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A large fraction of the field of supramolecular chemistry has focused in previous decades upon the study
and use of synthetic receptors as a means of mimicking natural receptors. Recently, the demand for
synthetic receptors is rapidly increasing within the analytical sciences. These classes of receptors are
finding uses in simple indicator chemistry, cellular imaging, and enantiomeric excess analysis, while
also being involved in various truly practical assays of bodily fluids. Moreover, one of the most promising
areas for the use of synthetic receptors is in the arena of differential sensing. Although many synthetic
receptors have been shown to yield exquisite selectivities, in general, this class of receptor suffers from
cross-reactivities. Yet, cross-reactivity is an attribute that is crucial to the success of differential sensing
schemes. Therefore, both selective and nonselective synthetic receptors are finding uses in analytical
applications. Hence, a field of chemistry that herein is entitled “Supramolecular Analytical Chemistry”

is emerging, and is predicted to undergo increasingly rapid growth in the near future.

I. Introduction fields, it is primarily associated with chemists working on
synthetic organic and/or synthetic inorganic structures.

In recent years, many research groups around the world have
shown that supramolecular chemistry can play a uniquely
powerful role in analytical sciences. The field involves analytical
chemistry applications of synthetic organic and inorganic
chemical structures that undergo molecular recognition and self-
a review of the author's work, nor is it meant to be compre- assembly. The descriptor proposed for this burgeoning field is

hensive in regard to the impact of supramolecular chemistry Supramolecular Analytical Chemistry”.

on analytical sciences. Instead, this article describes those studies !N the most common embodiment of supramolecular analyti-
in the field of supramolecular chemistry that inspired, and cal chemistry one creates a sensor. This word deserves some

continue to inspire, our group’s work. In the act of doing this, Scrutiny. Webster’s dictionary defines a sensor as “a mechanical

a few anticdotes associated with the author’s career are givendevice sensitive to light, temperature, radiation level, or the like,
to relay how our group’s ideas were derived. Of paramount that transmits a signal to a measuring or control instrument”.
importance to our group’s current work are two topics: indica- Similarly, my colleague Allen Bardta “card carrying” analytical
tor-displacement assays (IDAg)s a signaling protocol and the ~ chemist-defines a sensor as a device that makes a measurement.
use of differential receptors. Hence, this article is focused on For example, the combination of a pH electrode with the pH
these main topics following the introduction. The take home meter is a sensor. However, the term sensor has a different
lesson is that supramolecular chemistry is ripe for exploiting in Mmeaning to a supramolecular chemist. Here, the author defines
the context of analytical chemistry. a sensor as “a receptor that interacts with an analyte producing
(A) Sensors.Supramolecular chemistry has a focus “beyond @ detectable change in a signal”. To the purists, the sensors
the molecule It is not a hybrid of the common chemical discussed herein are simply indicators.
disciplines, such as bioanalytical, organometallic, or biophysical ~ Before highlighting the work of others, one article needs to
chemistry. Instead, it describes a field of chemistry that be mentioned as partially inspiring the field. It was published
encompasses all of the disciplines and subdisciplines involving in 1995 by Anthony Czarnik and was entitled “Desperately
intermolecular interactions. Although the term covers many Seeking Sensor$'This title was intentionally meant to invoke

This perspective discusses a relatively new cross-disciplinary
field of chemistry, which is herein called “Supramolecular
Analytical Chemistry”. Previous examples of the use of su-
pramolecular chemistry in the analytical sciences are given as
a historical backdrop, followed by several examples of the
author’s own work in this regard. Necessarily, the article is not
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the movie “Desperately Seeking Susan” starring Madonna, andthese structures metal chelating groups are covalently tethered

so this article was of immediate interest. Although | read the to pH indicators. Binding of the metals to the chelating groups

paper with only minor interest at the time, the ideas presentedin proximity to the ionizable acidic sites lead to differing

in it continued to percolate and grow in my mind. protonation states of the pH indicator with and without bound
(B) What is Supramolecular Analytical Chemistry?. When metal. Two such examples are compouridand 2, which

is a chemical interaction supramolecular? In Jean-Marie Lehn’s colorimetrically signal Ln(lll) and Ca(ll), respectively. Impor-

book entitiedSupramolecular Chemistrjis definition focuses ~ tantly, as described below, complexone agents are still of great

upon the use of intermolecular interactions for the creation of use in the analysis of metals and have recently found new uses

assemblied. A problem arises in defining an intermolecular in the context of indicator-displacement assays.

interaction. For example, many of the sensors described below

exploit the dynamic exchange of covalent bonds. Strictly

speaking, this isnot a supramolecular interchange. Further, HOC.

(o] OH
. . . . . . . . OH COZH
dynamic combinatorial chemistry exploits such reactions: imine O‘O r o
O

COH HO,C

W

N N._CO:H

exchangé, disulfide exchangé,and Diels-Alder reaction$. N._-COaH
Admittedly, the interchange of these reversible covalent bonds

is templated by reversible intermolecular interactions that are 1

clearly supramolecular in nature. But, should the reversible
covalent bonding also be considered supramolecular? The best
answer is “no”. But, as a last perplexing example, what about

metal ligation and metal coordination chemistry—when should chemistry started with crown ethers, cryptands, and carcefands.
it be considered supramolecular? Interestingly, such structures quickly found use in analytical
One way to answer these questions is to define a cutoff chemistry by also appending pH indicators. Compoud
threshold for the strength of an interaction, or the rates associatetreated by Cram, is an example that signal$ Meathe presence
with establishing equilibrium. Maybe interactions worth 30 kcal/l  of K+ and can be used in an analytical asi¥#yFurther,
mol or less and that are dynamic enough to thoroughly exchangecrownlike structures are now commercially available. One
in 24 h should be considered supramolecular. While such example is compound, 1% which is sold by Molecular Probes
arguments have previously been made, they are limiting andfor the cellular imaging of N& This entity has seen great
arbitrary and would end up including the dissociation of weak commercial success, a testament to the use of supramolecular
covalent bonds into radicals. design in analytical chemistry. With hindsight, we can consider
In the opinion of the author, establishing rigid definitions is the complexone agents as chemical ancestors of the crown-type
useful, but can be limiting. Hence, in this article the term structures3 and 4, while also considering all crown-type
supramolecular is going to be extended. Upon consideration thatstructures with appended indicators simply as updated com-
supramolecular chemists are primarily focused upon the use ofplexone agents.
synthetic receptorsthat many receptors utilize the exchange
of covalent bonds, and as a means of encompassing the breadth
of the field, the author suggests the following: “Supramolecular
Analytical Chemistry” exploits the dynamic exchange of
synthetic chemical structures that create assemblies which result
in signal modulations upon addition of analytes. These as-
semblies can be as simple as 1:1 host/guest structures created..-
from noncovalent or covalent bonds as well as higher order
assemblies. The reactions should be dynamic on whatever time
scale is necessary for the application. Clearly, not all chemists
will accept this definition, but it suits the content of this article.

Coming much more up to date, the field of supramolecular

CoroNa Green, AM \ /
NO, Na* sensor in vivo

3 4

Il. Approaches to Single Analyte Sensing

(A) Complexone Agents as IndicatorspH indicators are
likely the oldest use of organic chemical structures in analytical ~ (B) The Use of the Receptor Spacer—Reporter Paradigm
applications. In 1664, Robert Boyle completed his worke and PET. The complexone agents are good examples of the
Experimental History of Colour&In his work, he showed that  receptor-spacer-reporter paradigm for creating sensing agents.
particular plant extracts could be utilized as indicators. Boyle |n this approach, the receptor is covalently tethered to a reporter,
showed how treatment with acid or base caused the material toalbeit a chromophore/fluorophore or an electrochemically active
change color. Boyle used Brazil wood in his experiments, which entity!2 One must incorporate a mechanism that translates
at the time, was extensively used as a dyestuff for staining or analyte binding into some kind of modulation of the reporter,
coloring fabrics and in manufacturing textiles like velvet. Much  thereby altering optical or electrochemical properties. In the case
later, in 1957, Bitskei and Moritz built on Boyle’s woPk,  of modulating optical properties, the incorporation of a photo-
providing a range of color results using Brazil wood. induced electron transfer (PET) mechanism stands out as the

Even before the term supramolecular chemistry came into most popular.
existence, organic chemists were using the notion of molecular The PET mechanism involves the reduction of t#8eexcited
recognition with pH indicators for sensing purposes. For state of a fluorophore by a neighboring high-lying filled orbifal.
example, the “complexone” agents derive from the 1950s. The electron transfer occurs after excitation and before emission
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A) synthetic system that can be used to quantitate this important
% H‘ PET — % anticoagulant in crude biological media.
4
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FIGURE 1. Electron-transfer mechanism associated with PET. HO,_ OH ,
and results in quenching of the fluorescence (Figure 1). Upon
binding of the analyte, the energy level of the donor orbital is
lowered, thereby diminishing the ability to transfer an electron
to the excited-state acceptor, and fluorescence is restored. Hence,
an advantage of this method is that it results in an off-to-on
signal. N OH 8

Classic examples of PET-based sensing strategies come from “
the Czarnik, deSilva, and Shinkai laboratories. Compouinds
6, and 7 incorporate the ubiquitous amine and anthracene (C) Whole Cell Imaging. Tsien took the complexone concept
reporter unit duet covalently attached to receptors for pyro- and extended it to cellular imaging agents for Ca(ll) called
phosphaté4 Na*,'> and fructosé® respectively. With sensors  INDO-1 and FURA-2° This work has inspired many chemists
5 and6, the amine donor is integral to the receptor, and hence, to devise imaging agents using the receptor-spacer-reporter
the reporter and receptor units overlap in identity. The mech- paradigm. Recently, a large number of cellular imaging agents
anism by which the donor energy levels modulate upon binding are being created, many of which rely on multiple mechanisms
when using ofo-aminomethyl phenylboronic acids is under to give optical signal modulatiorf42
debate. The manner in which the structure of these receptors is The creation of imaging agents is likely the area with the
drawn, with a water inserted between the amine and the boronicmost growth potential for supramolecular chemists. The recent
acid, derives from a postulate put forth by Wahgnd work of Tetsuo Nagand® Christoph Fahrnfl¢ and Young-

experimental support from our own grotfp. Tae Chanidis of particular note for the directions our group
is moving. The mechanistic insights and combinatorial methods
(\NH . oN that these individuals are putting forth for sensor design will
- z “HaN- N 4 be f hi
NH HaN o o e far reaching.
< Vo QP Q
o O S5O R
N N
o o ; H choziij ©IIOZC\,N o,
/ HO,C N | /
o LS - e A
S 6 Indo-1 (.‘,KOQH\éOQH (E/OZI-FCOQH Fura-2

(D) Chemical Indicators as Sensing EntitiesGerhard Mohr
is popularizing the use of trifluoromethyl ketones, tricyanovinyl

HO~pg _ N~ ; ; i
BoH groups, and boronic acids within the context of azo compounds
Ho o H as signaling entities for alcohols, amines, and sugars, respec-
OOO tively (9, 10, and11, respectively}? These structures were part
H of the inspiration for the work of Timothy Glass concerned with
HO.. _OH . . .
N B oy the fluorescence detection of amines using compdi®t In
7 an extension of Glass’s work, our group has studied compound

13for the detection of sarin/soman analogé€she mechanism
of detection exploits PET quenching of the coumarin by the
One example of a fluorescent sensor from our group which oximate anion, which is diminished upon phosphorylation,

functions in part due to a PET mechanism is for the detection leading to an “off-to-on” detection method.
and quantitation of heparin in blod8Compound selectively (E) Indicator-Displacement Assays (IDAs). Likely the
binds heparin with nanomolar affinities. The fluorescence of signaling method most closely associated with our group’s work
the core scaffold is quenched upon heparin binding, likely due is the “Indicator-Displacement Assay” (IDA). We did not invent
to the proximity of numerous carboxylate and sulfate negative this method, but we have popularized it to such an extent that
charges in heparin. The high-lying filled orbitals associated with it is now widely used and recognized as a standard method for
these negative charges act as donors to quench the excited statée creation of sensof8.In the context of supramolecular
of the fluorophore core. To our knowledge, ser8@ the only chemistry, we trace its origin back to studies by Inoue and
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with a standard 1:1 binding stoichiome#8further, our group
continually exploits the ability to rapidly screen indicators with
the same receptor to discover the indicator that gives the largest
optical response, or an optical response with a color desired
for the assay. Another advantage was noted by Fablstitie
published a study that demonstrated excellent selectivity in the
discrimination of two analytes, in which good discrimination

OH NOH was achieved by choosing an indicator whose binding affinity
Ho—8 N N with the host was between that of the two analytes. Hence, only
N NH o~ one of the two analytes could efficiently displace the indicator
OZNON N o0 e and be detected.
1 ) 13

Shinkai for making an optical detection method for acetylcho-
line25 In these studies, the guest was labeled with an indicator
and bound to a calixarene. Upon addition of the unlabeled __N®
analyte a displacement of the labeled analyte occurred Ieading[ \>_NH
to a detection method. N

At the heart of an IDA is a colorimetric or fluorescent )
indicator (I) that changes optical or electrochemical properties
when bound to a receptor/host (H) relative to being free in the
bulk medium (eq 1). The medium can be the solvent, a polymer

14

(F) IDAs for Common Natural Product Anions. After the
study for citrate, our group has published IDAs for a variety of

matrix, a surface, or another phase. The indicators can bea@nions: tartraté? phosphaté? IPs% nitrate? heparini® and
solvatochromic, ionic strength dependent, or, most commonly, 2:3-bisphosphoglyceraté. The anions were targeted with a
pH indicators. The indicators can undergo fluorescence reso-Vvariety of host structures and types and quickly converted to
nance energy transfer or photoinduced electron transfer with OPtical sensors using IDAs. IDAs are particularly useful for
the receptor, which will be modulated when the indicator is anion sensing because many |_nd|cators themselves are anions
released from the host. Displacement of the indicator occurs @nd, hence, have a natural affinity for receptors that are designed
upon addition of the analyte/guest (G). We call the combination t0 bind other aniond? _
of the host and the indicator the sensing ensemble. The phosphate anion has been an important target for the

I received the idea for this simple concept as a postdoctoral Molecular recognition community for decades, but no receptors
fellow with Dr. Ronald Breslow at Columbia. The Breslow With good affinities and high selectivity for phosphate over
group would commonly use the binding of dansyl to cyclodex- _sulfate in water at neutraI_ pH hgd been developed. In 20_02, we
trin and follow the displacement of dansy! using fluorescence introduced aCsv symmetric design for phosphate5) 3 This
spectroscopy upon addition of various guests, simply as a meand€ceptor was highly selective for phosphate over other tetrahe-
of measuring the binding constants of the guéstit. was dra], trigonal planar, and spherlc.al anions; only.arsenate was a
obvious that the method could also be used for signaling, Major competitor to phosphate blndlng. Hence, in analyses that
although it was more than a decade later before my group used®® arsenate_ free,_the receptor essentially only binds phos_,phate.
the idea. With an IDA involving CF, we were able to accurately quantitate

The first use of an indicator-displacement assay by our group Phosphate in human blood and saliva, as well as horse Bfood.
was for measuring citrate in soda p8pThe idea originated
due to a vial of receptoi4 sitting on my desk while | was
drinking a Fresca. Compouridi was a byproduct of a reaction
that the group was running for the creation of a phosphate
ester hydrolysis cataly®8. A major ingredient of Fresca is
citrate, and it was immediately obvious thgtwould be a good
receptor for citrate. Combining this idea with the notion of
displacing an indicator led to our first practical example of using
a synthetic receptor with an indicator to measure an analyte in
various commercial beverages. The indicator we used was
5-carboxyfluorescein (CF). Buffers are a necessary evil in these
studies to eliminate any pH response. The buffers maintain the Our most recent example using an IDA is the detection of
pH, but by virtue of the fact that all buffers are ionic, they lower glucoronic acid in blood, which is the product of oxidation of
any electrostatic driven molecular recognition via competitive glucose-by-glucose oxidadéWe found thatl6 has no detect-
ion pairing with the hosts and guests. able affinity for glucose, but it binds gluconic acid in 3:1

A series of advantages of an IDA over the receptpacer- methanol/water with an affinity constant of 5:6 106 M—1.41
reporter paradigm have been published in the literature. The This has led to a colorimetric method for glucose detection in
advantages of IDAs stem from the independence of the receptorblood. We add glucose oxidase to blood samples, and a small
from the indicator. We showed that signaling can be tuned to aliquot of these crude samples are then added to an ensemble
respond to a more narrow concentration range than is capableof 16 and pyrocatechol violet (PV). The resulting color gives

Hil + G =— H:G + | ™)
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an accurate measurement of the original glucose concentrationinspired us to pursue this area of researtf, (L8, and19,

in the blood?? respectively). Another pioneer in this area is Matt Shair. He
uses kinetic resolutions in array formats to quantitate enantio-
meric excesses of unknown sampieghese pioneers in the
area of chiral sensing gave us the confidence that we could make
a contribution by applying IDAs to chiral recognition.

Ph  Ph

—~

O o
o Ho (]

O OH HO. O
NH HN O O

(G) Choosing a Solvent for an IDA.In any binding-based o ’N
assay, it is useful if the binding of the analyte to the receptor is
near the dissociation constant of the analyte to that receptor. If @
the receptor's concentration is near that of the dissociation

concentration far below th&y gives little binding and little
sensitivity. Hence, the assay needs to be tuned to operate near

constant (l§), a concentration of the analyte much above the — an Ve OO
. . O N O O
Kg saturates the receptor and the assay is not sensitive. A X= o 0
» 0
N

the Kq. With synthetic receptors this is particularly easy to Ne
achieve because one can change the solvent to dial in the Q,o
dissociation constant. A lower dielectric constant consistently

enhances binding that is ion-pairing or hydrogen-bonding driven. 19

Even just a decade ago, the field of synthetic receptors was
criticized because many of the receptors did not function well
in water. Instead, many of the receptors were used in chloro-
form *3 where competitive inhibition by the solvent to binding

d
was minimized. In hindsight, the ability to work in media other
than water is a strength of synthetic receptors, especially in
analytical protocols. In an analysis on chips, in a cuvette, or a
96-well plate reader, it does not matter what the bulk solvent
for the assay needs to be. Even if the target analytes are in wate
to start, as long as the solvent system is miscible with water OMe
these analytes can be studied. Hence, our group has used a
variety of solvent systems in our indicator-displacement assay
protocols.

In most analytical assays, one has an estimate of the ©? %
concentration of the target analytes. Therefore, in our IDA e o culh
methods we adjust the solvent system until we turg aear
the concentration we are estimating for the analyte of interest.
In many of the anions we have studied, a mixture of water and
methanol, ranging from pure water and pure methanol, has OMe
sufficed. When a lower dielectric is required, we mix in
acetonitrile, DMSO, or THF. Because the basis of an IDAisa  When the assays were first performed, we achieved errors
protonation change of the indicator when bound versus free in on the ee determinations between 4 and 13% depending upon
solution, we have found that any solvent which can be buffered the chiral analyte. Admittedly, a 13% error for ee is large, and
and has a pH scale defined can be u¥eHence, one can  for many applications, it is unacceptable. However, even errors
envision using pyridine, DMF, or acetic acid as a means to tune as large as this in a quick screening protocol are acceptable.
the dissociation constants to the range needed in any particulaiOur technique can consistently identify the solution with the
assay. highest ee relative to other solutions. This means that when

(H) Enantioselective IDAs.One of the most attractive areas screening catalysts for asymmetric induction one can find the
in which to exploit an IDA for the purposes of having naked- catalyst giving the best ee values, even if the error on those
eye color changes is in the sensing of chirality. Our group values is large. Further, we can routinely improve the error in
envisions a future where different colors for enantiomers of the ee determination by screening indicators to discover the
simple functional groups can be seen in both a qualitative litmus- indicator that gives the largest dynamic range in absorbance or
paper like test strip and a quantitative assay in an UV/vis cuvette emission modulations. In this way, we have improved errors
or a 96-well plate reader. There is little work in this area in the from the 13% range to near 6%.
literature, but we note chiral receptors that give optical modula-  (I) Receptors Derived from Combinatorial Chemistry.
tions from Lin Pu?® Yuji Kubo,*® and Kyo Han Ahrf?” which Historically, our group has followed the classic paradigm for

Receptors20 and 21 bind the enantiomers ofi-hydroxy
acids$® anda-amino acid$? respectively, with chiral discrimi-
nation. Either can be paired with a variety of indicators to give
ifferent colors for the enantiomers of these two analyte classes.
When having a mixture of the two enantiomers of these analytes,
one chiral receptor, and one indicator, extensive algebra allows
one to derive a polynomial that relates enantiomeric excess to
pbsorbance valués.

HO OH OMe
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the field of molecular recognition for creating synthetic receptors

design, synthesis, and testing of the design. Such a protocol
led us to the receptors for citrate and phosphate discussed above

as well as many others. However, it is well recognized that

screening a combinatorial library of receptors as a means of

discovery can be quite fruitful. The field of DNA and RNA
aptamers$? as well as phage-display of proteifishas taught
the supramolecular chemistry community that winnowing down
a large collection of structures to a few winners will routinely
lead to exceptionally selective and high affinity receptors
simply by virtue of serendipity.

Within the field of synthetic receptors, we took our lead from
Still,5* Liskamp®® and Kilburn®é Clark Still was a pioneer in
using macrocyclic receptors to screen libraries of peptides to
discover “hits” which had the highest affinity for the host.
Liskamp continued in this tradition using molecular clefts.

In our one and only study where we pulled a single receptor
out of a library of structures to quantitate the concentration of
a single analyte, we screened libr& for binding to ATP5’
This library incorporated a hexasubstituted benzene scéffol

along with guanidinium groups. These groups were used becaus
we knew that they would ensure that each and every member

of the library would have a basal level of affinity for the
triphosphate linkage of ATP. We found that in the library of
22, Ser-Tyr-Ser yielded a very selective receptor for ATP.

This receptor could signal the presence of ATP, but not AMP

or GTP. Unfortunately, as is so often the case with the screening
of libraries, we have achieved success, but we still have no idea

as to why Ser-Tyr-Ser in the context of struct@2leads to a
selective and high affinity assay.

@
NH,
N
B\ R
— 0
0 HN*@i Rs
NH -
Ry H/ﬁ\NH3
o @
22

It was at approximately the time that we were screening
library 22 and creating our assays for citrate that our group took
a major turn due to a lunch that | had with my colleague John
McDevitt. That revelation, now described below, has dramati-
cally affected most of the sensing protocols our group has
pursued ever since.

IlI. Differential Receptors

This section covers the concept of differential sensing arrays.
Much of the impetus for the current studies in our group is a
sense on our part that the field of molecular recognition (MR)
is undergoing a paradigm sh#t.Currently, MR is driven by

Sensor Head

Space Micro-

HemeEOmemen— | oo

*— UV Filter
cco

=

Electronics Interface

FIGURE 2. Schematic representation of the U.T. Taste Chip. Thanks
to the John T. McDevitt group for supplying a similar graphical picture.

of selectivity associated with synthetic receptors is a virtue in

the context of array sensing. In a manner of speaking, the use

of synthetic receptors in this context is “creating lemonade from

lemons”, as a reviewer of one of our grants recently noted.
(A) The “Lock and Key” Paradigm. In the studies described

d above, our group and others used one unifying design theme
' éhe “lock and key” analogy. Over 100 years ago, Emil Fischer

proposed this analogy as a means of understanding the binding
of natural receptor® The receptor is the lock and the analyte
is the key. Pairwise interactions are created between the receptor
and analyte using the standard molecular recognition binding
forces: hydrogen bonding, ion pairing, dipole alignment,
solvophobic interactions, etc. The notion leads to the concept
of one key that is complementary to each lock, thereby opening
up only one lock. However, as now described, this is not the
approach used by the senses of taste and smell.

(B) The History of the U.T. Taste Chip.When having lunch
in 1995 with my friend and colleague John T. McDevitt, a
professor of analytical and inorganic chemistry in our depart-
ment, he told me about the field of electronic noses. Electronic
noses are devices used by analytical chemists to study multiple
analytes in the vapor phase. John was interested in creating an
“electronic tongue”, which was a term he used to describe the
potential analysis of multiple analytes in solution-phase rather
than in the gas phase. His idea was to involve another colleague,
Dean Neikirk, a professor of electrical and computer engineer-
ing, to create silicon wafers to immobilize receptors that could
be simultaneously analyzed with a charge-coupled device (CCD)
to create color or emission changes at each receptor spot.
Together we devised the idea of using beads to immobilize the
receptors, and in consultation with Dean Neikirk, we devised
the idea of using etched pits to hold the be#ds.few months
later, Dr. Jason Shear joined our team to perform enzyme assays
in the array. In this manner, one of the very first electronic
tongues was born, which became known as the U.T. Electronic
Tongue (now called the U.T. Taste Chip). The device attracted
considerable attention from the popular press, being highlighted
on CNN, ABC Nightly News, and the BBC. John McDeuvitt
has taken the collaboration in the direction of using antibodies
on the beads for detecting various antigens and interfacing the
bead array with a membrane for detecting bacteria and vifédses.
Our group has taken the collaboration in the direction of using

the goal of synthesizing receptors for various guests as a meansrrays of synthetic receptors in tandem to give fingerprints that

of mimicking Mother Nature’s methods, hence achieving an

understanding of nature. For specific binding purposes, however,

due to their simplicity, synthetic receptors often suffer interfer-

can be used to interrogate complex mixtures.
The U.T. Taste Chip is another in the myriad of arrays
involved in genomics, proteomics, and glycomfig©ur array

ence from similar analytes. The use of synthetic receptors cannotuses 20Qtm beads in a 1& 10 or smaller array of pits that is

compete with antibodies and aptamers for specificity of binding about the size of a dime (Figure 2). Arrays created by other
medium and large complex analytes. As now described, the lackresearchers use automated spotting techniques or microlithog-
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raphy. Further, arrays are becoming smaller and smaller; evena fingerprint of the solution. Of course, as alluded to above,

arrays of single molecules are being contempléted. the sense of taste is clearly more complex than this, but a simple
Hence, after nearly a decade, we should reflect: “What is Par graph notion goes a long way in depicting the mechanism

the strength and uniqueness of the U.T. Taste Chip?” In our Of taste. _ o

group’s opinion there are three essential aspects of the U.T. (D) Electronic Tongue and Nose InspirationsPersaud can

Taste Chip: (1) It is simple to create and place the beads into. P& considered the father of electronic nose technolédyis

(2) It is mesoscopic in size and therefore easily integrated with work, as V\ie”. as the vast majority of the electronic nose

standard HPLC machines and optical microscopes. (3) Thetechnolo_gyZ utilizes an array 01_‘ different materials that undergo

solution passes through the beads. For example, one simplymOdUkJItlons of their properties upon exposure to a vapor

drops the beads into known positions on the chip. This meanscontaining a ".“X“”e of .entities. Simply by virtue of the fact
that the bead identity does not have to be coded as in otherthat the materials are different, the response of each changes

o . . differently. A Birmingham-based company called Aromascan
5
syste_m§. Th|_s_|s made possmlg by the fact th_at the anay IS ,nd a California-based company called Cyrano market such
the size of millimeters. The device can be easily manipulated

devices’? Interestingly, most electronic noses involve little to

by hand, and the naked eye can see the beads. Ea_ch bead o thought given tg >r/nolecular recognition or supramolecular
large enough to have enough path length that averaging over achemistry?z
series of beads is not needed, as with other bead-based &rays. - |, so1tion analyses, when interacting with biological struc-
Most important, the solution of analytes passes through the beads;res such as proteins, peptides, and carbohydrates in the
and can be cycled hundreds of times. Thi.s allows the beads .tobiological milieu, we believe that design imparted to the
act as a sponge and soak up analyte during each pass, makingaceptors using molecular recognition principles will be advan-
the device potentially the most sensitive array yet prod§éed. tageous. After all, our senses of taste and smell are indeed
In all other array devices, the spots are on a surface and thegesigned”, meaning they have evolved to have a bias toward
analytes become bound via passive diffusion rather than due tothe class of structures that the animals are going to encounter.
active flow of multiple passes as with the U.T. Taste Chip.  Molecular recognition is important to the senses of taste and

The idea of electronic noses and tongues dramatically affectedsmell because it allows animals to have a limited number of
the manner in which our group now approaches sensing taste and smell receptors targeted to analyte classes, rather than
protocols, not only because of our continued use of the U.T. needing a nearly limitless number of receptors to cover the
Electronic Taste Chip, but because it inspired our research groupdiversity of tastants and odorants that an animal is likely to

to delve into the mechanisms used by the mammalian senseghcounter throughout its life span. _
of taste and smell. One of the pioneers that inspired our own work is that of Dr.

Toko at the University of Kyushi® His group studies electro-
chemical sensors in small array formats. He uses semipermeable
membranes to analyze entities that give a sweet, sour, salty,
of biomimetic chemistry, supramolecular chemists should take and bitter human response. Using membranes on electrodes
L y, sup . . responsive to only these four sensations he can create patterns
their inspiration for creating che_mlcal sensors by analyzing the that correctly predict the response of human test panels to the
senses of taste and smell. Chllqlren learn at a very early a0€aste of various beverages. This remarkable work goes a long
that the senses of taste are limited to sweet, sour, salty, anq/vay to verify the conclusion that only sweet, sour, salty, and

bitter. It is now recognized that a fifth taste exists called piyter are our primary tastes. Hence, imparting a bias of the
umame-a savory or delicious sensatioand that the original  eceptors to the analytes of interest created a powerful mimic
four senses of taste have multiple aspects to tferowever, of the human taste response.

itis still true that there are a limited number of taste sensations Ty other pioneers in the mimicry of taste and smell are

that lead to our ability to decipher and recognize thousands of pys. Ken Suslick and David Walt at the University of lllinois
flavors. How is this possible? First, one must recognize that and Tufts University, respectively. Suslick published a signifi-
the sense of taste is highly dependent upon the sense of smelleant advance in the field in 2000 Mature’4 Using a series of
The human sense of smell is made up of around 1000 porphyrins (23), he could fingerprint various vapors for small
different protein receptors that are cross reactive, while the senseorganics. This work showed that the use of a series of receptors
of smell in dogs involves nearly a million different receptéts.  that are known to have affinities to various gases could
Except for pheromones, these receptors are not very specificﬁngel’pl’int mixtures of those gases. The molecular recognition
for individual molecules, but rather are targeted to a class of derives from known ligation events at the porphyrin metal
molecules and are cross reactive within that class. For example centers.
nasal receptors for aldehydes from rats have been characterized

(C) The Senses of Taste and SmelMammals have five
senses: vision, touch, hearing, taste, and smell. The latter two
are targeted to the detection of chemicals. Hence, in the spirit

and were found to bind a variety of different aldehyft$he R
composite response of all the receptors to the multiple different
analytes in a mixture creates a pattern that the mind records R= —@
and recalls as a particular odor or flavor. If we limit our R R FF
consideration of the sense of taste to sweet, sour, salty, and orR= >>:<< .
bitter, then the concept is clear. Our sweet receptors are biased
to polyhydroxylated structures, while the bitter receptors are M = Sn*, Co%*, Cr*, F F
biased to hydrophobic heterocycles. The magnitude of response Mn?*, Fe", Co?", R

Cu?*, Ru2*, Zn?, 23

of each of the taste sensations is the pattern for a particular

2+ +
flavor. We can imagine bar graphs for each of the flavors giving Ag™, 21
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Dr. Walt is a pioneer in device creation. In the early 1990s, and the field of chemometrics covers all the various mathemati-
he published the use of polymer deposits on the tips of optical cal protocols used in analytical chemistry to extract patterns
fibers for creating patterns that could analyze gd%ede from data’® These methods are approachable by anyone willing
deposited polymers containing enzymes, antibodies, and otherto immerse themselves in the various mathematical methods
natural receptors on the optical fibers. These devices rely uponand approaches; knowledge of linear algebra is particularly
selective molecular recognition responses. In truly brilliant useful.
fashion, Dr. Walt has also created self-assembled bead-based There are three methods that our group routinely uses, as do
arrays on the tips of optical fibers, which are the basis of a others that are now also working in this field. The most
company called Illumina involved in genomic analy&she commonly used method is Principle Component Analysis
beads are only &m in size and self-assemble themselves into (PCA)./° This is a method that uses linear algebra to find
divots on the optical fibers. Importantly, the DNA interactions orthogonal axes that express variance in the data. The math-
are highly selective, accentuating the necessity of having highly ematical protocol is an Eigenvector problem, and hence, the
specific molecular recognition events in certain applications. math is analogous to that used to solve for molecular orbitals
In genomics, even a single base mismatch cannot be toleratedunder the assumption of the variational principle. The first

(E) The Definition of Differential Receptors. As just principle component expresses the most variance in the data,
discussed, the first electronic noses involved the use of materialsmeaning that this axis shows a plot of the greatest extent to
as receptors with no thought given to their molecular recognition Which the data collected for the unknown samples differ from
properties. Instead, the important aspect is that the materialsone another. The second principle component expresses the
are different and cross-reactive. Yet, one of the most modern second greatest extent of variance, and so on and so forth. We
array devices is for genomic analysis using an optical fiber use this method when attempting to qualitatively differentiate
where the specificity of binding is of paramount importance. one sample from another, with several examples shown below.
In 1999, our group coined the term “differential” to accentuate ~ Another common method is Hierarchical Cluster Theory
the unifying aspect needed in any arfay8imply stated, the (HCT).8%This method groups unknowns to visualize similarities
individual receptors all interact differently. Of course, this is between the unknowns. HCT was used by Suslick to distinguish
true of an array of DNA strands or antibodies, in that each is various functional groups from one another in solution, and then
highly selective and different. Protein and gene chips therefore within individual classes of functional groups to classify the
use differential receptors. However, differential also includes unknowns as aliphatic or aroma#.The study used porphyrins
receptors that are cross-reactive. Each receptor may bind a23, as well as a solvatochromic dgé and a pH indicato@5.
number of analytes, but each receptor binds the analytes

differently than every other receptor. In this case, the signals O
of all the receptors are interpreted by a pattern recognition 0. .0
protocol, and the result is a fingerprint. N g
Our group predicts that the power of an array of synthetic lo, O P
receptors, when coupled with pattern recognition protocols, will O N O O OH
be unsurmounted for multianalyte sensors. This is because of
the inherent lack of specificity possessed by synthetic receptors. O
They are naturally cross-reactive, which is the exact attribute O o O OH
desired in many array settingsAs stated, within such an array, °® 24 25

cross-reactivity is desired, because one wants the receptors to
interact with multiple analytes, with natural interferants, and  The other method that we routinely use is Artificial Neural
even with analytes whose structures are unknown. The com-Networks (ANN)8! Whitesides reviewed the use of these
posite pattern of the targeted analytes, the interferants, and thenethods in chemistry several years &@he method is the
unknown structures, creates the desired fingerprint of the ysst complex and sophisticated of the techniques. We use the
complex solution. These attributes are inherent to synthetic yethod when quantitative analysis is desired. In this technique,
receptors and are not easily achieved with antibodies andyeights and nonlinear functions are applied to each set of
aptamers. The use of synthetic receptors in an array format isy aining data to correlate their values to the output. The weighted
a research area that we predict will become increasingly outputs of each function derived from the training set data are
important in the coming years within the molecular recognition  compined to calculate a value for what is called a hidden layer
and supramolecular community. (Figure 3). The number of hidden layers can be set by the
Importantly, the use of combinatorial chemistry in the creation operator or determined by the program. Subsequently, the values
of synthetic receptors compliments the requirement of dif- of the hidden layers are used in other nonlinear functions with
ferential binding and cross reactivity. In a scenario where the new applied weights. The outputs from these hidden layers are
solution contains chemicals whose structures are not known, combined to predict the desired values for the unknowns. ANNs
or genetic differences lead to slightly different structural can be both overtrained and undertrained with data, meaning
variations that cannot be predicted, only a combinatorial that predictions for the values of the unknowns can be inaccurate
approach seems feasible. This is the power that we envisiondue to a lack of proper training data or inaccurate due to too
synthetic receptors imparting to differential sensing schemes. much data that leads to redundancies. While our group uses
(F) The Necessity of Pattern Recognitionlf supramolecular this method with caution, we have had considerable success,
chemists are to achieve the dream of using synthetic receptorswith amazing accuracy, in our sensing methods.
for analytical chemistry purposes in differential sensing schemes, (G) Other Research Groups Combining Supramolecular
they must become familiar with pattern recognition protocols. Chemistry with Pattern Recognition. Before reviewing the
Pattern recognition is a standard talent for analytical chemists, studies from our group that combine supramolecular chemistry
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FIGURE 5. Indicators and metals used by Severin to fingerprint amino
acids.

In an important advance, in 2005, Severin demonstrated the
Y 0@ use of three indicators with two metals for distinguishing amino
e acids via PCA (Figure 5% He applied the term “dynamic
combinatorial library” to the exchange of more than one
indicator with more than one host, in an analogous fashion to
our 1999 study for simultaneous tartrate/malate detection (see
below). Although four to five components constitute a small
library, the application of this terminology is an important
conceptual advance on Severin’s part. It ties together the field
FIGURE 3. Schematic representation of the structure of an ANN, Of dynamic combinatorial libraries with the newly emerging field
which shows input, hidden, and output layers. We routinely use such of supramolecular analytical chemistry. This tie should have

£ mmmmp Concentration
&

methods for concentration and ee determination. immediate consequences because other research groups will be
" encouraged to exploit their own dynamic combinatorial libraries
for sensing purposes in differential formats.
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(H) Using IDAs in Differential Sensing Methods.Note that

Cp*

B) an IDA was used by both Shimizu and Severin in their
differential sensing protocols and in our own studies described

e e % below. An IDA is a perfect match for differential sensing
MIP Arcay because it is modular. One of the advantages of an IDA is the

ability to change the indicator to change the colors observed

il and to change the affinity of the indicator relative to the analyte.
Amiye A\ e The indicator becomes a variable that adds diversity to the array.
e — == When examining solutions with analytes of different affinities
to the receptors, the use of several indicators is advantageous
because the affinities of the indicators vary. The use of several
receptor/indicator ensembles further leads to cross-reactivity in
the array. This is a strength of paramount importance for IDAs
with pattern recognition, it is important to discuss the work of in differential sensing schemes.
others that have also ventured into this field, and that continue (I) A Simple Venture into “Tasting” with a Synthetic
to influence our own work. Some of the most inspiring work Receptor: Scotch.Just as our sense of sweet responds to many
comes from the Ken Shimizu grodp.Shimizu has used polyhydroxylated structures and our sense of bitter responds to
molecularly imprinted polymers (MIPs) to differentiate between many hydrophobic heterocyclic structures, one of our earliest

FIGURE 4. (A) Amines that Shimizu could fingerprint. (B) An array
of MIPs with IDAs gives a patter.

complex amines (Figure 4) and has applied the indicator- 35

displacement assay concept for signaling. The work is particu- T,

larly novel because the creation of MIPs is facile and could be 3L

automated, leading to the rapid creation of multiple differential

sensing arrays for many complex mixtures. In our estimation, Z 25} ¢

the Shimizu group has one of the most powerful approaches z o

now under development. s .
Another researcher in this area making novel contributions 215}

is Kay Severin. Our group has historically used inorganic .

coordination complexes in sensing schemes with indicator- 1 .

displacement assay§$put Severin was the first to use organo- o5L?

metallic complexe8® By using a single organometallic complex 4 6 8 1}f’ear1s2 4 16 18
26, a single indicator in an IDA, and a variety of pHs to create
an array in a micro-titer plate, he was able to distinguish the 20 FIGURE 6. Extent of color change ([tannic acids]) as a function of

natural amino acids using PCA. the age of whiskey.
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ventures into mimicking these senses was to study a singlewere used as training set data for an artificial neural network
receptor that had nearly equal response to many compounds ofANN). We then challenged the ANN to report the concentra-
the same class. This is a case where we wanted the receptor téions of unknowns that were not part of the original training
be selective only for a class of compounds, but otherwise be set, and an amazing accuracy of 2% error was the result. Hence,
nonselective. by recording a single UV/vis spectra of the four-component

The study we undertook was of scotch whiskéyduring ensemble after addition of an unknown mixture of only tartrate
the aging of whiskey, the tannins in the oak barrels gradually and malate, the ANN accurately reported their concentrations.
hydrolyze, releasing tannic acids into the bever®gehere are This study was one of the first to highlight the power of cross-
dozens of different tannic acids, whose structures depend uporreactive receptors for solution analysis and concentration
the oak used. The unifying structural features of these com- determination.
pounds are catechols and a carboxylic acid. To target this class Interestingly, most wines have very little malate. Malate is
of structures we designed hdst, possessing two boronic acids  often removed in a secondary fermentation process because of
and a single guanidinium. We tested four tannic acids using anthe fruity sensation it imparts to wines. Hence, our original assay
IDA involving pyrocatechol violet (PV), and indeed, the assay using just recepto28 did indeed measure primarily tartrate in
was nearly equally responsive to all four tannic acids. Next, the wines we studied. However, when we added malate to wine
five scotch whiskeys were tested, and we found a nearly linear and attempted to use the aforementioned four-component
correlation between the tannic acid level, as indicated by the ensemble with the trained ANN, the concentrations we found
extent of color change in our IDA, with the age of the whiskey for malate and tartrate were always too high. We reasoned that
(Figure 6). If we examined individual tannic acids, no such there must be other structures in the wine that were also giving
correlation was evident. This was an early example of the usea response and therefore adding to the concentrations found.
of a nonselective receptor, but one that was biased to a class oRather than optimize the wine analysis, we turned to another
structures. beverage to expand our techniques: flavored vodkas.

(K) Citrate and Ca(ll) in Flavored Vodkas. As discussed

H0~B earlier, our very first sensor using an IDA was for citrate in
QB‘OH 3 soda pops. More recently, we have used Hastith a cross-

H reactive indicator xylenol orange (XO) to quantitate both citrate
H H @ N N and Ca(ll)?*°In this case, it is the indicator that has differential
H/ /< j H ﬁ\ —> binding properties. This indicator binds hdsgtin both 1:1 and
NH N 2:1 stoichiometries, as well as Ca(ll) in these stoichiometries.
27 28 This binding leads to color changes. Further, the indicator is
displaced from the host by citrate, and citrate binds Ca(ll)
(J) Tartrate and Malate Analysis. In 1999, we had releasing the Ca(ll) from the indicator. Taken together, there
published the use of recept@8 for quantitating tartrate in are multiple equilibria established simultaneously in the reaction
wines® Receptor28 had been designed considering the lock vessel. When we record UV/vis spectra of XO at varying
and key principle and in an attempt to create a structure that concentrations and ratios of citrate and Ca(ll), and then used
was highly selective for tartrate. Our original design pictured these spectra as training sets for an ANN, we were able to
tartrate binding in the manner shown in struct@ee but after quantitate citrate and Ca(ll) in five flavored vodkas. Only in
extensive thermodynamic analysis of the preferences boronicthe case of green apple vodka did the method fail to accurately
acids show toward various functional grodsind our study report the citrate/Ca(ll) concentrations.
into the B-N bond!® we have concluded that the dominant
complex in solution is30. This leaves one hydroxyl group
dangling. Hence, at the time of the original study, we had
discovered tha28 binds malate with an affinity similar to that

CHoNH(CH,COT

. . ®
of tartrate, and the reason is now clear. We realized that the ] 3Na
lack of selectivity between tartrate and malate could be exploited
when receptol8 is used as a differential receptor. O ° on
SO
X0 ’ CH,NH(CH,COy)

The assay only worked in flavored vodka if unflavored vodka
was used as the medium for generating the training set. In other
words, when we doped unflavored vodka with citrate and Ca-
(I and then generated the training set data the assay was
successful with the flavored vodkas. If we used pure solutions
of citrate and Ca(ll) as the training sets as we had done for
tartrate and malate, then the ANN procedure was not accurate.

Using a dynamic combinatorial library (the term applied by This shows the necessity of using the correct matrix for
Severin for a mixture of hosts and indicators), we used two collecting the training set data.
hosts 27 and28) and two indicators in a single cuveft& This (L) Nucleoside Triphosphateslt has already been discussed
four-component ensemble gave large UV/vis spectral changesthat by screening combinatorial libra®?2 we were able to
across approximately 300 nms when mixtures of tartrate and discover that Ser-Tyr-Ser is a selective bead-based receptor for
malate were added. A series of UV/vis spectra as a function of ATP. Although the study o022 was successful, the screening
varying concentrations of both tartrate and malate in mixtures approach was tedious. Hence, we sought to achieve a different

696 J. Org. Chem.Vol. 72, No. 3, 2007



JOC Perspective

goal using combinatorial libraries of receptors. Our group HO 4y
postulated that it would be quicker, and just as selective, to
create patterns from random members of libré&d® for
distinguishing nucleoside triphosphates.

To test this concept, we randomly chose 30 beads of library
22 and placed them into the U.T. Taste Chip sys#éithe beads
were loaded with fluorescein, and an IDA was used to create
patterns. The beads start yellow and go clear upon addition of
the triphosphate. The kinetics of the IDA were different for ATP,
GTP, and AMP, leading to clear differentiation of these species
using PCA.

To some level we are doing differential anion-exchange
chromatography. Each bead is its own different anion-exchange
resin, and it is known that displacement of anions from different
resins occurs with different rates and thermodynarfiittence,
this study used differential anion-exchange resins to create the
patterns, where each bead is a different exchange resin. This
analogy is only correct to a first approximation because not all
anions displace the fluorescein from the beads. Hence, there
are also selective molecular recognition events involved.

Interestingly, only six of the 30 beads were important for
generating the PCA pattern that differentiated the nucleoside Bt R (bromopyfogaal ed)
triphosphates. In hindsight, this makes sense. Not all library

members of22 are likely to bind ATP and GTP differently referred to as hot spofé.It should not be too surprising that
and in this case, only six of the 30 beads had this property. ll'he random structures created from charges and hydrophobic groups
i will find niches and crevices for differential interactions.

sequences of the six beads were also interesting. The amino " . decided hall hods b
acids Ser and Thr were present in four of the six, and sometimes ence, once again, we decided to challenge our methods by
were present twice. Position 2 of the tripeptide was predomi- con3|der|ng what would be an even more difficult set of analytes.
nately hydrophobic. This is consistent with the finding that Ser- Short pep@lde.s were our choice because they do not havg large
areas for finding complementary surfaces to the receptor library

Tyr-Ser in the context of22 was an excellent ATP host. . .
However, although the sequences are homologous, they are nofnember_s norare they preorganized Into set_globular structures.
The tripeptides we targeted possess histidine so that we could

very informative. We still do not understand why these amino . . . ; X
bias our library to this class of peptides. Based upon previous

acids lead to a differentiation of nucleoside triphosphates. . .- ;
(M) Patterns for Proteins. If we can use patterns from studies from our group, we knew that a terpyridine-type ligand
) in a Cu(ll) complex had high affinity for histidin®.We had

random beads to distinguish nucleoside triphosphates, we -
.—also previously reported that compouB2had reasonable, but
wondered how complex the analytes could be? To answer this - o L . - -
not outstanding, selectivity for binding the tripeptide His-Lys-

question, we turned our attention to proteins. Hamilton had Lys9 We expanded upon this motif by creating librsgg.

already shown that libraries of porphyrin derivatives gave . . ) . .
different patterns with proteifébut had not used PC®.The Using 30 rand.om membgrs of th.'s'. bead-based Il_brary |n.the
U.T. Taste Chip along with a staining assay for visualization

simplest question we posed was whether glycoproteins could d PCA f . bl Ul
be differentiated from normal proteins using patterns. To probe and PCA for pattern creation, we were able to successfully group
) the four different tripeptides as well as binary mixtures of these

this issue, we designed l'braB?l possessing boronic ac@s and tripeptides. Therefore, even peptides in water can be differenti-
random peptide® The boronic acids were used to bind the . A .
ated with a series of cross-reactive receptéfs.

carbohydrate portions of the glycoproteins. To visualize the
patterns we turned to an indicator uptake assay, not an IDA.
After exposing the beads to the proteins, a small aliquot of a
staining agent was added (BPR). The beads took up the stain The focus of this perspective was on the power of supramo-
in inverse relationship to the amount of protein they had taken lecular chemistry in creating single analyte sensors and dif-
up. The kinetics of stain uptake led to patterns in PCA along ferential receptor arrays. Synthetic receptors can now be
axes 1 and 2 that easily grouped the glycoproteins from the developed for single analytes using design and synthesis that
normal proteins; however, considerable overlap existed betweenyield remarkable selectivity, and thereby have considerable
the individual sets. Yet, upon analysis of the third principle practical use and market potential. However, the very active
component the normal proteins were separated, while thefield of creating and exploiting electronic noses and tongues
glycoproteins still overlapped. Irrespective of the mixed success highlights another utility for synthetic receptors, where the
from this study, it did show that a series of random structures mammalian chemical sensing systems are being mimicked. By
with bias toward the analytes of interest could lead to pattern virtue of their simplicity, synthetic receptors are naturally not
recognition-derived differentiation of proteins. as selective as enzymes and antibodies, and therefore possess a
(N) Patterns for Peptides. After having success with  degree of cross-reactivity. In other words, they are perfect for
proteins, our group felt that such structures are not really that use in differential sensing scheme. Researchers around the world
challenging for pattern recognition derived differentiation. are now realizing this power of synthetic systems. As recently
Proteins present large surface areas for binding. They presentlemonstrated, even analytes as complex as peptides and proteins
mixtures of hydrophobic and highly charged patches, often can be distinguished using the differential sensing paradigm.

Outlook to the Future
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