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Abstract

Differential sensing is continuing to develop as an alternative to traditional, selective
chemosensing techniques. This technique takes a cue from how the human senses of taste and
smell operate in order to obtain qualitative and even quantitative data on single analytes and
mixtures. Whereas classical chemosensing techniques inspired by the "lock-and-key" approach
depend on the development of a selective receptor for a target analyte, pattern-based sensing
depends on the development of an array of cross-reactive receptors, which produce a collection of
responses upon the array’s interaction with a target analyte. This review focuses on an approach to
differential sensing that diversifies synthetic receptors to be used in an array via appending
combinatorial peptidic arms, metal ions, and indicators to a core binding unit.

Introduction

Differential sensing is now a prevalent technique that represents an alternative to the
traditional "lock-and-key" approach to chemosensing [*#1-3]. The technique surmounts the
arduous process of developing highly selective receptor-indicator sensors because the
necessity of selectivity is relaxed. Alternatively, the technique is based on the process of the
human olfaction and gustation, which uses sensors biased toward classes of analytes [4]. The
popularity of the technique is driven by the relative ease by which it can be adapted to many
applications. Although numerous sensors are needed, these sensors need not be highly
selective or specific for target analytes. Cross-reactive is the term commonly used to
describe the sensor elements, which means that most all the individual sensors in the array
respond to each analyte, but this response must have a level of variance that allows
discrimination of the analytes. Evaluation of the collection of signals is done by
chemometric analysis [3,2¢5-8], such as principal component analysis (PCA), linear
discriminant analysis (LDA), artificial neural networks (ANN), and hierarchical cluster
analysis (HCA). The availability of these chemometric techniques greatly facilitates the
development of differential sensing of various analytes, including peptides and proteins [9—
15], sugars [16-19], ions [20-22], gases [23-25], terpenes [26], nitrated explosives [27,28],
thiols [29], amines [30], and even cells [31,32]. Array sensing in combination with
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chemometric tools is also making possible the prediction of enantiomeric excess [33,34] of
chiral compounds.

A major challenge normally besetting the development of an array sensing protocol is the
production of sensing elements that have the ability to distinguish among structurally similar
analytes, in simple, as well as complex solutions. As array sensing is developing, various
approaches to array development are now being devised. Herein, we delineate one of our
group’s approaches for the production of sensing elements in pattern-based sensing.

Although in pattern-based sensing it is generally viewed that synthetic receptors need not
have a high degree of specificity or selectivity for target analytes, some degree of affinity
and selectivity must be imparted to the synthetic receptors during their design [35,36]. Our
group’s approach towards this goal involves employing a core unit, which binds the analyte
class, while imparting differential binding by covalently or non-covalently appending
variable moieties, such as peptidic chains, metal centers, as well as pH indicators, to the core
unit (Figure 1). The inspiration for this approach derives from work by our group on the
development of receptors designed through combinatorial chemistry [+37].

Nucleotide phosphate differentiation

Our modular approach was first illustrated in the differentiation of nucleotide phosphates
[38]. Here, the receptors were composed of a rationally designed, hexasubstituted aryl core
covalently decorated with guanidinium groups that ensure binding of nucleotide
triphosphates (1,Figure 2a). Differential binding by the array was achieved by appending
combinatorially generated tripeptide chains. Randomly chosen members of the 4913-
member receptor library were placed into a chip-based array platform, and were used in the
differentiation of ATP, GTP, and AMP, via an indicator displacement assay [39] as a
signaling protocol. The array of receptors showed excellent differentiation (Figure 2b) of the
nucleotides by principal component analysis (PCA), and the receptors which contributed
highly to this differentiation were found to contain amino acid residues that were consistent
with those found in screening of the same library in a previous study [+37].

Differentiation of peptides, proteins, and phosphorylated peptides

We took advantage of the same approach to differentiate glycoproteins [40]. However, to
increase the affinity of the receptor for glycopeptides and to ensure sugar binding, the
peptidic arms of the receptor were functionalized with boronic acid groups (2, Figure 2c).
The peptidic arms, once again, served to impart differential binding. The receptor library
was found to differentiate ovalbumin, fetuin, lysozyme, and BSA. PCA of the responses
from the different proteins in a microarray chip platform, using an indicator uptake assay as
the signaling protocol, yielded good separation of the different proteins (Figure 2d).

A different core unit was employed in the discrimination of some simple tripeptides and
tripeptide mixtures (3, Figure 2¢) [+41]. A tridentate core that chelates Cu(ll) was appended
with two variable peptidic arms to increase the affinity for the peptide targets. Four
tripeptides HKT, HET, HGT, and GHT as well as three mixtures containing two of the
tripeptides, were used to test the discrimination by an array composed of 30 randomly
chosen members of the receptor library. The resin-bound receptors were placed in a
microarray chip and used in an indicator uptake assay using Orange G as dye. PCA of the
responses, derived from CCD images of the array, showed clustering of the responses from
the tripeptides (Figure 2f). However, the majority of variance is carried along only one axis,
indicating little cross-reactivity of the receptors.
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We turned to prescreening as a means to improve the cross-reactivity and our approach to
differential sensing. This is illustrated in our group’s work on the differentiation of a-
neurokinin (HKTDSFVGLM-NH>), substance P (RPKPQQFFGLM-NH>), and tachykinin
analogues HKT, HKTD, and HET [42], which were chosen to challenge the discriminatory
power of the same receptor library 3 (Figure 2e) in an array format. The combinatorially
generated, resin-bound receptor library (Figure 3a) was prescreened for high binding
receptors. These receptors were determined by visually identifying members of the library
that bound to a-neurokinin that had been covalently modified with Disperse Red 1, a dye
that was found to have little to no affinity for the receptor library. Six members of the library
that bound to the a-neurokinin-Disperse Red 1 conjugate were sequenced, identified, and
were used in the final array (3%, Figure 3a). Aside from appending variable peptidic arms to
the tridentate core, the use of different metal ions and counterions contributed to the
diversity in the array sensor. CuCl,, Cu(OTf),, and Cd(OAc), were used, resulting in 18
receptor ensembles. This array gave an excellent classification of the peptides (Figure 3b),
with good clustering and significant variance along three axes.

We recently studied phosphorylated peptides as analytes using our same general approach
for pattern-based sensing. The receptor library (4, Figure 3c) in this case was derived from a
core unit we previously had shown was selective for tetrahedral oxoanions [43]. Variation in
the structures of the receptor library was brought about by random peptidic arms covalently
appended to the amine-(tris)pyridine core, the use of different metal ions which were present
to facilitate the preorganization of the binding site, as well as the use of various indicators.
The signaling protocol used was an indicator displacement assay. Selection of metal ions
and indicators proceeded by screening a model (5, Figure 3f) of the receptor library instead
of the library itself. Indicator displacement assays with possible metals and indicators using
the model receptor 5 revealed that three indicators and three metals gave the largest change
in UV-vis absorbance upon exposure to phosphoserine. Phosphoserine was used as a model
that represented the actual analytes (Figure 3d).

Prescreening of the combinatorial library 4 for binding the target analytes was done by
incubating a Cu(ll)-metallated on-bead receptor library with the dye Celestine Blue,
manually picking the resulting intensely colored beads, and incubating these same beads
with Pro-pSer-Glu (Figure 3d). Sequencing the beads which decolorized in the process gave
five efficient receptors. These receptors were resynthesized and cleaved off the beads to
make an array of 45 receptor-metal-indicator ensembles, which was then used in a solution
phase assay to differentiate the tripeptides and their corresponding phosphorylated versions
(Figure 3d). LDA of the spectroscopic data showed good classification of the analytes
(Figure 3e).

Hamilton’s approach to differential sensing of proteins is complementary to our
methodology. Recently, fluorescent DNA G-quadruplexes of protein-binding fragments
were used in protein differentiation, [*9] in a dynamic combinatorial library array format
[44,45]. Functionalization of the oligodeoxynucleotides with various fluorophores allowed
formation of various combinations of the oligonucleotides, and hence, diversity in the array.
Further, the monitoring of the individual quadruplexes enhances the pattern because each
has fingerprint emission spectra by itself and in the presence of the analytes.

Differentiation of sugars

We have also used our strategy to target saccharides. Instead of using core-scaffolds that
bias our libraries to the targets of interest, we took advantage of unnatural amino acids to
ensure analyte binding. A bead-based, combinatorial pentapeptide library (6, Figure 4a)
consisting of random amino acids, one of which is functionalized with a phenylboronic acid,
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was constructed for the array sensing of glucose, fructose, maltose, sucrose, maltilol, and
sucralose [46]. The boronic acid side chain ensures sugar affinity to the library members.
With an indicator uptake assay using bromopyrogallol red as a signaling protocol, the array
was able to differentiate the sugars via LDA of the kinetic profiles of the indicator uptake by
the beads (Figure 4b). These results were used as a training set for the identification of
sucralose in complex mixtures, meaning actual beverages containing sucralose.

Differentiation of flavonoids

Finally, the last example of pattern-based sensing that takes advantage of the use of core
binding sites decorated with moieties that impart differential binding affinity for analytes, is
our work on the differentiation of flavonoids found in wine. We explored random histidine-
containing peptides that could potentially be preorganized by metal ions, and create binding
sites for the analytes. The metal ions also ensure binding through the catechol functional
group of the flavonoids. The sensing ensemble was then composed of a histidine-containing
peptide, a metal ion, and a colorimetric indicator, all of which can be varied to give an array
of cross reactive ensembles, and hence give differential response to analytes. An array
composed of different peptides (Figure 4c), Cu(ll), and pyrocatechol violet was able to
differentiate different flavonoids (Figure 4f). The PCA score plot (Figure 4e) from this
analysis showed that the flavonoids were classified according to identity as well as
concentration.

Conclusions

In summary, our approach for differential sensing uses synthetic receptors biased to classes
of analytes of interest. The receptors have a core unit decorated with moieties that impart
cross-reactive binding. We have illustrated this approach in the differentiation of various
analytes: nucleotide phosphates, peptides and their phosphorylated versions, proteins,
sugars, and flavonoids in simple or complex mixtures. Variation in the members of the
array, which gives differential affinity for analytes, is generated by appending
combinatorially generated peptidic arms. Using indicator displacement or uptake assays as
signaling protocols, diversity in the receptor array can also be generated using various
indicators. In cases where a metal ion is needed to pre-organize the receptors, the use of
various metal ions can further contribute to the diversity in the sensor array. Differentiation
of the analytes can be achieved without prescreening of the receptor library, but
prescreening improves the pattern recognition. We believe that our general protocol is
broadly applicable to many classes of analytes, and we encourage others to adapt the
approach to solve analytical problems where differential sensing is applicable.

Highlights

« Combinatorial peptidic moieties, metal ions, and indicators appended to a core
binding unit diversifies a receptor array

e Such receptor arrays have effectively differentiated nucleotides, peptides,
proteins, sugars, and flavonoids

e Prescreening receptor libraries increases discriminatory power of receptor arrays
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Figure 1.

Representation of the library of synthetic molecular receptors diversified for array sensing.
The core unit (gray cup), which may be preorganized by means of a metal ion chelation
(colored marbles), binds analytes of the same compound class. Diversity, and therefore
cross-reactivity, in the array is made possible by the use of various indicators (green and
blue inverted cup) and covalently appended moieties such as peptide chains (series of
shapes). The array shown is a minimum array composed of a core binding unit x 2 metal
ions x 2 indicators x 2 peptidic chains.
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Figure 2.

(a) Receptor library, 1, used in the differentiation of ATP, GTP, and AMP. (b) Principal
component analysis (PCA) score plot showing the separation of responses. (c) Receptor
library, 2, used for the discrimination of some proteins. (d) PCA score plot of the response
from the arrayed indicator uptake assay of the different proteins (red — lysozyme, green —
elastin, blue — ovalbumin, fuschia — fetuin, teal — BSA). (e) Receptor library, 3, used for the
discrimination of tripeptides and tripeptide mixtures. (f) PCA score plot of the response
from the arrayed indicator uptake assay of the different peptides (light blue — HGT, pink —
HKT, dark blue -HGT, yellow — GHT).
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Figure 3.

(a) Receptor library, 3%, used in the discrimination of tachykinins and their analogues. (b)
PCA score plot of response from a-neurokinin (HKTDSFVGLM-NH,) (blue), substance P
(RPKPQQFFGLM-NHS>) (light blue), and tachykinin analogues HKT (red), HKTD (green),
and HET (violet). (c) Receptor library employed in the pattern based discriminaton of
phosphorylated peptides. (d) Peptides and their phosphorylated versions analyzed. (e) LDA
plots of the response of the analytes in b. (f) Structure of 5.
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Figure 4.

(a) Boronic acid- functionalized receptor library used for the differentiation of sugars. (b)
LDA plot of kinetic profiles of the indicator uptake of the array of receptors incubated with
the sugars: fructose (orange triangle), glucose (green triangle), maltitol (light blue circle),
maltose (blue diamond), sucralose (pink circle), sucrose (red diamond). (c) Peptide
sequences used for the differentiation of tannins and wines. (d) Schematic representation of
the indicator displacement assay of tannins using the peptidic ensembles in the array. ()
PCA score plot of responses of the different flavonoids (a - 0.060 mM, b - 0.12 mM) in (c).
(f) Structures of flavonoids tested to determine the discriminatory properties of peptidic

sensing ensembles.
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