in a manner similar to the

Angew. Chem. Int. Ed. 2001, 40, 3118-3130

human gustation sensation (Figure 3).% The output of the
sensor is not the amount of taste substances present, but the
taste quality and magnitude. The output patterns obtained for
different classes of tastants are different, while those obtained
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Figure 3. Schematic representation of a taste sensor. This sensor array is
based on a multichannel electrode where each individual electrode contact
is covered by a lipid membrane. The membranes are designed to function
much like the cell surfaces of taste cells.

from analytes within the same class are similar, for example,
sodium chloride, potassium chloride, potassium bromide give
similar patterns for saltiness. The array was not based on the
concept of targeting selective binding to detect specific
chemical substances, nor was the design to measure the
amount of each chemical substance present. Rather it was
designed to measure the taste itself and express it quantita-
tively.

Though this method has had great success in mimicking the
human sense of taste, it seems beneficial to be able to
quantitate the amount of analyte in a liquid sample and to be
able to assay for specific chemical species, which one may not
what to taste, such as toxins, poisons, and bacteria.

In one example the system functions both in the gaseous!®!
and liquid phases.l! This work uses specific indicators either
covalently linked to or trapped within a permeable polymer
matrix on the distal end of a fiber-optic bundle (Figure 4 A).
The sensor is fabricated by selective photodepositionl®”] of the
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Figure 4. Schematic representation of a fiber-optic-based multi-analyte
sensor array. A) This array utilizes indicators incorporated into or trapped
within a polymer on the distal end of fiber-optic bundle to assay various
analytes in solution. B) The image obtained from fluorescent indicators at
the proximal end of the fiber creates the “fingerprint”.
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analyte-sensitive polymer matrices. By selectively illuminat-
ing only small regions of the bundle at one time, sensors with
different specificity may all be placed on one bundle. The
signal observed is that transmitted up the fiber bundle from a
fluorescent sensing element upon responding to the analyte
(Figure 4B). The response is fast, efficient, reversible, and the
pattern created may be deconvoluted using standard multi-
variant algorithms.[! In the early version of this system the
receptors used were specific for particular analytes, yet this
design is clearly amenable to the utilization of generalized
receptors.

An alternate approach is based on an array consisting of
fifteen phenolic homopolymers and copolymers.®] These
sensors are generated using a peroxidase-catalyzed oxidative
polymerization of five phenolic monomers. The sensory
mechanism is based on the change in the intrinsic fluorescence
of the polyphenol upon the addition of metal ions. The array
was used to assay for iron, copper, cobalt, and nickel ions as
well as various mixtures. The array produced distinct finger-
prints for the metal ions that were analyzed. Furthermore, the
response from the copolymers varied greatly from that of the
homopolymers, which suggests that extreme diversity could
be obtained from a limited number of monomers combined in
various ratios.

The current method under investigation at the University of
Texas attempts to mimic the mammalian sense of taste"! by
placing “synthetic taste buds” in the recesses of a micro-
machined platform (Figure 5). In nature, the taste buds are

Figure 5. Multicomponent sensor array on a silicon chip. Individual “taste
buds” (polyethylene glycol/polystyrene resin beads) are immobilized
within cavities on a micromachined silicon “tongue”.

located at the bottom of small depressions in the tongue.
Analytes are trapped in these recesses and react with
receptors on the taste buds. These synthetic taste buds are
polyethylene glycol/polystyrene block copolymer resin beads
with the desired sensors covalently attached. Simultaneous
exposure of the various taste buds to a solution containing
multiple analytes causes changes in the optical spectroscopy
of the various beads. This change can be fluorescent or
colorimetric. Data streams are collected using a three-chip
CCD camera, which creates red, green, and blue (RGB)
patterns that are distinct and reproducible for their environ-
ments.” Analysis of this data can identify and potentially
quantify the analytes present. This method allows for quick and
accurate evaluation.

The advantage that all these approaches provide to solution
analysis is that complex mixtures of analytes may be identified
and quantified from the mathematical interpretation of the
detailed pattern, or fingerprint, created by an array of
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differentially modified sites. Specific receptors and sensors,
such as those discussed in Section 2.2, can be readily used, but
adding to the strength of this system is the fact that the sensors
do not necessarily need to be specific for the targeted
analyte(s). There can be significant “cross-talk” or nonspecific
interactions, which actually adds to the success of this
method.P¥ Synthetic receptors are naturally not as selective
as antibodies and aptamers, and therefore compliment this
sensing methodology very well. Most importantly, the recep-
tors do not need to be completely rationally designed to target
specific analytes. They simply need to be different, with
different.

3.3. Combinatorial Approach to Chemosensors

As described in Section 2.1, combinatorial chemistry can
create hundreds to thousands of different receptors quickly
and efficiently. Hence, it is ideal for the creation of differential
receptors. By using the split and pool method” each bead has
a single receptor type immobilized, yet each bead is different.
Thus, incorporating the use of combinatorial chemistry in
multi-analyte sensing, where differential/generalized recep-
tors are useful, is a natural direction for the evolution of the
sensing field and the practice of molecular recognition.

One step that must be proven before the use of libraries in
arrays is explored is that combinatorial chemistry can lead to
receptors with differential responses. Hence, before being
incorporated into multicomponent arrays, sensors have been
created by a combinatorial approach for the purpose of
finding the best sensor for a single analyte, thus demonstrating
that receptors with some natural preference for one analyte
over another can be created.

Libraries of cyclic hexapeptides have been formed from
which selective receptors for amino acids have been isolat-
ed.[”! From this library of just under 6000 compounds, three
cyclohexapeptides were identified (Scheme 7A) for their
selectivity in binding L-arginine over L-lysine in neutral
unbuffered aqueous solution. The interaction between the
cyclopeptide and the analyte was examined with reflectomet-
ric interference spectroscopy (RIS), thus leading to a sensing
scenario. Interestingly, when the compounds were tested in
buffered media (phosphate-buffered saline, PBS), the selec-
tivity changed such that L-glutamine was most tightly bound,
with all three sensors being able to distinguish between L-
glutamine and L-asparagine. This result indicates that further
selectivities for other amino acids may be investigated by
varying the cyclopeptides and the constitution of the buffer
solution.

A similar approach has been taken to develop a chemo-
sensor selective for copper(i) ions.’* The methodology
involved creating a system in which a receptor and an
indicator would spontaneously assemble without the need
for any covalent link between them. To realize this, a known
copper(i1) sensor and various fluorescent dyes (Scheme 7B)
were derivatized with long lipophilic tails. The compo-
nents self-assemble into micelles in aqueous media. Optical
modulation of the dye occurs upon complexation of the metal
and results in sub-micromolar detection of copper(i) ions.
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Scheme 7. A) The amino acid sequences for three cyclohexapeptides used as chemoreceptors showing selectivity
for specific amino acids. B) The recognition unit and fluorophores used in a library to determine a self-
assembling sensing ensemble for copper(i) ions. C) The general structure of a library based on a cyclo-
triveratrylene scaffold. D) The general structure of a library from which a sensor selective for ATP was obtained.

Boc = tert-butoxycarbonyl.

van Wageningen and Liskamp have also used this targeted
approach to create a 40-member library based on substituted
cyclotriveratrylene (CVT).™ The desired receptors were
obtained by o-alkylation of the CTV triol followed by
coupling one or two amino acids to these arms (Scheme 7 C).
Initial studies showed that library members derivatized with
dansyl differentially bound N-acylated dipeptides.

An example where combinatorial synthesis has been
employed to create diversity in a multicomponent array
comes from Walt and co-workers. They demonstrated that
polymerization reactions between different combinations of
two starting monomers can lead to the creation of new sensors
with differing recognition capabilities.”® A solvatochromic
dye (Nile Red) was entrapped within the polymer matrix to
perform vapor-phase sensing. Upon exposure of the sensor to
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o- for adenosine triphosphate
(ATP) was derived which
showed selectivity for ATP
over GTP and AMP.

While this library was
screened with the intent of
finding an ATP sensor, the
creation of a library on resin
beads creates the opportunity
to create an array and look at
the specific and nonspecific recognition capabilities of several
compounds at one time, thereby creating a multicomponent
sensor array. The ability to create an array is definitely
applicable to the libraries mentioned above for peptide and
metal-binding applications, but also a myriad of other classes
of analytes. Essentially, all analyte classes are approachable
using this technique.

Given these examples of selective sensors derived from
combinatorial methods, it is clear that the synthetic libraries
themselves inherently possess all the requirements for ar-
rayed sensors. Differential responses from the varying mem-
bers of the library are present, and significant cross-reactivity
is expected. Hence, merging the combinatorial chemistry
approach with sensor array technology can be expected to
continue for quite some time.
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4. Is Design Dead?

Given the concept of arrays of differential receptors, one
may ask “Is rational design dead?” within the sensing arena.
Our answer is “No”. In many settings it will still be necessary
to have highly selective host compounds, which can take the
form of antibodies, enzymes, aptamers, imprinted polymers,
or designed organic receptors. These receptors can target
strategically important analytes, whereas the differential
receptors can be used to analyze for the rest of the “flotsam
and jetsam” of the solution. Furthermore, high affinity is
commonly directly related to specificity, and therefore those
analytes whose concentrations are exceedingly low are in
some cases more easily analyzed for using a highly selective
receptor, such as an aptamer or antibody. However, even
weak affinity receptors can gain very high avidity as a result of
their extremely high effective concentrations when immobi-
lized in matrices such as beads.

Moreover, rational design will facilitate the creation of
synthetic combinatorial libraries of functionally differential
receptors. The utilization of monomers in the libraries that
possess the proper functional groups for binding the analytes
of interest is clearly advantageous. One needs to narrow the
diversity space to include structures that have a high
propensity to lead to the binding interactions desired for a
class of analytes. The use of amine and guanidine groups in the
combinatorial receptors is the logical choice when targeting
multiple carboxylic acid analytes, for example. Similarly, the
use of libraries that include boronic acids would be predicted
to be successful when analyzing solutions of multiple carbo-
hydrates. Moreover, the creation of cavities is likely to be
assisted by monomers that enforce turns and loops. Therefore,
incorporation of building blocks with known affinities for
certain types of functional groups and that can be used as
structural elements, can lead to the creation of differential
receptors that target a particular analyte class.””)

5. Summary and Outlook

In summary, we predict there will be one clear direction in
which the field of molecular recognition will be moving in the
coming years. It is becoming apparent that the use of large
numbers of differential receptors, coupled with pattern-
recognition protocols, can and will be used to analyze for
single analytes in mixtures of analytes, as well as in the
simultaneous analysis of multiple analytes in a mixture. It will
not always be necessary to produce highly selective receptors
for each and every individual analyte, but instead one can rely
on the pattern of responses derived from several differential
receptors to identify and quantitate the analytes. Importantly,
the guiding principles of molecular recognition will still be at
the heart of the process for creating libraries for the various
classes of targets. Therefore, the production of both selective
receptors and differential receptors for the large number and
variety of sensing applications that have societal benefits
presents a clear and compelling case for a continued and
bright future for the field of molecular recognition in the
arena of molecular sensing.
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