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sensor-related aspects of chemistry, biochemistry, thin film and interface techni-
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practitioners and researchers active in this highly interdisciplinary field. The care-
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Preface

Synthetic Receptors: Design Versus Evolution

Despite the considerable progress achieved to date in the application of enzymes,

antibodies, and biological receptors to diagnostics and in separations, the last two

decades havewitnessed the emergence of a clutch of alternative technologies based on

their synthetic analogues. Research and development in this area is expanding, as

can be seen from a steady increase in the number of relevant publications (Fig. 1).

Themove to the use of artificial receptors in place of naturalmolecules has been driven

by practical considerations, in particular the need for stable, sterilizable, and non-

immunogenic materials. Novel diagnostics based on synthetic receptors are not only

suitable for clinical applications but have the potential to fill niches in, e.g., online

monitoring of industrial (pharmaceutical manufacturing) processes or continuous

environmental monitoring, where the technology can benefit from materials that

combine excellent specificity and affinity with durability at low cost.

Most publications in this area, however, are related to fundamental aspects of

materials design with only a small proportion being concerned with practical

applications of the technology.

The challenges facing the adoption of synthetic receptors in “real life” applications

are substantial and stem from two reasons: The first is related to the fact that tremen-

dous progress has already been achieved in improving the performance of biological

molecules through, e.g., site-directed mutagenesis and by combinatorial chemistry.

The second reason is the difficulty of translating the fundamental knowledge of

molecular recognition mechanisms gleaned from biological systems into designs for

the creation of synthetic receptors. Basically it is easier to develop completely new

synthetic recognition systems than to mimic the corresponding biological analogue.

Synthetic receptor molecules prepared by design do not, however, always possess

superior characteristics that can justify their use in, e.g., biosensors. Thus the important

questions are whether there is a real need to develop a new generation of synthetic

vii



receptors which can successfully compete with biological molecules in diagnostics,

and how this can be achieved? The answer to the first question is firmly positive.

Enzymes, antibodies, and receptors are products of natural evolution and consequently

are relatively unstable under non-physiological conditions. They also tend to be

expensive and difficult to integrate with the device using standard manufacturing

tools and protocols such as photolithography. There is a fundamental limit, imposed

by nature, to what can be achieved bymodification of biological molecules to suit their

practical applications. Synthetic chemistry, however, is not limited to 20 or so amino

acids and 4 or 5 nucleotides (the building blocks of peptides, proteins, and aptamers)

and can be used to construct its products from a huge range of functional motifs and

chemical entities. Bespoke molecules can be designed with particular functional

characteristics for complex and diverse applications such as diagnostics.

The present book intends to answer the second question – how synthetic

receptors can be designed with characteristics that make them attractive alternatives

to biological molecules. To start with we would like to suggest a definition of

synthetic receptors: these can be considered to be: synthetic, semisynthetic, or
rationally designed biological molecules created with the purpose of selectively
binding a single compound or group of structurally similar compounds. Although
the structural and chemical diversity of chemical entities which might have affinity

for a particular compound or groups of compounds is very large, the most promi-

nent groups of synthetic receptors include the following (Fig. 2):

l Synthetic peptides with receptor properties
l Macrocycles
l Molecularly imprinted polymers (MIPs)
l Aptamers
l Combinatorially selected compounds
l Supramolecular receptors

Fig. 1 Number of publications dedicated to synthesis and investigation of synthetic receptors

(calculations made from the analysis of information available at ISI Web of Knowledge)
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For this collection we have invited contributions from top experts in the area of

synthetic receptors whose work is relevant to diagnostic applications. The particu-

lar focus of all chapters is on practical aspects, either in the development process or

on the applications of the synthesized materials. We hope this will differentiate our

book from other, recently published volumes and make it an interesting and

important reference work for business leaders and technology experts in the sensors

and diagnostics sectors. In conclusion, we would like to express our deepest

gratitude to our colleagues who found the time in their busy schedules to share

their results, thoughts, and visions with you, the reader.

Cranfield, Bedfordshire, UK Sergey A. Piletsky

Cranfield, Bedfordshire, UK Michael J. Whitcombe

Fig. 2 The relative share of research publications dedicated to various groups of synthetic

receptors (calculations made from the analysis of information available at Web of Knowledge)
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Multichannel Sensors Based on Biphenyl and

Cyclohexane Conformational Changes

Ana M. Costero, Margarita Parra, Salvador Gil, and M. Rosario Andreu

Abstract Conformational changes as a transduction mechanism are considered in

both biphenyl- and cyclohexane-based chemosensors. The sensors under study have

been designed by following the binding site-signaling unit approach. Modifications

in the dihedral angle of the biphenyl and bipyridine system induced by complexa-

tion with target molecules can give rise to major changes in the sensor’s UV–Vis,

fluorescence, and electrochemical properties. This behavior has been used to detect

both cations and anions in different solvents. 1,2,4,5-Tetrasubtituted cyclohexane

derivatives with a trans-transoid-trans configuration and appropriate binding sites

have also been used in carboxylate and dicarboxylate sensing. Diastereoisomeric

and enantiomeric selectivity has been explored in addition to the discrimination

between a,o-dicarboxylates of different lengths.

Keywords Anion, Biphenyl, Cation, Chemosensor, Cyclohexane, Fluorescence
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Abbreviations

CD Circular dichroism

CV Cyclic voltammetry

DC2 Oxalate

DC3 Malonate

DC4 Succinate

DC5 Glutarate

DC6 Adipate

DMSO Dimethyl sulfoxide

HBA Hydrogen-bond acceptor

HBD Hydrogen-bond donor

MeCN Acetonitrile

SCE Standard carbon electrode

SQWV Square wave voltammetry

TBA Tetrabutylammonium

TBA(t-BuO) Tetrabutylammonium t-butoxide
TBAOH Tetrabutylammonium hydroxide

THF Tetrahydrofuran

TMA Tetramethylammonium

TMB Tetramethylbenzidine

1 Introduction

Molecular systems that combine binding ability and photophysical or electrochem-

ical properties are of much interest for designing chemosensors [1–13]. There are

different transduction mechanisms for transmitting the information of the complex-

ation event to the macroscopic world. Among these mechanisms, conformational

changes can be used to modify the ligand’s photophysical or electrochemical

properties. In line with this, useful probes should be rigid enough to guarantee

one main conformation under the conditions of measurement. Additionally, those

probes that can be studied through two channels are more interesting as this helps

enhance selectivity and/or sensitivity.

Herein we summarize the use of several sensors based on biphenyl and cyclo-

hexane scaffolds (Fig. 1). Biphenyl can be used both as signaling unit and simulta-

neously as transduction moiety. Thus the dihedral angle formed between both

aromatic rings in the 2,20-disustituted biphenyl system plays an important role in

the photophysical or electrochemical properties not only of the free ligand but

also of the corresponding complexes. So it was that both N. S. Finney [14–16] and

A. C. Benniston [17] demonstrated how conformational restriction is a feasible

mechanism for transducing ion binding into an enhanced fluorescence emission in

organic fluorophores. On the other hand, in appropriately substituted biphenyls,

2 A.M. Costero et al.



conformational changes can also give rise to marked changes in oxidation/reduction

potentials.

Moreover, the rigidity of cyclohexane derivatives can be employed to design

photophysical sensors, where the ligand’s stereochemistry plays a very important

role because it can modify the signaling unit properties. Here we describe the use of

trans-1,2-disustituted and trans-transoid-trans-1,2,4,5-tetrasustituted cyclohexanes
which are capable of modifying their conformation after complexation to give rise

to marked changes in their photophysical properties.

2 Biphenyl Derivatives

2.1 Recognition and Sensing of Cations

N,N,N0,N0-tetramethylbenzidine (TMB) is a very interesting antenna for the design

of both electrochemical and fluorescent chemosensors based on conformational

changes. In fact, electrochemical oxidation of TMB systems leads to a radical

cation in which both aromatic rings are on the same plane allowing for unpaired

electron delocalization (Scheme 1). When this moiety has bonded a binding site at

the 2,20-positions, such as a crown ether or podand chains, the oxidation process can
be modified by the presence of different analytes.

Additionally, modification of TMB in its dihedral angle induced by substituents

or by the presence of different target molecules (Fig. 2) also leads to modifications

in absorption and fluorescence emission spectra (Fig. 3).

N

N

O
N

O

OO
N

N

N

O
O

N

NO
O

N

N

N
O

O

ON
O

1 2 3

Thus, the fluorescent properties of compounds 1–3 were clearly modified in the

presence of transition metal cations [18]. Free ligands show a UV–Vis spectrum in

acetonitrile with bands in the UV region centered at 270 nm, which can also give

rise to an emission band at 370 nm (lexc ¼ 270 nm). For ligands 1 and 2, the

R

R

R R

R

R
R

R

Fig. 1 Recognition event transduction through conformational changes in biphenyl and cyclo-

hexane derivatives
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addition of Ni2+, Cu2+, Zn2+, Cd2+, and Hg2+ metal ions induces a partial quenching

of the emission band centered at 370 nm. Conversely in the presence of Pb2+, both

ligands undergo a selective red shift of the emission band of ca. 50 nm (Fig. 4).

Compound 3 also displays selective behavior. Thus, the presence of Cu2+ produces

N
N

N

N

N

34.2
77.9 deg.

N

Fig. 2 Dihedral angle in TMB and 2,20-disustituted TMB

N

N

N

N

N

N

Fig. 3 Influence of the dihedral angle in the fluorescence emission of TMB derivatives

N

N

-1e-

N

N

N

N

TMB Radical cation TMBOx

-1e-

Scheme 1 Oxidation of N,N,N0,N0-tetramethylbenzidine (TMB)
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a new band at ca. 570 nm, shifted 200 nm from the emission band of the free

receptor. This new band is obtained only in the presence of Cu2+; other metal ions

such as Ni2+, Zn2+, Cd2+, Hg2+, and Pb2+ merely produce a quenching of the 367 nm

emission band. Studies carried out with ligands 1 and 3 have shown a linear

correlation between changes in the optical spectrum and metal ion concentration.

On the other hand, the detection limits were 0.7 ppm for Pb2+ with ligand 1, and

0.2 ppm for Cu2+ with ligand 3. Transition metal ions are known to quench

fluorescence very effectively. However, it has also been shown that Cu2+, Ni2+,

and Pb2+ can cause fluorescence enhancement in a cryptand-based fluorophore due

to the strong cryptate effect. In addition, similar to the results observed by

Fig. 4 Emission spectrum of (left) 1, and (right) 3 in acetonitrile in the presence of Ni2+, Cu2+,

Zn2+, Cd2+, Hg2+, and Pd2+

Multichannel Sensors Based on Biphenyl and Cyclohexane Conformational Changes 5



Bharadwaj et al. [19], no significant reduction wave in the cyclic voltammogram of

Cu2+·3 in the�1.0 to 1.0 range (vs. SCE) was observed and the absence of the redox
process Cu2+ ! Cu+ in the complex could explain the enhanced fluorescence

observed in Cu2+·3.

On the other hand, the red shift of the fluorescence emission is too large

(Dl ¼ 200 nm) to be due only to a metal ion-induced change in polarity around

the fluorophore. This shift in emission could well result from the modification in the

dihedral angle induced by the complexation process. This possibility is supported by

the complex’s great stability (log K ¼ 6.30 � 0.2 in acetonitrile (MeCN) for a 1:1

complex). There are similar reasons that could explain the shift observed for Pb2+·1.

Related compounds 4 and 5 are able to act as electrochemical sensors for Zn2+

and Cd2+ [20].

N

N

O

O

O

7

O

O

N

N

O O

O
O

N

N

O
O

N

NO
O
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N

N

N

O
O

O

OO
O

6

CO

CO

The CV response of compound 4 (10�3 mM solution in 0.10 M Bu4NPF6/

MeCN) at the platinum electrode consists of three anodic peaks which overlap at

+0.74 (Ia), +0.92 (IIa), and +1.09 V (IIIa), coupled with their cathodic counterparts

at +0.72 (Ic), +0.84 (IIc) (Fig. 5a).

Fig. 5 CVs of (a) a 2.0 mM 4

solution in 0.10 M Bu4NPF6/

MeCN. (b) A 2.0 mM 5

solution in 0.10 M Bu4NPF6/

MeCN. Potential scan rate of

100 mV/s
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All three Ia/Ic, IIa/IIc, and IIIa/IIIc pairs can be described as essentially revers-

ible one-electron-transfer processes, as judged from the variation of the anodic-to-

cathodic peak potential separation with the Epa–Epc potential scan rate.

Thus, parent neutral ligand, L, is reversibly oxidized to the corresponding radical

cation L.+ and dication, L2+ in two successive one-electron-transfer steps. These

correspond to the Ia/Ic and IIa/IIc pairs. The presence of an additional IIIa/IIIc pair

is rationalized if we consider that the overall oxidation process is accompanied by a

significant stereochemical modification: a transition takes place from the dihedral

neutral molecule to the planar dication. Accordingly, the first electron-transfer step

yields a nonplanar cation radical (L.+), which undergoes a relatively slow pre-

organization process to some extent (Scheme 2). Under similar conditions, ligand 5

shows the Ia/Ic (0.62 V) and IIa/IIc (0.91 V) pairs, but not the IIIa/IIIc pair. The

absence of these peaks suggests that the oxidation process of ligands exclusively

occurs through the nonplanar dication. In addition, a new pair (IVa/IVc) around 1.5 V

appears due to the oxidation of o-phenylenediamine (Fig. 5b).

In the presence of Cd2+ or Zn2+, ligand 4’s preferred form of oxidation is through

the nonplanar radical cation. Thus, peak III totally disappears and overlaps peaks II

and I, as observed (Fig. 6). This behavior is due to the small size of this ligand

which precludes rotation toward the planar radical cation. In contrast, ligand 5’s

larger size allows the transition metal cations to be located close to the softer

nitrogen atoms of the o-phenylenediamine moiety and then oxidation through

planar geometry is made possible.

These results indicate that both compounds 4 and 5 can be used as electrochemi-

cal sensors, their electrochemical response being directly related to possibility of

each ligand being able to adopt a coplanar conformation under oxidation

conditions. Unfortunately, these ligands are unable to distinguish between

Zn2+and Cd2+.

On the other hand, compound 6, which has a related structure, is able to act as a

selective fluorescent chemosensor for Hg2+. This ligand shows an emission band at

372 nm, yet a new emission band at 464 nm appears in the presence of Hg2+. This

band was attributed to intermolecular excimer formation. Selectivity experiments

carried out with mixtures of Zn2+, Cd2+, and Hg2+ demonstrate that the presence of

Zn2+ and Cd2+ does not bring about any changes in the response (Fig. 7).

Additionally, the fluorescence studies carried out with compound 7 demonstrate

that this compound is able to distinguish between different mercury salts. Thus,

L L·+(dihedral) (L2+)*(planar)

(L·+)* (planar)

e- e-

e-

I

II

III

Scheme 2 Mechanism of oxidation of ligand 4
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ionic mercury salts, such as Hg(ClO4)2, give rise to fluorescence quenching,

whereas covalent derivatives, such as Hg(CN)2, enhance fluorescence (Fig. 8).

These results are related to the different types of interactions between host and

guest. Hence, ionic salts place their cations inside the crown cavity, whereas covalent

mercury compounds probably interact with the external diamine groups [21].

Compounds 8 and 9, with related structures yet of different sizes and binding

atoms, behave as double channel sensors for some transition metal cations (Zn2+ and

Cd2+). Thus, these compounds give rise to fluorescence quenching in the presence of

transition metal cations due to their coordination inside the coronand cavity.

Fig. 6 (From left to right)
CVs of a 2.0 mM 4 + 4 times

excess of Zn2+ solution in

0.10 M Bu4NPF6/MeCN.

A 2.0 mM 4 + 4 times excess

of Cd solution in 0.10 M

Bu4NPF6/MeCN. A 2.0 mM

5 + 4 times excess of Zn2+

solution in 0.10 M Bu4NPF6/

MeCN. A 2.0 mM 5 + 4

times excess of Cd2+ solution

in 0.10 M Bu4NPF6/MeCN.

Potential scan rate of

100 mV/s

8 A.M. Costero et al.



As expected, this coordination modifies the dihedral angle between both biphenyl

aromatic rings, with the corresponding modifications in fluorescent properties

(Fig. 9).
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Fig. 7 (left) Complexation experiments with ligand 3 in CH3CN with Hg2+ as triflate salts, (right).
Effect of 1 equiv. of metal ions on the emission at 470 nm for solutions of 6 (3.0 � 10�5 M) in

acetonitrile

Fig. 8 Selective sensing of ionic and covalent mercury derivatives with ligand 7
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Figure 9 shows the quenching experimented by ligand 8 in the presence of

increasing amounts of Zn2+. The results obtained with Cd2+ are very similar.

From the electrochemical point of view, these ligands exhibit clear modifications

in the cyclic voltammetric (CV) data in the presence of transition metal cations.

These modifications are reflected in Fig. 10 and are similar to those observed with

compounds 4 and 5 [22].

Thus, oxidation takes place through the nonplanar radical cation; consequently,

peak III totally disappears and peaks II and I overlap. These results demonstrate that

these compounds are able to act as electrochemical sensors for Zn2+ and Cd2+.

However in this case, selectivity is not observed as the behavior with both cations is

very similar.

In order to find selectivity, polyazapodands deriving from TMB were prepared.

These ligands offer the advantage of greater flexibility which, despite diminishing

complex strength, enables a clamp-type complex formation (Scheme 3).

Thus, compounds 10–12 (Scheme 3) show marked perturbations in their fluores-

cence spectra, which are associated with complexation by aliphatic amine groups.

Thus, ligand 10 displays a quenching of emission intensity of around 90% after the

addition of 1 equiv. of metal, and little dependence on metal identity. Given the 1:1

stoichiometry of the binding, the most likely geometry of the complex formation is

(a) in Fig. 11, in which both chains are involved in binding the metal.

Since this complexation hinders the rotation of the two phenyl rings, it accounts

for the fluorescence quenching observed in the presence of metal ions and the

similar behavior noted for all the metals studied (Fig. 12).

On the other hand, compound 11’s behavior strongly depends on pH. For

instance in the case of Zn2+, which is a post-transition metal with no ligand field

stabilization energy effects, complexation of the metal is not sufficiently favorable

0
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λ (nm)
600

2

4

6

8

10

12

14

16

18

Fig. 9 Fluorescence spectra of 8 after addition of Zn2+ at 20�C, lexc ¼ 300 nm. The initial ligand

concentration was 10�5 M in CH3CN and salt was added until high excess was achieved
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in energetic terms to be accompanied by amidic hydrogen removal. For this very

reason, when no base is present in the medium, it interacts with Zn2+ in the same

way as ligand 10 does, resulting in 80% quenching. When an excess of base

(tetrabutylammonium hydroxide) is added, amidic hydrogen is removed and, in

this situation, Zn2+ is chelated by both nitrogens of the same branch (Fig. 11b). This

disposition does not constrain the torsion angle between the aromatic biphenyl rings

and quenching is not induced.

0.7 0.70.8 0.9 0.9
VM

a b

VM
1.0 1.1 1.1

Fig. 10 CVs of (a) a 2.0 mM 9 solution in 0.10 M Bu4NPF6/MeCN; (b) 9 + four times excess of

Zn2+. Potential scan rate of 100 mV/s

K

+
K

L2 · Cd (NO3)2

L6 · Zn (NO3)2

L6 · Cd (NO3)2

N

N

10 R=Me,n=1
11 R=H,n=1
12 R=Me,n=2

N
N

O
N

N

O

R

R

n

n

Scheme 3 Possible complex formed by ligands 10–12
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Ligand 12 provides more interesting results with two possible, yet distinct,

binding stoichiometries and depends on the identity of the metal ion. Cu2+, Ni2+,

and Pb2+ give a 1:1 complex, even in the presence of a high cation concentration.

Fluorescence quenching is observed in each case (Fig. 13) along with a consider-

able shift of the wavelength of the maximum emission for Cu2+ and Pb2+. In this

case, the geometry involves both amino chains in complexation, as indicated above,

with this type of complex influencing the rotation of the biphenyl moiety, which

gives rise to the corresponding fluorescence quenching. In contrast, addition of Cd2+

and Zn2+ initially leads to fluorescence quenching with a concomitant red shift, but it

subsequently results in enhanced fluorescence due to the formation of new complexes

with the 1:2 stoichiometries (Fig. 11d) [23].

N
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N N
O

R

N N

NNN

R

O
N

Fig. 11 Possible complexing arrangements suggested to account for the fluorescence results

obtained for the different ligands and cations
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Fig. 12 Fluorescence emission (lexc ¼ 340 nm) of 10 in the presence of different transition metal

cations in acetonitrile (T ¼ 20�C). Concentration of 10 6 � 10�6 M, TMAOH 1.3 � 10�5 M and

TBAPF6 of 1 � 10�4 M
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Reducing the amide groups to the corresponding amino derivatives gives rise to

compounds 13–15.

N

N

13 R=Me, n=1
14 R=H, n=1
15 R=Me, n=2

N
N

N
N

R

R

n

n

The sensing properties of these compounds were studied with Zn2+, Cd2+, Pb2+,

Ni2+, and Cu2+ as triflate salts. The results obtained with Cd2+, Pb2+, and Ni2+ are

similar for all three ligands, and fluorescence quenching occurs (Fig. 14). This

behavior may be due not only to the presence of the transition metal cation in the

solution but also to the modification in the dihedral angle between aromatic rings or

the conformational restriction induced by the complexation event.

In contrast, Cu2+ and Zn2+ display a completely different behavior when com-

plexation experiments are carried out with ligands 13–15. The behavior observed

with these two cations depends on salt concentration. Thus in the case of Zn2+,

when the cation is in solution, a quenching of the main emission band is observed,

which also occurs with other studied cations. Nonetheless, when the presence of

Zn2+ is above 1 equiv., the broadband centered at ca. 550 nm increases in intensity.

Similar behavior is noted for Cu2+ but, in this case, the band starts growing even

with smaller amounts of the cation (0.7 equiv.). A very large amount of Zn2+ (about

16 equiv.) is required to achieve a band of a similar intensity to that obtained with
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Fig. 13 Relative intensity emission of fluorescence (lexc ¼ 340 nm) in tritiation of 12 in the

presence of different transition metal cations in acetonitrile (T ¼ 20�C). Concentration of 12

4.4 � 10�6 M, TMAOH 1.3 � 10�5 M and TBAPF6 1 � 10�4 M
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only 2 equiv. of Cu2+. The results obtained with ligand 13 and copper are reflected

in Fig. 15. These new bands are apparently due to intermolecular excimers. So after

adding 2.93 equiv. of Cu2+, the excitation spectrum of 14 at l ¼ 372 nm resembles

the corresponding UV spectrum, while a shift in the maximum of the corresponding

excitation spectrum at l ¼ 494 nm is obtained. This finding, therefore, reveals that

the species emitting at these two wavelengths are not similar in nature. Even though

dependence between complex concentration and the intensity of the new band is

observed, intensity values do not directly relate to the expected square of concen-

tration for intermolecular excimer formation [24].
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O
O

N

O O

O

O O

O O
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O
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Compound 16 is a bis-crown ether deriving from TMB, which combines the

possibility of forming clamp complexes with the macrocyclic effect, and prove

most important in complexation processes [25]. This compound is able to recognize

both Zn2+ and Cd2+ with a 1:1 stoichiometry. The UV–visible absorbance spectrum

of ligand 16 in acetonitrile displays strong absorbance in the UV region, centered at

295 nm (e ¼ 29,600) and with a shoulder at 333 nm (e ¼ 5,680). Upon excitation at

340 nm, compound 16 exhibits an intense fluorescence emission band centered

at 474 nm with a quantum yield of 0.08 (Fig. 16). These values compare with a

measured quantum yield of 0.04 for tetramethylbenzidine under the same

conditions, indicating significantly enhanced fluorescence when these substituents

are introduced.
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Fig. 14 Fluorescence spectra of 13 after addition of ca. 4.5 equiv. of Ni2+, Cd2+, and Pb2+ at 20�C,
lexc ¼ 300 nm. The initial concentration of ligand was ca. 5.6 � 10�6 M in CH3CN
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Titration of ligand 16 against Zn2+ or Cd2+ (Fig. 16) in acetonitrile leads to a

pronounced and red-shifted shoulder in the UV spectra, and a well-defined

isosbestic point at 340 nm. Addition of Zn2+ or Cd2+ (as triflate salts) to the

acetonitrile solutions of ligand 16 gives rise to a red shift in the emission spectrum

(e.g., the emission maximum shifted by 17 nm after the addition of 2 equiv. of Zn2+,

and by 12 nm in the case of Cd2+; lexc ¼ 340 nm). Use of the corresponding nitrate

salts in acetonitrile offers similar results. Additionally, both cations induce partial

fluorescence quenching, with Zn2+ displaying a more marked effect (76%

quenching after 2 equiv. of metal) than Cd2+ (38% quenching under the same

conditions) (Fig. 16). The significant changes noted in the fluorescence spectrum

of ligand 16 upon complexation of Zn2+ or Cd2+ are indicative of a profound

interaction and effect on conformation.

These results are consistent with a clamp complex whose formation is

accompanied by a substantial modification of the value in the dihedral angle

between both aromatic rings. This change is responsible for the perturbations

observed in absorption and emission bands. The greater extent of quenching

observed with zinc compared to cadmium is consistent with the larger equilibrium

constant associated with the clamp-type complex formation for zinc. When com-

petitive experiments are carried out, ligand 16 selectively responds to Zn2+ in the

presence of Cd2+. This ligand’s greater affinity for zinc over cadmium seems to be

related to energetic factors: although clamp compound formation certainly results

in loss of entropy, it is, on the other hand, accompanied by a gain in enthalpy due to

a larger number of oxygen–metal interactions. Thus for both metal complexes, the

enthalpic factor must outweigh the entropic one when the clamp complex is formed.

Zn2+ is a significantly harder metal ion than Cd2+ due to its smaller size and, for this

reasons, a more marked increase in enthalpy is expected when it forms a clamp
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Fig. 15 Fluorescence spectra of 13 after addition of Cu2+ at 20�C, lexc ¼ 300 nm. Initial

concentration of ligand is 5.7 � 10�6 M in CH3CN. Spectra correspond to additions of 0, 0.70,

1.40, and 2.10 equiv. of Cu2+, respectively
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complex if compared to Cd2+, and also as a result of a better “hard-to-hard”

interaction with oxygen.

In order to investigate the influence of the substituents in the biphenyl moiety on

sensing properties, compound 17 was studied under similar conditions. This ligand

is also able to form 1:1 complexes with Zn2+ and Cd2+ as triflate salts. In this case

however, the geometries of the complexes differ from those observed in ligand 16.

Thus, addition of either Zn2+ or Cd2+to 17 brings about absolutely no change in

either the intensity or the wavelength of the maximum, indicating that the dihedral

angle in the TMB unit is not changed. This fact disproves the formation of a clamp

complex involving both crown cavities. On the other hand, the 1H NMR studies

carried out with ligand 17 agree with a symmetrical structure for these complexes;

for all these reasons, a fast interchange, which makes both cavities equivalent on the

NMR time scale, seems to be the most likely complexation (Scheme 4).

Compound 17 also displays interesting electrochemical behavior. The cyclic

voltammetric (CV) response of the receptor dissolved in acetonitrile (0.10 M

Bu4NPF6) is illustrated in Fig. 17a. In the initial cathodic scan, two well-defined

reduction peaks appear at�1.02 (C1) and�1.94 V (C2), and the former is preceded

by a weak shoulder near�0.74 V (C3). In the subsequent anodic scan, an ill-defined

shoulder appears at �1.55 V (A2), followed by two overlapping peaks at �0.88

Fig. 16 UV–visible

absorbance (from 200 to

400 nm) and fluorescence

emission (lexc ¼ 340 nm)

spectra (from 400 to 700 nm)

of 16 (4.76 � 10�6 M in

acetonitrile) and upon

addition of increasing

concentrations of (left) Cd
(Tf)2 (1–10 equiv.), (right) Zn
(Tf)2 (1–10 equiv.) both in the

presence of Bu4NClO4

(1.41 � 10�4 M)
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(A1) and �0.61 V (A3). The latter peak disappears in CVs if the potential is

reversed at potentials close to �1.25 V, suggesting that peak A3 corresponds to

the oxidation of any species generated during electrode process C2 (Fig. 17b).

The observed response is described on the basis of the well-known electrochem-

istry of the aromatic and nitroaromatic compounds in aprotic solvents, consisting of

two successive one-electron-transfer processes yielding an anion radical and a

dianion. The voltammetric profile, however, depends largely on the intermediate

radical anion’s stability. If this is unstable if compared with the disproportio-

nateness into dianion and the parent aromatic compound, the voltammogram

resembles a single two-electron wave. This is the case of the studied receptors;

here the obtained half-peak width value of process C1, measured in square wave

voltammetries (SQWVs) as 115 mV, is clearly lower than that expected for a

reversible one-electron process (126 mV). The overall electrochemical process

can be represented as:

Lþ 2e
� ! L2�:

As the SQWVs show in Fig. 18, noncoordinated 17 displays isolated peaks C1

and C2. On addition of Cd2+, additional peaks appear at �0.49 (C5) and �1.64 V

(C6), whereas peak C1 is resolved in two peaks overlapping at �0.92 and �1.03 V.

Electrode process C5 is described in terms of the biphenyl-centered reduction of the

complex. This is represented as:

Lþ xM2þ þ 2e
� ! ðM2þÞxðL2�Þ:

Electrode process C6 is ascribed to metal-centered reduction:

ðM2þÞxðL2�Þ þ 2xe
� ! xM0 þ L2�:

This process takes place at considerably more negative potentials than reduction

of uncomplexed Cd2+, which is as expected for the electrochemical reduction of

K

+
K

16·Cd(NO3)2

17·M(NO3)2, M=Cd, Zn

Scheme 4 Type of

complexes proposed
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metal ions to metal deposits. The results obtained in the presence of Zn2+ are similar

to those described above for Cd2+.

Complexation constants and complexes stoichiometry were determined for both

Zn2+ and Cd2+. The 2:1 stoichiometry obtained corresponds to that of the reduced

complexes formed between M2+ and the receptor dianion resulting from the

biphenyl-centered reduction process.

Reduction of the biphenyl moiety of 17 gives rise to the formation of a planar

anion, that is, able to complex Zn2+ and Cd2+ with an LM2 stoichiometry

(Scheme 5). This behavior is directly related to the planarity of the dianion,

which precludes the possibility of the “clamp-type” complexes observed under

different experimental conditions [26].

Fig. 17 CVs at the GCE of a

2.0 mM solution of 17 in

MeCN (0.10 M Bu4NPF6).

Potential scan rate of 200 mV/s.

(left) Potential range: +1.25/
�2.05 V; (right) potential
range: +1.65/�1.35 V
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2.2 Recognition and Sensing of Anions

Demand for chemosensors which are selective for specific anions continuously

increases [5, 8, 10, 27–35]. With this in mind, one especially important group is

sensors that monitor small organic anions of biological interest. Inside this group,

we are interested in a,o-dicarboxylates as they play key roles in different biochem-

ical process [36–38]. Major efforts have centered on the design and application of

chemosensors based on the binding site-signaling unit approach for anion recogni-

tion using ureas, thioureas, or their amido derivatives, given their ability to act as

H-bond donors. Moreover, they are highly suitable for carboxylate recognition with

the appropriate geometry [39, 40].

As we indicate above, biphenyl moieties have demonstrated that the conforma-

tional changes induced by modifying the dihedral angle have a strong influence on

the fluorescent properties of sensors. A similar behavior has been observed in

bipyridines, and for this reason, ligands based on this system have been also

considered.

As a first approach to colorimetric sensors of anions, the selective sensing of

fluoride was studied. Thus, amide-based macrocyclic amine sensors 18–20 were
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Fig. 18 SQWVs at a Pt

electrode of (a) 0.48 mM 17,

(b) 2.16 mM Cd2+ plus

1.69 mM 17 solutions in

MeCN (0.10 M Bu4NPF6).

Potential step increment of
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prepared and studied [33, 34]. The reactivity of compound 9 to anions was also

studied for comparison purposes.

R

O N

O
H O
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O N
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H O
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N
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18 R = NO2

20 R = N(CH3)2
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Anion complexation experiments were carried out by adding 10 equiv. of the

corresponding anion (F�, Cl�, Br�, I�, H2PO4
�), as tetrabutylammonium (TBA)

salt, to the solutions (10�2 M) of the different receptors in acetonitrile.

The most remarkable effect was the selective color noted with 18 and 19 upon

the addition of fluoride, either alone or in competitive assays (Fig. 19). The NMR

studies of the complexation process reveal that two consecutive reactions take place

in the presence of fluoride. Thus, after adding 1 equiv. of fluoride, a complex with a

1:1 stoichiometry and the geometry shown in Fig. 20 (left) formed.

However, color development was due to the deprotonation reaction taking place

in the presence of at least 2 equiv. of fluoride. The color exhibited by ligands 18 and

19 upon the addition of fluoride ion is probably due to deprotonation, which leads to

a charge-transfer complex [Fig. 20 (right)]. This suggestion agrees not only with the

color extinction which occurs in the presence of water, but also with the results

obtained in the additional experiments carried out with tetrabutylammonium

t-butoxide [TBA(t-BO)] and tetrabutylammonium hydroxide (TBAOH). Finally,

this proposal is reinforced by the behavior of ligand 20; its substitution, with
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Scheme 5 Complexation of the planar reduction product of ligand 17 with Zn2+ and Cd2+ with a

LM2 stoichiometry
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dimethylamino instead of nitro groups, precludes the formation of the charge

transfer, and no color develops in the presence of fluoride [22]. From these results,

it is possible to conclude that the electronic effect of substituents on the biphenyl

moiety influences complex stability and sensing properties.

In order to determine whether the presence of the cavity controls the complexa-

tion and sensing capacity, a related open compound 21 was prepared [36].
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The complexation studies done with different halides, such as TBA salts, show a

similar behavior to that previously described for ligands 18 and 19 but, in this case,

the sensing response is faster. The solution changes in color from pale yellow to

dark red in the presence of fluoride, immediately after addition. This change is due

to a deprotonation reaction promoted by this anion’s strong basicity.

The difference in kinetics is likely to be due to the greater flexibility of ligand 21,

which allows the anion easy access to the amide hydrogens. The sensitivity of 21

(0.001 M) is 1.5 mM for the naked eye and 0.1 mM for UV conditions. These

detection limits are similar to those described in the literature for other fluoride

chemosensors [37]. As observed with ligands 18 and 19, even though coordination

occurs also with bromide or chloride, no color changes are noted in these cases

given the lower basicity of these anions, which are unable to produce ligand

deprotonation.

Bipyridine-based ligands, compounds 22–24, have been demonstrated to be

suitable as anion sensors. Thioureas and amide derivatives were used as the binding

site for dicarboxylate recognition [41, 42].

2,20-Bipyridine is one of the most widely used samples of organic linkers.

Furthermore, the chemical modification of the 2,20-bipyridine ligands by

introducing an additional functionality at the 4-, 5-, and 6- positions is well

known, and the coordination chemistry of such compounds has been actively

explored. However, fewer 3,30-disubstituted ones are available and the coordination
chemistry of only a low number of them has been studied. These ligands are very

interesting because they present two coordination points; thus, they are able to
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complex anions at the thiourea moiety, as well as cations such as Ni2+ at the

bipyridine moiety. This fact can confer allosteric properties to these ligands.

Optical properties of bipyridine systems are strongly dependent on the solvent

[43, 44]. Thus, compound 24, for example, shows a maximum of absorption at

236 nm in acetonitrile and at 258 nm in dimethyl sulfoxide (DMSO). In both

solvents, a shoulder at 280 nm is observed, which corresponds to the phenylamido

chromophore. In order to clarify this compound’s solvatochromic behavior, a set of

solvents was used. It was concluded that solvents with strong hydrogen-bond

acceptor (HBA) properties [DMSO, tetrahydrofuran (THF) and ethyl acetate]

induce a bathochromic shift, whereas those with strong hydrogen-bond donor

(HBD) properties (methanol and ethanol) give rise to a clear hypsochromic effect

of the UV absorption maxima. Differences in the absorption maximum can relate to

the presence of different conformations in solution, depending on the solvent’s

characteristics. Thus, ligands 22 and 23 appear in DMSO solutions as s-trans
conformers, which is stabilized through the formation of hydrogen bonds between

the NH of the thiourea group attached to one ring with the pyridine nitrogen in the

Fig. 19 From left to right (a): free ligand 18, (b) 18 + F�, (c) 18 + Cl�, (d) 18 + Br�,
(e) 18 + I�, (f) 18 + HSO4

�, (g) 18 + H2PO4
�, (h) 18 + F� + Cl� + Br� + I� (10 equiv. of

tetrabutylammonium salts for each anion were used)
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color (right)
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other ring, and between the H (at the para position to one pyridine unit) and the

sulfur atom of the thiourea in the same ring (Fig. 21).

Protonation experiments were carried out because the literature establishes that

the absorption band of bipyridine systems shows a clear bathochromic shift after

monoprotonation, which takes place giving a conformational change between the

s-trans and the s-cis forms. However, ligands 22 and 23 display a different behavior;

in both cases, the UV spectra exhibited no changes upon protonation. This suggests

that protonation occurs on the sulfur atom and not on the nitrogen atom. This

suggestion agrees with the evolution observed in solution where a hydrolysis of the

ligands was observed. In contrast, complexation with NiCl2 induces the expected

conformational change from the s-trans to the s-cis conformation with the

corresponding modification in the UV spectra. However, modifications in fluores-

cence proved more interesting; ligand 22 gives an emission band at 420 nm

(lexc ¼ 290 nm), which undergoes a slight bathochomic shift after protonation

(426 nm), but with an enhancement of 130%, which is probably due to increased

rigidity (Fig. 22).

These ligands are able to complex different a,o-dicarboxylates, which leads to

modifications in fluorescence emission. The ability of these new ligands to act as

receptors for carboxylates in DMSO was studied by UV, fluorescence, and NMR

spectroscopy. All three ligands form complexes with acetate and different

dicarboxylates, but their stoichiometries depend on the nature of both the ligand

and the carboxylate (see Table 1).

Ligands 22 and 24 give rise to 1:2 complexes with both dicarboxylates and

acetate, whereas ligand 23 forms 1:2 complexes with acetate and 1:1 complexes

with dicarboxylates. These observations may relate to the different substituents on

thiourea moieties and their steric hindrance (Fig. 23).

The different stoichiometries of the complexes allow ligand 23 to act as a sensor

which is able to discriminate between mono- and dicarboxylates. In fact, the

complexes with a 1:2 stoichiometry strongly enhance fluorescence, whereas those

with a 1:1 stoichiometry bring about minor changes (Fig. 24).

Fig. 21 Conformation calculated by PcModel for ligand 22
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Fig. 22 Fluorescence spectra of free, protonated (immediately after protonation) and

Ni2þ complexed ligand 22

Table 1 Stoichiometry and the overall binding constants (log b) in DMSO for 22–24with various

anions measured by UV–Vis spectroscopy at 25�C
22 23 24

Aniona Log b L:A Log b L:A Log b L:A

Oxalate 7.2 � 0.2 1:2 6.0 � 0.7 1:1 7.7 � 0.3 1:2

Malonate 7.7 � 0.1 1:2 5.7 � 0.6 1:1 8.9 � 0.2 1:2

Succinate 7.0 � 0.2 1:2 6.2 � 0.7 1:1 7.9 � 0.2 1:2

Acetate 7.4 � 0.1 1:2 8.3 � 0.1 1:2 – –
aAll the anions were used as their TBA salts
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3 Cyclohexane Derivatives in Anion Recognition

A different approach to conformational-regulated fluorescent sensors for specific

anions was explored by using cyclohexane derivatives with the appropriate config-

uration. Thus, trans-transoid-trans 1,2,4,5-tetrasubstituted cyclohexanes have

proved useful in recognition processes, and the rigidity of this system has also

been established to control the complex geometry [45].

The first studies refer to ligands 25 and 26 as racemic compounds (Fig. 25). The

preferred conformation of these ligands in DMSO was unambiguously established

by 1H NMR. Thus, cyclohexane moiety is mainly in a chair conformation with the

thioureas at equatorial sites and, therefore, axial ester groups. Theoretical studies

have also confirmed that this conformation is a relative energy minimum.

The fluorescence studies carried out with these ligands in the presence of

increasing amounts of fumarate and maleate anions show that ligand 25 is able to act

as a selective sensor for maleate (MA) versus fumarate (FA) in DMSO solutions [46].

The fluorescence spectrum of compound 25 presents only an emission band at 410 nm

(lexc ¼ 290 nm) after adding increasing amounts of TMA fumarate only slight

fluorescence quenching is observed (Fig. 26a). Conversely, addition of TMA maleate

results in a new band at 495 nm (Fig. 26b). This fluorescent behavior appears to be

related to the stoichiometry of the complexes being 1:2 for fumarate and 1:1 for

maleate, which bring about different geometries. Thus, the maleic dianion with a cis
configuration perfectly fits into the 1:1 complex inducing a conformational change in

the ligand. This change places both naphthalene groups close and almost in parallel

alignment with each other, which leads to excimer emission. In contrast, the fumaric

dianion with a trans disposition of the carboxylate moieties is unable to form the 1:1
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Fig. 24 Ligand 22 with TBA oxalate (in DMSO lexc ¼ 340 nm) (left) and ligand 23 with TBA

oxalate (in DMSO lexc ¼ 435 nm) (right)
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complex, and two molecules bind to the ligand. This complex does not induce changes

in conformation, and only minor modifications in fluorescence are noted. In conclusion,

compound 25 is able to distinguish between diastereoisomeric dicarboxylates (Fig. 26),

and sensing properties are also observed even in the presence of 5% water.

In order to verify this proposal, 1H NMR experiments were carried out which

clearly established that, in the complex formed between the host and TMAmaleate,

the cyclohexane moiety adopts a boat-like conformation which places both naph-

thalene groups close together in the space (Fig. 27).

Sensing experiments in DMSO were also performed toward aliphatic

a,o-dicarboxylates of different chain lengths [oxalate (DC2), malonate (DC3),

succinate (DC4), glutarate (DC5), and adipate (DC6)], all in the form of their

TMA salts [47]. Titration experiments, followed by 1H NMR, UV and fluorescence

spectroscopy, led to the stoichiometry and complexation constants values shown in

Table 2.

The 1:1 complexes formed with the larger dicarboxylates can be explained by

the complexation of each of the guest’s carboxylate with one of the thiourea groups

in the ligand (Fig. 28). Conversely, small dicarboxylates (i.e., oxalate) cannot be

accommodated in one host as the complexation of the first carboxylate places the

second one far away from the other thiourea group, and 1:2 complexes are a more

stable arrangement for this guest.

The fluorescence study resulted in more interesting differences. Thus, the fluo-

rescence spectra of ligand 25 resulting upon addition of increasing amounts of

TMA succinate and malonate exhibited a new band (around l ¼ 490 nm), whose

intensity can be related to the formation of an excimer species similarly induced by
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Fig. 25 Structure of racemic compounds 25 and 26
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the complexation observed for maleate. However, oxalate with a different complex

stoichiometry does not induce marked changes in fluorescence. In conclusion,

ligand 25 is able to distinguish the shortest dicarboxylate from longer dianions.

These results are of much interest because discrimination of dicarboxylates

according to their chain length is not usual [48, 49].

Ligands 25 and 26 can be used as sensors through a second channel: UV–Vis

spectroscopy. Therefore, complexation with the studied dicarboxylates gives rise to

modifications in the UV–Vis spectra, which depend on the complex stoichiometry.
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Fig. 27 Structural proposal for the complex formed between ligand 25 and TMA maleate

Table 2 Stoichiometry and log b for ligands 25 and 26 with TMA salts of oxalate (DC2),

malonate (DC3), succinate (DC4), glutarate (DC5), and adipate (DC6) in DMSO by UV–Vis

spectroscopy

Ligand DC2 DC3 DC4 DC5 DC6

25 Log b 7.9 � 0.2 2.8 � 0.2 3.41 � 0.01 3.3 � 0.2 3.86 � 0.03

L:DC 1:2 1:1 1:1 1:1 1:1

26 Log b 3.66 � 0.03 3.8 � 0.4 – – 3.1 � 0.4

L:DC 1:2 1:1 – – 1:1
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Fig. 28 Proposal structures for 1:1 and 1:2 complexes between ligand 25 and a,o-dicarboxylates
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In any case, the observed modifications in fluorescence are more intense than the

corresponding changes in UV.

Related racemic ligands with only one thiourea group and a free hydroxyl group,

27 and without ethoxycarbonyl groups, 28 have been also evaluated. Compound 27

brings about a new band at 350 nm upon complexation with dicarboxylates whose

intensity depends on chain length reaching a maximum for DC4. Regarding the

fluorescence channel, CD3 and DC4 cause intermolecular excimer formation with

the corresponding band at 295 nm. The complexes formed with DC2, DC5, and

DC6 present no modifications in the fluorescence spectra.

On the other hand, the studies carried out with ligand 28 reveal that the presence

of the two ethoxycarbonyl groups is essential for the ligand to act as a sensor. In the

absence of these groups the higher flexibility of the ligand precludes both inter and

intramolceular excimer formation [50].

EtOOC

OH

NHCSNHR

EtOOC
R=

NHCSNHR

NHCSNHR

27 28

The good results obtained with cyclohexane-based naphthylthiourea ligands

prompted us to synthesize the homochiral series to explore their application in

chiral sensing [51]. Thus, ligands 25 and 27were obtained as pure enantiomers, and

their absolute configurations were determined from the circular dichroism spectra

with the help of the exciton chirality rule [52].

EtOOC

NHCSNHR

R'

EtOOC

EtOOC

EtOOC

R'

NHCSNHR

R'=NHCSNHR (-)-25
R'= OH (-)-27

R'=NHCSNHR (+)-25
R'= OH (+)-27

R=

From the fluorescence titration studies performed with TMA salts of L-aspartate,

D-aspartate, L-glutamate, and D-glutamate, the complexes’ stoichiometry and equili-

brium constants were determined. They follow a similar trend to that previously

described, but the excimer band is observed only for ligands (+)-25 with D-aspartate

and (�)-25 with L-aspartate, which leads to 1:1 complexes. The R configuration of D-

aspartate perfectly fits the complex formed with (+)-25 and induces a conformational

change in the ligand, which places both naphthalene groups close and in an

almost parallel arrangement to give rise to intense excimer emission. A less intense

emission is observed upon the addition of (+)-25 with L-aspartate and (�)-25 with D-

aspartate as its configuration precludes an effective approach of both naphthyl moieties.

Similar results were obtained upon the addition of L- and D-glutamate to the

solutions of (+)-25 and (�)-25. However, less intense excimer bands were observed

in these cases. Longer chain length probably leads to a less tight arrangement

compared with that for aspartate.
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Both (+)-27 and (�)-27 modify the fluorescence spectrum with L-aspartate

showing a more marked effect (Fig. 29). With these ligands, the formed excimer

should be intermolecular and in agreement with the 2:1 stoichiometry shown in the

complexes. This stoichiometry may also be responsible for the similar effect that

the same enantiomer has with both ligands because, in this case, the role played by

the stereochemistry of the stereocentre can only relate to steric factors.

The above-described results clearly demonstrate that these cyclohexane derivatives

have sensing properties when faced with different types of carboxylates, where the

sensing mechanism relates directly to changes in ligand conformation. Changes in the

different groups’ spatial disposition determine the possible formation of the excimer

responsible for the sensing response. However, it is important to point out that complex

geometry is dependent on complexes stoichiometry, where 1:1 complexes give rise to

more pronounced modifications in the ligand’s cyclohexane moiety. It is also important

to bear in mind that the sensing mechanism is possibly due to the rigidity of the

cyclohexane ring and to the correct configuration of substituents.

4 Final Remarks

In summary, even though the literature reports a large number of transduction

mechanisms used in designing chemical sensors, many of them are related to an

electronic transmission of the changes induced by the binding event. We herein

describe several examples relating to information transmission through conforma-

tional changes. The sensors designed by following this approach have to be based on

partially rigid structures, which may undergo profound changes after complexation,

and this change in conformation should induce modifications in the photophysical or

electrochemical properties.
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Fig. 29 Fluorescent spectrum of (þ)-27 (left) in the presence of TMA L-aspartate and (right) in
the presence of TMA D-aspartate
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Learning from Proteins and Drugs: Receptors

That Mimic Biomedically Important Binding

Motifs

Fraser Hof and Thomas Pinter

Abstract Proteins are highly evolved, sophisticated machines which function

together to maintain homeostasis in their hosts. While merely a collection of

amino acids covalently bonded in a specific sequence, their wide variety of

functions is truly remarkable. Of course these covalent sequences are essential for

proper function, but equally important for proper function are weak interactions:

protein folding, enzyme-substrate interaction, and protein–protein communication

are all controlled by forces weaker than covalent bonds and understanding these

forces is fundamental in medicinal chemistry and drug design. Many inhibitory

drugs mimic natural substrates for protein binding sites but inhibition of

the substrate by mimicking the binding site is also possible. This mimicry and the

biological consequences are under investigation.

Keywords Aromatic interactions, Cation-pi interactions, Host-guest chemistry,

Hydrogen bonds, Molecular Recognition
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1 Introduction: Weak Interactions

Weak interactions determine protein size and shape and are therefore an essential

part of normal protein function. Discreet binding pockets and motifs that have

evolved to be highly selective for only a very particular class of substrates come

about as a result of a myriad of these non-covalent interactions. The helical shape of

DNA is so because of an intricate combination of H-bond donor and acceptor pairs,

stacking between the bases and solvation effects. Weak hydrogen bonding, electro-

static, and hydrophobic interactions play roles in all protein–substrate and

protein–protein interactions.

The most commonly observed weak interactions and arguably most important for

normal protein function are hydrogen bonds. Ubiquitous in complex natural systems,

almost all biological processes involve hydrogen bonding in some form or another

and these interactions have been the topic of extensive study for decades [1–6].

Proteins which act on anionic substrates universally contain highly evolved hydrogen

bond networks in their active sites. Figure 1a depicts the pore of a ClC chloride

channel whose crystal structure was solved in 2002 [7]. The ion is coaxed into the

pore by four key hydrogen bond donating residues. These attractive interactions pull

the chloride in close proximity to an aspartic acid residue which is displaced, thus

opening the ion channel. During drug design, medicinal chemists often seek to

emulate the natural substrate of a biological target and attempt to preserve all

attractive forces in the host–guest complex. Replacement of the phosphate linker in

natural RNAwith an acylsulfonamide in a simple dinucleoside mimic (2) preserved a

key H-bond with His119 and resulted in inhibition of RNase A (Fig. 1b, c) [8].

Other essential, yet not as well understood non-covalent interactions present in

biological systems are those involving aromatic residues [9–12] and the hydropho-

bic effect [13–16]. The former is often considered to be a result of the latter, as

hydrophobic aromatic residues pack close together in the core of the protein while

hydrophilic residues aremore often observed near the protein surface [16]. Although

disfavored on the basis of configurational entropy, as a folded protein loses huge

numbers of degrees of freedom relative to its unfolded state, the favored enthalpic

gains of water molecules able to hydrogen bond to each other causes the overall

energy of the system to be favorable. As a direct result, hydrophobic aromatic

residues are often seen stacked on one another. Doubly mutating two stacked

tyrosine residues in bacterial ribonuclease (barnase) resulted in a 4.6 kcal/mol

decrease in protein stability (Fig. 2a) [9]. Because many hydrophilic residues reside

near protein surfaces, salt bridges and cation–pi interactions are often seen at

protein–protein interfaces [3]. The latter is sometimes observed as a quaternary

ammonium residue bound inside an electron-rich pocket heavily populated with

aromatic residues. These binding sites, or “hotspots,” contain highly preorganized

tryptophan, phenylalanine, and tyrosine residues which stabilize the incoming

cation through their electron-rich pi-clouds. An important interaction of this type

is between methylated lysine and the CBX class of proteins, when methylation of

lysine is misregulated, disease often follows [17–20]. Figure 2b depicts the co-
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Fig. 2 (a)Aromatic–aromatic stacking in barnase stabilizes the protein (PDB1A2P). (b) Trimethylated

lysine reisdue is recognized by an “aromatic cage” binding motif in the protein CBX6 (PDB 3I90)

Fig. 1 (a) Crystal structure of chloride (green sphere) bound in the pore of a ClC chloride channel

(PDB 1KPL). Key hydrogen bond contacts are observed with surrounding Ile, Ser, Tyr, and Phe

residues. (b) N-acyl sulfonamide linked dinucleoside mimic bound to RNase A. A key H-bond

between the sulfone of the inhibitor and a nearby histidine is observed in the crystal structure (PDB

2XOI). H-bonds are shown as red lines. (c) Natural dimeric RNA fragment (left) and N-acyl
sulfonamide functionalized mimic (right). Both compounds are deprotonated at physiological pH

and the mimic displays moderate inhibitory activity against RNase A
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structure of a peptide fragment with trimethylated lysine binding in the aromatic

cage pocket of CBX6 [21].

Development of compounds which emulate a natural substrate, be it for protein

inhibition or detection if a fluorescent tag is attached, is commonplace. Is it possible

to develop sensors which do the opposite—that is, mimic the binding domain of the

protein itself and sequester the substrate before it enters? Our group and others are

actively exploring this avenue of research.

2 Anion Recognition by Carboxylic Acid Bioisosteres

Since the advent of crown ethers in the 1960s, cation coordination chemistry has

been thoroughly studied and rational design of synthetic cation receptors has

matured a great deal. Anion recognition chemistry, however, had received less

attention until the 1980s. The importance of anionic species to living systems is

critical. Anions are ubiquitous in biological systems: careful regulation of intra- and

extracellular charge gradients is necessary to maintain homeostasis, and the major-

ity of enzyme substrates and cofactors carry a negative charge. DNA owes its

helical shape to well-defined hydrogen bond networks between complimentary base

pairs, phosphates provide the energy source crucial to all biochemical processes,

transport channels for small anions such as chloride and sulfate regulate the flow of

nutrients and osmotic pressure in and out the cell. Misregulation of these certain

chloride channels have been proven to cause the debilitating respiratory illness

cystic fibrosis [22], along with degenerative renal ailments Dent’s disease [23] and

Bartter’s syndrome [24]. Many pollutants, be it from agricultural runoff (lake

eutrophication from excess phosphate), nuclear waste (radioactive pertechnetate

discarded into the ocean), are a cause of growing environmental concern and are

anionic in nature. It is not surprising then that much attention has been focused on

creating potent receptors that are selective for anionic species of interest [25–27].

In biological systems, the most prominent anion present is carboxylate. Nega-

tively charged amino acids are often present at cation-binding hotspots to offer

favorable electrostatic attractions. They are also one half of the common salt-bridge

binding motif and are present in myriad enzyme substrates and cofactors. Develop-

ment of drugs and sensors that mimic these substrates often requires the creation

of esterified analogs that upon passage through a cell membrane are hydrolyzed to

the corresponding acid derivative by native esterases. An alternate strategy in drug

development is replacement of the carboxylic acid group with a functionally similar

moiety, one for which the body lacks the evolved metabolic pathways to affect

its degradation. These are known as bioisosteres of carboxylic acid. Common

acid bioisosteres include aryl sulfonamides, acyl sulfonamides, and tetrazoles

(Fig. 3). Utilizing these functional groups in drug development often leads

to improved oral availability, metabolic stability, and potency relative to carboxyl-

ate bearing analogs [28–30]. It follows that a vast number of small molecule

therapeutic targets contain tetrazole [31, 32], aryl sulfonamide [33, 34], and acyl

sulfonamide functionality [35–37].
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These groups have two possible modes of molecular recognition: when

protonated, the acidic hydrogen atoms should make excellent donors useful for

anion binding. When deprotonated, the anionic conjugate bases of these functional

groups are potential cation binders. Our group and others have investigated the use

of deprotonated tetrazolates for cation binding [38–43]. While aryl sulfonamides

have been used as anion binders, the affinities of tetrazoles and acyl sulfonamides in

neutral, protonated form have been largely unexplored.

Starnes and co-workers appended bis-aryl sulfonamide functionality to a well-

known porphyrin scaffold (3) and observed changes in the UV–vis absorption

spectra when titrating with various anions (Fig. 4a) [44], while Ahn et al. observed
fluorescence enhancement and selectivity towards cyanide with their naphthalene-

based aryl sulfonamide receptor (4) (Fig. 4b) [45]. Recently, Johnson and co-

workers have been developing aryl ethynyl scaffolds as anion sensors and have

shown remarkable fluorescence imaging of chloride in vitro [46]. They have also

fabricated a scaffold decorated with aryl sulfonamide functionality (5) that is also a

successful anion binder [47] (Fig. 5). Against this backdrop of favorable results, it is

Fig. 4 (a) Fluoride selective sensor developed by Starnes et al. (b) Cyanide selective receptor

developed by Ahn et al.

Fig. 3 Some common carboxylic acid bioisosteres

Fig. 5 Chloride selective fluorescent sensor developed by Johnson et al. (left) and its crystal

structure complexed with chloride (right)
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interesting to note that the original report of isophthalamides as anion binders by

Crabtree also reports aryl sulfonamide analogs that have varying affinities and

selectivities relative to amides (Fig. 6) [48]. Compound 6 exhibits threefold more

potent binding for chloride relative to 7 while 7 binds fluoride approximately twice

as strongly as 6.

We recently explored anion binding by all three bioisosteres—aryl sulfonamides,

acyl sulfonamides, and tetrazoles—affixed to a common calixarene scaffold. Hosts

8–13 were prepared and their binding with several biologically important halides

and oxyanions was determined. The results are summarized in Table 1. These

studies revealed that although the N–H proton acidities of these three classes of

compounds are similar (representative N–H pKa values are 4.6, 8.5, and 5.2 for

tetrazole [49], aryl sulfonamide [50], and acyl sulfonamide [36] moieties, respec-

tively), tetrazoles proved to be superior anion-binding elements relative to their

sulfonamide analogs within this structural context. The expected trends based on

N–H proton acidities were in fact observed with aryl sulfonamides, as 8 bound all

anions studied less strongly than did electron poor 9. Notably, acyl sulfonamide

functionalized hosts 10 and 11, although known to be more acidic than simple aryl

sulfonamides were less competent hosts. These findings implied that there were

more forces at work in these systems than simply hydrogen bond donation (Fig. 7).

We hypothesized that their varying conformational preferences, largely ignored

in their simple classification as interchangeable replacements for carboxylic acids,

might play a role in determining their anion-binding affinities. Molecular modeling

studies were carried out to investigate the host–guest complexes. We identified

geometries for each host–guest complex in which the calix[4]arene is in a perfect

“cone” conformation and all four hydrogen bond donors are engaging the central

Table 1 Anion affinities of aryl sulfonamide functionalized hosts 8 and 9, acyl sulfonamide

functionalized hosts 10 and 11, and tetrazole functionalized hosts 12 and 13

Kassoc(M
�1) in CD3CN

Host Bu4N
+Cl� Bu4N

+NBr� Bu4N
+OTs� Bu4N

+NO3
� Bu4N

+HSO4
�

10 600(10) 110(10) 60(5) 40(40) 50(5)

11 1,030(5) 320(5) 250(5) 100(5) 180(10)

12 100(50) 20(10) 100(100) 80(5) 70(20)

13 390(10) 90(5) 120(5) 60(5) 100(5)

14 8,450(10) 720(10) 1,400(20) 5,800(30) 660(50)

15 3,560(40) 800(10) 520(10) 330(5) 340(5)

Errors in brackets are standard deviations of 2–3 replicate titrations

Fig. 6 Amide and sulfonamide functionalized anion receptors exhibit different selectivities
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anion symmetrically. These provided values for the key torsion angles of each

functional group that would be optimal for binding (Fig. 8). The actual inherent

conformational preferences for each functional group were then determined by

dihedral driving calculations and CSD surveys (not shown) and compared to the

values required for anion binding in this structural context.

The combined computational analyses for the key dihedral angles that define the

inherent shapes of these moieties are presented in Fig. 9.

These comparisons showed that the tetrazole hosts 12 and 13 must adopt a

nonideal dihedral that takes the tetrazole out of conjugation with its neighboring

ring to bind an anion, and that it paid ~13 kJ/mol in order to do so (Fig. 9c). The

shapes of the aryl and acyl sulfonamides are defined by three important dihedral

angles. The conformations of the rotatable carbon–sulfur bonds for aryl sulfone

type functionalities (y1, Fig. 9d) and are known to be similar (y1 ¼ ~90�) [51].

Fig. 7 New class of carboxylic acid bioisostere functionalized calix[4]arene recognition elements

Fig. 8 Local minima that involve the maximum four host–guest hydrogen bonds for representa-

tive host–guest complex with key dihedral angles calculated (HF/6-31+G*). Lower rim

substituents have been omitted. (a) Aryl sulfonamide functionalized host complexed with Cl�.
(b) Acyl sulfonamide functionalized host complexed with Cl�. (c) Tetrazole functionalized host

complexed with Cl�
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Focusing on the dihedral for rotation about the sulfonamide S–N bond, (y2; Fig. 9a)
and the amide/aniline dihedrals that define rotation about the neighboring N–C

bonds (y3; Fig. 9b) provides a different picture. Computational analysis revealed

that these functional groups also have preference for co-planarity with their aryl

neighbors. An analysis similar to that done for the tetrazole shows that both

compounds pay little energy in order for y3 to adopt a good binding geometry.

When examining y2 however, the acyl sulfonamide fragment pays a much higher

penalty to orient itself toward the guest than the aryl sulfonamide. These lessons

inform on sulfonamide recognition in general, as they can also explain the failure of

the Crabtree bis-sulfonamide 7. Clearly, the chosen scaffold was not ideal for

maximum host–guest binding and within the right structural context, the rigid

acyl sulfonamides have potential to bind anions with more potency.

Tetrazoles are the most highly acidic of these isosteres, and should be the best

hydrogen bonders of anions. Their utility as anion recognition elements has been

demonstrated in a variety of contexts that are informed on by considerations of host

shape and electronics. A tripodal receptor bearing three tetrazoles (15) was com-

pared to a carboxylic acid analog (14) [52]. Binding studies showed that the

tetrazole-functionalized host bound halides up to six orders of magnitude more

strongly than did its carboxyl functionalized counterpart despite their nearly identi-

cal acidities. Again, the apparent similarity covers up major differences in shape

and stereoelectronics that drive molecular recognition. While the acidic OH and

acidic NH groups in 14 and 15 are arrayed in nearly identical positions in three-

dimensional space, the OH groups are directed outward and away from the guest

because of a carboxylic acid’s strong preference for a syn OH conformation. On the

contrary, the tetrazole’s NH (which prefers strongly to exist as the 1H-tetrazole

tautomer in polar solutions) is oriented such that all three host NHs can bind the

guest simultaneously. The impact of these stereoelectronic effects all cooperating in
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the binding of the guest is dramatic. Comparison with other recognition elements

appended to the same scaffold reveals that this host is among the strongest neutral

binders of anions ever reported—even comparable to triply cationic hosts such as

16 [53] (Fig. 10).

Further inspiration from medicinal chemistry was found in the natural product

prodigiosin and its synthetic analogs (prodigiosenes), which are being heavily

investigated as novel therapeutics in a variety of contexts and whose highly potent
binding of anions are linked to their biological activities [54]. The core anion-

binding motif of prodigiosenes is a 2,20-bipyrrole; prior lessons, the shape-

preferences, and anion-binding potencies of tetrazoles suggested the utility of a

scaffold in which tetrazoles are installed next to a neighboring, conjugated pyrrole.

5-(Pyrrolyl)-tetrazole (17) is a small fragment that satisfies these design criteria

(Fig. 11) [55]. The recognition properties of the tetrazole are revealed by

comparisons to two key relatives, 2,20-bipyrrole (18), which reproduces the geom-

etry of 17 with a nearly isosteric tetrazole-for-pyrrole swap and a simple

amidopyrrole (19), which is a representative member of a larger family of

amidopyrroles that have been shown to bind and transport anions. Compound 16

binds almost any anion with tenfold greater affinity than the structurally related

bipyrrole (18) (Table 2). The similar selectivity trends observed for 17 and 18

suggest that their structures and directional hydrogen bonding are similar and that

the acidity of the tetrazole is the key to higher affinities. Compound 17 also binds

anions at least 47-fold stronger than amidopyrroles. The tridentate 2,5-(bis-

tetrazolyl)-pyrrole (20) was also produced and compared to a forerunner that used

bis(amido)pyrroles for anion binding (21) [56]. Affinities improved again—this

time by two orders of magnitude. These amide-to-tetrazole comparisons revealed

Fig. 10 Tripodal anion receptors with association constants measured in acetonitrile

Fig. 11 Previously studied amidopyrroles and new tetrazole containing anion binders
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that the tetrazole-functionalized hosts encoded a non-Hofmeister preference for

sulfonate/sulfate type anions relative to chloride, showing that even a subtle

structural change (in this case, the angle of the N–H donors relative to each

other) can have large effects on binding selectivities.

3 Receptors That Mimic Natural Aromatic Cage Motifs

As with receptors inspired by common drug motifs, inspection of natural binding

motifs in proteins provides a multitude of lessons on molecular recognition. One

that has found particular resonance and utility in supramolecular chemistry is the

aromatic cage motif that is used throughout nature to bind tertiary and quaternary

ammonium cations. This motif is typically defined as a rigid cluster of 2–4 aromatic

amino acid side chains (Trp, Phe, Tyr) describing a central binding site [57].

Notable examples include the choline-binding proteins, which include acetylcho-

linesterase and the nicotinic acetylcholine receptor, and several gene regulation

proteins that recognize and bind to the “histone code” marks of dimethyllysine and

trimethyllysine side chains (see Fig. 2) [58]. The latter are especially interesting,

because they have evolved in a competitive environment where they must reject

binding of proteins that are identical to their targets but are unmethylated at the

critical lysine side chain. Thus, their aromatic cages are the sole and unique hot

spots that are responsible for this biologically driven selectivity.

It is notable that, for tertiary and especially quaternary ammonium ions, nature

rarely employs a negatively charged molecular recognition element such as car-

boxylate or phosphate. This leads one to the idea that the cation–pi interaction and

possibly the hydrophobic effect are the key operators. A large set of synthetic

receptors have been used both to demonstrate that the cation–pi interaction is adept

at encoding the strong and selective binding of quaternary ammonium ions in water.

The variety of such structures is large, and this area has been extensively reviewed

[59]. Exemplary evidence is provided by data from a single family of macrocyclic

hosts invented by Dougherty (Fig. 12). Host 22, a synthetic aromatic cage

functionalized with polar solubilizing groups, demonstrated the ability to bind

ammonium ion guests such as 23 and 24 with high affinities in pure water.

Table 2 Association constants for selected anions with compounds 17–21

Kassoc(M
�1) in CD3CN

Host Bu4N
+Cl� Bu4N

+NBr� Bu4N
+OTs� Bu4N

+NO3
�

17 3,300(1,200) 450(50) 900(50) 160(20)

18 310(10) 50(3) 40(4) 20(1)

19 28 <10 nd nd

20 26,000(2,300) 1,500(430) 34,000(3,500) 1,600(300)

21 138 <10 nd nd

Errors in brackets are standard deviations of 2–3 replicate titrations. For compounds 19 and 21,

errors are estimated to be <15% [56]
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It has always been a confounding element of these motifs (natural and synthetic)

that a hydrophobic component (and not the cation–pi interaction) might be suffi-

cient to drive the observed binding of quaternary ammonium ions (which are much

more hydrophobic than primary ammonium ions). But comparisons in water of

nearly isostructural guests such as 24 and 25 that bear different charges revealed a

significant difference in affinities that can only be explained by the multiple

cation–pi interactions that exist between the guest 24 and the cyclophane. Further,

the guest 26, with isosteric aliphatic –C(Me)3 and ammonium –N(Me)3
+ ends,

shows a strong preference for binding with the charged (and slightly less hydro-

phobic) –N(Me)3
+ end inside the aromatic cage of 22; if hydrophobicity were the

prime driver for guest binding, then the more hydrophobic –C(Me)3 end would win

out. Finally, the host analog 27, with two of the benzene rings of 22 replaced with

cyclohexane walls that are more hydrophobic and more polarizable than the

benzenes in the parent host, also shows decreased affinities for ammonium ion

guests that support the key role of cation–pi interactions in the parent host 22.

Other informative comparisons have been conducted using natural, protein-

based aromatic cage motifs as “receptors” themselves for physical organic studies.

In one kind of study, strong-binding quaternary ammonium ion ligands of the type

–N(Me)3
+ (31) are compared to ligand analogs that are isostructural except for –C

(Me)3 substitutions (32, Fig. 13) [60, 61]. The affinities in both studies are higher

for the charged species that can form multiple cation–pi interactions with their

protein binding partners. In a different kind of study, the protein itself is altered to

reduce the strength of the proposed cation–pi interaction by installation of unnatural

aromatic amino acids with decreased electron density relative to the native Trp

residues (e.g., F-Trp, F2-Trp, F3-Trp) [62]. Again, the dominant role of certain

cation–pi contacts in these biologically important recognition events is supported

Fig. 12 Macrocyclic hosts that mimic aromatic cage motifs, and their guests that have been used

to understand the nature of their interactions
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by the dramatic weakening of protein–ligand interactions for the proteins with more

highly fluorinated, and therefore more electron-poor aromatics.

Trp is the most electron-rich of the aromatic amino acids, and as such is the

aromatic residue most frequently identified as participating in strong cation–pi

interactions in nature [63]. In recent work, our group has been creating new aromatic

cage mimics that involve the incorporation of Trp into receptor frameworks of

different types. One variation on this theme involves the construction of small

Trp-rich peptides, with augmentation of their aromatic character by incorporation

of N-benzyltryptophan as a building block [64]. This artificial amino acid presents

both the electron-rich indole and an appended benzyl substituent to cationic binding

partners. The peptide-derived receptor Trp(Bn)–Trp(Bn) (33) shows the ability to

bind to quaternary ammonium ions in water, with selectivity over unmethylated

primary quaternary ammonium ions in this highly competitive medium. More

telling, the construction and comparison of receptors based on Trp–Trp peptides

(33–35) bearing zero, one, and two appended benzyl substituents showed an increas-

ing ability to bind to acetylcholine in water with increasing benzylation (Fig. 14).

In another approach, we have created a variety of hosts based on indole carbox-

ylic acids, including receptor 37 made from three copies of the de-aminated Trp

building block indole-3-propionic acid (36, Fig. 15) [65]. Despite its extreme

Fig. 13 Perturbation of protein–ligand interactions by modulating the cation–pi interaction. (a)

Peptides bearing trimethyllysine –N(Me3)
+ and neutral –C(Me3)

+ side chains, as well as the parent

peptide with an unmodified lysine (–NH3
+) side chain, and their affinities for the aromatic cage

protein HP1. The HP1 binding pocket containing bound trimethyllysine is shown at left (1KNE).
(b) Two inhibitors of the enzyme Factor Xa that show 100-fold increased potency for the –N

(Me3)
+ type inhibitor. (c) Electron-deficient Trp analogs are introduced into nicotinic acetylcho-

line receptor (nAChR) at position a149 by mutagenesis. The resulting receptors show reduced

activation by the agonist epibatidine with increasing fluorination, demonstrating the importance of

the Trp149-epibatidine cation–pi interaction
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simplicity and lack of pre-organized binding pocket, host 37 binds quaternary

ammonium ions like Me4N
+, AcCh, and Kme3 in buffered water, with two- to

fivefold selectivity over some analogous primary and secondary ammonium ions. In

this case, however, studies that extended to examination of more hydrophobic

cations showed more dramatic increases in affinity, including a >800-fold higher

affinity for Bu4N
+ than Me4N

+. This difference is completely absent in CDCl3
(where in fact, Bu4N

+ is not bound at all), demonstrating that it must be largely

driven by the hydrophobic effect and not by specific weak interactions between host

37 and Bu4N
+. This lesson—that hydrophobicity can cooperate with cation–pi

interactions in aqueous medium—likely extends to naturally occurring aromatic

cages that can recognize peptides bearing quaternary trimethyllysine side chains

over their unmethylated congeners. As previously stated, the observation that a

substrate bearing neutral –C(Me)3 side chains (32) binds more weakly to an

aromatic cage protein than does the natural partner (31) bearing –N(Me)3
+ side

chains demonstrates the importance of the cation–pi interaction. But the compari-

son of the methylated peptide 29 to its unmethylated analog 28 raises a question: all

other things being equal, the strength of the cation–pi between the aromatic cage

protein and unmethylated 28 should be stronger, because the cation is more

compact (and charge dense) and can form shorter cation–pi contacts. But of course,

Fig. 14 Hosts for quaternary ammonium ions based on N-benzylated Trp residues

Fig. 15 A host based on Trp derivative indole-3-propionic acid binds quaternary ammonium ions

in buffered water
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the unmethylated peptide 28 has a handicap, in that the primary –NH3
+ cation of

its side chain is strongly engaged with a shell of hydrating water molecules.

The affinities for these peptides with their partner protein HP1 are provided in

Fig. 13 [61]. The hydrophobic effect that is induced upon methylation is an

important player that works alongside cation–pi interactions and dispersive

interactions in generating the natural selectivities of aromatic cage proteins for

their trimethyllysine targets over unmethylated counterparts.

The calixarenes, a family of hosts that present multiple phenol rings in a

macrocyclic arrangement, have been widely explored as biomimetic hosts. A

particularly large body of work exists on sulfonated calixarenes, which are soluble

in water and capable of binding a wide variety of natural and unnatural guests

presenting ammonium ions. Hosts like p-sulfonatocalix[4]arene (38) have long

been known to bind biologically important quaternary ammonium ions like

acetylcholine [66, 67]. More recent work has broadly explored their abilities to

bind cationic amino acids, peptides, and proteins [68, 69]. Host 38 binds lysine,

arginine, and histidine in buffered water with affinities of 520, 330, and 20 M–1,

respectively (Fig. 16) [70–72]. Affinities rise upon methylation, with asymmetric

dimethylarginine (aDMA) and symmetric dimethylarginine (sDMA) binding

threefold stronger than unmethylated arginine [72]. The lysine series displays

even stronger dependence on methylation state, with affinities ranging up to

37,000 M–1 for the 1:1 complexation of trimethyllysine (Kme3) and 96,600 M–1

for the short trimethyllysine-containing peptide R-(Kme3)-S-T [72]. Such high

selectivities for the quaternary ammonium ions over primary counterparts are

dramatic and consistently displayed for this host. The difference probably arises

from a change in binding mode: unmethylated lysine side chains bury their most

hydrophobic elements, the aliphatic CH2 groups, inside of the aromatic cavity of

host 38 and leave the polar –NH3
+ group exposed to the polar sulfonate functional

groups and external solvent [73]. Trimethyllysine, instead, buries its –NMe3
+ group

Fig. 16 p-Sulfonatocalix[4]arene (38) and macrocycle 39 mimic the aromatic-rich pockets of

methyllysine-binding proteins in different ways. Both bind peptides bearing trimethyllysine side

chains in buffered water with protein-like affinities and selectivities
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snugly inside the cavity of the host, and in doing so forms multiple strong cation–pi,

CH–pi, and dispersive interactions assisted by the hydrophobic effect [72].

Other synthetic hosts have recently been explored as receptors for trimethyllysine,

includingmacrocycle 39, which contains disulfide bridges that enable its participation

in and selection from a dynamically equilibrating host library. This aromatic-rich host

also binds trimethyllysine-containing peptides with excellent selectivities, displaying

an association constant of 40,000 M–1 for a trimethylated peptide and >50-fold

weaker binding to the unmethylated analog [74]. The affinities of both calixarene

38 and cyclophane 39 for their trimethyllysine targets are of the same order as

the naturally evolved aromatic cage proteins, which typically range from Kassoc ¼
50,000–200,000 M–1 (Kd ¼ 5–20 mM). In both of these cases, protein-like affinities

and selectivities, which are rarely displayed by supramolecular hosts, are achieved.

Both receptors profit from the approach of “teaching old dogs new tricks,” i.e.,

identifying existing host scaffolds that mimic naturally evolved protein binding

partners, and using them to engage biological targets that had previously been

unconsidered by supramolecular chemistry. The creation of biomimetic receptors

for post-translationally methylated protein residues is a promising area for future

developments in biotechnology and biomedical research.

4 Conclusions

The technological promise of biomimetic receptor-type compounds as both sensors

and disruptors of biological pathways is only now beginning to be realized [67, 75]

but there remain many challenges to converting this type of biologically inspired

receptor into advances that are biomedically important. The most fundamental is

that strong and specific molecular recognition in the medium of life—pure, warm,

salty water—remains difficult to achieve using the simple scaffolds that are familiar

in the world of supramolecular chemistry. Examples of success of the types

described here are relatively rare. As we continue to seek simple molecules that

can achieve complex recognition tasks, we find an almost inexhaustible source of

inspiration for these studies in the huge diversity of proteins and drugs that are

known encode strong and selective binding in water.
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Molecular Recognition of Nucleotides

Hannes Y. Kuchelmeister and Carsten Schmuck

Abstract Nucleotides are amongst the most targeted anionic species for artificial

host systems, because they are ubiquitously present in biological systems in which

they exercise key roles in many cellular functions and thus offer interesting

structural features for the benchmarking of designed host systems in supramolecu-

lar chemistry (Voet et al., Fundamentals of biochemistry. Wiley-VCH, Weinheim,

2002). Nucleotides are, for example, involved in DNA synthesis, energy, and

electron transfer events (Nath, Bioenerg Biomembr 42:301–309, 2010), cell signal-

ing (Riedl and Salvesen, Nat Rev Mol Cell Biol 8:405–413, 2007), or membrane

transport (Tojima et al., Nat Rev Neurosci 12:191–203, 2011). These are complex

events which require the molecular recognition of a specific nucleotide. In order to

increase our insight into these processes the development of model systems for

nucleotide recognition is desirable.

Keywords Artificial receptors • Host-guest chemistry • Supramolecular

chemistry • Nucleotides
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1 Nucleotide Recognition in Water

Due to their structural features, nucleotides are quite interesting targets from a

chemist’s point of view. As depicted in Fig. 1 they consist of three main parts—

nucleobase, phosphate hinge, and sugar backbone. The sugar scaffold is a five-

membered ribose for RNA and a 20-deoxyribose ring for DNA building blocks. It

connects the phosphate, which is attached to the 50-hydroxyl group with the

nucleobase at position 10, this way clearly defining the nucleotide’s geometry.

The ribose ring itself is rather difficult to target. The hydroxyl groups offer potential

for hydrogen bonding. However, they are hard to differentiate from the surrounding

water molecules. The hydrocarbon chain can be targeted by means of hydrophobic

interactions. These are, however, rather weak and nonspecific. The best artificial

carbohydrate receptors known today complex their targets with binding constants

of merely 5 � 103 M�1 (pH 7.4, buffered water) [1]. The phosphate hinge,

consisting of one to three phosphates, is an easier target. Due to its multiple

negative charges and the presence of several hydrogen bond acceptors, it may be

addressed via hydrogen bonds and salt bridges. In comparison with the aforemen-

tioned carboxylates, phosphate anions are of tetrahedral shape and therefore require

a different kind of binding motif. The nucleobases are either purine- (A, G) or

pyrimidine based (C, U, T). Their aromatic nature allows for p-stacking, while their
heterocyclic nature and the exocyclic carbonyl and amine functions offer potential

hydrogen bonding acceptor and donor sites.

Due to the huge number of nucleotide receptors reported in the literature, this

chapter will only focus on systems which have been used in aqueous media.

1.1 Polyamine-Based Receptors

Nakai has shown that the naturally occurring polyamines shown in Fig. 2 (top),

putrescine (6), spermidine (7), and spermine (8), are able to bind to nucleotides [2].

Binding constants were determined by means of an anion-exchange resin method in

buffered water at pH 7.5. While putrescine only forms a weak 1:1 complex with

AMP (K ¼ 82 M�1), spermidine is already able to form somewhat stronger 1:1
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complexes with ADP (K ¼ 103 M�1). Finally, spermine forms even stronger 1:1

complexes with ATP, with a binding constant of 104 M�1. Obviously complex

formation becomes stronger the greater the number of charge–charge interactions it

is possible to form.

Not surprisingly, the first artificial nucleotide receptors, developed by Kimura,

were 15- to 18-memberedmacrocyclic polyamines—some exemplary representatives

are shown in Fig. 2 (9–11) [3]. By studying their binding properties towards phos-

phate, AMP, ADP, and ATP via polarographic and NMR measurements in buffered

water at neutral pH, binding constants of up to 4 � 106 M�1 could be observed.

Again, ATP was bound strongest followed by ADP and AMP. Phosphate on its own

was bound more weakly than AMP by a factor of 10–100, although their charge is the

same. This effect was attributed to additional hydrogen bonds between the nucleobase

and the receptor as indicated by NMR. By comparing spermine with its cyclic analog

10 it could also be shown that the macrocycle binds more strongly to nucleotides by

approximately two orders of magnitude. Furthermore, only polyamines which are

capable of incorporating at least three charges at neutral pH formed stable complexes.

The next generation of receptors incorporated aromatic rings into the

macrocycle. Lehn developed the nucleotide host 12 depicted in Fig. 3, which is

able to bind to nucleotides in buffered water at pH 6 with binding constants of up to

2 � 105 M�1 (ATP, NMR titration) [4]. The less charged AMP is bound more

weakly by one order of magnitude. Interestingly the purine-derived nucleotides

AMP and GMP are bound more strongly than the smaller pyrimidine analogs CMP

and UMP by a factor of 10. Lacking the phosphate hinge, the corresponding

nucleosides are more weakly bound by 2–3 orders of magnitude. Thus it can be

concluded that both the stacking between nucleobase and aromatic scaffold as well
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linked receptor 13 (right)

Molecular Recognition of Nucleotides 55



as charge–charge interactions between the polyammonium chains and the phos-

phate part of the nucleotide are essential for efficient binding.

Bencini developed the macrocyclic receptor 13 (Fig. 3) with a phenanthroline unit

inside the polyamine macrocycle [5]. With the help of potentiometric measurements,

the highest affinity was found for ATP with an extremely high binding constant of

3 � 109 M�1. The corresponding nucleotides TTP, CTP, and GTP were bound less

well by 1–2 orders ofmagnitude. Furthermore, the artificial host could selectively sense

ATP thanks to fluorescence quenching caused by a photoinduced electron transfer from

an amine group of the receptor to the excited phenanthroline. Concerning the complex

geometry, it could be shown bymeans ofNMRexperiments,molecularmodeling and a

crystal structure of one of the complexes that the polyamine chain forms a cavity for the

phosphate, enforced by ion pairs and hydrogen bonds, while the nucleobase stacks with

the phenanthroline moiety. A macrocycle analog with reduced ring size and one fewer

amine group lost a huge part of its affinity, i.e., the binding constant to ATP was only

106 M�1—lower by a factor of 3,000. These results demonstrate the importance of an

appropriate mix of attractive interactions with the correct geometric prerequisites

needed for efficient recognition of a given substrate molecule.

Lin designed the tweezer receptor 14 (Fig. 4) with two polyamine side chains

linked via a phenanthroline scaffold; each arm incorporates a phenyl headgroup [6].

The binding constant for ATP was measured via potentiometry to be an excellent

7.9 � 1010 M�1. As expected, NMR and molecular modeling revealed

charge–charge interactions between phosphate and polyammonium side chains

and p-stacking between phenanthroline and phenyl groups with the nucleobase.

These results prove that in order to achieve high binding affinity it is not necessary

to make use of cyclic systems: Essentially the combination of several attractive

non-covalent interactions in the correct molecular topology for binding is more

important for the strength of the molecular recognition event.

A similar system (15), also depicted in Fig. 4, was developed by Garcia-España.
Two anthracene moieties are linked by a polyamine chain [7]. As determined by

potentiometry, the binding constant for ATP was also similarly high, being measured

as 109 M�1. ADP and ATP were bound consecutively worse by two and, respectively,

three orders ofmagnitude. Furthermore, in this work also the effective binding constant

for ATP at neutral pH was determined to be approximately 5 � 105 M�1. This value

was confirmed with the help of a fluorescence titration. It is noteworthy that the

effective binding constant is lower by more than three orders of magnitude compared

to the highest possible value reported, based on potentiometric measurements.
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Fig. 4 Tweezer receptor 14 with two polyamine side chains linked via a phenanthroline template

(left) and receptor 15 with two anthracene units bridged by a polyamine chain
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At this point it is important to state that great care has to be taken when comparing

different binding constants. Potentiometric measurements represent the binding con-

stant of host and guest in a clearly defined protonation state. However, at a given pH a

mixture of different protonation states always exists. Consequently these K values

only refer to single theoretical protonation states and are therefore not valid for the

macroscopic ensemble but represent rather the maximum possible binding constant

between two single species within the mixture.Without the calculation of an effective

binding constant these data cannot be used to compare binding constants of different

host systems. The above-mentioned examples made use of potentiometry. The effec-

tive binding constant was never calculated except in the work conducted by Garcia-

España. This is also why many of the extremely high binding constants must be put

into perspective—the effective binding constants of themacroscopic sample are likely

to be lower by several orders of magnitude. A more appropriate way to obtain

comparable binding constants is to utilize methods such as NMR, UV/Vis, fluores-

cence, or ITC. Whatever the choice may be, it is always strongly advisable to use at

least two different methods to verify one’s results.

1.2 Guanidinium-Based Receptors

A statistical evaluation of 3,003 X-ray crystal structures of phosphate binding

proteins revealed that two third of them do not make use of metal ions for phosphate

binding [8]. More than half of the metal-free proteins use lysine or arginine instead,

especially those with phosphate binding sites located on their surface. Consequently,

ammonium and guanidinium moieties seem to be well suited to bind to phosphate in

natural systems, even when directly opposed to the competitive influence of the

surrounding water molecules and counter ions. While most of the receptors reported

in the literature so far make use of ammonium groups in analogy to lysine, only very

few host systems have been designed yet which utilize the corresponding arginine

analogus—guanidinium moieties—for phosphate recognition.

Wang reported the ditopic receptor 16 with two tetramethylguanidinio moieties

linked via an aromatic scaffold (Fig. 5) [9]. With the help of an NMR titration in D2O

he was able to show that this rather simple molecule alone was able to bind AMPwith

K ¼ 7 � 104 M-1.
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Fig. 5 Tweezer receptor 16 for AMP with two tetramethylguanidinio groups (left) and ditopic

receptor 17 for TMP with two bicyclic, chiral guanidinium moieties (right)
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In a similar approach Schmidtchen developed the tweezer 17, depicted in Fig. 5

[10]. Two chiral, bicyclic guanidinium moieties were connected via an aromatic

template. With the help of NMR titrations in water a very high binding constant of

106 M�1 to TMP could be observed, which was explained by a perfect

preorganization of the two guanidine units perpendicular to each other. This way

their geometry is perfectly matched to bind to the tetrahedral phosphate anion via

two hydrogen bonded salt bridges. Once more, preorganization and structural

complementarity proved to be the key to obtaining high affinity. For phosphate

binding, especially ditopic receptors with two anion binding groups seem to be

perfectly suitable.

The most successful approach towards guanidinium-based nucleotide recogni-

tion so far was Kunitake’s receptor 18, shown in Fig. 6 [11]. By attaching a long,

lipophilic chain to a positively charged guanidinium head group, amphiphilic host

systems were obtained which were able to form micelles or bilayers in aqueous

systems. The binding properties towards adenine-based nucleotides were

characterized via ultrafiltration. With 2 � 107 M�1 being the highest binding

constant that was observed at an air–water interface in buffered water at pH 7 for

ATP, AMP was bound more weakly by one order of magnitude. The results of this

approach stress the importance of the microenvironment on binding events.

Kunitake’s system is actually a simple guanidinium moiety which is set into a

defined microenvironment with the help of a long amphiphilic side chain, yet very

good binding constants could be achieved this way.

1.3 Calixarene- and Cyclodextrin-Based Receptors

The focus of most of the above-mentioned nucleotide receptors clearly lies within

charge–charge interactions to their substrate, sometimes accompanied by stacking

between the nucleobase and one or more aromatic moieties of the host systems.

While p-stacking is a powerful tool for molecular recognition, especially in aque-

ous media, it is not the only possible way to utilize non-covalent interactions in

water. The following examples put more focus on hydrophobic interactions, which

may contribute substantial amounts to the Gibbs free energy in water.

Diederich, for example, made use of a bowl-shaped calixarene with a resorcin[4]

arene scaffold and four phenylamidinium groups at the upper rim for his nucleotide

receptor 19 (Fig. 7) [12]. Calixarenes form hydrophobic cavities in aqueous media

O N N O 7

10
HN

NH2
H2N

air-water interface air

water

Nucleotide18

Fig. 6 The amphiphilic receptor 18 combines a long hydrophobic chain with a positively charged

guanidinium headgroup. At the air–water interface the positively charged guanidinium moieties

point towards the aqueous phase while the hydrophobic part points towards the air
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for the accommodation of nonpolar guest molecules. NMR titrations in buffered

D2O at pH 8.3 revealed affinities corresponding to the charge on the nucleotide

guest (ATP > ADP > AMP > cAMP) and binding constants for the 1:1

host–guest complexes of up to 7 � 105 M�1. AMP was slightly preferred over

the G, C, T, and U derivatives by a factor of 2–3. As derived from NMR and

molecular modeling the nucleobase is bound within the hydrophobic bowl and the

phosphate interacts with two phenylamidinium groups via hydrogen bonded salt

bridges. The preference for A-nucleotides can be ascribed to a superior

stereoelectronic complementarity of this nucleobase with regard to its inclusion

into the bowl-type cavity.

Another sort of cavity-forming molecules was used as a scaffold by Schneider

[13]. By exchanging two or, respectively, all seven 6-hydroxy groups in b-cyclo-
dextrin (CyD) for aminomethyl moieties, the two nucleotide receptors 20 and 21,

shown in Fig. 8, were obtained. CyDs are highly water soluble, cyclic, 1,4-linked

oligo-a-D-glucopyranoside units. Their topology is toroidal, with a larger and a

smaller opening which present their hydroxyl groups to the solvent. Although the
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Fig. 7 Calixarene-based receptor 19 with four phenylamidinium groups
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interior of the cavity is not hydrophobic, it is less hydrophilic than water. Thus 21

forms strong nucleotide-complexes, with binding constants of up to 3 � 106 M�1

with ATP (effective binding constant obtained by potentiometry, verified via NMR

titration). This is stronger by more than one order of magnitude compared to its

complex with AMP. However, this host system is not able to differentiate between

nucleobases or between ribose and deoxyribose sugar moieties. The receptor 20, on

the other hand, forms weaker complexes (e.g., 105 M�1 for ATP) but is able to

differentiate both between nucleobases and sugars.

With the help of knockout analogs (e.g., ribose, phosphoribose, phosphate) the

different contributions to the overall binding constant could be assigned. The main

driving force stems from ionic interactions between phosphate and methylammonium

groups. Surprisingly, the nucleobase does not contribute in an advantageous way to

the binding. Instead, the second most important contribution to the binding strength

stems from interactions with the sugar moiety. With the help of NMR and molecular

modeling it could be shown that the ribose resides inside the CyD cavity and interacts

with it via hydrogen bonds. This is also why the deoxyribose is bound more weakly

than ribose, despite the fact that it is more hydrophobic. The nucleobase-selectivity of

20was explained by secondary, rather weak hydrogen bonds between nucleobase and

upper rim hydroxyl groups. The higher charged 21 pulls the nucleotide deeper into

the cavity and thus prevents these secondary interactions from forming. Again, these

experiments are excellent examples of the difficult task of designing receptors which

have high selectivity as well as high affinity to a given substrate. All too often these

two desirable properties are antipodal. Furthermore Schneider’s work is an instruc-

tive example on how model systems help to improve our understanding of anion

recognition.

Marsura made use of the same principle by bridging four b-cyclodextrin cavities

via two guanidinium groups to receptor 22, as depicted in Fig. 9 [14]. The cationic

scaffold allows for hydrogen bonded ion pairing to nucleotide phosphates while the

CyDs display pockets for hydrophobic inclusion. NMR experiments in D2O at pH 6.5

revealed that 1:2 host–guest complexes are formed to AMP, ADP, and ATP with

similar binding constants of 2 � 106 M�2. Two substrate molecules are bound with

similar binding constants, representing a noncooperative binding mode with two

independent complexation steps. NMR also revealed that the phosphate hinge
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Fig. 9 Receptor 22 combines four cyclodextrin units with two guanidinium scaffolds
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interacts with the guanidinium moieties via hydrogen bond enforced salt bridges. For

ATP and ADP the nucleobase and the sugar moiety are inside the CyD cavity; for

AMP, on the other hand, only the nucleobase is included. This is probably due to the

distance between the cavity and the cationic template, which is too large to be bridged

by AMP’s monophosphate hinge when sugar and nucleobase are inside the CyD.

1.4 Peptide-Based Receptors

As shown for carboxylate and oligopeptide recognition (vide supra), peptides have

proven to be excellent building blocks for the synthesis of artificial receptors.

Furthermore, they are excellent model systems for proteins to investigate, e.g.,

ATP binding sites, which are commonly present in many enzymes.

Anslyn used the combinatorial library 23 (R1, R2 ¼ H), shown in Fig. 10, with

4,913 members (173) to obtain ATP selective receptors [15]. Two combinatorial

tripeptide side chains were linked by an aromatic scaffold which preorganizes

adjacent groups alternately “up” and “down” with respect to the benzene ring. As

a result, a cavity is formed for substrate binding. Each arm was attached to the resin

via a guanidinium group in order to act as a phosphate binding site. The third arm

was used as the connection to the solid phase and features a lysine group. The

library was screened in buffered water at pH 7.1, with fluorescence labeled ATP,

revealing that approximately 15% of the library members bind to ATP. Several hit

structures were resynthesized and labeled with two different dyes: fluoresceine at

the N-termini of the two arms (R2) and coumarin in the third arm (R1, as internal

standard). Binding studies in solution verified the binding properties in all but one

example. This result again stresses the importance of confirming on-bead results

with those obtained in solution. The best receptor, with the amino acid sequence

AA1–3 ¼ Ser-Tyr-Ser (24), binds to ATP with K ¼ 3 � 103 M�1 (pH 7.1, buffered

water). The competing analytes AMP and GTP were bound significantly less

effectively. The presence of Tyr and Ser in the best receptor hints at hydrogen

bonding and p-stacking between receptor and adenine and/or ribose. By attaching

the fluorescence labeled receptors onto a solid support they could be used as

selective sensors in arrays [16].
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Fig. 10 Receptor library 23with 4,913 members and fluorescence labeled hit structure 24 for ATP

binding with amino acid sequence AA1–3 ¼ Ser-Tyr-Ser
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Matsui derived his ATP selective receptor 29 (Fig. 11) in a three-step procedure

[17]. Firstly, the nonapeptide library 25, with three combinatorial amino acid

positions and comprising 6,859 (193) members was screened with the help of

fluorescently labeled ATP. The binding constant of the best receptor 26, with

AA1–3 ¼ Arg-Lys-Val, was determined on-bead in buffered water at pH 7 to be

6 � 103 M�1. Molecular modeling revealed that Arg and Lys bound to the phos-

phate hinge, while there is no interaction with the nucleobase. Furthermore, Val

does not seem to take part in the recognition process. Thus Val was replaced by

Gly-Gly-Glu-Lys-Tyr-Leu, a sequence derived from the adenine binding site of

biotin carboxylase. The corresponding receptor 27 had an increased affinity to ATP

(K ¼ 104 M�1). In the last step, the thus-derived peptide was crosslinked with

dimethyl adipimidate (28) in the presence of ATP.

The cyclic peptide 29 now had a binding constant of 5 � 104 M�1 to ATP.

Additionally, in contrary to its precursors, 29 was now able to distinguish between

ATP and ADP, AMP, GDP, GTP which are all bound significantly weaker by one

order of magnitude. When the cyclization was carried out without the presence of

ATP the affinity of the corresponding receptors was decreased, which suggests the

formation of alternative cyclization products. This effect was attributed to the two

inner Lys moieties being involved with binding to the phosphate hinge. Only the

first and the last lysine side chains are then freely available for crosslinking.

Unfortunately, the authors did not provide additional data obtained in solution to

support this hypothesis. However, they were able to prove the general concept of

combining combinatorial chemistry with rational design and molecular imprinting

in order to increase the affinity of a library-derived receptor—in this case by one

order of magnitude.

Schmuck developed the tweezer receptor 30 (Fig. 12) with two symmetric

peptidic arms which are connected via an aromatic template and contain phenylal-

anine, lysine and a guanidiniocarbonyl pyrrole (GCP) oxoanion binding site as the

N
H

NH
H
N

NH

H
N

O

HN

NHO

HN

O

OH

NHO

NH2

OH

O

O

HN

NH

O

HN

H
N

O

N
H

O

O

HN

O

H
N

NH

NH2

O

NH2

NH

NHO

HN

O

O

NH
Lys Gly AA1 Gly AA2 Gly AA3 Gly Lys NHAc

O

NH

O
O

NH
AA1 = Arg
AA2 = Lys
AA3 = Gly-Gly-Glu-Lys-Tyr-Leu

AA1 = Arg
AA2 = Lys
AA3 = Val

AA1-3 = Ala, Asp, Glu, Phe, Gly, His, Ile,
Lys, Leu, Met, Asn, Pro, Gln,
Arg, Ser, Thr, Val, Trp, Tyr

19 × 19 × 19 = 6,859 receptors

25

26 27

28

29

Fig. 11 Combinatorial library of 6,859 (193) ATP receptors 25 and hit structure 26. Rationally

improved compound 27 and crosslinked ATP selective receptor 29 with phosphate (blue) and
nucleobase (red) binding site. Cyclization was achieved by crosslinking the first and last Lys

residue with dimethyl adipimidate (green)
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headgroup [18]. With the help of UV/Vis and fluorescence experiments it could be

shown that 30 forms 1:1 complexes with nucleotides in buffered water (pH 7) with

binding constants of up to K � 105 M�1. Simple phosphates are bound less well, by

one order of magnitude. An even more striking characteristic of this host is that it

prefers to bind to AMP (8 � 104 M�1) over ADP (3 � 104 M�1) and ATP

(8 � 103 M�1)—the monophosphate is bound stronger than the triphosphate by

one order of magnitude. This binding behavior is unusual and so far is unprece-

dented for artificial nucleotide receptors. As described above, the more highly

charged nucleotides are normally preferred due to the formation of additional

charge–charge interactions between receptor and substrate.

According to NMR spectroscopic measurements and molecular modeling studies,

the efficient binding is due to strong electrostatic interactions between the GCP and

lysine groups of the host with the highest charged a-phosphate of the substrates,

combined with p–p interactions within the cavity-shaped receptor. The host and

guest are thus locked in a well-defined complex with specific interactions. The larger

the phosphate hinge on the guest molecule, the more it is located outside of the cavity,

because the receptor cannot wrap around it so effectively (see the solvent accessible
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Fig. 12 (a) Symmetric tweezer receptor 30; (b) side view of the calculated energy-minimized

structure of the complex between 30 and AMP as obtained from a Monte Carlo conformational

search. Nonpolar hydrogen atoms have been removed for clarity. Color code: substrate (yellow),
GCP (orange), and receptor backbone (gray); (c) solvent-accessible surfaces of 30 (yellow) and the
phosphate residue of the nucleotides (green). From left to right: AMP, ADP, and ATP. The

molecular modeling images are reprinted with permission from [18]. Copyright 2011 John

Wiley and Sons
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surface in Fig. 12c). This way, the competitive influence of the surrounding water

becomes more significant with the consequence that the binding strength is reduced.

Hence, the complex formation between 30 and the phosphate-based substrates is a

good example for the importance of combining different types of non-covalent

interactions within a defined structure in order to achieve selective molecular recog-

nition of biologically relevant targets in aqueous solution.

In conclusion, nucleotide recognition in water has received considerable atten-

tion. Many different artificial host systems have been developed and high binding

constants of up to 107 M�1 could be achieved in aqueous media. The majority of

nucleotide receptors are based on polyamines—either cyclic or linear in form.

Another, less frequently used binding motif for ion pairing to the phosphate hinge

is the guanidinium group. Very often aromatic moieties are implemented into the

hosts in order to allow for p-stacking. Following a similar approach, calixarenes or

cyclodextrins are used in order to present hydrophobic pockets for nucleobase and/

or sugar. Another successful principle is the utilization of tweezer receptors which

form a preorganized cavity for accommodation of the substrate. Very often two

anion binding motifs are incorporated—one into each arm. This way the receptors

may adopt a geometry that matches the tetrahedral shape of the phosphate anion.

Hydrogen bonding patterns play a crucial role for the selective recognition of

nucleotides. While strong binding is mainly achieved by increasing charge–charge

interactions, introducing selectivity is more subtle, because purine and, respec-

tively, pyrimidine nucleobases are quite similar in shape and hydrophobicity.

Another aspect of selectivity in almost all artificial host systems is the preference

for tri- over di- and monophosphates, which can easily be explained by the presence

of additional ionic interactions. Peptide-based systems have also been used for the

recognition of nucleotides. Although the results are not yet as good as those seen

with polycationic host systems, the use of amino acids as building blocks offers the

intriguing potential to generate artificial receptors by means of rational approaches,

combinatorial chemistry or combinations thereof.
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Molecular Recognition of Oligopeptides

and Protein Surfaces

Hannes Y. Kuchelmeister and Carsten Schmuck

Abstract Many physiological functions of life are controlled by the interplay

between natural or synthetic agents with their corresponding receptors in the

human body (Highlights in bioorganic chemistry: methods and applications.

Wiley-VCH, Weinheim, 2000). Such molecular recognition events are based on

the combination of many weak attractive non-covalent interactions between receptor

and substrate, such as electrostatic, dipole, and dispersion interactions, p-stacking, and
hydrogen bonding, together with entropic contributions, as, for example, the liberation

of solvent molecules (Core concepts in supramolecular chemistry and nanochemistry.

Wiley-VCH,West Sussex, 2007; Angew Chem Int Ed 46:2366–2393, 2007). To gain a

more detailed insight into these complex processes, which are currently not entirely

understood in all their complexity, the development of synthetic model systems is

worthwhile. Within this chapter, selected illustrative examples of artificial receptors for

biologically relevant targets such as oligopeptides or protein surfaces will be presented.

A directed molecular recognition of these building blocks of life will lead to an increase

in knowledge concerning the complex recognition processes taking place within the

human body and in the best case will allow for biological processes to be directly

targeted and can thus be used for future applications in analytical, biological, or

medicinal chemistry.
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1 Oligopeptide and Protein Surface Recognition

1.1 Recognition of Short Peptides with Linear Receptors

Following Lehn’s description, the term “receptor” will be used throughout this

chapter as a chemical host which binds to a given guest [1]. According to this

definition, peptide receptors are synthetic organic molecules which selectively bind

to a peptide sequence via multiple non-covalent interactions. The molecular recog-

nition of short peptide sequences is a promising goal due to their importance in

biochemical and medicinal processes [2]. Artificial model systems may not only

contribute to the acquisition of a more substantial understanding of the yet not fully

understood molecular recognition process itself, but they may also serve as new

starting points for drug development [3] or as sensors for diagnostics [4]. A

prerequisite for potential applications is always a strong and selective complexation

of the target peptide sequence. In the following chapter, selected instructive

examples of oligopeptide receptors will be presented.

A well-studied example concerning a short peptide sequence of biological

importance is the amino acid sequence D-Ala-D-Ala-OH (1) and its depsipeptide

analog D-Ala-D-Lac-OH (2), which are both shown in Fig. 1. The first one is crucial

for the mode of action of the antibiotic Vancomycin (3) against Gram-positive

bacteria: Vancomycin binds to this sequence with high affinity (K ¼ 2 � 105M�1),

thereby sterically blocking a transpeptidase enzyme from crosslinking the peptide

side chains of peptidoglycan strands, which act as precursors during bacterial cell

wall biosynthesis. This leads to a decrease of mechanical cell wall stability and

ultimately to lysis upon osmotic pressure changes. The depsipeptide 2 can be found

in Vancomycin-resistant bacteria: by exchanging an amide for an ester bond, the

complex stability is reduced by a factor of 1,000. This dramatic decrease is due to

the loss of one hydrogen bond, which is instead replaced by an electrostatic

repulsion between the oxygen lone pairs of the ester and the corresponding carbonyl

group in the antibiotic [5].

With the help of the combinatorial library 4 shown in Fig. 2, comprising 39,304

members (343 proteinogenic and non-natural amino acids), Ellman was able to

identify receptors which bind to the depsipeptide sequence N,N0-Ac2-L-Lys-D-Ala-
D-Lac-OH (5) in aqueous solution [6]. The design of Ellman’s receptor mimics that
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of Vancomycin: the right part corresponding to a simplified carboxylate binding

pocket, which should be able to bind to both D-Ala-OH and D-Lac-OH via three

hydrogen bonds. The left side of the receptor, on the other hand, consists of a variable

tripeptide, which is free to rotate and should therefore be able to avoid electrostatic

repulsion between the antibiotic’s carbonyl group and the lactate oxygen. Indeed, an

on-bead screening with a fluorescently labeled substrate revealed binding constants

five times as high as for Vancomycin. The best receptors mainly contained the amino

acid sequence L-Tpi-L-His (29%) and L-N-Me-Phe-L-Disc (20%) in position AA1 and
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AA2 (L-Disc 6 and L-Tpi 7 are shown in Fig. 2). For AA3 no clear tendency could be

observed. To determine the binding constants and to validate the results from the on-

bead screening, the best performing sequences were synthesized and tested in

solution for their binding affinity towards N,N0-Ac2-L-Lys-D-Ala-D-Lac-OH (5)

with the help of microcalorimetry. The overall best receptor 8, with the sequence

L-N-Me-Phe-L-Disc-L-Tyr, has a binding constant of 3 � 104 M�1 in water. For the

recognition of peptides in aqueous solution this is a very good result. However, the

substrate is fully acetylated and therefore rather nonpolar. This facilitates binding

based on van der Waals interactions, but also is significantly different from the actual

biological relevant substrate.

As depicted in Fig. 3, Schmuck was able to identify receptors for the dansyl-

labeled polar, anionic peptide sequence N-Ac-D-Glu-L-Lys-D-Ala-D-Ala-OH
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Fig. 3 (a) General scheme of the tripeptide receptor library 9 and the dansyl-labeled substrate

EKAA (10); (b) calculated electrostatic surface potential, which shows the charge complementarity

between receptor 11 (GCP-KKF) and tetrapeptide 12 (EKAA). The molecular modeling images are

reprinted with permission from [7]. Copyright 2006 John Wiley and Sons
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(EKAA, 10) with binding constants of up to K � 104 M�1 in buffered water at pH 6

by means of screening a combinatorial library with 512 peptide-based artificial

receptors (9) containing a guanidiniocarbonyl pyrrole unit (GCP) as the headgroup [9].

The rigid, planar GCP group allows for efficient binding of carboxylates in aqueous

media by forming a hydrogen bond-enforced salt bridge with the C-terminus of the

oligopeptide. The guanidinium group in 9 is connected to the pyrrole core by an acetyl

group, thus decreasing the pKa value of free guanidine from 13.5 to approximately

6–7 [10]. As a consequence, the potency of its action as a hydrogen donor was

increased dramatically. Furthermore, the intramolecular hydrogen bond between the

carboxyl and guanidinium group preorganizes the binding motif in the correct confor-

mation for oxoanion binding. By combinatorially varying the amino acid hinge, which

is attached to the GCP moiety, the receptor could be fine-tuned for the substrate.

The best artificial receptor corresponds to the sequence R1 ¼ R2 ¼ lysine and R3 ¼
phenylalanine side chains (11). The interaction between the C-terminus of the peptidic

substrate 10 with the GCP unit is the main driving force for complex formation.

Additionally, the attached linear tripeptide chain interacts with the substrate by forming

a hydrogen bond-mediated b-sheet with the peptidic substrate. An additional salt bridge
is formed between the glutamate and the lysine ammonium group. In order to verify the

substrate selectivity, the library was also screened against the inverse substrate

sequence N-Ac-D-Ala-D-Ala-L-Lys-D-Glu-OH (AAKE), which resulted in binding

constants that were lower by approximately one order of magnitude [7]. Thus, despite

the fact that the complex stability is mainly based on a directed ion pair, the binding

constants are strongly dependent on the amino acid sequence of the substrate. For

binding of a polar substrate in water the binding constants achieved are very good.

In another set of experiments, the best receptor for the EKAA sequence (GCP-

KKF) was tested against a rather small combinatorial tetrapeptide library consisting

of 320 members [11]. With only three amino acids present in the library (Ala, Lys,

and Glu) all substrates were closely related. Two amino acids just differed in their

absolute configuration (D/L-Ala). Binding constants were determined via fluores-

cence spectroscopy in buffered water at pH 6.1 and ranged from K < 50 M�1 to

3 � 104 M�1. More importantly, a sequence-dependent stereoselectivity of the

receptor could be observed, as depicted in Fig. 4, when the D/L-Ala amino acid of

Phe
Lys

D/L-Ala
Glu

Lys GCP

Glu Glu

Phe Lys

Glu Glu

Lys GCP

GluD/L-Ala

no stereoselectivity

stereoselective
recognition

Fig. 4 Screening of a tetrapeptide library revealed that stereoselectivity is observed at positions

where receptor and substrate are locked by strong electrostatic interactions at both sides of the

stereogenic center: D-Ala: K ¼ 5,000 M�1; L-Ala: K ¼ 900 M�1 (right). When this is not the case

no stereoselectivity can be witnessed: D-Ala: K ¼ 7,900 M�1; L-Ala: K ¼ 8,500 M�1 (left)
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the substrate was fixed by strong electrostatic interactions between host and guest at

both sides.

These experiments clearly demonstrate the potential of small but focused

libraries, which allow the binding properties of all members to be determined.

A large and random library would not have elucidated the subtle differences of the

binding properties, as shown in Fig. 4. By characterizing all possible host–guest

pairs it was possible to gain a more detailed insight into the binding event than

would have been the case for a large and random library, in which only a few

selected hit structures are isolated and characterized. Of course, due to the

limitations of small libraries with regard to their structural and functional diversity,

the library has to be carefully designed to give the correct answer to the problems

addressed [12].

1.2 Di- and Multivalent Receptors for Peptide Recognition

Unlike linear receptors (vide supra) so-called tweezer receptors contain two arms

which are bridged via a template. Depending on the linker structure this kind of

molecules is able to adopt a preorganized, yet flexible cavity in which the substrate

is held, as if by a pair of molecular tweezers [13]. When correctly designed, the

second side chain is able to form additional attractive interactions to the substrate,

thus increasing the complex stability and the substrate selectivity. The second arm

may either be identical to the first, forming symmetrical tweezer receptors, or

completely different in nonsymmetrical tweezers. This scheme may of course be

further expanded to receptors with three or more arms. In general the aim of such a

multivalent approach is to strengthen the complex stability by means of simulta-

neous interactions between multiple complementary functionalities between host

and guest. Optimally the binding affinity is then higher than the sum of the

corresponding monovalent interactions. This approach is also widely made use of

in nature, be it in bacterium cell [8], antibody–antigen interactions [14], or the

interplay of transcription factors with multiple sites of DNA [15]. In the following

sections this chapter will be limited to the discussion of di- and trivalent receptors.

Pioneering work performed in the early 1990s by Still involved the design of a

library comprising 10,000 (104) peptidosteroidal receptors for enkephalin-like

peptides (13, Fig. 5) [16]. The two arms were linked via a steroidal cheno-12-

deoxycholic acid template and differ in their amino acid sequence. The nonsym-

metric substitution was achieved by making use of the different chemical reactivity

of the two hydroxyl groups at positions C3 and C7. With the help of a two-color

two-substrate assay, receptors could be identified which were able to selectively

bind to one of the two differently labeled substrates: blue-dye-linker-L-Tyr-Gly-

Gly-L-Phe-L-Leu-OH and red-dye-linker-L-Tyr-D-Ala-Gly-L-Phe-L-Leu-OH in

chloroform, which only differ by one amino acid. Thus, by selecting beads which

are stained by merely one color only those receptors which are selective for one of

the two substrates could be isolated. When utilizing a flexible backbone, instead of
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the rigid steroidal skeleton, binding strength was weakened by a factor of five and

complete loss of selectivity was observed. In terms of the ability to recognize the

pentapeptidic substrates, highly flexible receptors seem to be disadvantageous,

probably due to a loss of pre-organization.

Wennemers synthesized five closely related, yet distinct, tweezer receptors 15,

which were labeled with a red dye, as depicted in Fig. 6. The two identical arms

were linked via a rigid diamino diketopiperazine template [17]. Screening for

substrate selectivity in chloroform was carried out with the help of a substrate

library comprising 293 ¼ 24,389 tripeptides (14). Binding constants of up to

103 M�1 (chloroform) and high selectivity were observed: only 1 out of 5,000

sequences was bound, e.g., the receptor with the amino acid sequence L-Tyr-L-Asn

(Trt)-L-Phe exclusively selects peptides containing D-His followed by two hydro-

phobic D-amino acids. In order to verify whether a simplified receptor design is still

HN

O

O

Gly
AA1

AA2

C3
C7

NHAc

Gly
AA3

AA4

NHAc

O

AA1-4 = Ala, Val, Leu, Phe, Pro,
Ser, Thr, Lys, Asp, Glu

10 × 10 × 10 × 10 = 10,000 receptors13

Fig. 5 The peptidosteroidal tweezer receptor library 13 with two differently substituted side

chains was simultaneously screened for two substrates labeled with either a blue or a red dye

N

N
OO

H

H
N N

O

O

NH
2

NH
2

NH
2

NH
2

H2N
H2N

H2N
H2N

NH2

NH2

5

N

N
OO

H

H

NH

NH

O

H
N

O

N
H

O R2H
N

OR3
O

O

N
H

OH
N

R2
O

N
H

R3
O

O

Disperse Red 1

Disperse Red 1

H
N AA1 AA2 AA3 NHAc

AA1-3 = Gly, L/D: Ala, Val,

Leu, Phe, Pro, Ser,

Thr, Asp, Glu, Asn,

Gln, His, Lys, Arg

29 × 29 × 29 = 24, 389 substrates

14

15

16 17 18 19 20

Fig. 6 Schematic design of tweezer receptors 15 containing two identical tripeptidic arms labeled

with a red dye (left) and alternative templates 16–20 (right)

Molecular Recognition of Oligopeptides and Protein Surfaces 73



able to achieve effective binding, the corresponding host systems with only two

amino acids per side chain and one-armed analogs were screened with the same

substrate library. However, as a result of truncation the host system completely lost

its binding affinity.

Under the conditions used for the experiments 15 seems to be the minimum

structure which is necessary for the recognition of the tripeptides under investigation.

In order to evaluate the role of the template on the binding properties, similar

receptors with the same side chains, but different diamine templates, 16–20, were

synthesized as well [18]. A screening against the same substrate library revealed that

with only a few exceptions these analogs do not bind to the substrates at all. The

U-shaped geometry of the original trans–trans-diketopiperazine template in 15

highly preorganizes the two arms in a fashion which is suitable for tripeptide binding.

On the other hand, side chains which are connected via the cis–cis-diastereomer 20

adopt an almost linear geometry. Hence, a defined angle between template and side

chains as well as a distance of approximately 8 Å in between (as is the case for the

original diketopiperazine scaffold) seems to be superior to all other templates that

were tested in this work. Accordingly, the template plays a decisive role in determin-

ing the affinity between receptor and substrate and thus has to be carefully chosen.

However, with the help of these host systems only rather moderate affinities could be

achieved. Although the selectivity is quite good, it has to be noted that the binding

studies were only carried out in organic solvent and not in water.

Further studies concerning the role of the template for the performance of

tweezer receptors were conducted by Liskamp [19]. As shown in Fig. 7, the

dyeO

O

NHS
OO

N
H

SBocHN

OO

NHS
H
N

OO
S

BocHN

OO

template

N

O

HO

NH2

NH2

NH2

NH2

NH2

NH2

O

HO

O

HO
O

NH

NH
O

O

HON

O

HO

O

O

HO
O NH2

NH2

NH2

NH2

H
N AA1 AA2 AA3 NHAc

AA1-3 = Gly, L/D: Ala ,Val,
Leu, Phe, Pro, Ser,
Thr, Asp, Glu, Asn,
Gln, His, Lys, Arg

29 × 29 × 29 = 24,389 substrates

14

21

22 23 24

25 26 27

Fig. 7 Schematic representation of tweezer receptors 21 and templates 22–27
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receptors, 21, consisting of two identical peptidosulfonamide side chains, were

bridged by several templates 22–27. These scaffolds differed in both their flexibility

and the distance between the amine groups. A dye-label enabled screening of a

tripeptide library containing 293 ¼ 24,389 members (14). The highest overall

binding affinity in chloroform was found for the scaffold 22, with a binding

constant for the peptide D-Ala-L-Asp-D-Ser of 4 � 103 M�1. Since no binding

affinity could be observed for a one-armed analog, it was concluded that the second

arm is necessary for efficient tripeptide binding. The second best receptors, with

binding constants of up to 8 � 102 M�1, were those with template 23, which is

more rigid and offers less space between the two arms. Third ranked are the two

scaffolds 24 and 25. The distance between side chains seems to be too large in these

two cases for stable complexation of the peptidic substrates.

When implementing 26 as linker, the corresponding receptor showed high

selectivity (>95%) for the amino acid sequence Glu-His-X. However, the binding

affinity was rather poor—this was again probably due to the large distance between

the two arms. No affinity at all could be observed for 27. The cause for this effect

can probably be found in the repulsion between the free electron pairs of the

sulfonamide oxygen groups, which would be in too close proximity in the depicted

chair–chair conformation of the template. Instead, it adopts a boat–chair conforma-

tion which results in the loss of tweezer structure. A common feature of all

examined host systems in this work is the high guest selectivity: the amino acid

AA1 is almost always an acid; AA2 is a polar amino acid such as asparagine or

histidine. For the residue at position AA3, which is bound directly to the resin, no

tendency could be observed.

The binding studies of library 21 were again only conducted in organic solvents.

For further studies in aqueous solution, two more combinatorial tweezer libraries

(28, Fig. 8) each consisting of 1,728 members were synthesized, based on the best

scaffold 22 [20]. As before, the two arms were identical but instead of

sulfonamides, they now consisted of tripeptides, to facilitate the combinatorial

O

HO
X

O

N
H

O H
N dansylNN

O
H
N

OO

HN NHR1 R1

O

NH

O

HN O

NH2

O

H2N
R3

R2

R3

R2

NN

N

O
H
N

OO

HN NH
R1 R1

O

NH

O

HN
O

NH2

O

H2N

H2N

R2

R3 R3
R3

O

HN O

NH

O

R1

R2

R2

AA1-3 = Gly, Ala, Val, Leu, Ser, Pro, Asp, Tyr, His, Lys, Gln, Phe 12 × 12 × 12 = 1,728 receptors

X = NH

X = O

29

30

3128

Fig. 8 Schematic illustration of receptor library 28 with an additional hydrocarbon chain. Side

chains consist of three variable amino acids AA1–3. The substrates D-Ala-D-Ala 29 and D-Ala-D-

Lac 30 were labeled with a dansyl fluorescence marker. An additional arm attached to the
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approach. One of the two libraries contained the template without change, for the

other the template was derivatized with a hydrocarbon chain, as illustrated in Fig. 8,

to reduce its flexibility. Both libraries were then tested for their binding affinity

towards the dansyl-labeled biologically relevant substrates Gly-D-Ala-D-Ala-OH

(29) and Gly-D-Ala-D-Lac-OH (30) in aqueous phosphate buffer. Both substrates

were linked to the fluorescent dansyl group via a glycine spacer. Characterization of

hit structures revealed a highly consistent distribution of amino acids at position 3.

For the dipeptide 29, lysine was reported in 40% of cases and proline and alanine

each accounted for a further 20%, which shows that these amino acids are thus

clearly preferred with respect to a merely statistical distribution (ca. 3%). The

results from the screening for the corresponding depsipeptide, 30, showed that

position 3 was mainly occupied by proline (50%), followed by lysine (25%) and

alanine (20%). The conformity was less well pronounced for positions 1 and 2.

However, in both cases mainly aromatic or aliphatic amino acids were present,

which might be due to interaction of the nonpolar amino acid side chains with the

dansyl label. The glycine linker is probably too short to prevent this unwanted

hydrophobic interaction with the fluorescence dye. With a binding constant of

5 � 102 M�1 the highest affinity for the depsipeptide in aqueous phosphate buffer

was found for the amino acid sequence AA1–3 ¼ L-Leu-L-Phe-L-Lys. In chloroform

binding constants were significantly higher with values of up to 104 M�1. Due to the

competitive influence of water, the achieved binding constants are rather low. The

comparison between both libraries reveals that the hydrocarbon chain has no

significant influence on the complex stability. The addition of a third arm, which

was indirectly attached to the scaffold via the hydrocarbon chain (31), did neither

improve binding affinity nor selectivity.

Schmuck developed the two tweezer receptors 32 and 33, depicted in Fig. 9

[21, 22]. Based on the work of Liskamp, the aromatic scaffold 22 (Fig. 7) was used

to bridge two peptidic arms. In order to synthesize receptors which feature two

nonidentical arms, such as 32 and 33, the scaffold was equipped with two orthogo-

nal protecting groups (Fmoc, Boc). One of the receptor’s arms consisted of three

amino acids while the other featured two amino acids plus a GCP group as an
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oxoanion binding motif. By means of UV/Vis experiments, a binding constant of

3 � 103 M�1 was determined for the complexation between 33 and the polar

tripeptide N-Ac-Lys-D-Ala-D-Ala-OH in buffered water at neutral pH. Weaker

binding, by a factor of 5, (K ¼ 6 � 102 M�1) was observed for 32. While the

main driving force for complex formation stems from the interaction between the

free C-terminus of the tripeptide with the GCP moiety of the host systems,

the difference between the two tweezer receptors could be attributed to additional

non-covalent interactions between the substrate and 33, such as an additional salt

bridge between the aspartic acid, which is negatively charged at this pH, and the

ammonium group of the substrate’s lysine. Furthermore, in contrast to 32, the

hydroxyl groups in the serine and tyrosine side chains of the first arm of 33 are

potential hydrogen bond donor and acceptor sites and might thus further stabilize

the complex via additional hydrogen bonds. In conclusion, these two artificial

receptors are illustrative examples of the crucial role of the building blocks in the

interaction between host and guest, which can only form a stable complex if the

building blocks are appropriate for the formation of non-covalent interactions

between the two molecules.

Kilburn prepared the combinatorial tweezer receptor library 34, depicted in

Fig. 10, with 15,625 (56) members [23]. The two nonsymmetrical side chains

consisted of varying tripeptide sequences. A guanidinium headgroup served as

both the scaffold and as a carboxylate binding site in order to increase the binding

affinity to the C-terminus of the substrate via a hydrogen bond-enforced salt bridge.

The positive influence of the cationic headgroup was confirmed by comparing

receptors that were bound to the solid support directly via the guanidine [24].

These model systems lost all of their affinity to the substrate because the guanidine

could not be protonated under these circumstances. An on-bead screening of 34

with the dye labeled peptide N-Ac-Lys(dye)-D-Ala-D-Ala-OH (35) in buffered

water at pH 8.75 revealed that less than 2% of the library members bound the

substrate. The selected hit sequences were highly consistent, as shown in Table 1.

Additional on-bead binding studies with the best receptor of the sequence AA1–6 ¼
Gly-Val-Val-Met-His-Ser showed a binding constant of 103 M�1. The corresponding

diastereomeric substrate N-Ac-Lys(dye)-Ala-Ala-OH was bound less efficiently with

a binding constant of 3 � 102 M�1. Binding studies in solution did not lead to
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reliable results. This indicates clearly that the resin influenced the binding events

occurring on the solid support. It is therefore crucial that results from measurements

involving resin-bound substances be verified in solution.

In conclusion, multivalent receptors have been proven to possess the potential to

increase both the selectivity and affinity of their binding to a defined substrate in

comparison with their one-armed analogs. By increasing the functional and struc-

tural diversity and “summing up” multiple non-covalent interactions, the competing

influence of the surrounding medium can be overcome. This is of special impor-

tance when working in water, which is necessary when biological targets are

involved. When designing such molecules several things have to be taken into

account. First, the template that bridges the arms plays a decisive role for the

complexation. Optimally it preorganizes the arms in a suitable fashion for binding

of the substrate and is still flexible enough to allow for its accommodation. For

peptide recognition by tweezer receptors, the distance and angle between the side

chains seems to be of utmost importance. Concerning the building blocks of the side

chains, amino acids offer valuable resources especially, when preparing combina-

torial receptor libraries, due to their diversity and commercial availability. Com-

monly the two arms are identical, as this facilitates the synthesis. Less well studied

are host systems with two different arms, although this approach offers the possi-

bility to add additional functionality. The introduction of a carboxylate binding site,

such as a guanidinium group, into the receptors has proven to be worthwhile for

improving binding properties. Other things that should be kept in mind are that

linkers and labels may also take part in the binding event, as can the solid support.

For this reason, it is advisable to always validate on-bead results with additional

measurements performed in solution.

2 Protein Surface Recognition

Proteins play a central role in many biological processes including metabolism,

regulatory activities, information transmission, transport, or as structural building

blocks for cells [25]. Their primary structure is determined by the sequence of their

building blocks, the 20 proteinogenic amino acids. Their size varies between 40 and

26,000 amino acids—with the majority having between 100 and 1,000 amino acids.

The local orientation of the polypeptide chain is called the secondary structure: the
a-helix has a right-handed twist, contains 3.6 building blocks per turn, and thus has
a pitch of 0.54 nm. It is stabilized by an intra-strand hydrogen bond network, which

is formed between the nth C¼O and the (n + 4)th NH groups of the polypeptide

Table 1 Occurrence of amino acids of selected hit structures at each position of the receptor

Position AA1 AA2 AA3 AA4 AA5 AA6

Amino acid Gly (30%)

Ala (30%)

Val (40%)

Ala (40%)

Val (40%)

Ala (40%)

Met (50%) Met (40%)

His (30%)

Ser (70%)
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chain. The b-sheet, on the other hand, is stabilized by a hydrogen bond network

between two neighboring strands, which are either oriented in the same (parallel

b-sheet) or in opposite directions (antiparallel b-sheet). Those parts of the polypep-
tide chain which do not feature any special secondary structure are called random

coil. The folding of the secondary structure elements and the exact spatial position-

ing of each atom of the protein is called its tertiary structure. It can be determined

by X-ray crystal structure analysis or by NMR spectroscopy. If a functional peptide

unit consists of more than one polypeptide strand, the orientation of the different

strands relative to each other is called the quaternary structure.
Due to the structural diversity of proteins it is possible to interact with them in a

manifold of different ways [26]. While the overwhelming majority of known

enzyme inhibitors are small molecules which competitively bind to the active

center of the target protein (either reversibly or irreversibly) and thus prevent the

binding of the actual substrate, in recent years other ways to influence proteins and

especially enzymes are coming more and more to the fore. These novel approaches

offer great potential for the development of new therapeutic strategies [27]. Within

this chapter we will focus on selected examples of protein surface recognition by

chemical ligands. Such interactions also allow the biological functions of a given

protein to be influenced [28–30]. For example, protein–protein interactions can be

prevented by a chemical ligand which binds to the area of the protein surface

responsible for its interaction with another protein. Enzymes can be inhibited by

surface binding ligands too if the conformation of the protein is altered upon

binding or if the ligand blocks access of the substrate to the active site (non-

competitive inhibition).

2.1 Anionic Ligands

In recent years more and more multivalent chemical peptide receptors were devel-

oped for the recognition of peptide surfaces. In particular Hamilton has synthesized

and applied various tetravalent ligands for the recognition of protein surfaces

[31–33]. Templates such as porphyrin, calix[4]arene, or rigid aromatic scaffolds

were used to combine linear or cyclic peptidic side chains. Equipped with anionic

side chains such as tetravalent ligands are then able to bind to positively charged

protein surfaces with high affinity. Tetravalent 36 (Fig. 11), for example, binds to

Cytochrome c, which features a strongly cationic surface (pI ¼ 10), with a binding

constant of K � 106 M�1.

Hayashida developed the cyclophane-based anionic, trivalent resorcinol-

derivative 37, depicted in Fig. 12, which is able to form stable complexes with

histones in aqueous solution [34, 35]. As determined by changes of the fluorescence

properties of the integrated dansyl-label upon binding, the affinity is as high as

K � 106 M�1. Acetylated, neutral histones, on the other hand, are not bound by 37,

which clearly stresses the importance of electrostatic interactions for the recogni-

tion of the positively charged histone surface.
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2.2 Cationic Ligands

Giralt synthesized protein surface-binding molecules, including the cationic pep-

tide 38 or the non-peptidic tetraguanidinium ligand 39, which are illustrated in

Fig. 13, for the recognition of the tetramerization domain of p53 via four glutamate

moieties on the protein surface [36]. This protein is an important transcription

factor for the regulation of apoptosis and cell division and as such is an interesting

target for the development of novel drugs against cancer. The binding constant for

38 and similar peptides towards p53 was determined to be K ¼ 105 M�1, and the

tetraguanidinium derivative 39 binds with K ¼ 2 � 104 M�1.

Schmuck identified highly efficient tetravalent inhibitors of b-tryptase via an on-
bead fluorescence screening of a ligand library, 40, containing 216 (63) members

(Fig. 14) [37]. The tryptase is a human serine protease, which plays a decisive role

in the pathogenesis of asthma and other allergic and inflammatory disorders. In its

active tetrameric form, the enzyme features a central pore, in which four active sites

are located. A cluster of negatively charged amino acids is found at the entrance to

this channel. With the help of the library it could be shown that tetrameric ligands

with complementary charge are able to block the entrance to this channel and thus

prevent the substrate from accessing the active sites. As a consequence, the enzyme

is inhibited non-competitively. The best inhibitors combined aromatic and cationic

amino acids and the overall best sequence, with an excellent nanomolar activity

(Ki ¼ 170 nM), featured the amino acid sequence Arg-Trp-Lys (from AA1 to AA3).

Furthermore, a clear multivalency effect was observed: the analogous one-armed

ligand was less active by a factor of 1,800 (Ki ¼ 306 mM). Finally, the thus

identified inhibitors were selective for b-tryptase and did not influence similar

enzymes, such as trypsin or chymotrypsin.

In conclusion, multivalent protein–ligands have proven to be highly efficient in

recognizing protein surfaces. Up till now these recognition events were mainly

based on charge–charge interactions, which allowed the design of ligands featuring
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dissociation constants in the lower millimolar or even upper nanomolar range.

Furthermore, initial studies regarding the influence of these systems on the

biological functions of their target enzymes have shown that it is in principal

possible to interfere with enzymatic activity. Hence, protein surface recognition

has been demonstrated to be a promising and active field of research for the

development of novel therapeutic approaches to be used for the treatment of

diseases for which drug therapies do not yet exist.
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Antimicrobial Peptides for Detection

and Diagnostic Assays

Lisa C. Shriver-Lake, Stella H. North, Scott N. Dean,

and Chris R. Taitt

Abstract Considered gold standards for biodetection, immunoassays and nucleic

acid-based assays are sensitive, highly selective, and well characterized. However,

they are capable of detecting only those targets for which specific reagents (such as

antibodies or nucleic acid primers or probes) have been developed. Furthermore,

new, emerging, and unexpected pathogens may not be detected. To address the

challenge of detecting both known and unknown microbes, assays utilizing antimi-

crobial peptides (AMPs) are being developed for integration into both biosensors

and high-throughput platforms. AMP-based detection represents a new paradigm in

sensing—namely, the ability to screen a sample for the presence of many different

microbes without target-specific reagents, and to provide broad classification infor-

mation on the species detected.

Keywords Antimicrobial peptide, Biosensor, Immobilization, Semi-selective

binding
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Abbreviations

AMP Antimicrobial peptide

Cfu Colony-forming units
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PMB Polymyxin B

QCM-D Quartz crystal microbalance with dissipation monitoring

SPR Surface plasmon resonance

1 Conventional Approach for Pathogen Detection

The rapid and reliable detection of microbial pathogens, etiologic agents of chronic

or infectious disease is an important part of research in many fields, including

medical diagnosis, public health applications, environmental health control, and

biodefense. In recent years, many types of detection and diagnostic systems have

been developed for rapid, analytical detection and identification of pathogenic

microbes based on specific immunological or genetic characteristics of the target

organism. Antibody- and PCR-based assays are currently the most commonly

employed molecular techniques [1]. Antibodies provide a powerful analytical tool

for a wide range of targets. Immunoassays are highly specific, versatile, and the

antibodies bind strongly and stably to their respective antigen. Immunoassays are

perhaps the only approach that have been successfully employed for the detection

of bacterial cell, spores, viruses, and toxins alike [2]. PCR-based detection methods

are founded on the premise that each species of pathogen carries a unique DNA or

RNA signature that differentiates it from other organisms. Real-time PCR is highly

sensitive and allows for quantitation of microorganisms at any level of specificity

(i.e., strain, species, genus), and because the approach detects the organism by

amplifying the target DNA rather than the signal, it is less likely to produce false

positives [3]. These current approaches for identifying pathogens are sensitive and

selective but are subject to certain limitations. First, they rely on known
characteristics that may be altered by growth conditions (antigenic determinants)

or genetic engineering (DNA/RNA sequence). In addition, when multiplexing

assays for multiagent detection, background and nonspecific signals increase,

limiting the number of targets that can be detected.
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1.1 New Paradigm for Pathogen Detection

A significant challenge at the forefront of research in the field of biodetection is

multiplex detection of unknown or uncharacterized pathogens or biologically

engineered microbes. Current systems are incapable of identifying these threat

agents because the specific assays have not been developed. In recent years, an

alternative approach to pathogen detection has emerged, in which the presence and

classification of microorganisms are determined by targeting generic factors. This

methodology is part of an emerging direction in the area of differential sensing,

which focuses on pattern-based detection sensors [4, 5]. This trend is underscored

by advances in material science, biotechnology, and engineering that are providing

broader spectrum recognition capabilities (e.g., aptamers, peptides, engineered

proteins, and biomimetic materials) in complement to conventional antibodies

and DNA/RNA oligonucleotide sequences.

Natural and engineered antimicrobial peptides (AMPs) represent an enabling

technology for pattern-based detection systems. AMPs are key players in the innate

immune system that organisms use to kill infectious microorganisms. They recog-

nize molecular patterns on the surface of pathogens, e.g., lipopolysaccharide (LPS),

lipoteichoic acid (LTA), peptidoglycan, and phospholipids, in order to maximize

their antimicrobial efficacy [6]. Most AMPs share fundamental structural motifs

that are essential for their broad spectrum activity; however, there are considerable

differences in peptide sequences, lengths, and charges that differentially modulate

lipid membrane association. It has been proposed that cross-reactive AMP arrays,

which interact with overlapping but nonidentical binding specificities to different

microbial targets, can be exploited for broad spectrum discrimination in pathogen

detection assays [7, 8]. Natural and engineered AMPs represent a new genre of

recognition elements that address the critical technology gap comprising the ability

to detect and categorize unknown, emerging, or engineered pathogenic bacteria,

viruses, and other disease-causing agents. Such a capability is central to appropriate

medical countermeasures and decontamination initiatives.

2 AMPs as Recognition Molecules

AMPs are host defense effector molecules found in organisms throughout the

evolutionary spectrum. They are implicated in the killing of microbes by phago-

cytic, epithelial, and other immunologically relevant cells of mammals, while

intricately regulating immune responses [9]. These molecules carry out their multi-

tude of functions by utilizing differences that exist between microbial and mamma-

lian cells. Significant distinctions between microbes and mammalian systems

include membrane composition, higher transmembrane potential, and the presence

of capsular polysaccharides, LPS, peptidoglycan, and LTA, some of which can be

stimuli that induce AMP expression [9]. The primary determinant of AMPs’
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selective toxicity has been suggested to be the phospholipid composition relevant to

the anionic character and net positive charge of the peptides [10].

While AMPs’ antimicrobial action is apparent under in vitro conditions, micro-

bial killing is generally inhibited under physiological conditions among high

concentrations of monovalent ions, as well as in the presence of host and bacterial

proteases. However, the critical abilities of AMPs as effector molecules of the

immune system (i.e., the induction of wound repair, chemotaxis of for phagocytic

cells, and initiation of inflammatory responses) remain [11]. Under physiological

conditions, some AMPs have been shown to retain the ability to degrade microbial

biofilm, as well as inhibit other factors of virulence [12]. The ability of certain

peptides to bind LPS and LTA has also been implicated as their mechanism to

protect against sepsis [13]. A heptamer-peptide has been demonstrated as an

inhibitor of device-associated staphylococcal infection in rats [14], while numerous

studies have determined that structurally related peptides can have targets existing

beneath the cytoplasmic membrane as necessary antimicrobial mechanisms

[15, 16]. AMPs have been shown to affect nucleic acid and protein synthesis,

inhibit enzymatic activity, and modulate genes related to virulence, such as biofilm

formation, motility, and secrete exotoxin without cell death [12, 15].

AMPs are a unique and diverse group of molecules, which are categorized with

consideration of their synthesis, composition, and secondary structure. A prominent

group contains cationic peptides that are relatively short, lack cysteine residues, and

may have a proline hinge mid-sequence; this group is perhaps the best characterized

with respect to sequence, structure, and mechanisms of binding and killing.

In aqueous solutions, these peptides are generally disordered, seen in circular

dichroism as “random coil,” but in the presence of sodium dodecyl sulfate, phos-

pholipid vesicles, or LPS, the molecule takes on an a-helical conformation. The

percentage of a-helicity seen in membrane models correlates with antimicrobial

activity against bacteria in vitro [17, 18]. Included in this group are the magainins,

the cecropins, melittin, parasin, and the cathelicidins. The cathelicidins are a

diverse family of peptides and are identified based on a conserved N-terminal

domain of the peptide precursor [19, 20]. Found in the granules of natural killer

lymphocytes, neutrophils, and in the epithelia of the skin, gut, and lungs, this class

of peptide is activated upon secretion by proteases [9].

A second group is comprised of cationic peptides that are rich in certain hydro-

phobic, charged, or aromatic residues. This group includes proline- and arginine-rich

peptides, such as the bactenecins and PR-39. Other notable members of this group are

indolicidin, which is rich in tryptophan residues and has a low net positive charge

(+3), and prophenin, which is rich in proline and phenylalanine residues. These

peptides lack cysteine residues and are linear and unstructured, or form extended

coils. While capable of binding to LPS [21], these peptides have a mode of antimi-

crobial action that is distinct from the classical model of cytoplasmic membrane

disruption; they are hypothesized to disrupt bacterial septum formation [15].

A third, large group comprises peptides that contain cysteine residues and form

stable b-sheets. This group includes protegrin, which forms toroidal pores as its

antimicrobial action [15] and the defensins. The a-defensins are produced by
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human neutrophils and typically possess six cysteines that form three disulfide

bonds [19], in a 1–6, 2–4, 3–5 pattern. The a-defensins can inhibit nucleic acid and
protein synthesis of bacteria. The b-defensins include six cysteines that form three

disulfide bonds in a 1–5, 2–4, 3–6 pattern.

An additional group are those that are produced non-ribosomally by bacteria and

fungi. Synthesized by multienzyme complexes, peptides in this group often contain

unusual or modified amino acids. Cyclization, unusual linkages, and mixtures of

D- and L-amino acids are also frequently encountered. This group includes the

polymyxins, bacitracin, gramicidin, and alamethicin.

AMPs carry out their various antimicrobial actions via many different target

molecules; however, the mode of action is largely dependent on interaction with the

bacterial membrane. Peptides are attracted through electrostatic interactions

between their cationic side chains and anionic components of the outer bacterial

membrane, such as phospholipid head groups, LPS, and LTA. At low peptide

concentrations, parallel-oriented adsorption of AMPs to the membrane occurs,

resulting in thinning of the membrane and disruption of the natural distribution of

membrane phospholipids in a concentration-dependent manner. Peptides assume an

increasingly perpendicular orientation as their concentrations increase, allowing for

insertion into the lipid bilayer, forming a transmembrane pore. This intermediate

event — pore formation — has led to the development of several models for

explanation of membrane permeabilization. These models are not necessarily

mutually exclusive, nor competing; they are suggested as being related methods

of action [15] on a spectrum of membrane disruption where any one model may be

unable to explain all of the events that occur [16].

After a peptide-specific threshold concentration is reached, membrane

permeabilization may commence through the mechanism termed the “barrel

stave” model. Peptides self-aggregate and insert deeper into the hydrophobic

membrane core, with the hydrophobic interface of the amphipathic pointed outward

[22]. The noncharged alamethicin peptide has been shown to form a consistent

barrel stave pore with an aggregate of eight monomers [11] where translocation of

the peptides to the inner leaflet of the lipid bilayer causes severe membrane

disruption and leakage of cytoplasmic contents.

In the “toroidal pore” model, a similar sequence of events occurs whereby

aggregates of peptides associate with the membrane in a perpendicular orientation;

upon reaching a necessary threshold concentration, they then insert into the cyto-

plasmic membrane. Inducing local positive curvature strain, the peptides form a

pore lined with peptides and phospholipid head groups in an alternating fashion.

With polar side chains interfacing with the polar lipid head groups, a rounding of

the monolayer joins the leaflets of the membrane resulting in pore formation

without lipid tails exposed to peptide [15, 22]. This mechanism allows for cationic

peptides such as LL-37, melittin, protegrin-1, and magainin-2 to reach intracellular

targets through a relatively large pore.

In a third prominent model of action, the “carpet mechanism” proposes peptide

accumulation on the lipid bilayer in a parallel orientation. After reaching a thresh-

old concentration, cationic peptides disintegrate the membrane and form micelles.
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While redistribution of lipids and membrane thinning can result at low peptide

concentrations in the carpet model, capable of causing significant global physio-

logical disturbance [23], many cationic AMPs will form pores through the carpet

mechanism if a high peptide concentration is applied. The human cathelicidin,

LL-37, in addition to the toroidal pore, and cecropin peptides have been suggested

as using the carpet mechanism of antimicrobial activity through surface adsorbance

and electrostatic interactions with membrane phospholipids and cationic regions of

the peptide [18].

3 Broad-Based Sensing Using AMPs

AMP-based detection represents a new paradigm in sensing — namely, the ability

to screen a sample for the presence of many different microbes without target-

specific reagents, and to provide broad classification information on the species

detected. The concept for such a detection strategy is simple: a series of AMPs with

overlapping, but not identical, binding specificities binds to and detects a broad

spectrum of microbial targets. Based on the pattern of which AMPs bind the target,

the user can glean information regarding what type of microbe is present, although

an unequivocal identification is generally not possible (Fig. 1). By using this

strategy, target-specific reagents (e.g., antibodies, PCR primers) do not need to be

developed or be available on-site, and no knowledge of what might (or might not)

be present is needed. In this manner, unexpected or unknown microbial species can

be detected and sufficient information provided by the binding patterns to allow

more targeted follow-on testing for species identification.

Affinity-based biosensors often utilize a sandwich-type format, using a surface-

immobilized recognition molecule to capture the target from solution, and a

“tracer” component used to quantify the target bound to the surface. We will

describe integration of AMPs as both solution-phase and surface-immobilized

components in detection assays. Although the successful combination of AMP-

tracer and AMP-capture reagents in detection assays has not been reported to date,

we believe that optimization of both components separately will lead to a system

utilizing no affinity reagents other than AMPs for biological recognition.

3.1 Solution-Phase Detection Using AMPs

Use of AMPs as solution-phase “tracers” should be considered as distinct from

their application as antimicrobial or decontaminating agents. While the latter

applications rely on their microbiocidal properties, the former use requires cell

recognition and binding without killing. Furthermore, AMP tracers require modifi-

cation with a label that can be measured by an appropriate detector. Most impor-

tantly, this tag must not interfere with the AMP’s recognition and binding

characteristics.
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Using a 3-pronged approach encompassing both in vitro and multiple in vivo
screening models, Welling’s group at Leiden University has led the field in

discovery, development, and use of radiolabeled AMPs for in vivo detection and

imaging of microbial infections [24, 25]. They have identified a number of

promising technetium-99m (Tc)-labeled peptides with different spectra of binding

and pharmokinetic properties when tested in different in vivomodels [26]. The most

promising Tc-labeled compound could detect Gram-negative, Gram-positive, and

fungal infections in vivo and discriminate them from sterile inflammations induced

by LPS or heat-killed bacteria [24–26]. This material has been used in several

clinical studies with promising results as a negative predictor of infection [27, 28].

Derivatives with improved pharmokinetic properties are currently under develop-

ment [29].

While radiolabeled AMPs are intended as imaging agents for point-of-care use,

AMPs tagged with other labels (e.g., Ru(bpy)3- or fluorophore-labeled) offer

tremendous potential for use as “tracer” molecules in biosensors. Olstein and Albert

developed copolymers with repeating polymyxin B (PMB) “recognition” units

and biotin “label” units and demonstrated binding to Gram-negative, but not

Gram-positive cells. Improved sensitivity was demonstrated by increasing the

“label” moieties in the copolymer [30]. Rocco [31] conjugated PMB directly to a

fluorophore and demonstrated broadly specific binding to different bacteria

with minimal binding/staining of eukaryotic cells. Lim’s group used an analogous

PMB-dye conjugate in biosensor assays where PMB was also used for microbial

Fig. 1 Concept of AMP-based screening for detection and categorization of microbial species.

The semi-selective binding characteristics of AMPs are used to detect many different species of

microbes. The information provided by the overall pattern of binding is used to classify the

detected species into different families of targets. Once the appropriate category of target is

known, follow-on testing (such as immunoassay, PCR) can be used to identify which species is

present
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capture [32]. While Escherichia coli binding to immobilized PMB was detected at

107 colony-forming units (cfu) per mL using an antibody tracer, Cy5-PMB failed to

detect their surface-bound E. coli even at tenfold higher concentrations. Our own

studies have shown that PMB and other AMPs are often modified on multiple side
chains even when using a 1:1 molar ratio of amine-specific labels [33]. Presumably,

the loss of multiple positive charges impacts both the affinity and specificity of the

modified AMPs [22, 34, 35].

To circumvent the pitfalls associated with amine-targeted modification, Mello’s

group has utilized AMPs synthesized with a C-terminal cysteine [36, 37]; this

unique thiol can be targeted by thiol-specific fluorophores without affecting overall

peptide charge or presumably structure. Indeed, in assays utilizing an antibody for

capture and fluorescent cysteinyl-AMPs as tracers, an improvement in assay sensi-

tivity was observed with Cy5-cysteine-cecropin P1, albeit not with all cysteinyl-

labeled AMPs tested. In contrast to Lim’s observations [32], no decrement in assay

sensitivity was apparent for any of these labeled AMPs.

3.2 Biosensor-Based Detection Using Immobilized AMPs

Employing AMPs as the capture molecule in biosensors for the detection of bacteria

is another application. They can be used to bind broad categories of bacteria.

Both competitive assays and sandwich immunoassays have been demonstrated as

sensors for the presence of bacteria or their components (i.e., LPS). The main issue

in this area is to immobilize the AMP to a solid support such as fibers or planar

waveguides without losing their ability to bind to bacteria. As with the solution-

phase AMPs used as tracers, the chief requirement is the AMP’s ability to bind to

the bacteria, not its biocidal ability.

The first example of an immobilized AMP for detection as a capture molecule in

a biosensor was described by James et al. at the Naval Research Laboratory; the

system used was an evanescent wave-based biosensor, where fluorescent signals are

read only from fluorescent molecules bound to the surface [38]. In this study, PMB

was covalently immobilized on the surface of a tapered optical fiber using

mercaptopropyl silane and an amine-reactive cross-linker. A known quantity of

fluorophore-labeled LPS competed with unlabeled LPS for binding to PMB. As the

concentration of unlabeled LPS increased, the fluorescence signal decreased. LPS

was used as the target as this is a major component of Gram-negative bacteria and

has been proposed as being part of the AMP–bacteria interaction. In this competi-

tive fluorescence-based assay, unlabeled LPS was detected at 12.5 ng/mL in buffer

and 25 ng/mL in plasma. Though the assay was run for 2 min, binding was

completed within 30 s. Optimization of the AMP concentration used for immobili-

zation was examined; the authors found that 10 mg/mL worked best, with higher

concentrations as well as the lower concentrations reducing sensitivity.

This work has since been expanded at the Naval Research Laboratory by

increasing the number of AMPs immobilized on a surface and developing
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multiplexed assays using these AMP arrays. The system used in these later studies

is also an evanescent wave-based biosensor where fluorescent signals obtained are

limited to those molecules/cells captured on the sensor substrate. As mentioned

earlier, different AMPs have different affinities for different bacteria. Based on

their previous work with antibodies, Kulagina and coworkers took advantage of the

ability to immobilize different capture molecules in specific spots on an optical

waveguide and immobilized several different AMPs (magainin I, cecropin, poly-

myxin, parasin) via their primary amines in stripes across the slide [8, 39, 40].

Various bacterial solutions were run through channels perpendicular to the pat-

terned AMPs, followed by fluorescently labeled antibodies. When laser light was

launched into the waveguide forming an evanescent wave region, only the areas in

the evanescent wave with the full complex of AMP–bacteria-fluorescent antibody

fluoresced. Dose–response curves were generated and compared to those obtained

with immobilized antibodies on the same slides. The limits of detection were

similar for E. coli, Salmonella, and Bacillus spp., but a few showed improved

detection limits (killed Francisella tularensis, killed Brucella, and killed Yersinia
pestis). Importantly, while distinguishable binding patterns were observed for each

AMP and each species tested, similar species (e.g., alpha Proteobacteria, gamma

Proteobacteria, Firmicutes) produced similar, but not identical, patterns. These

observations support the hypothesis that AMP arrays can be used to classify

detected microbes into their appropriate phylum, class, order, and possibly family

and genus, based on their patterns of binding. In addition to both Gram-positive

and -negative bacteria, viruses were also detected; interestingly, the patterns of

AMP binding for the two viruses tested were virtually identical, again supporting

the potential for detection and classification based on AMP arrays.

Recently, Manoor and coworkers developed a microcapacitive electrode biosen-

sor for the detection of E. coli and Salmonella for water monitoring and pharma-

ceutical use [41]. This system incorporated a single peptide —magainin I — which

was modified such that it contained a cysteine on either the C- or N-terminus

for immobilization to gold electrodes. They demonstrated detection down to

103 bacteria/mL with selectivity for Gram-negative and pathogenic organisms.

They were able to demonstrate bacterial selectivity between Gram-positive and

Gram-negative bacteria, as well as between E. coli and Salmonella.
A major requirement for AMP integration on these and other biosensors is the

retention of activity after immobilization. Though not pursuing microbial detection

per se, Mello and coworkers have immobilized AMPs onto surfaces by various

means and assessed for activity, structure, and presentation/orientation; surface

plasmon resonance (SPR), sum frequency generation vibrational spectroscopy,

and quartz crystal microbalance with dissipation monitoring (QCM-D) were used

[42–45]. Their work published to date has been on the AMPs that have been

cysteine-modified at the C-terminus for immobilization. This work can be used to

further develop biosensors that employ gold surfaces for transduction. They

demonstrated that the immobilized cecropin was bound to the surface and

maintained its biocidal abilities. To demonstrate binding of LPS to surfaces,

Ansorena’s group immobilized PMB via mercaptoundecanoic or mercaptopropanoic
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acid on QCM-D and SPR surfaces [46]. They found that the PMB was essential to

achieve high binding of LPS. Two excellent reviews have recently been published on

covalent immobilization or tether protocols of AMPs onto solid surfaces, with

emphasis on the development of antimicrobial materials [47, 48].

Mor’s group has also investigated the activity of a synthetic “AMPs”—

oligoacyllysines (OAKs)—immobilized on an SPR chip [49]. OAKs are synthetic

copolymers with repeats of acyllysines as a mimic for naturally occurring AMPs.

A resin-linked OAK bead was able to capture about 3,000 bacterial cells for use as a

concentration step. Captured E. coli was confirmed as still viable with real-time

PCR. Mor and coworkers were able to regenerate the beads multiple times with an

ethanol wash.

3.3 High-Throughput Screening Platforms

High-throughput screening (HTS) capabilities are important and necessary for the

rapid detection of multiple agents in a single reaction with minimal sample

processing. Here we discuss two current efforts to transition AMP-based detection

assays, previously demonstrated in low-density slide arrays, to commercial micro-

titer plate- and bead-based HTS platforms.

3.3.1 Microtiter Plates

Microtiter plates are effective solid-phase platforms for multiplexed, HTS and

analysis. The multiwell format, available in 96, 384, 1,536, and even 3,456 or

9,600-well plates, provides ease of automation, high capacity for paralleled data

collection, and versatile application of technologies. The most commonly used

approach for bioimmobilization to microtiter plates is noncovalent adsorption.

However, given the aforementioned importance of structure and presentation of

AMPs for cell capture, it is imperative that surface attachment strategies take into

consideration native conformation and molecular orientation to ensure functionally

active peptide display. Mello and coworkers first used amine-directed peptide

immobilization on maleic anhydride-activated microtiter plates to demonstrate

the ability of cecropin P1 to capture and immobilize bacterial cells on solid surfaces

[50]. Subsequently, AMPs were synthesized with C-terminal cysteine residues for

site-directed immobilization to maleimide-activated microtiter plates. The surface-

bound AMPs demonstrated preferential binding behavior for Gram-negative E. coli
O157:H7 [51]. Mello’s group has continued to focus on thiol-targeted chemistry for

AMP immobilization, which has been highly productive for large-scale AMP

screening for biodetection of pathogens.

The usefulness of AMPs for detection and diagnostic purposes relies heavily on

the ability to immobilize them on the surface of a detection platform in a reliable

and predictable manner that supports target capture. Therefore, we investigated the
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effects of commercial microtiter plate chemistry on AMP immobilization and their

subsequent interaction with bacterial biomarker, LPS. AMPs were immobilized to a

series of commercial microtiter plates—two plates with amine-reactive functional-

ity (Immobilizer Amino®, maleic anhydride), a maleimide-activated plates for

thiol-directed coupling, and a hydrophobic polystyrene plate (Microfluor I®).

We evaluated the effects of the different immobilization chemistries on peptide

presentation and orientation by determining the relative amount of free primary

amines on each peptide. As the primary amines are the potential points of attach-

ment, the fluorescence labeling efficiency of the peptides after surface immobiliza-

tion can provide information on the degree of multipoint attachment as well as the

availability of these amine residues for binding to target analytes. We observed

dramatic differences in the labeling efficiency of surface-bound AMPs that were

both peptide- and immobilization chemistry-dependent (Fig. 2). These results are

consistent with previous studies that have shown that the method used for immobi-

lization greatly affects AMPs’ functionality in rapid detection assays [39, 52, 53].

Interestingly, we did not observe a correlation between peptide display and LPS

binding activity amongst the different AMPs tested. In addition, we could not

identify optimal immobilization chemistry for target capture that could be applied

to all AMPs. For example, the cecropin A (1–8)-melittin (1–18) hybrid appears to

exhibit the most flexible configuration when coupled to the maleic anhydride

microtiter plate; however, it demonstrates the highest LPS binding affinity when

immobilized to the maleimide-activated microtiter plate (Fig. 3). In contrast,

indolicidin exhibits the greatest number of free primary amines when coupled to

the Immobilizer Amino plate yet shows the best binding affinity to LPS when

coupled to the maleic anhydride microtiter plate. Even analogous methods of

Fig. 2 CecA (cecropin A); CecB (cecropin B); CeMe (cecropin A (1–8)-melittin (1–18) hybrid);

CecP1 (cecropin P1); Mel (melittin); Indol (indolicidin)
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immobilization (e.g., amine-directed linkage to Immobilizer Amino® and maleic

anhydride-activated microtiter plates) result in significant differences in the label-

ing efficiency of free primary amines and target capture. These results suggest that

the presentation and orientation of surface-bound AMPs are highly sensitive to the

choice of immobilization chemistry used to attach the peptides to microtiter plates.

Moreover, for surface-bound AMPs, peptide display is an insufficient predictor of

the effectiveness of target capture.

To meet the need for a high density, HTS AMP-based detection platform, we

developed a silane-based method for facile and controllable covalent immobiliza-

tion of AMPs to microtiter plates [52]. This approach allows for a wide variety of

peptide immobilization schemes to be applied to a single microtiter plate. Briefly,

inert polystyrene microtiter plates were modified with plasma treatment to generate

reactive hydroxyl moieties on the plate surface. The microtiter plates were then

Fig. 3 Binding of Cy5-labeled LPS to cecropin A (1–8)-melittin (1–18) hybrid (top panel) and
indolicidin (bottom panel) peptides immobilized to four commercial microtiter plates
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functionalized with silane and cross-linkers that could provide tailored covalent

immobilization for different AMPs. We observed that plasma treatment promoted

AMP immobilization efficiency that was comparable to commercial microtiter

plates [52] and increased the target capture yield by up to 40 times compared to

untreated plates (Fig. 4, microtiter plate). In addition, when plasma-treated plates

were processed using analogous chemistry as used on glass slides, the binding

pattern observed were similar to that of the gold standard glass slides (Fig. 4,

compared microtiter plate to glass slides). This novel method for microtiter plate

processing allows for optimal immobilization chemistry for each AMP to ensure

AMP functionality, maximize signature extraction, and improve sensing capability.

3.3.2 Bead-Based Formats

A second HTS technology to which AMPs have been applied is bead-based arrays.

Exemplified by Luminex100 and MAGPIX systems, bead-based arrays capitalize

on the vast multiplexing capabilities of individually interrogable microspheres to

Fig. 4 Cy5-LPS fluorescence from plasma-treated (top left panel) and -untreated (bottom left
panel) microtiter plates indicating the binding of Cy5-conjugated bacterial biomarker, LPS, to a

variety of AMPs. Cy-5 LPS binding to AMPs immobilized onto glass slide (right)
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examine large numbers of samples for up to 500 targets simultaneously. Each bead

set can be separately coated with a different recognition molecule (e.g., AMPs) and

then mixed together to create user-tailored, multiplexed assays. Bead arrays have

been widely used for clinical diagnostics, transcriptional and expression profiling,

autoantibody screening, and food, water, and environmental monitoring [54–61].

We have recently demonstrated that AMPs could be immobilized onto

carboxylated polystyrene beads and used to detect E. coli, Salmonella, Bacillus,
and Listeria in Luminex assays [61]. Detection limits generally ranged from 104 to

105 cfu/mL when attaching AMPs using amine-targeted linkages. Sensitivities were

generally tenfold poorer when AMPs were immobilized via C-terminal cysteines

using thiol-targeted chemistry. Initial studies looking at amine-directed linking

showed similar effects to those observed on other substrates and in other systems.

Effectiveness of target capture was highly dependent on the nature of the surface to

which the AMPs were attached (e.g., hydrophobic/hydrophilic, passivated/

unpassivated with protein scaffolds, basic/acidic surfaces). Surprisingly, linkers

with long flexible “tether” regions were not the most effective for retention of binding

activity, but AMP density was not measured or accounted for in these studies.

More recently, we have adopted a more systematic approach for discriminating

between the relative effects of initial surface characteristics, linker “tether” regions,

and AMP density. Using commercial heterobifunctional linkers terminated with

maleimide (thiol-reactive) and N-hydroxysuccinimidyl ester (amine-reactive)

groups, density of both functional groups and immobilized AMPs could be accu-

rately determined; moreover, the individual effects of various “tether” characteri-

stics (e.g., hydrophobicity, flexibility, length) on AMP affinity and selectivity could

be separately quantified. Interestingly, when comparing linkers with similar tether

properties, we observed that increased freedom of movement (increased length,

flexibility) often resulted in lower binding activities. These differences were

striking when comparing binding activities of two helix-hinge-helix peptides,

cecropin A and melittin, for the closely related species, E. coli and Salmonella.
Both melittin and cecropin A exhibited similar patterns of binding when

immobilized by linkers incorporating aliphatic tethers. However, by simply

integrating a phenyl or cyclohexane moiety in the linker, cecropin A became highly

specific for Salmonella (versus E. coli); this effect could be reversed by increasing

the chain length of the hydrophobic linker, again yielding binding at similar levels

as E. coli (Fig. 5). These intriguing results point to the potential of custom-tailoring

surfaces to suit the user’s desired specificity for detection by simply altering the

tether used to link each AMP to the surface.

4 Issues and Challenges

The ability to detect a broad variety of microbial targets is desired for many

applications: diagnostics, environmental monitoring, industrial process monitoring,

food quality and safety assessments, and biodefense. As such, the more robust,
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rapid, and broad spectrum the sensor, the better suited it will be for on-site use.

Integration of AMPs into biosensors has the potential to expand the number of

bacterial, viral, and fungal targets detectable in a single test, while also providing a

more heat-, solvent-, pH-, and salt-stable biorecognition species than most

antibodies currently used in biosensors.

QCM and SPR-based systems utilizing AMPs have the advantage of

“reagentless” detection; binding of microbial targets can be directly detected,

without the need for a labeled species. Systems such as those described by Mannoor

[41] and Mello [43, 51] therefore offer tremendous potential for such broad

spectrum, rapid microbial detection. Unfortunately, instrumentation for these and

other reagentless platforms has generally not yet evolved with sufficient robustness

for routine use outside of a highly controlled, pristine environment, and their

multiplexing capacities are still limited.

Biosensors intended for outside-the-lab use, on the other hand, often utilize

electrochemical, optical, or other tags that can be used to discriminate detected

target from external sources of signal. These biosensors therefore most often

required use of labeled “tracer” species (e.g., antibody, AMP, alternative ligand)

for target detection. To take full advantage of the broad specificity of AMP-based

biosensors, this tracer should be capable of tagging all bound targets equally, such
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that the only components imparting assay specificity are the immobilized AMP-

capture reagents. One potential solution is through use of a nonspecific, whole cell

stain [62]; in our laboratory, however, we have observed significant staining of the

AMP-modified surfaces in the absence of any microbial targets. Potentially, AMP-

based tracers can also be used to detect bound microbes, as shown by Arcidiano

[36, 37]. However, detection of bound targets is dependent on the specificity of

the AMP moiety of the tracer as well as the AMP-capture species, potentially

confounding efforts to deconvolute the binding patterns for classification purposes.

Smith’s group at Notre Dame has developed a novel compound that could likewise

be used as a tracer in AMP-based assays. They have shown that a Zn-dipicolinic

acid-squaraine rotaxane conjugate stains a wide variety of bacterial species and

apoptotic mammalian cells, but does not appear to bind to healthy mammalian cells

[63]; further, when used as an imaging agent, this compound was able to discrimi-

nate between bacterial infections and sterile inflammations in mice [64].

Integration of a series of peptide “beacons” as capture reagents would

completely eliminate the need for a labeled tracer species, much as molecular

beacons have become more commonplace for reagentless detection of nucleic

acids [65]. While simple in concept, there have been only a handful of studies

demonstrating specific detection using peptide beacons [66, 67]. The dearth of well-

characterized beacons based on native peptides is likely an indication of the

challenges in creating beacon-type structures while accounting for the inherent

complexities in peptide structure/function relationships.

A significant challenge remains in the ability to transfer AMP-based assays from

platform to platform. It has been well recognized within the antimicrobial coatings

community that the method of AMP immobilization affects their biocidal activities

(reviewed recently by Costa et al. [47, 48]). It stands to reason that similar effects

will be encountered in AMP surfaces used for detection. Indeed, we and others have

observed significant differences in affinities and specificities by AMPs immobilized

onto different platforms through presumably analogous chemical linkages [51, 52,

68, 69]. This poses a significant challenge if each detection platform has its own

specific chemistry required for attachment. In our own laboratory, we have devel-

oped a process for attaching AMPs to organic polymers such that patterns of

binding to different AMPs are similar to those observed on silanized silicate

surfaces [52, 68], but this process may not be applicable to all sensor substrates.

Moreover, although binding patterns were similar, they were not identical. Until a

universal methodology to allow identical AMP density and presentation on all

surfaces is developed, we anticipate that deconvolution of binding patterns—used

to classify detected microbes—will require re-optimization on each new platform.

Clearly, AMP-based detection is still a work in progress. The groundwork of

putting AMPs into biosensors and detecting microbes and microbial markers has

been shown; in a limited number of cases, the potential benefits of using AMPs

(such as stability in a broad range of pHs and salt concentrations) have been

demonstrated. Although solution-phase systems have aptly demonstrated the prom-

ise for AMP-based detection in clinical samples, significant effort is still required to

provide evidence that biosensor-based tests are useful with complex samples such
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as foods, clinical fluids, and environmental specimens. AMPs and AMP-based

materials can then be downselected to those with minimal matrix effects.

We anticipate that information technology will play a leading role in the

development of future AMP-based assays. With increasing numbers of AMPs

being used in multiplexed assays, the ability to store libraries of binding patterns

and the ability to retrieve information necessary to deconvolute data from unknown

samples will be imperative. Furthermore, we foresee the day when biosensor assays

can be custom tailored to virtually any desired specificity (e.g., order-, family-,

genus-, or species-level discrimination) by selecting different sets of AMPs (and

linker chemistry) with appropriate recognition characteristics. Such AMP-based

biosensors have the potential to expand detection capabilities significantly beyond

what is currently possible by rapid screening of unknown samples to detect not only

well-characterized microbial targets, but those that are unknown or newly

emergent.
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Plastic Antibodies

Alessandro Poma, Michael Whitcombe, and Sergey Piletsky

Abstract Molecular recognition plays an important role in diagnostics, catalysis,

separation, and drug development. For years these tasks have been entrusted to

antibodies, but recently some viable alternatives are starting to emerge. This review

provides a brief overview of natural and synthetic recognition systems, highlighting

their advantages and drawbacks. Examples of synthetic receptors include aptamers,

engineered proteins, and molecularly imprinted polymers (MIPs). The focus of the

present work is on the development and application of a novel class of synthetic

receptors—MIP nanoparticles (“plastic antibodies”).

Keywords Enzyme mimics, Molecularly imprinted polymer, Nanoparticles,

Sensing, Separation
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1 Introduction: Antibodies—All That Glisters Is Not Gold

Molecular recognition plays an important role in diagnostics, catalysis, separation,

and drug development. Enzymes, antibodies, nucleic acids, and receptors are

widely applied in the fundamental study of molecular recognition phenomena, as

well as in the development of practical therapeutic or diagnostic systems [1].

Antibodies largely dominate in most of the commercial applications. To provide

an example, the global monoclonal antibodies (mAbs) market in 2009 was

evaluated as $40 Billion, with $30 Billion related to therapeutic applications

[2, 3]. The global in vitro diagnostics (IVD) market, another application area for

antibodies and enzymes, has been estimated in 2010 as $44 Billion and is expected

to reach $52 Billion by the end of 2013. Among the key constituents of the IVD

market, the point-of-care (POC) segment holds the major part, followed by immu-

nochemistry and molecular diagnostics [2, 4].

Antibodies are proteins which the immune system synthesizes to detect and

neutralize “non-self” substances (e.g., bacteria, viruses, and toxins), also known as

antigens [5]. The most commonly used immunoglobulins G (IgGs) possess a

Y-shape resulting from the arrangement of two longer (“heavy”) chains and two

shorter (“light”) chains, all stabilized by disulfide bonds, with an average molecular

weight of 150–160 kDa. The lower part of the “Y” is referred to as the Fc region,

and its role is to confer stability and drive the interactions with other components of

the immune system (e.g., effector mechanisms). The upper part of the “Y” is known

as the Fab region and contains the variable domains at which the antigen recogni-

tion and binding take place [6]. The antibody–antigen interaction is driven by a

precise combination of electrostatic, hydrogen bonding, van der Waals, and/or

hydrophobic forces, which results in extremely strong affinity [5]. Antibodies are

undoubtedly highly specific and selective for several kinds of chemical and

biological moieties and can be produced on a large scale [7]. Their industrial

production relies on the cultivation of modified mammalian cell lines [e.g., those

from Chinese-hamster ovary (CHO) and human embryonic kidney (HEK)-2930].

The manufacturing process is logistically difficult and expensive [6, 8, 9]. Further-

more, antibody production against small molecules requires chemical coupling

between haptens and a carrier protein in order to generate an immune response in

animals [7] and their purification involves several steps (especially for applications

in therapy), which affects the manufacturing costs [10, 11]. Moreover, it is difficult

to generate antibodies against molecules such as immunosuppressant drugs or

toxins, because these chemicals act directly on the immune system and prevent

its natural response [12, 13]. Additionally, being proteins, the characteristic problems

related to their usage are low stability and poor performance in organic solvents,
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at low and high pH and at high temperature [14–16]. All these factors may alter

their recognition properties, thus shortening their shelf-life [17, 18]. Finally,

biomolecules may be difficult to immobilize on suitable supports for use in assays

and sensors [15, 19], which is an extremely important feature for developing

diagnostic devices. For all these reasons, other affinity tools, such as engineered

binding proteins, aptamers, and molecularly imprinted polymers (MIPs), have

gained interest as potential antibodies substitutes. Their attractive features include

enhanced stability, efficient selection and screening procedures, and cost-effective

production methods. In the following sections we provide a brief overview of

engineered binding proteins, aptamers, and MIP nanoparticles as affinity tools for

different applications such as diagnostics, therapeutics and drug delivery, as well as

separation and catalysis.

1.1 Engineered Binding Proteins

As already stated above, the recognition ability of antibodies relies on a limited

variable region structurally embedded in a more conserved framework. In the same

way, proteins capable of binding to a certain target might be selected from a random

library, characterized by a constant structural peptide framework and randomized

variable binding regions. However, a large amount of peptide derivatives have to be

generated and screened to successfully design and engineer a binding protein

scaffold. This can be achieved by performing high-throughput screening based on

molecular display technology, which establishes a physical link between phenotype

and genotype. The most commonly used display technology is phage display in

which genes encoding proteins of interest are fused to a gene that encodes a phage

coat protein. In this way, phage particles can be made to display peptides of interest

on their surface [20, 21]. Escherichia coli (E. coli) cells are infected with the

members of the phage library to produce many copies of each of the library

members displaying the variant proteins. This library is screened against the

immobilized target molecule and the phages with appropriate specificity and

affinity are separated and collected in a process known as biopanning. The collected

high-affinity phages are used to re-infect E. coli cells and the process is repeated

iteratively (usually three to five rounds) using more stringent washing steps.

Eventually, monoclonal phages are selected, and the high-affinity protein scaffolds

identified by sequencing the DNA of the corresponding phage [6]. Scaffolds that

have good stability are required to have a sufficiently long shelf-life, which is

important from a commercial point of view. Among the successful examples of

engineered proteins there are fibronectin type III domain, which has a certain

degree of similarity with the structure of an immunoglobulin G variable domain,

and designed ankyrin repeat proteins (DARPins) [22–24]. However, developing

scaffolds for a certain application is not easy; in particular due to the unpredictable,

costly, and time-consuming nature of the screening procedure, hence the commer-

cialization of these products is still at early stage [6].

Plastic Antibodies 107



1.2 Aptamers

Nucleic acids ligands (aptamers) can also be exploited as affinity tools. The term

“aptamer” derives from the Latin word “aptus,” which means “fitting,” and the

Greek word “meros,” which means “particle.” Aptamers are short (15–60

nucleotides) single-stranded nucleic acid (DNA or RNA) oligomers with a specific

and complex three-dimensional shape, which allows them to recognize a variety of

targets ranging from small organic molecules to large protein complexes [6, 25].

Aptamers can exhibit affinities down to the nanomolar range, but in contrast to

mAbs they are produced entirely in vitro through the generation of combinatorial

libraries (1014–1015 synthetic nucleic acid sequences) and the subsequent stringent

selection process with the immobilized target. The selected sequences are amplified

by polymerase chain reaction (PCR) and used in several selection/amplification

cycles (6–20) with increasingly stringent selection conditions in a process called

SELEX (systemic evolution of ligands by exponential enrichment). Eventually, these

aptamers are cloned, sequenced, and tested for the intended application [6, 25].

Aptamers with molecular weight 5–20 kDa are smaller than antibodies and can

be used in high-density arrays. Furthermore, thanks to their robustness, aptamers

can be chemically modified by, e.g., through biotinylation or by addition of

fluorescent labels. They are exploited in ELISA assays or as detection elements

in biosensors. Target binding may significantly alter the structure of an aptamer in a

reversible way and such an event could be exploited to detect molecules of interest,

either fluorescently or electrochemically. Moreover, unlike antibodies, aptamers

are easy to regenerate, either at high temperature or high salt concentration which

can be used in affinity purification of proteins. Another important advantage is that

aptamers can be generated for virtually any target, even those for which antibodies

cannot easily be raised (such as toxins or poorly immunogenic molecules). The

SELEX process can also be performed under conditions similar to those used in the

assay for which the aptamer has been developed. In this way it can be ensured that

the oligonucleotide will retain its structure and recognition ability in the final

process for which it was intended [26].

SELEX processes are, however, quite lengthy and labor intensive [27]. In

addition attempts to automate SELEX procedure have so far proved to be unsuc-

cessful. Moreover, despite their claimed robustness, aptamers are prone to degra-

dation. In addition, commercialization of aptamer technology has been hindered by

exclusive ownership of IP by a small number of companies [6, 28].

1.3 Molecularly Imprinted Polymers

The process of molecular imprinting is schematically represented in Fig. 1. The

synthesis of MIPs involves monomers which possess functional groups capable

of interacting with the target molecule (template), either covalently or through
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non-covalent interactions. The reaction mixture includes a cross-linker and a

porogenic solvent. Polymerization is initiated either thermally or by UV light,

leading to highly cross-linked polymers. The template is removed from the polymer

by washing, leaving behind binding sites that are both spatially and chemically

complementary to the template molecules, and capable of rebinding either the

template or its structural analogues [29, 30].

In contrast to biomolecules, MIPs are usually stable at low and high pH,

pressures and temperatures (<150�C) [15, 31–36]. Moreover, they are less expen-

sive than biomolecules and easier to obtain, and they can be used in organic

solvents. Finally, they can be synthesized for diverse classes of substances, such

as ions [37], nucleic acids [38], proteins [39, 40], drugs [41–43], and even yeast

cells and erythrocytes [44].

The number of published papers in the MIP area in the last 10 years has tripled,

which reflects the growing interest in these materials [45]. However, MIPs are also

burdened with some limitations, mainly connected with the methods of their

production and the final format of the polymer. One such limitation is linked to

MIPs prepared in the “bulk” format, which require grinding and sieving to obtain a

fraction of particles with a narrow range of sizes. This is a lengthy process and is

impractical or unsuitable for many applications [46–48]. Furthermore free radical

addition polymerization is exothermic and the bulk format prevents efficient heat

exchange with the exterior. This can lead to rapid increases in the temperature of the

polymerization mixture and consequently increased pressure within the reaction

mixture, which may adversely affect MIP properties and can lead to explosions for

Fig. 1 Schematic representation of molecular imprinting. Template and the polymerizable func-

tional monomer may interact through: (a) reversible covalent bonds, (b) covalently attached

polymerizable binding groups that are activated for non-covalent interaction by template cleavage,

(c) electrostatic interactions, (d) hydrophobic or van der Waals interactions, (e) metal–ion

mediated interactions (adapted with permission from [30])
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anything other than small-scale reactions [29, 32, 36]. Complete removal of the

template is often difficult with bulk MIPs, which can result in the potential for

leaching of residual template from the matrix interfering with the intended applica-

tion, particularly when used for trace analysis [49]. Integration of bulk MIPs with

sensors and assay protocols is also complicated [15, 29, 30]. A more promising

approach lies in the synthesis of MIPs in the form of nanoparticles.

2 MIP Nanoparticles: True “Plastic Antibodies”?

In contrast to bulk materials, MIP nanoparticles (MIP NPs) show improved

characteristics (Table 1).

MIP NPs have higher surface-to-volume ratios and greater total active surface

areas per unit weight of polymer. Imprinted cavities are more easily accessible to

the template, which improves binding kinetics and facilitates the template removal

process, thus enhancing their overall performance [50–52]. Nanoparticles can be

dosed precisely and allow conjugation with probes and enzymes for ELISA-type

assays [13, 53]. Several methods have been used to obtain MIP nanoparticles [54].

MIP nanoparticles have been used in catalysis [55, 56], in drug delivery [41, 42], in

binding assays [7, 9, 53, 57], in capillary electrochromatography (CEC) [58–61],

and in sensors [62–64]. Each of these applications will be discussed in detail in the

following sections by analyzing some examples from the literature in an attempt to

highlight the advantages and disadvantages arising from the use of MIP

nanoparticles for these purposes.

Table 1 Comparative properties of MIPs produced in bulk and nanoscale formats

Bulk MIPs MIP nanoparticles

Broad distribution of binding sites with

varying affinity, high level of nonspecific

binding

“Monoclonal” binding sites, one to two per

particle, two to three orders of magnitude

difference between specific and non-specific

binding

Affinity in the range 10�9–10�3 M depending

on template

Affinity in the range 10�10–10�6 M, possibility of

using affinity chromatography for the

fractionation of high-performance

nanoparticles

Insoluble material, difficult to process Soluble particles which can be treated as standard

reagents

Substantial batch-to-batch variability Better control of manufacturing process, using

chemical reactors

Possibility of template leaching from the

polymer

Traces of template can be relatively easily

removed using dialysis or affinity separation

Limited prospects for in vivo applications MIP nanoparticles with biological activity can be

produced
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3 Applications of MIP Nanoparticles

3.1 Drug Delivery

The cross-linked nature and affinity properties of MIPs make them suitable

reservoirs for controlled drug release. This is particularly useful for drugs with a

low therapeutic index (e.g., theophylline), which might cause adverse effects if

their concentration is not kept below a certain threshold value. Chemically or

physically triggered release also can be achieved using MIPs, e.g., when the

polymer interacts with the specific imprinted target moiety, such as a cell surface

receptor overexpressed in a tumor [45]. Due to their dimensions and high-surface

area, MIP nanoparticles could represent a very interesting solution for these

applications. In a pioneering work by Ciardelli and coauthors, MIP nanoparticles

were used as a drug delivery system for the controlled release of theophylline

(THO) [42]. Particles of 200 nm diameter were synthesized using a modification of

the precipitation polymerization approach of Ye and coauthors [65]. However drug

release properties of MIP NPs were not so easy to predict and understand. The

release pattern depended on the fine balance of the strength of monomers–template

interaction, concentration of monomers and polarity of the particles. Jantarat and

coauthors fabricated composite cellulose membranes embedded with MIP

nanoparticles for the transdermal enantioselective release of racemic propranolol

[66]. The S-enantiomer of this b-blocker is 100–130 times more potent than its

R-isomer, and it would make sense to develop delivery system that would allow

specific delivery of enantiomerically pure compounds [67]. The authors applied

suspension polymerization in liquid perfluorocarbons to obtain MIP NPs with

diameters in the range 300–500 nm, directly attached to the surface of 3–10 mm
diameter microspheres [68]. The release of the S-enantiomer from the composite

membrane was 1.7 times more rapid than the R-enantiomer which proves the

principal feasibility of this approach. However more optimization is required for

this approach to be used as a practical method for clinical applications. The same

group also prepared MIP NPs for S-omeprazole to be used in the fabrication of an

orally administered drug delivery system [69]. Authors exploited polymerizable

cinchona alkaloids methacryloyl quinine and methacryloyl quinidine as functional

monomers to provide strong anchoring groups. Composite membranes containing

MIP NPs were additionally covered with polyhydroxyethylmethacrylate and

polycaprolactone triol to provide gastroresistant properties. The corresponding

delivery devices exhibited gastroresistant properties and a selective release of

S-omeprazole with an S/R enantiomeric ratio of 2. MIP hydrogel nanospheres

with diameter 270 nm were prepared and used as drug delivery systems for

5-fluorouracil (5-FU) (Fig. 2, left) [41]. The use of this drug is hampered by its

short half-life and relatively high toxicity; hence carefully controlled daily

injections are needed to maintain the therapeutic activity [70]. MIP nanoparticles
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exhibited very low cross-reactivity, even for the analogue uracil, which differs from

the template only by a hydrogen atom replacing fluorine. The release of 5-FU from

imprinted MIP nanospheres in simulated plasma fluid showed a sustained release

over 50 h (65% of the total amount of drug loaded), while non-imprinted polymers

completed the release after 5 h (Fig. 2, right).

Magnetic MIP nanoparticles for drug delivery have been developed by Kan and

coauthors, who grafted an aspirin-imprinted MIP shell onto 12 nm diameter silane-

modified magnetic cores, obtaining 500 nm diameter MIP nanoparticles [71]. MIP

NPs exhibited good selectivity for the template in comparison with its structural

analogues such as salicylic acid or o-aminobenzoic acid. When tested in vitro,

during the first 2 h magnetic MIPs released about 50% of the loaded drug, while

non-imprinted nanoparticles released about 85%. Due to their magnetic properties,

MIP nanoparticles could be easily separated and manipulated. Theoretically, they

could be used to target the drug release towards particular sites in the body by

exploiting an external magnetic field [72]. It might be interesting to fabricate

magnetic MIP nanosystems below 100 nm in size suitable for passing through

altered capillary fenestrations in tissues such as sites of inflammation or tumors.

Fig. 2 (a) Scanning electron microscopy (SEM) image of a cross-section of the controlled

delivery device containing the MIP nanoparticles-on-microspheres. (b, c) SEM images of the

prepared MIPs microspheres composed of nanoparticles on the surface at 9,000-fold magnification

(b) and 30,000-fold magnification (c). (d) In vitro dissolution profile of omeprazole enantiomers

fromMIP- and NIP-loaded delivery systems in dissolution medium changed every 2 h with pH 1.2,

6.8 and 8.0, respectively (mean � SD, n ¼ 6) (adapted with permission from [69])
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3.2 Capillary Electrochromatography

CEC is a hybrid separation technique that combines the high efficiency typical of

capillary electrophoresis with the phase selectivity of a high-performance liquid

chromatography [73]. An interesting aspect of this technique is the possibility to

use a so-called pseudostationary phase (PSP). Different from a common stationary

phase, PSPs are interaction phases that move with (or against) the mobile phase and

are continuously replaced, without needing to be packed [74–77]. To be suitable for

this purpose, MIP NPs have to possess certain properties, such as: (a) able to form

stable suspensions and exhibit enough selectivity in the electrolyte solutions used as

mobile phases; (b) be charged, in order not to co-elute with the electroosmotic flow;

(c) have a uniform velocity to avoid peak broadening; (d) exhibit high-surface areas

and low mass-transfer resistance; and (e) not interfere with the detection mecha-

nism [78]. A “partial filling” technique has been exploited for use of MIP NPs in

CEC, whereby a fraction of nanoparticles suspension is injected before the sample

(Fig. 3a). The analytical sample will be separated during the run by passing through

the more slowly moving “plug” of nanoparticles when the voltage is applied,

arriving at the detection window before the nanoparticles (Fig. 3b), thus avoiding

scattering from the PSP during UV detection (Fig. 3c) [74, 76, 79].

Schweitz and coauthors successfully synthesized and used 200–500 nm MIP

nanoparticles in CEC separation of propranolol enantiomers [58]. The authors used

UV-initiated precipitation polymerization at �26�C to strengthen the interactions

between the template and the functional monomer. Under optimized conditions,

racemic resolution was achieved in slightly more than 1 min, even for multiple

racemic mixtures of atenolol, pindolol, and propranolol [76]. The same group

performed the simultaneous CEC resolution of two different racemic analytes,

propranolol and ropivacaine, either by injecting two different types of MIP

nanoparticles at the same time, or by using MIP nanoparticles which were simulta-

neously imprinted for the two templates [59]. In the first case it was possible to

separate the racemic mixtures of the two different templates in a single run (Fig. 4).

Fig. 3 Schematic of the

partial filling technique

(reproduced with permission

from [79])
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However, in the case of multi-template imprinting, the amount of S-propranolol
used in the nanoparticles synthesis strongly affected the recognition performance

for S-ropivacaine. The 1:80 template-to-monomer ratio was found to be optimal to

obtain MIP nanoparticles with twofold selectivity. Priego-Capote and coauthors

have used modified mini-emulsion polymerization to prepare MIP NPs with bind-

ing sites located mainly onto the surface of the nanoparticles [61]. This in theory

should improve mass transfer of the analytes and reduce peak tailing in CEC. The

synthesized MIP nanoparticles were able to bind threefold more template than the

non-imprinted ones. When tested in CEC analysis a racemic mixture of the template

was separated without evident peak tailing. However the affinity for the template

demonstrated by the novel MIPs was much lower than that obtained through other

polymerization methods (e.g., precipitation polymerization). In addition the size of

the particles obtained was not uniform, ranging from 30 to 150 nm. Qu and

coauthors have used magnetic MIP NPs in a microfluidic CEC device for resolution

of racemic ofloxacin [80, 81]. The MIP NPs were pumped into the capillary as a

slurry and packed in the microfluidic device in a specific region next to magnets. In

optimal conditions, a resolution value of 1.46 was achieved in slightly more than

3 min of analysis. This approach seems really promising for a fast and cheap

qualitative analysis. The detection limits (5 mM for the template S-ofloxacin, and
1 mM for R-ofloxacin), however, were too high compared to conventional chro-

matographic methods, and hence system required further improvement.

Fig. 4 Separation of ropivacaine and propranolol enantiomers in CEC by the partial filling

technique using a plug composed of S-ropivacaine MIP and S-propranolol MIP. Detection was

performed at 214 (top) and 195 nm (bottom). For experimental details refer to [59]. Reprinted with

permission from [59]. Copyright (2003) American Chemical Society

114 A. Poma et al.



3.3 Enzyme Mimics

Given their small size as well as their dispersibility/solubility characteristics, MIP

nanoparticles are promising candidates for the development of enzyme mimics

[82]. The first example of catalytic MIP nanoparticles has been reported by

Markowitz and coauthors, which used micro-emulsion polymerization to imprint

a surfactant-derivative of transition state analogue (TSA) of a-chymotrypsin [83].

To mimic the enzyme, the authors used silanes with a structure resembling the

amino acids of the catalytic triad found in the active site of serine proteases. MIP

NPs with diameters in the range 400–600 nm were obtained, which exhibited an

enantioselective hydrolysis. Resmini and coauthors have synthesized soluble MIP

NPs with hydrolytic activity, performing radical polymerization under high-

dilution conditions [84–86]. The dimensions of these particles, together with their

solubility, make them similar to a natural enzyme or antibody [82]. The authors

used polymerizable derivatives of tyrosine and arginine as monomers in the

imprinting of a phosphate-based TSA for the carbonate hydrolysis reaction. Cata-

lytic low-cross-linked microgels produced in this way followed Michaelis–Menten

kinetics, exhibited a turnover number (kcat) 530 times higher than the uncatalyzed

reaction and possessed a remarkable substrate selectivity. A lower degree of cross-

linking provided sufficient flexibility to the active site residues necessary for the

display of catalytic activity. Wulff and coauthors prepared highly efficient catalytic

MIP NPs with 10–20 nm diameter by polymerization of an ionic complex between

the diphenyl phosphate TSA and N,N0-diethyl-4-vinylbenzamidine [56]. The

authors used a “post-dilution method” which involved carrying out the polymeri-

zation process at high concentrations of monomer, similar to those used in bulk

polymerization, but with the addition of a large volume of solvent just before the

point of macro-gelation. The increased degree of cross-linking that resulted from

the method was beneficial for the catalytic activity of the synthesized material and

for reduced polydispersity. The catalytic activity of the MIP NPs obeyed

Michaelis–Menten kinetics with kcat � 3000 times higher than the non-catalyzed

reaction. Chen and coauthors prepared peroxidase-mimicking MIP NPs for the

oxidation of homovanillic acid (HVA) using catalytic hemin groups [87, 88]. The

polymerization process was performed under high-dilution conditions to avoid

macro-gelation. The authors obtained 200 nm MIP NPs with a moderate degree

of polydispersity and with ability to increase the oxidation rate of HVA (kcat ¼ 4.56�
107 M�1 s�1) threefold more rapidly than the non-imprinted control. In addition,

MIP NPs exhibited a remarkable selectivity towards the oxidation of template

analogues. The catalytic behavior was pH-sensitive and followed Michaelis–Menten

kinetics. Despite all these advantages, problems such as a low yield (12.5%) and the

long purification times limited the potential commercialization of these products.

Huang and coauthors produced gluthatione peroxidase mimicking MIP NPs

using micro-emulsion polymerization with allyl arginine and acryloyloxypropyl

3-hydroxypropyl telluride as monomers [89]. MIP NPs of 30–40 nm in diameter

were able to increase the efficiency of the degradation of cumene hydroperoxide
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(CUOOH) by 600,000 times. However, the difference in catalytic behavior of

imprinted and non-imprinted particles was not impressive. Recently Resmini and

coauthors produced MIP NPs able to catalyze a Kemp elimination reaction, for

which no natural enzymes are currently known to exist [90]. They imprinted an

indolic structure as TSA using 4-vinylpyridine as a basic functional monomer. MIP

NPs were completely soluble in water and exhibited an optimum activity at pH 9.4.

The same group also synthesized MIP NPs capable of catalyzing a C–C bond

formation reaction, and in particular a cross-aldol reaction between 4-nitroben-

zaldeyde and acetone, thus mimicking the enamine-based mechanism of the natural

aldolase type I enzymes [55]. In this case a covalent imprinting approach was

exploited, bonding a diketone TSA to a polymerizable proline derivative as func-

tional monomer. By using high-dilution radical polymerization, the authors

obtained 20 nm MIP NPs with a very low polydispersity (Fig. 5).

The MIP NPs were not inhibited by product, exhibiting 20-fold higher catalytic

activity compared to the non-imprinted NPs and a good enantioselectivity (62%

enantiomeric excess). These results confirm that MIP NPs could be used when there

are no suitable enzymes or whenever natural molecules have inadequate stability or

high price.

3.4 Sensing Applications

Given their robustness and entirely synthetic nature, MIP nanoparticles are particu-

larly suitable for application in sensors and assays. Reimhult and coauthors pro-

duced a quartz crystal microbalance (QCM) sensor by coating its surface with MIP

NPs imprinted with R- or S-propranolol [63]. MIP NPs of 130 nm diameter were

synthesized by precipitation polymerization, then dispersed in a solution of poly

(ethylene terephthalate) and eventually spin-coated onto the surface of the QCM

crystal. However it seems this treatment altered the accessibility of MIP binding

sites, adversely affecting the polymer recognition properties. Rather than usingMIP

Fig. 5 Transmission electron microscopy (TEM)

image of catalytic imprinted nanogels with

aldolase type I activity (reproduced with

permission from [55])
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nanoparticles directly as sensing elements, Schirhagl and coauthors exploited them

as a “secondary template” to transfer their imprints onto a modified QCM wafer

[64]. The authors first prepared MIP nanoparticles for IgG raised against human

rhino virus 14 by precipitation polymerization (Fig. 6a), and following removal of

the template (Fig. 6b) used them as stencils to imprint a secondary polymeric layer

deposited on a QCM wafer (Fig. 6c, d).

The fabricated chemosensor responded to the virus generating signal 6 times

higher than that of the sensor coated with natural antibodies. The mechanism of this

phenomenon is not clear and typically antibodies-based sensor show higher

response than MIP-based devices [91]. QCM sensor based on MIP NPs exhibited

a faster and stronger response and higher selectivity than sensors made of bulk

polymer [91]. Bompart and coauthors investigated the possibility of using micro-

Raman spectroscopy to quantify the target molecule adsorbed by MIP NPs [92].

The authors obtained 200 nm NPs imprinted with R- or S-propranolol by precipita-
tion polymerization. Micro-Raman spectroscopy of nanoparticles pre-equilibrated

with the template allowed detection of propranolol with good selectivity at 1 mM
concentration. However it was very difficult to achieve standardization of all

measurement parameters and the detection level was not impressive. To increase

the sensitivity of the system the authors used surface-enhanced Raman spectros-

copy (SERS) performed on 400 nm composite gold core–shell MIP nanoparticles

produced by seeded emulsion polymerization [93]. This allowed performing target

molecule measurements on single MIP nanoparticles, reaching a detection limit of

0.1 mM. This detection capacity was retained even in the presence of a 100-fold

excess of interfering compounds such as caffeine or acetylsalicylic acid. In addi-

tion, measurements could also be performed in spiked biological samples (diluted

equine serum) down to a detection limit of 1 mM. The possibility of performing

multiplexed measurements by using different MIP nanoparticles is indeed quite

attractive and deserves further investigation. Sener and coauthors have developed a

Fig. 6 Schematic representation of the QCM sensor based on artificial antibody replicas

(reproduced with permission from [64])
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lysozyme sensor using protein-imprinted MIP NPs [94]. MIP NPs of 50 nm in

diameter were synthesized by mini-emulsion polymerization and physically depos-

ited on a QCM crystal by solvent evaporation. The imprinted sensor exhibited a

detection limit of 1.2 ng mL�1 for lysozyme in the analysis of chicken egg-white

samples. The system could be used in up to four consecutive measurements. The

same lysozyme-imprinted MIP NPs were also used in a surface plasmon resonance

(SPR) sensor [95]. The SPR sensor exhibited fast response times with a 1000-fold

lower detection limit than the QCM sensor.

One of the first MIP NPs-based assays reported in the literature was described by

Haupt and coauthors [96]. The MIP NPs were imprinted with 2,4-dichloro-

phenoxyacetic acid (2,4-D), and used with structurally related fluorescent, chemi-

luminescent or electrochemical probes to quantify the amount of bound analyte

[97]. The detection limit achieved was 100 nM. However the assay showed

significant cross-reactivity with 2,4-D structural analogues. Nevertheless, these

first results paved the way for the use of MIP nanoparticles in pseudo-

immunoassays. Ye and coauthors synthesized 200–300 nm MIP nanoparticles

imprinted with THO and 17b-estradiol (E2) by precipitation polymerization and

used them in a first MIP NPs-based radioimmunoassay [65, 98]. The authors were

able to quantify templates down to concentrations of 0.1 and 0.01 mg mL�1 for THO

and E2, respectively, even in the presence of competing structural analogues. The

authors later improved this assay system by adding a “scintillation monomer”

hydroxymethyl-2,5-diphenyloxazole acrylate and divinylbenzene into the prepara-

tion [99, 100]. The binding signal was generated by proximity energy transfer,

which arose from the specific binding of a tritium-labeled template (S-propranol).
In this approach there was no need to remove the unbound labeled ligand, because

the latter was in solution and therefore too distant from the scintillation monomer to

generate a signal. MIP nanoparticles exhibited discrete enantioselectivity. How-

ever, the MIP NPs did not perform well in aqueous environment and relied on

“unpopular” radioactive isotopes. Surugiu and coauthors developed an ELISA-like

assay based on MIP NPs imprinted with 2,4-D. The target analyte was labeled with

tobacco peroxidase as an enzymatic probe and used to detect the template either

colorimetrically or by chemiluminescence [101]. In both cases the competition

between free template and analogue was monitored in solution, allowing quantifi-

cation of 2,4-D to 1 mg mL�1. Unfortunately the cross-reactivity of the assay to

structural analogues was quite high. Later the same MIP NPs were immobilized on

microtiter plate wells using polyvinyl alcohol (PVA) as glue. Detection of chemi-

luminescence from the competition reaction was performed using a CCD camera

[102]. The detection limit of the assay was decreased to 34 nM. As in the previous

cases, some cross-reactivity was exhibited, especially when compared to the same

assay performed using antibodies. Pérez and coauthors designed an immunoprecip-

itation like assay for cholesterol using surface-imprinted MIP nanoparticles

prepared by core–shell emulsion polymerization [103]. MIP nanoparticles exhibited

uniform morphology and small diameters (60 nm). The addition of a multi-ligand

template, polyethylene glycol (PEG)-bis-cholesterol, was able to flocculate the MIP

particles, while mono-ligand template did not give rise to these effects (Fig. 7).
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Another possible strategy to exploit MIP NPs in assays would be to make them

fluorescent [104, 105]. Diltemiz and coauthors grafted CdS quantum dots with a

MIP for guanosine [38]. MIP nanoparticles had an average diameter of 45 nm, and

their intrinsic fluorescence was enhanced by binding of the template, proportionally

to its concentration. MIP nanoparticles exhibited a high response to guanine and

guanosine, while adenosine did not give rise to any change in fluorescence. Purely

organic MIP nanoparticles with fluorescent sensing capability were recently

prepared by Ivanova-Miteseva et al. who prepared a fluorescent core by partially

modifying the peripheral amino groups of a poly(amido amine) (PAMAM)

dendrimer with dansyl residues [106]. The remaining free amino groups were

then modified with diethyldithiocarbamate (iniferter) groups capable of initiating

photochemical polymerization of an imprinted polymer shell. The particles had an

unusual cube-like shape and were 50 nm in size. The fluorescent MIP NPs (but not

blank NPs) showed an enhancement of fluorescence in the presence of the template

(acetoguanamine) with a detection limit of 30 nM, but did not respond to close

structural analogues. Recently Li and coauthors have developed 350 nm MIP NPs

with a double-layer core–shell structure made of a Fe3O4 nanoparticle core, an inner

shell of fluorescein isothiocyanate and an outer MIP shell, for faster separation and

recognition of E2 [107]. The MIP shell was produced using a controlled living

RAFT polymerization. The fluorescent intensity of MIP NPs decreased with

increasing concentrations of E2, showing a detection limit of 0.19 mM. They

exhibited a discrete imprinting effect and very good selectivity. Such a system

not only provided a source of fluorescence but also allowed magnetic separation to

replace centrifugation and filtration steps during the experimental procedure.

Fig. 7 “Immunoprecipitation-like” separation of surface-imprinted particles in the presence of

(PEG)-bis-cholesterol. The addition of the multi-ligand template resulted in flocculation of MIP

particles (adapted with permission from [103])
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3.5 Separation

The most popular MIP formats used in separation are membranes and microparticles.

Nevertheless MIP NPs with high-surface area might offer advantages especially if

they can be integrated with membranes or fibers to improve their performance. The

first example of MIP NPs-containing composite membrane dates back to 2002

[108]. In this work Lehmann and coauthors prepared MIP NPs imprinted with

Boc-L-phenylalanine anilide using mini-emulsion polymerization and used them to

create composite membranes for enantiomeric separation. The authors, however,

did not study the separation performance of the created membrane, but only its

porosity and flow properties. Silvestri and coauthors prepared 174 nm MIP NPs

imprinted with THO and caffeine by precipitation polymerization, and embedded

them in poly(methyl methacrylate-co-acrylic acid) membranes using a solid-phase

inversion method [109]. The binding characteristics of the membranes were quite

good, with 40 times more THO bound to the MIP NP-based membrane compared to

membranes without nanoparticles. Moreover, they exhibited a selectivity factor for

THO versus caffeine of 10. The same authors later used this strategy to create

composite membranes containing MIP NPs for cholesterol [110]. All the

synthesized nanoparticles exhibited specific rebinding capacities for the template,

both in ethanol and in phosphate buffer. This trend was mirrored by the membranes

which possessed a specific binding capacity of 14 mg template g�1 of the composite

system. Chronakis and coauthors incorporated MIP NPs imprinted with E2 and

THO into composite nanofibers using the method of electrospinning [111]. MIP

NPs were synthesized using precipitation polymerization, suspended in a solution

of polyethylene terephthalate (PET) in dichloromethane and trifluoroacetic acid,

and electrospun forming regular nanofibers of about 150–300 nm in diameter

(Fig. 8).

The nanofibers produced in this way were able to accommodate up to 75% (w/w)

of nanoparticles, exhibiting excellent binding properties. The same authors later

incorporated NPs imprinted with propranolol into nanofibers prepared by

electrospinning and used them to specifically extract and concentrate propranolol

from spiked tap water samples [112]. The binding specificity was preserved even in

the presence of other b-blockers. Piperno and coauthors have used cross-linking of

PVA to create more stable and water-compatible electrospun nanofibers with

incorporated MIP NPs imprinted with dansyl-L-phenylalanine [113]. The 400 nm

MIP NPs were produced by precipitation polymerization. Electrospun cross-linked

fibers retained their recognition activity even after multiple adsorption/desorption

cycles, thus highlighting their stability and possibility to be used as solid-phase

extraction (SPE) media. Zhu and coauthors synthesized 400 nm core–shell silica

MIP nanoparticles by a sol–gel process that could be used directly in SPE

applications for extraction of bisphenol A [114]. MIP NPs had an adsorption

capacity 2.5-fold higher than non-imprinted particles, with very rapid rebinding

kinetics, probably due to the binding sites being located near the surface of the

particles. In addition, they recovered close to 100% of the template, even in the
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presence of structural analogues present in excess. In the SPE extraction of cos-

metic samples spiked with bisphenol A, MIP nanoparticles performed better than

commercial silica materials. The same group also synthesized 300–400 nm

core–shell MIP NPs for SPE of the herbicide metsulfuron-methyl (MSM) [115].

A MIP layer was thermally grafted to silica cores modified with an acryloyl silane.

The optimized MIP NPs had a maximum adsorption capacity 3.4 times higher than

non-imprinted particles and 3.8 times higher than conventional C18 silica. In

addition, rapid rebinding kinetics could be obtained. In the SPE extraction of

samples of soil or from crops spiked with the template and its structural analogues,

MIP nanoparticles allowed the pre-concentration of MSM to a much higher level

than commercial silica or non-imprinted nanoparticles, thus allowing the subsequent

HPLC quantification to be performed with minimal noise. In a similar way Gao and

coauthors prepared core–shell nanoparticles imprinted with sulfamethoxazole

(SMO) to be used in SPE applications [116]. The MIP NPs specifically rebound

three times more SMO than bulk MIP or non-imprinted NPs, reaching the adsorp-

tion equilibrium in about 45 min. In the SPE pre-concentration of samples of eggs

and milk spiked with sulfonamides, the recoveries ranged from 73 to 89% with

relative standard deviations below 7.5%, allowing detection of SMO and of another

structural analogue, sulfadiazine, by HPLC analysis of the concentrates. Shamsipur

and coauthors prepared MIP NPs for copper ion using an anthraquinone derivative

as the specific complexing monomer [37]. MIP nanoparticles of 60–100 nm diame-

ter were prepared by precipitation polymerization. Under optimized adsorption

conditions MIP NPs exhibited a binding capacity of 73.8 mmol g�1 and very good

selectivity in the presence of other ions. MIP NPs could be reused for at least 20

consecutive times, without any loss of affinity. Furthermore, when tested with well

and tap water samples spiked with Cu2+, MIP nanoparticles recovered 95–105% of

the ions present. Prasada Rao and coauthors prepared core–shell MIP NPs

imprinted with uranyl ions [117]. The authors first prepared functionalized silica

cores bearing an amino silane for the immobilization of quinoline-8-ol to improve

the specific interaction with the uranyl ions. A polymeric shell was formed

by precipitation polymerization, giving rise to MIP NPs of 50–80 nm diameter.

Fig. 8 SEM image of

electrospun PET nanofibers

containing 37.5% (w/w) of

MIP-E2 nanoparticles. The

scale bar is 10 mm (adapted

with permission from [111]).
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Under optimized rebinding conditions MIP NPs were able to remove selectively

500–1,000 ppb of uranyl ions from water samples, about 25% more than non-

imprinted materials. When tested with spiked environmental waters, the recovery

performance was 94% for ground water. However, for salt water samples, the

recovery was lower (70%). Several groups also investigated the possibility of

using MIP NPs with magnetic cores [118]. Wang and coauthors prepared Fe3O4

magnetic NPs coated with a silica layer imprinted for estrone [119]. MIP NPs

rebound estrone about 3.6-times more effectively and specifically than the

corresponding non-imprinted particles. However, the product was not tested in

“real” samples to assess its performance as a rapid recovery affinity material. Li

and coauthors prepared surface-imprinted magnetic polystyrene nanoparticles for

bovine hemoglobin through a multi-stage core–shell polymerization process [120].

It involved the use of 3-aminophenylboronic acid (APBA) as functional and cross-

linking monomer. In fact, thanks to its aqueous solubility and the variety of

reversible interactions which it establishes with amino acids, APBA is particularly

suitable for protein imprinting [121]. Magnetite core nanoparticles were coated

with MIP shells created by the polymerization of APBA in the presence of the

template. The final size of the coated particles reached a diameter of 480 nm with a

15–20 nm thick MIP film. The core–shell MIP NPs exhibited superparamagnetic

properties suitable for facile separation in a magnetic field. Additionally, they

showed rapid rebinding kinetics (30–120 min), good specificity and selectivity for

the template, as well as a very high adsorption capacity of around 45.5 mg g�1. Such

a high capacity is unusual for this kind of material and together with their magnetic

properties makes these imprinted nanoparticles very attractive for enrichment

of low concentration proteins in proteomics. Another very interesting core–shell

approach for preparing magnetic MIP NPs for proteins has been developed by Zhou

and coauthors, who imprinted human hemoglobin in a polydopamine (PDA) layer

synthesized on the surface of magnetic Fe3O4 nanoparticles [122]. The synthesized

nanoparticles exhibited strong recognition affinity towards hemoglobin, with a

dissociation constant of 18.13 mg mL�1. The binding capacity of MIP NPs was

22.3 mg mg�1. In addition, they had a very good selectivity evaluated against proteins

such as myoglobin, horse radish peroxidase, and cytochrome c. The use of PDA

seems to be particularly suitable for protein imprinting, because it is hydrophilic,

biocompatible, and has amino and catechol groups which can help in establishing

interactions with the macromolecular template. Moreover, the thickness of the PDA

layer can be very easily tuned by changing the polymerization time [123].

3.6 The Future: Biologically Active MIP Nanoparticles

Undoubtedly the most interesting, albeit distant future application for MIP NPs, is

the creation of biologically active systems that can be used as drugs, antibody, or

enzyme substitutes in vivo. The first example of water-soluble MIP NPs

demonstrating biological activity dates back to 2006 when Piletsky and coauthors

investigated the possibility of enhancing the photosynthetic reaction using MIPs
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imprinted with thylakoid D1 protein [124]. For this purpose MIP and non-imprinted

(NIP) bulk monoliths were prepared in water and extensively ground to produce

MIP NPs. Affinity chromatography on immobilized D1 protein showed that

5–10 kDa MIP NPs had increased binding affinity to this protein as compared to

non-imprinted polymers. In addition, MIP nanoparticles were able to increase the

photosynthetic activity of chloroplasts. However, the yield of the product

synthesized with this method was very low (about 0.2 mg per fraction). Neverthe-

less, this first work represents a milestone in the production of soluble MIP NPs

with biological activity. Haupt and coauthors synthesized water-soluble MIP NPs

able to inhibit the enzymatic activity of trypsin using a precipitation polymerization

approach [125]. Their method relied on tailor-made “anchoring monomer,”

methacryloylaminobenzamidine (a polymerizable derivative of the trypsin inhibitor

benzamidine), to complex the template with high affinity and locate the synthesis of

the MIP NPs at the surface of the enzyme. The calculated inhibition constant (Ki)

for the MIP NPs was 79 nM which is much lower than the Ki value for free

benzamidine (18.9 mM), which proved the effectiveness of this imprinting strategy.

Moreover, MIP NPs demonstrated negligible inhibition activity for enzymes such

as chymotrypsin or kallikrein which demonstrated the selectivity of the MIP NPs.

Shea and coauthors recently prepared MIP NPs by precipitation polymerization

imprinted against the bee venom peptide melittin [39], and applied them as

antidotes in living animals [40]. The authors optimized the composition of the

polymerization mixture by the creation of a small combinatorial library of acryl-

amide functional monomers including N-isopropylacrylamide and N,N’-methylene-

bisacrylamide (cross-linker). Nanoparticles synthesized under the optimum

conditions had a diameter of 50 nm, which is comparable in size to IgM. The

dissociation constant (25 pM) was similar to that of natural antibodies for melittin

(17 pM). Moreover, only slight cross-reactivity with other proteins was observed.

MIP NPs were tested in vitro on fibrosarcoma cells and did not show any toxic

effect. The authors injected mice with a lethal dose of melittin, followed 20 s later

by an intravenous injection of MIP or non-imprinted NPs. MIP NPs halved the

mortality and reduced the toxic effects of melittin. MIP NPs with adsorbed melittin

were concentrated in the liver while melittin alone was distributed extensively

throughout the body and bloodstream. Although these results are very promising,

the toxicological implications of injecting MIP NPs need to be carefully

investigated to assess the risks deriving from the use of these nanomaterials prior

to their application in humans. In addition, suitable manufacturing protocols should

be developed for large-scale manufacturing of MIP NPs, which would most likely

rely on affinity separation, as in the case of natural antibodies [126, 127].

4 Conclusions and Outlook

In recent years we have witnessed a growth of activity in the development of

alternative affinity materials to antibodies such as aptamers, engineered scaffold

proteins, and MIP NPs. Recent developments in the synthesis and applications of
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MIP NPs are particularly encouraging. A number of interesting practical appli-

cations for such materials were described and discussed in the present review. The

process of replacing natural antibodies with their synthetic analogues, however, is

hindered by the lack of suitable low costs protocols for large-scale manufacturing of

such materials. Following further advances in polymer and synthetic chemistry, as

well as in screening tools, this situation is set to change; motivating companies to

put more investment into the development of novel synthetic receptors, thus leading

to a new generation of superior affinity materials, readily available for routine

diagnostic and industrial applications.
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Computational Approaches in the Design

of Synthetic Receptors

Sreenath Subrahmanyam, Kal Karim, and Sergey A. Piletsky

Abstract Artificial receptors have been employed in molecular recognition for a

variety of biological applications. They have been used as materials for sensors,

affinity separation, solid-phase extraction, and for research into biomolecular

interaction. There have been a number of publications relating to the application

of molecular modeling in the characterization of their affinity and selectivity; there

are very few publications that discuss the application of molecular modeling to the

computational design of artificial receptors. This chapter discusses recent successes

in the use of computational design for the development of artificial receptors, and

touches upon possible future applications, further emphasizing an exciting group of

synthetic receptors—molecularly imprinted polymers.

Keywords Artificial receptors, Molecular dynamics, Molecular imprinting,

Molecular modeling, Sensors
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Acronyms and Further Descriptions

“ab initio” Latin term meaning “from the beginning”

DE Binding energy

2-VP 2-Vinyl pyridine

4-VP 4-Vinyl pyridine

AA Acrylic acid

Accelrys DS viewer Modeling and simulation tools for drug discovery

Agile molecule A three-dimensional molecular viewer which shows molec-

ular models and provides geometry editing capabilities

AHLs 3-Oxo-C6-acyl-homoserine lactone

ALM Allylamine

AMBER Assisted model building with energy refinement refers to a

MM force field for the simulation of biomolecules and a

package of molecular simulation programs

AMPSA 2-Acrylamido-2-methyl-1-propanesulfonic acid

B3LYP Becke 3-parameter, Lee, Yang and Parr, a density func-

tional method

Bite-and-Switch “Bite-and-Switch” is defined in terms of polymer’s ability

to bind the template (bite) and generate the signal (switch)

BLAs b-Lactam antibiotics

B-Me Biotin methyl ester

CAChe MOPAC A general-purpose semiempirical molecular orbital pack-

age for the study of chemical structures and reactions

Cerius A software to visualize structures, predict the properties and

behavior of chemical systems refine structural models

(Molecular Simulations Inc.)

Chem 3D A software that provides visualization and display of

molecular surfaces, orbitals, electrostatic potentials, charge

densities, and spin densities (http://www.cambridgesoft.

com/)

DFT Density functional theory

Dielectric constant A measure of the ability of a material to store a charge from

an applied electromagnetic field and then transmit that

energy

DMAEM Dimethyl aminoethyl methacrylate

DOCK Program that addresses the problem of “docking”

molecules to each other. It explores ways in which two

molecules, such as a drug and an enzyme or protein recep-

tor, might fit together
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DVB Divinylbenzene

EGDMA Ethylene glycol dimethacrylate

ELISA Enzyme-linked immunosorbent assay

GAMESS General Atomic and Molecular Electronic Structure Sys-

tem: a general ab initio quantum chemistry package that can

compute wave functions ranging from RHF, ROHF, UHF,

GVB, and MCSCF

Gibbs free energy The chemical potential that is minimized when a system

reaches equilibrium at constant pressure and temperature

GRID A computational procedure for detecting energetically

favorable binding sites on molecules of known structure.

The energies are calculated as the electrostatic, hydrogen

bond and Lennard Jones interactions of a specific probe

group with the target structure (Peter Goodford, Molecular

Discovery Ltd)

Gaussian “Ab initio” electronic structure program that originated in

the research group of People at Carnegie-Melon. Calculate

structures, reaction transition states, and molecular

properties (http://www.gaussian.com)

Gaussview Graphical user interface (GUI) designed for use with

Gaussian for easier computational analysis

HEMA Hydroxyethyl methacrylate

His Histidine

HOOK Linker search for fragments placed by MCSS

HO-PCBs Hydroxy polychlorinated biphenyls

HPLC High performance liquid chromatography

HVA Homovanillic acid

HyperChem A molecular modeling package for windows

IA Itaconic acid

k0 Retention factor

Leapfrog™ A component of the SYBYL™ software package (Tripos)

and is a second-generation de novo drug discovery program

that allows for the evaluation of potential ligand structures

LEGEND Atom-based, stochastic search

Ligbuilder General-purpose structure-based drug design program

LUDI Fragment-based, combinatorial search

MAA Methacrylic acid

Materials Studio Software for modeling/simulation of crystal structure, poly-

mer properties, structure–activity relationships (http://

www.accelrys.com/products/mstudio)

MBAA N,N0-Methylenebisacrylamide

MD Molecular dynamics

MIC Molecularly imprinted catalysis

MIP Molecularly imprinted polymer
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MM Molecular mechanics

MMA Methylmethacrylate

MMFF94 A tool for conformational searching of highly flexible

molecules

MOE Molecular Operating Environment is a software system

designed for computational chemistry

Monte Carlo An algorithm which computes based on repeated random

sampling to arrive at results

MOPAC AM1 AM1 is used in the electronic part of the calculation to

obtain molecular orbitals, the heat of formation and its

derivative with respect to molecular geometry. MOPAC

calculates the vibrational spectra, thermodynamic

quantities, isotopic substitution effects and force constants

for molecules, radicals, ions, and polymers

NAM A scalable molecular dynamics code that can be run on the

Beowulf parallel PC cluster for molecular dynamics

simulations on selected molecular systems

NIP Non-imprinted polymer

NVT-MD Molecular dynamics performed under constant number of

atom, volume, and temperature ensemble

OPA o-Phthalic dialdehyde
OscailX Molecular modeling software, National University of

Ireland (http://www.ucg.ie/cryst/software.htm)

OTA Ochratoxin A

PCFF Polymer consistent force field

PCM Polarizable continuum model

PCModel Structure building, manipulation, and display program

which uses molecular mechanics and semiempirical quan-

tum mechanics to optimize geometry. Available on PC

(DOS and Windows), Macintosh, SGI, Sun and IBM/RS

computers (Kevin Gilbert, Serena Software)

PenG Penicillin G

pKa Ionization constant

PRO-LIGAND Fragment-based search

Qm Mean absolute atomic charge

QM Quantum mechanics

RECON An algorithm for the rapid reconstruction of molecular

charge densities and charge density-based electronic

properties of molecules, using atomic charge density

fragments precomputed from ab initio wave functions.

The method is based on Bader’s quantum theory of atoms

in molecules

RESP Atomic partial charge assignment protocol

SDIM Sulfadimethoxine
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SHAKE A molecular dynamics algorithm

Simulated annealing A method that simulates the physical process of annealing,

where a material is heated and then cooled leading to

optimization

SM2 Sulfadimidine

SMZ Sulfamethazine

SPROUT Fragment-based, sequential growth, combinatorial search

SYBYL™ A molecular modeling and visualization package permit-

ting construction, editing, and visualization tools for both

large and small molecules (www.tripos.com)

T:M:X ratio Template monomer cross-linker ratio

TAE Transferable atom equivalent

TFMAA 2-(Trifluoromethyl) acrylic acid

THO Theophylline

TQT1 ToxiQuant T1 System

UAHF United atom Hartree–Fock

van der Waals Weak intermolecular forces that act between stable

molecules

VI 1-Vinylimidazole

VMD Visual molecular dynamics

1 Introduction

Natural receptors are generally large protein molecules that form three-dimensional

structures by highly specific intramolecular interactions. While the recognition sites

offer a precise configuration and exhibit very efficient recognition processes, this

specific recognition is achieved at the expense of having complex and fragile

structures with high molecular weight. An alternative to this is the choice of

artificial receptors that incorporate a combination of medium-sized organic build-

ing blocks to which functional groups for molecular recognition can be attached.

Rational design of artificial receptors, which possess very high affinity and selec-

tivity, is currently one of the most researched topics in molecular recognition.

Several artificial receptors such as crown ethers, cyclodextrins, cyclophanes, and

calixarenes find applications in molecular recognition processes. Further, there

have been several research publications that focus on computational design and

analysis of recognition properties of artificial receptors such as cyclodextrins [1–5],

dendrimers [6–10], crown ethers [11, 12], and calixarenes [13–15]. Typically

computational approaches were previously used for the design of small molecules

[16–35]. The computational design of supramolecular synthetic receptors

(analogues of natural protein receptors) still remains very challenging. The only

class of supramolecular synthetic receptors which has been designed using compu-

tational approach is molecularly imprinted polymers (MIPs). This review discusses

recent developments with specific reference to modern molecular modeling

approaches that have been employed to design MIPs.
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Molecular imprinting can be defined as the process of template-induced forma-

tion of specific recognition sites (binding or catalytic) in a material where the

template directs the positioning and orientation of the material’s structural

components by a self-assembling mechanism [36] (Fig. 1). The material itself

could be oligomeric (a typical example is the DNA replication process), polymeric

(organic MIPs and inorganic imprinted silica gels), or two-dimensional surface

assembly (grafted monolayer).

MIPs have several advantages when compared to other synthetic receptors [38]:

1. High affinity and selectivity, which are similar to those of natural receptors

2. Very high stability, which is superior to that of natural biomolecules

3. Simplicity of their preparation and the ease of adaptation to different practical

applications

A wide range of chemical compounds have been imprinted successfully, ranging

from small molecules [39–41] to large proteins and cells [42]. MIPs have been

developed for a variety of applications including chromatography [43, 44], solid-

phase extraction (SPE) [45, 46], enzyme-like catalysis [47], sensor technology

[43, 48, 49], biomimetic sensors [50–52], and immunoassays [53–55]. MIPs are

robust, inexpensive, and, in many cases, possess affinity and specificity that are

suitable for industrial applications. The high specificity and stability of MIPs render

them as promising alternatives to enzymes, antibodies, and natural receptors for use

in sensor technology [36, 47].

There have been several attempts aimed at the development of a generic

procedure for MIP preparation as mentioned below; however, the method that has

been in prime focus in recent years is computational design:

1. Rational approaches involving combinatorial methods: an array of MIPs was

prepared that could be analyzed in situ by binding assays [56–60]

2. Use of a virtual library of functional monomers to assign and screen against the

target template molecule [61–64]

Fig. 1 Scheme of: (a) three-dimensional and (b) two-dimensional molecular imprinting (courtesy

of VTT) [37]
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3. Rational approaches that involve computation of total energies (E), energy
differences (DE), and distances (d) of closest approach between the monomers

and template using molecular dynamics [65]

4. The use of density functional theory (DFT) method to calculate the binding

energy DE between a template and monomers as a measure of their interaction

that facilitates the selection of the monomers [66, 67]

5. Rational design that involve conformation of template–functional monomer

complexes employing semiempirical methods [68–73]

6. Chemometric approaches to optimizing monomer, template, and cross-linker

ratios [74]

7. Predicting template:monomer complexes using neural network methods [75, 76]

The following sections discuss each of the above-mentioned computational

methods for the rational design of MIPs. Table 1 summarizes the different compu-

tational procedures adopted for the rational design of MIPs for a variety of

templates, analysis of polymer properties, and performance of the MIPs.

2 Computational Methods for Rational Design of MIPs

2.1 Rational Approaches That Involve Molecular Mechanics

One of the most established rational approaches in the design of imprinted polymers

is combinatorial synthesis/screening [56, 59]. However the combinatorial approach

has its limitations, such that a simple two-component system utilizing 100

monomers would require the preparation of several thousand polymers and even

then would not take into account the possible different ratios of monomer mixtures.

One potential solution to the problem of rational design of polymer lies in molecu-

lar modeling and performing thermodynamic computations using a patented proto-

col developed at Cranfield University [61]. Variations of this protocol are in use

nowadays in many laboratories around the world.

When there is the requirement to perform structural analysis in large molecular

systems, comprising hundreds of molecules, there is an inherently heavy demand on

computational time and resources. In these cases, molecular mechanics (MM) is

used. MM refers to a system that can be used for qualitative descriptions that

include only potential energy which is essentially devoid of any quantum mechani-

cal calculations. To facilitate calculations, MM considers atoms as balls of certain

radius and the bonds between them as string. The exact values of atom sizes and

bond geometry and strength originate from empirical data collected from X-ray

crystallography and NMR experiments. Several MM software packages exist for a

variety of general and specific applications. Some of the most widely used are

AMBER, MOE, RasMol, QMol, Raster 3D, and AGM Build.

However, a major problem associated with the computational design of

imprinted polymers is the difficulty in performing detailed thermodynamic
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Table. 1 Computational procedures for the rational design of MIPs

Process Application Targets and references

Molecular mechanics (MM)

LEAPFROG algorithm used to

screen virtual library of

functional monomers;

simulation of complex

formation done using

simulated annealing

(SYBYL)

Optimization of polymer

composition; selection of

best monomers leading to

MIPs with high binding

capacity for the template

leading to synthesis of MIP

Creatinine [63]; microcystin-

LR [64]; ochratoxin-A [64,

77]; abacavir [78]; biotin

[79]; carbaryl [80]; cocaine,

deoxyephedrine,

methadone, morphine [81];

triazines [82, 83]; tylosin

[84]; acyl-homoserine

lactone [85]; aflatoxin-B1

[86]; nonylphenol [87];

cholic acid [88];

deoxynivalenol [89];

amiodarone [90]

MM calculations with AMBER

7 Docking software to map

the energetic interactions

Prediction of binding affinity

and selectivity

Theophylline and its derivative

[91]

MM and MD calculations

performed for the

template–monomer

complex using HyperChem

Analysis of the complex

formation between

template and monomer and

possible structure of

imprinting sites

L- or D-tryptophan methyl ester

[92]; N-a-t-boc-L-histidine
[93]

Interactions between template

and monomer in MIPs

analyzed using Amber MM

method

Prediction of the ratios of

template, functional

monomer and solvent

Caffeine and theophylline [68];

ibuprofen [94]

3D chemical structures of the

labeled BLAs mechanics

using MOPAC, AM1 force

field, and Chem3D Ultra

7.0 software

Analysis of recognition of the

fluorescent analogues of

template by the MIPs

Penicillin G [72]

Energy minimization by MM/

QM to estimate enthalpies

of formation, bond orders,

intermolecular distances

and ionization potentials

using PCModel for

windows

Analysis of enthalpies of

complex formation between

functional monomer and

template

Dibenzothiophene sulfone

[185]

Calculations of interaction

energies using PCMODEL

8.0, MMFF94 and force

field

Selection of monomers for

synthesis of MIPs based on

the interaction energies

Paracetamol [95]

pKa calculations of template by

Gaussian03W in vacuum

Correlation between molecular

volumes, pKa of templates

and the retention factors

Hydroxy polychlorinated

biphenyls [96]

Molecular dynamics (MD)

Molecular models of template

and monomers optimized

by HyperChem 501

Selection of best monomers for

MIPs with high binding

capacity for the template

N,O-dibenzylcarbamate [97]

(continued)
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Table. 1 (continued)

Process Application Targets and references

Intermolecular interactions for

MIPs using Cerius version
410 and Materials Studio

Prediction of monomers

specific for the template

Theophylline (derivatives)

[98]; chemical warfare

agents [65]

Intermolecular Monte Carlo

analysis

Analysis of monomer:template

complex

Biotin [57]

Virtual library was first created

and then MM and QM were

performed

Three best monomers selected

using MM and QM to select

the optimum monomer and

solvent

Acetochlor [99]

Interactions with sulfadimidine

were calculated using

GROMACS 3.3 and

Gaussian 03

Prediction of monomers

specific for the template

Sulfadimidine [100]

Polymer topology studied

using PRODRG and MD

simulations using

GROMACS 3.2

Predict interaction energy

differences and identify

active binding sites

Dimethoate [101]

GROMACS 3.1 was used for

MD simulations

Screening of ligands that bind

to template

Morphine [102]

Computations for the TrpOMe-

n-DDP-complex using MD

software—HyperChem 5.1

Chiral discrimination via a

surface imprinting;

catalysis of a hydrolysis

reaction

Tryptophan methyl ester [92];

catalysis of hydrolysis

[103]

NAMD molecular dynamics

program

Prediction of behavior of MIP Prediction of behavior MIP

[104]

MD simulations using the

AMBER 8

Imprinting and bulk effects

from pre-polymerization

mixtures

Dichlorophenoxyacetic acid

[105]; naproxen [106]

Quantum mechanics (QM)

HyperChemPro 60 to calculate

low energy confirmations

and electronic distributions

Analysis of the effects of the

electric charge distribution

and of the size of the

molecules on the retention

mechanism in SPE

Terbutylazine and ametryn

[70, 107]

Energy minimization using

MOPAC and WebLab

ViewerLite

Analysis of interaction of

fluorescent monomer with

carboxamidrazone

substrate

N1-benzylidene pyridine-
2-carboxamidrazones [73]

Virtual library of intermediates

using Chem3D Pro/

MOPAC

Optimization of monomer for

MIP

Transesterification [71]

Electronic energies calculated

by DFT using Gaussian 98

Choice of the best functional

monomer and solvent

Homovanillic acid [108]

Binding energy of monomer/

template Gaussian 98

Screening of functional

monomers for MIPs

Theophylline and its

derivatives [67]

(continued)
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Table. 1 (continued)

Process Application Targets and references

Gaussian 03/B3LYP used in

monomer/template

interaction

Influence of porogens on MIP

performance

Nicotinamide [66]

DFT method with the hybrid

B3LYP exchange-

correlation

Interaction between template

and monomers

Harmane [109]

Ab initio DFT calculations,

methods

Interaction between template

and functional monomers

TNT[110]

Quantum chemical methods

Semiempirical AM1 method—

MO calculations using

CAChe and MOPAC.

Calculation of a complex

between (S)-nilvadipine
and 4-vinyl pyridine

(S)-nilvadipine [111]

Semiempirical AM1 method Composition, binding energies

calculated between

template and monomers for

MIP design

Cocaine[112]; N,O
dibenzylcarbamate [97];

theophylline [67]; Quinine,

arginine, ornithine, lysine

citrulline [113]

Semiempirical AM1 method Molecular geometries of

buffers optimized for

template

Metformin [114]

Optimization by Gaussian 94

quantum software and

MP2/6-31G//HF/6-31G,

PM3 methods, Gaussian 03,

and B3LYP

Relationship for binding

energies of complexes of

templates and MMA

correlated with retention

times and imprinting

factors

Picolinamide, nicotinamide,

iso-nicotinamide [115]

B3LYP/6-311G method

adopted based on

geometries of the structures

and Mulliken charges

Evaluation of the ligand

recognition mechanisms

using and Mulliken charges

N-(4-isopropylphenyl)-N0-
butyleneurea [116]

Emperical PM3 method Optimization of a monomer:

template

Trichlorophenol [117];

naproxen [118];

picolinamid [119]

Emperical PM3 method Computation of adsorption

coefficient of bile acids

Sodium taurocholate [88]

Emperical PM3 method (HF/6-

31G based thery)

Strengths of hydrogen bonds

formed between polymer

and ligand

Phenol and thiophenol [120]

transesterification catalysis

[71]

Emperical PM3 method Modeling pre-polymerization

complex and modeling

binding site

Nicotinamide or iso-
nicotinamide [115]

PWC/DNP calculations Computation of binding sites

on MIP

Rh–amine complex imprinted

silicate system [121]

Chemometrics and neural network methods

Chemometric Design Expert

software used for factorial

data

Optimization of the pre-

polymerization mixture

Sulfonamide [74]

(continued)
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calculations on multicomponent systems. While molecular modeling of complex

systems and possible interactions of polymers with template, solvent, and other

molecules are difficult because of the requirements of large computational

workloads, the method developed at Cranfield University can achieve this by

simplifying the model. Since the structure of the monomers–template complexes

formed in the monomer mixture is preserved in the synthesized polymer, instead of

modeling the polymer, modeling the monomer mixture and the interactions taking

place in solutions between monomers, cross-linker, template, and solvent would be

possible, which substantially reduces computational load [61–63].

The protocol developed at Cranfield starts with the design of a virtual library of

molecular models of functional monomers and template (Fig. 2). The next step is to

screen the virtual library against a template to determine the monomers that

strongly bind to the template. Calculations are performed to estimate how the

monomers bind to template using simulated annealing to determine optimum ratios

of template to monomers. In effect, the strength and type of interactions, existing

between monomers and template in monomer mixtures, which in theory, determine

the recognition properties of the MIP, will be analyzed and used for optimization of

polymer composition. Each of the steps has been described below.

2.1.1 Modeling of the Template Molecule

A molecular model of the template molecule is made and charges for each atom are

calculated, and the structure of the template is refined using MM.

2.1.2 Construction of the Monomer Database

While there are about 4,000 polymerizable compounds that have been reported that

could potentially be used as functional monomers, in reality many of them have

similar properties and functions and hence it is assumed that it is sufficient to

test possible interactions between a minimal library of functional monomers and

a target template [124]. Several different software packages can be used for creating

Table. 1 (continued)

Process Application Targets and references

Neural network using the back

propagation algorithm

(WEKA)

Prediction of imprinting factor

of MIPs and study of

template monomer

complexes

Atropine and Boc-L-Trp

d-Brompheniramine

[75, 76]

General chemometric design Optimization for MIP

preparation

Bisphenol-A [122]

Chemometric multivariate

analysis study on screening

and rebinding using radio-

ligand counting methods

Extensive screening and more

sophisticated response

parameters for analysis

Propranolol [123]
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virtual library of monomers and molecular models of template. Examples include

Agile Molecule, Sirius, SYBYL, Oscail X, and MOE.

2.1.3 Screening of the Virtual Library

The quantity and quality of MIP recognition sites that result due to a binding event

are a direct function of the nature and extent of the monomer–template interactions

present in the pre-polymerization mixture. The previous research directed toward

understanding the physical basis of molecular recognition has shown that the extent

of template complexation at equilibrium is governed by the change in Gibbs free

energy of template–functional monomer interaction [125–127]. Andrews et al.

[128] detailed an approach to calculate the average binding energies of ten common

functional groups based on an analysis of structural factorization of the energetic

contributions to binding. These approaches detailed the importance of each of the

physical entities that govern a molecular recognition event. The general thermody-

namic explanation which summarizes contribution of individual physical

parameters in a binding event has been described by Williams [see Eq. (1)]:

DGbind ¼ DGtþr þ DGr þ DGh þ DGvib þ
X

DGp þ DGconf þ DGvdW: (1)

Fig. 2 Interactions between microcystin-LR and monomers. Microcystin-LR, in lines in the

center of the picture, interacts with six molecules of urocanic acid ethyl ester (UAEE) and 1

molecule of AMPSA [64] (right) shown as ball and stick. Reproduced with permission
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This equation can be used to describe template–monomer interactions as well as

template–MIP binding events [125, 126, 129]. The Gibbs free energy changes are:

DGbind, complex formation; DGt+r, translational (energy associated with the

motion) and rotational (energy associated with rotation); DGr, restriction of rotors

upon complexation; DGh, hydrophobic interactions; DGvib residual soft vibrational

modes; ∑DGp, the sum of interacting polar group contributions; DGconf, adverse

conformational changes; and DGvdW, unfavorable van der Waals interactions.

This or similar equations lie at the cornerstone of practically all screening/

modeling packages used in the design of MIPs. In practice the screening of virtual

libraries is performed using the Leapfrog algorithm (Tripos Inc.). LeapFrog is used

in drug development for screening of new, potentially active, ligand molecules

against the structure of known receptor-binding sites. LeapFrog can also generate

new compounds by repeatedly making small structural changes, evaluating the

binding energy of the new compound, and keeping or discarding the changes

based on the results [130, 131].

The first step in MIP design using LeapFrog is the identification of the binding

site points on the surface of the template molecule. LeapFrog samples the environ-

ment immediately surrounding the template and determines its average electro-

static, steric, and lipophilic characteristics. Then each of the monomers is placed in

close proximity of the template-binding site. The second step is the calculation of

binding energy and once the binding site is well defined, the “fit” is assessed. Since

many possible hits arise, each has to be scored to decide which one of those hits is

most promising. There are a variety of scoring techniques employed by different

programs that exist such as LEGEND [132], LUDI [133], SPROUT [134], HOOK

[135], and PRO-LIGAND [136]. The scoring functions these programs employ

however vary from (a) H-bond placement, (b) constraints that are due to steric

effects, (c) explicit force fields, and (d) empirical or knowledge-based scoring

methods. Programs such as GRID and LigBuilder set up a grid in the binding site

and then assess interaction energies by placing probe atoms or fragments at each

grid point [137].

Scoring functions guide the growth and optimization of structures by assigning

fitness values to the sampled space. Scoring functions attempt to approximate the

binding free energy by substituting the exact physical model with simplified statisti-

cal methods. Force fields such as that used by Leapfrog involve more computation

than some other types of scoring functions. Leapfrog calculates major components of

the binding energy such as steric, electrostatic, and hydrogen-bonding enthalpies.

Other methods, such as the one used in the GRID4 program (Tripos Inc.) [138, 139]

which enhance the rate of calculation, are also in use.

2.1.4 Computation of Monomer Template Ratio

The next step in the protocol is the computation of monomer template ratio

performed by simulated annealing using a molecular dynamics approach (for

detailed description see Sect. 2.2).
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2.2 Examples of MM Methods Used in MIP Design

In world’s first successful demonstration of rational design of MIP using the above-

mentioned protocol [63], researchers at Cranfield University established a “proof of

concept” by demonstrating that the screening of a virtual library of monomers led to

the development of an optimized MIP composition specific for creatinine [63].

When this polymer was synthesized in the laboratory, it demonstrated superior

selectivity in comparison to an MIP that was prepared using a traditional functional

monomer, MAA. In this work Cranfield researchers combined the above-described

computational procedure for rational design of MIPs with a “Bite-and-Switch”

approach for the detection of polymer–template interaction [140]. In what could

be considered as one of the best examples of the rational design using the Cranfield

protocol, a highly selective MIP for the cyanobacterial toxin microcystin-LR was

designed and demonstrated [64].

Two MIPs for microcystin-LR were then synthesized, one using a functional

monomer with the best binding score (which shows the capability of forming

strongest complexes with the template), 2-acrylamido-2-methyl-1-propanesulfonic

acid (AMPSA) (Fig. 2), and the other using a “traditional” functional monomer

MAA. The optimalMIP formulation synthesized had affinity and sensitivity (studied

using ELISA), comparable with those of polyclonal antibodies and superior chemi-

cal and thermal stabilities compared with those of antibodies. The computationally

designed MIP also showed higher affinity in comparison with the MAA-MIP. It was

also found that MIPs had much lower cross-reactivity for microcystin-LR analogues

than both polyclonal and monoclonal antibodies.

While it is proven that MIPs perform well in organic solvents, the practical

applications of MIPs are hindered due to their poor performance in polar media.

Although it is desirable to achieve affinity separation and sensing in water, MIPs

usually do not work well in aqueous media. This is because of the disruption of

hydrogen bonds and competition between solvent and template molecules for the

binding sites. A significant contribution to the loss of polymer affinity originates

from the potential difference in the structure of the polymer-binding sites in organic

solvent (traditionally used for polymer preparation) and in water due to differences

in polymer swelling. In an effort to develop MIPs compatible with water, the group

of Piletsky imprinted biotin [79], having identified those monomers that provide

strong binding to the template in water using their computational screening method.

In order to mimic aqueous conditions and to obtain stable confirmation, the energy

minimization of monomers and template was performed using the dielectric con-

stant of water is (e ¼ 80). The results of the modeling confirmed that monomers

MAA, TFMAA, and AMPSA formed a strong complex with the template molecule

in water through ionic and hydrogen bonds. This was the first demonstration of the

use of molecular modeling for the rational selection of monomers capable of

template recognition in water. The designed MIP was successfully grafted to the

polystyrene surface in an aqueous environment and demonstrated high affinity for

biotin in water.
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The same team also synthesized MIPs capable of the controlled release of

simazine in water [82]. Leapfrog was used to identify a list of monomers used in

the production of polymers with different affinities and correspondingly different

release profiles of the herbicide. The speed of release correlated with the calculated

binding characteristics. The high affinity, MAA-based polymer released ~2% and

the low-affinity HEMA-based polymer released ~27% of the template over 25 days.

In an interesting study, computationally designed methacrylate-based synthetic

polymers that inhibit QS by sequestering the bacterial signal molecules were

developed by Piletska et al. Biofilm production and expression of virulence factors

were correlated with Quorum Sensing (QS), a density-dependent regulation of gene

expression controlled by specific signal molecules produced by bacteria. The

polymers were able to absorb 0.1–0.3 mg (per gram of polymer) of N-acyl-
homoserine lactones (AHLs). This work has implications in aquaculture, where

these polymers can sequester a (a test bacterium) signal molecule of Vibrio fischeri
and prevent QS-controlled phenotypes, thus representing a new solution for

controlling disease outbreaks [85].

Polymers with affinity to two of the most abundant mycotoxins AFB1 and OTA

were designed by the computational approach (Fig. 3) for application in the

ToxiQuant T1 System (TQT1). The principle of quantification of AFB1 and OTA

using the TQT1 instrument consisted of fluorimetric analysis of mycotoxins

adsorbed on the polymer upon exposure to UV light. High affinity of the resins

allowed the adsorption of both toxins as discrete bands on the top of the cartridge

with detection limit as low as 1 ng of mycotoxin. Based on the computational

modeling, MBAA was selected for the preparation of the polymer specific for

AFB1, and a mixture of DEAEM and IA was selected for preparation of a polymer

specific for OTA. DMF was used as the porogen in both cases [86].

A similar method was previously employed to prepare an MIP with high affinity

for nonylphenol, a xenobiotic used in the manufacture of antioxidants, lubricating oil

additives, and surfactants (Table 2). Nonylphenol is degraded in wastewater plants

leading to the formation of lipophilic nonylphenol derivatives [87]. Chromatographic

Fig. 3 3D molecular complex between negatively charged OTA and functional monomers

DEAEM (left); 3D molecular complex of AFB1 with MBAA functional monomer (right) (oxygen
atoms are shown in red, carbon atoms are white and the light blue atoms are hydrogen).

Reproduced with permission [86]
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tests of the computationally designed MIP demonstrated higher affinity toward

nonylphenol, and both NIP and MIP were observed to be suitable for removal and

pre-concentration from contaminated water samples with 99% efficiency of the

recovery (231 mg/g for NIP and 228 mg/g for MIP). A comparative test under the

same conditions but using the commercial resins PH(EC) (Biotage) and C18 (Varian)

showed recovery rates<84%. The synthesized materials can be used for sample pre-

concentration and environmental analysis of this class of compounds [141].

The MM method is the fastest and least expensive method in computational

terms, and hence is an ideal choice for studies on analysis of structural parameters

and stable conformation for a variety of molecules. Optimization steps are often

carried out to confirm that the molecules are in their lowest energy state so that the

calculated results can be compared to those obtained experimentally. However,

since MM does not deal directly with electrons and orbitals, it cannot be used to

study, e.g., chemical reactivity of functional monomers.

2.3 Rational Approaches to MIP Synthesis Involving Molecular
Dynamics

MD simulation provides better descriptions of interactions (generally electrostatic

and van der Waals) because they reflect the effect which the surrounding environ-

ment has on the properties of molecules. MD simulations in general are powerful

tools to investigate complex systems made of thousands of atoms. A good under-

standing of intermolecular interactions, mechanisms of imprinting, and properties

in molecular imprinting processes requires advanced state-of-the-art computational

tools which will help in investigations on the molecular clusters and prediction of

interaction energies (Table 1).

2.4 Examples of MD Methods Used in MIP Design

One of the successful approaches that are used for the computation of monomer

template ratio is simulated annealing. Simulated annealing is a Monte Carlo

approach for minimizing multivariate functions. The term simulated annealing

Table 2 Monomers with highest binding for nonylphenol [87]

Highest binding monomers for nonylphenol Binding energy (kcal/mol)

Itaconic acid �38.06

TFMAA �27.17

Urocanic acid �27.16

Methacrylic acid �21.63

Vinyl imidazole �16.00

DEAEM �12.66

2-Vinyl pyridine �6.60

Reproduced with permission
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derives from a physical process of heating and then slowly cooling a substance to

obtain a crystalline structure. The simulated annealing process lowers the tempera-

ture by slow stages until the system is “frozen or at a standstill” and no further

changes occur. At each temperature the simulation must proceed long enough for

the system to reach a steady state or equilibrium. This is known as thermalization.

The sequence of temperature changes and the number of iterations applied to

thermalize the system at each temperature comprise an annealing schedule [142].

To apply simulated annealing, the system is initialized with a particular configura-

tion. A new configuration is constructed by imposing a random displacement. If the

energy of this new state is lower than that of the previous one, the change is

accepted unconditionally and the system is updated. If the energy is greater, the

new configuration is accepted probabilistically. This procedure permits an environ-

ment to proceed toward lower energy states, at the same time keeping open the

option of escaping out of local minima due to the probabilistic acceptance of some

upward moves. Logarithmic decrease of temperature in simulated annealing gener-

ally assures an optimal solution.

Monti et al. [91] detailed a protocol that combined MD, MM, docking, and site

mapping to simulate the formation of possible imprints for THO using MAA and

MMA as monomers in acetonitrile solution (Fig. 4). MM calculations and MD

Fig. 4 Contour maps of the molecular interaction fields produced: by OH probe at �4.5 kcal/mol

for THO (a), CAF (b), theobromine (c), xanthine (d), 3-methylxanthine (e), by O probe at

�3.0 kcal/mol for THO (f), theobromine (g), xanthine (h), 3-methylxanthine (i) [91]. Reproduced

with permission
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simulations were carried out with AMBER 7, as it previously showed satisfactory

performance of this force field in the evaluation of the stability of hydrogen bonded

as well as van der Waals adducts [143–146]. The structures of THO, MAA, and

MMA molecules were firstly optimized using DFT [147–149], and their atomic

charges were determined with RESP [150, 151]. All the simulations were

performed in the NPT ensemble using Berendsen thermostat and barostat [152]

with temperature set to 310 K and pressure to 1 atm. THOmolecule was surrounded

by functional monomer shells and solvated, creating around it a rectangular paral-

lelepiped acetonitrile box [153, 154].

Docking procedures, used to find favorable orientations of the ligands inside the

polymer cavity, were performed using the DOCK5.0 program [155–157], and the

GRID program (GRID, 2004) was used to map the energetic interactions. The created

model was able to predict binding affinity and selectivity when considering THO

analogues, such as caffeine, theobromine, xanthine, and 3-methylxanthine [91].

The entire modeling study was performed in four different phases: first, a non-
covalent phase where the template and the functional monomers form non-covalent

complexes in solution prior to polymerization; second, a locking phase where the

non-covalent monomers–template complexes are cross-linked and the binding site

is generated with appropriately oriented functional monomers and model polymer

structures are created and selected; third, a validation phase where the polymer

specificity and recognition capabilities are tested; and finally the mapping phase
where the characteristics of the binding cavities are analyzed. This work showed

that the MD simulations were able to predict the selectivity and binding affinity of

the MIP, and when complemented with experimental data gave a clearer picture of

the system and the type of interactions in the complex (Fig. 4).

Similarly, selective adsorption properties of dimethoate imprinted polymers

were studied through a MD simulation [101]. The MD modeling was carried out

to investigate the recognition mechanism by predicting the interaction energy

differences and indicating the active site groups, which confirmed that the MIP,

based on butyl methacrylate (BMA) functional monomer, had the most selective

recognition for dimethoate compared to other functional monomers, including

methyl methacrylate (MMA) and ethyl methacrylate (EMA) (Fig. 5).

Two parameters: the imprinting factor indicator and the competitive factor

indicator were calculated, based on the interaction energy differences for the

template in relation to structurally related organophosphorus pesticides (OPs).

The methodology was interesting, in that PRODRG software was used to analyze

polymer topology and MD simulations were performed with the GROMACS-3.2 in

the NPT ensemble with GROMOS 96 force field. A van der Waals cutoff of 1.4 nm

and PME were used to describe nonbonded interactions [158–161]. However, the

influence of the cross-linking agent was neglected, apparently to simplify the

modeling process. A similar experiment was performed by other researchers [95].

In an effort to obtain the optimized conformation of MIP, the authors saturated the

system of polymer chain and dimethoate with the solvent THF and performing

simulation for 20 ns. Computational prediction was verified through

chromatography.
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In another example of MD simulation, Benito-Peña et al. [72] analyzed binding

of seven novel fluorescent labeled b-lactam antibiotics (BLAs) with a library of six

polymers imprinted with penicillin G (PenG). The 3D chemical structures of the

labeled BLAs have been modeled followed by energy minimization by molecular

dynamics (MOPAC, AM1 force field) using Chem3D Ultra 7.0 software

(Cambridge-Soft, MA). The results of molecular modeling showed that recognition

of the fluorescent analogues of PenG by the molecularly imprinted material is due

to a combination of size and shape selectivity.

Yoshida et al. [92] employed HyperChem and performed MD calculations to

verify the recognition mechanism of the MIP they synthesized for the separation of

optically active tryptophan methyl ester. The computational modeling proved that

the enantiomeric selectivity is conferred by electrostatic and hydrogen-bonding

interactions between the functional molecule and the target tryptophan methyl

ester, along with the chiral space formed on the polymer surface.

Li et al. [100] demonstrated a detection method for veterinary drugs, wherein

they employed MD simulations and screening to identify functional monomers

capable of interacting with sulfadimidine (SM2). The authors prepared a library

comprising monomers and calculated their interactions with SM2 in acetonitrile

using GROMACS 3.3 (Fig. 6). The GROMOS-96 force fields of the functional

monomers, SM2 and acetonitrile molecule were presented and computationally

evaluated the PRODRG SEVER 2.5. The NVT-MD simulations were performed

at 300 K, and the functional monomer and template with ratio 1:1 were immersed in

acetonitrile. Molecular dynamics simulations in explicit solvent were performed for

1 ns with time steps of 0.002 ps. The authors performed energy calculations of the

simulated system using GROMACS software package and visual MD (VMD). The

surface molecularly imprinted silica with SM2 as template was prepared by a

surface-imprinting technique prepared using MAA and DVB in acetonitrile. The

molecular recognition of SM2 was analyzed in detail using Gaussian 03. The

experimental validation reported in this work is in conjunction with the theoretical

calculations.

Fig. 5 Structures of a typically simulated equilibrated conformation of dimethoate interacting

with poly(BMA) (NPT at 300 K, 1 atm) [101]. Reproduced with permission
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Pavel and Lagowski [65, 98, 162] studied the intermolecular interactions in

molecular imprinting of theophylline (THO). The minimized structures of five

ligands, THO and its derivatives (theobromine, theophylline-8-butanoic acid, caf-

feine and theophylline-7-acetic acid) were employed in MD simulation using

Cerius2 version 4.10 software designed by Accelrys, Inc. (San Diego, CA, USA).

The polymer consistent force field (PCFF) was employed, as it was found to be very

suitable and reliable for the molecular simulation of organic molecular clusters of

monomers and polymers [163–165]. The forces acting on each atom of a model

polymer were calculated. The initial molecular clusters of the simulated monomers

and polymers were optimized, giving information about total energies (E), energy
differences (DE), and distances (d) between the monomers and different ligands in

a given cluster. Using the same MD simulations, Pavel et al. [65] designed

monomers for MIPs specific for chemical warfare agents. They showed successful

predictions of interaction energies, the closest approach, distances, and the active

site groups.

Several research groups have used the PM3 method for the analysis of

template–functional monomer complexes [166]. From a computational perspective,

PM3 provides improved modeling of non-covalent interactions such as hydrogen-

bonding and van der Waals interactions.

Fig. 6 (continued)
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Since MD simulations are numerical and generally include a large number of

particles, the simulation time required for modeling is very substantial. However,

contrary to MM, MD molecules and their complexes have the ability to adapt to

their environment, which provides a closer representation of reality.

2.5 Rational Approaches to MIP Design Involving Quantum
Mechanics

Quantum Mechanics (QM) is a field of quantum chemistry that uses a mathematical

basis to represent chemical phenomena at the molecular level. It uses a complex

mathematical expression called a wave function with which the energies and

properties of atoms and molecules can be computed. While for simple model systems

wave functions can be analytically determined, for complex systems such as those

that involve molecular modeling, approximations have to be made. One of the most

commonly employed approximation methods is that of Born and Oppenheimer [167].
This approximation is based on the idea that it is not necessary to develop a wave

Fig. 6 Snapshot of the interaction energy between SM2 and monomers (left) and a schematic

diagram of surface imprinting and recognition mechanism (right) [100]. Reproduced with

permission
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function description for both the electrons and the nuclei at the same time. The nuclei

are heavier and move much more slowly than the electrons, and therefore can be

regarded as stationary while the electronic wave function is computed. By computing

the QM of electronic motion, the energy changes for different chemical processes,

vibrations, and chemical reactions can be understood [168].

2.6 Examples of QM Methods Used in MIP Design

Dong et al. [67] employed this method to screen monomers using the binding

energy, DE, of a template molecule and a monomer as a measure of their interac-

tion. In this study THO was chosen as the template molecule, and MAA, AA, and

TFMAA were the functional monomers (Fig. 7).

The calculation of DE was performed using DFT with the Gaussian 98 software

[169]. First, the conformations of THO, MAA, AA, and TFMAA were optimized,

and the energy of the molecules with the optimized conformation was calculated.

Then the energy calculation was applied to the complex formed between THO and

MAA, or AA or TFMAA, respectively. The MIP synthesized using TFMAA as

monomer showed the highest selectivity to THO while the MIP from AA gave the

lowest, as predicted from the calculation of binding energy (DE), [Eq. (2)].

DE ¼ E ðcomplexÞ � E ðTHOÞ � E ðmonomerÞ: (2)

Wu et al. [66] showed that a similar technique could be employed to determine

the influence of the solvents used as porogen on the affinity and selectivity of MIPs.

The interaction energy values between NAM and MAA were modeled with metha-

nol, acetonitrile, chloroform, and toluene as the porogens. Gaussian 03 [170] was

adopted as the software to carry out the simulation, and B3LYP [147, 171] was

selected as the calculation method. B3LYP is a DFT method, which takes electronic

correlation energy into consideration. This provides results of weak interaction

system compared with Hartree–Fock method. The retention factors and selectivity

Fig. 7 The complex formed between THO and MAA (a), AA (b) and TFMAA (c), respectively

[67]. Reproduced with permission
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factors of NAM and its analogues were evaluated, and good correlations were found

between the interaction energies and the retention factors. When the porogens had

poor hydrogen-bonding capacity, the interaction energy was mainly influenced by

the dielectric constant of the solvent, and when the porogen had strong capacity in

forming hydrogen bond, both the dielectric constant of the solvent and the

hydrogen-bonding interference affected the formation of the template–monomer

complex and the corresponding interaction energy.

A computational optimization of the monomer formulation of molecularly

imprinted catalysts (MIC) for lipase-catalyzed transesterification process was

demonstrated [71]. The authors screened the intermediates of the lipase-catalyzed

transesterification process commonly containing “catalytic triad” motif made up of

compounds such as serine, histidine, and aspartic acid [172–174]. To construct the

virtual intermediates, p-nitrophenyl acetate was used as substrate and monomers

containing carboxylate moieties as molecular recognition elements. The energy of

each intermediate was then minimized using the semiempirical MOPAC method

with a minimum RMS gradient of 0.100, which specifies the convergence criteria

for the gradient of the potential energy surface. AM1 theory was used with a closed

shell function to calculate heat of formation (DHf) of the intermediates, which

represents the gas-phase heat of formation at 298 K of 1 mol of the intermediate

from its elements in their standard state. The result of this work has been utilized

successfully for the design of artificial lipases.

QM are perhaps the most accurate approaches currently used in the field of

molecular modeling, because the modeling method involves fewer “assumptions”

and the results depend entirely on the accuracy of performed calculations. How-

ever, the sheer size of the required computations currently does not allow realistic

modeling of supramolecular systems.

2.7 Rational Approaches to MIP Design Involving Quantum
Chemical Methods

QC methods have been widely employed, mainly for the reason that the computa-

tional cost is kept to a minimum. Further, several studies have shown that they also

lead to accurate estimations. This is because QC methods employ calculations of

electronic structures of molecules leading to more reliable results of non-covalent

interactions, more specifically of pre-polymerization mixtures (Table 1).

2.8 Examples of Quantum Chemical Methods Used in MIP
Design

QC approaches have been successfully used to perform optimization studies

through selection of appropriate functional monomers. This was shown by the

design of MIPs that recognized theophylline [67], N,O-dibenzylcarbamate [175],
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and Metformin [114]. Ideally, elaborate use of B3LYP/6-31+G//B3LYP/3-21G

level of theory for theophylline [67] has been shown to be more extensive as

a study, because of elaborate calculations that provide better representations of

binding between functional monomers and the template. Using PM3 calculations

and MP2/6-31G//HF/6-31G studies, the importance of the influence of binding

energies between template and functional monomers with relation to the resultant

capacity factor of the MIP was explained in a previous study [176]. QC approaches

can also compute binding energies for templates that differ from the target struc-

ture, as has been shown before [73]. Here the authors describe the design of a MIP

that mimicked cytochrome CYP2D6, the computations of which were based on

PM3, giving optimized template molecule geometries, which resulted in the forma-

tion of a MIP with good recognition properties (Table 1). An earlier example of the

calculation of binding energy [112], using an AM1method for several complexes of

cocaine with MMA and 4VP leading to an optimized polymerization mixture,

proved to be a success, as further validation with NMR and rebinding studies

confirmed.

Chiral recognition was examined for a MIP synthesized for (S)-nilvadipine using
MAA, TFMAA, 2-VP or 4-VP as a functional monomers and EGDMA as cross-

linker [111]. Molecular computations were done with CAChe MOPAC version 94

implemented in CAChe programs23. Molecular geometries of (S)-nilvadipine and 4-
VP were optimized by the AM1 method. The simulation was performed on the

hydrogen-bonding complex model with the dihydropyridine and pyridine rings of

(S)-nilvadipine and 4-VP molecules, respectively. Molecular modeling revealed a

one-to-one hydrogen-bonding-based complex formation of (S)-nilvadipine with 4-VP
in chloroform and that (S)-nilvadipine imprinted EGDMA polymers should recognize

the template molecule by its molecular shape, and that hydrophobic and hydrogen-

bonding interactions seem to play important roles in the retention and chiral recogni-

tion of nilvadipine on the 4-VP-co-EGDMA polymers in hydro-organic mobile

phases. The (S)-nilvadipine-imprinted 4-VPY-co-EGDMA polymers indeed gave

the highest resolution for nilvadipine among the MIPs prepared.

QCmethods employing PM3methods have also computed adsorption coefficients

of bile acids on a film of overoxidized polypyrrole imprinted with sodium

taurocholate [88]. PM3 methods are considered fairly simple and straightforward,

and their ability to compute adsorption coefficients successfully confirms the compu-

tational power of such methods. Further electronic structure computations for the

prediction of polymer properties were successfully demonstrated [176], where inter-

action energies were calculated for pre-polymerization complexes of nicotinamide or

iso-nicotinamide with methacrylic acid as functional monomer.

2.9 Rational Approaches to MIP Design Involving
Chemometrics and Neural Network Methods

Chemometrics uses mathematical and statistical methods to select the optimal

experimental procedures and for the extraction of data for the analysis [177].
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The design of experiments follows a mathematical framework for changing several

selected factors simultaneously to predict the optimum conditions, thus reducing

the number of experiments necessary [178]. In effect the goal is to plan and perform

experiments in order to extract the maximum amount of information in the fewest

number of trials. Chemometrics has various applications in science, such as opti-

mization of experimental parameters, design of experiments, data retrieval and

statistical analysis, analysis of structure–property relationship estimations, signal

processing, pattern recognition, and modeling.

2.10 Examples of Chemometrics Methods Used in MIP Design

Steinke et al. [179] used the chemometrics approach to investigate the effect of

variables such as type and quantity of monomers, cross-linker, porogens, initiator,

type of initiation (UV or thermal), polymerization pressure, temperature, reaction

time, and reaction vial dimensions have on the properties of synthesized polymers.

Davies et al. [74] have used chemometrics design expert software to optimize the

composition of a MIP for sulfonamide, in particular the template:monomer:cross-

linker ratio. MAA was selected as functional monomer and EGDMA as cross-

linker. They selected the amounts of template, monomer, and cross-linker (T:M:X)

in the MIP using a three-level full factorial design. The chemometrics design

required the synthesis of a small number of MIPs with different T:M:X ratios and

used the results of their testing to determine the polymer composition with optimum

recognition characteristics. The polymer with the optimized ratio of 1:10:55 was

compared to MIPs, prepared with more commonly used molar ratios such as 1:4:20

[180] and 1:8:40 [181]. The experiment proved that the predicted ratio generated a

polymer with superior binding properties.

In another interesting study, Kempe et al. [123] employed multivariate data

analysis (Modde 6.0 software, Umetrics, Umea, Sweden) for the optimization of

monomer and cross-linker ratios in the design of polymers specific for propranolol.

Mijangos et al. [182] used chemometrics (MODDE 6.0 software, Umetrics,

Sweden) to optimize several parameters such as concentration of initiator

(1,10-azobis(cyclohexane-1-carbonitrile) or 2,2-dimethoxy-2-phenylacetophenone)

and polymerization time, required for the synthesis of high performance MIPs for

ephedrine. A small set of (�) ephedrine imprinted polymers was synthesized and

tested by HPLC for their ability to interact with (+) and (�) ephedrine. This

chemometric study provided evidence that in order to achieve high performance

in chiral separation MIPs should be synthesized for long reaction times using low

concentrations of initiator and at low temperatures.

2.11 Examples of Neural Network Methods Used in MIP Design

Prachayasittikul’s group used data from the literature, such as monomer composi-

tion, retention, and imprinting factors of MIP and NIP, mobile phase composition,

Computational Approaches in the Design of Synthetic Receptors 155



etc., in calculations aimed at prediction of optimal template–monomer pairs [75].

The imprinting factor was predicted by artificial neural networks as a function of

the calculated molecular and mobile phase descriptors. The quantum chemical

descriptors were computed using Gaussian 03W. The model confirmed that the

stronger template–functional monomer interactions lead to higher imprinting

factors.

Most experiments are influenced by a variety of factors, and screening is often

the first step in efficient assessment of which factors are important in influencing the

desired outcome of the system under study [183, 184]. Factors that depend on

monitoring the effects of changing one factor at a time on a response are extremely

time consuming producing erroneous optimums in experiments [183].

Chemometrics often combined with artificial network simulations [75] can help

significantly in optimization and design of experiments for simultaneous changing

factors to predict optimum conditions thus reducing the number of experiments

necessary [183, 184]. While chemometrics offers several advantages, complex

numerical solutions that are generated by chemometrics approaches could often

be misinterpreted unless a proper procedure is implemented. Since problem solving

involves multivariate analysis, the interpreter needs to be fairly skilled in terms of

analysis and interpretation. This approach also requires a number of experiments to

be made, and as such cannot be performed entirely in silico.

3 Conclusion

Various methods such as MM, MD, QC methods, and QM have been clearly

shown to be extremely useful for the design of MIPs. Each of these methods

should take account of the various complex physical and chemical processes

taking place during the formation of monomer–template complexes, as well as

processes involved in polymer formation. QC methods in the recent past have

been heavily used because of their low computational cost and their ability to

provide relatively accurate estimations of the electronic structures of molecules

pertaining to non-covalent interactions in pre-polymerization mixtures. Generally

in the rational design of MIPs, it is important to note that although formation of

monomer–template complexes in solution can be relatively easily modeled, the

challenge still lies in modeling different stages of polymerization. The exact

mechanism of events related to the incorporation of monomers into the polymer

network and their effects on MIP recognition properties need to be more fully

understood. This would lead to a greater understanding of binding events and lead

to better design of MIPs. Future improvements in computational protocols could

also throw light onto the reasons for the discrepancies observed between the

predicted and experimental results of the performance of polymers where the

recognition process involves hydrophobic interactions. Current and future compu-

tational approaches would certainly help in the design of artificial receptors and

generate knowledge that could help to build a better understanding of molecular
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interactions in biological systems. A combination of two or more methods in a

single computational platform could help solve several problems in the design of

MIPs and further lead to greater understanding of the processes leading to the

creation of specific and highly selective binding pockets.
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MIP Sensors on the Way to Real-World

Applications

Ghulam Mustafa and Peter A. Lieberzeit

Abstract Molecularly imprinted polymers are mostly confined to laboratories and

their standardized environments. Chemical sensors based on MIP are no exception

to this; however, there are increasing efforts to span the gap toward technological

applications and thus exposing the devices to real-life environments and thereby

assessing selectivity, sensitivity, and ruggedness of the respective sensors. In some

application areas this has already been successful, namely in detecting volatile

organics and their mixtures, sensing pesticides in environmental water samples, in

assessing oxidation processes, e.g., in engine oils, and in some applications of

bioanalysis targeting both signaling molecules/drugs and whole cells, viruses, or

bacteria. Here, we summarize the selected aspects for transferring MIP strategies

out from lab-bench conditions and highlight some of the successful examples.

Keywords MIP biosensing, MIP sensor materials, Oxidative degradation,

Pesticides, Real-life matrices, Sensor arrays, Volatile organics
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1 Molecular Imprinting

Life in general is based on a wide range of molecules working in a predefined

ordered fashion ensuring survival. For functioning properly, it is imperative that

these molecules interact with one another highly selectively in molecular recogni-

tion processes. Usually recognition takes place through non-covalent interactions in

all inter- and intracellular events, e.g., binding of antibodies to antigens, interaction

of receptors with hormones, and enzymatic catalysis. The excellent fit between

natural binding partners has triggered the wish in researchers to fabricate artificial

recognition materials [1] with bio-analogous binding properties. A both highly

feasible and appreciably straightforward synthetic approach to achieve this is

given by molecular imprinting. Here substrate-selective binding sites in man-

made polymers are generated by means of a template-assisted method. Generally,

the strategy can be defined as “the construction of ligand selective recognition sites

in synthetic polymers where a template (atom, ion, molecule, complex or a molec-

ular, ionic or macromolecular assembly, including microorganisms) is employed in

order to facilitate recognition site formation during the covalent assembly of the

bulk phase by a polymerization or polycondensation process, with subsequent

removal of some or all of the template being necessary for recognition to occur in

the spaces vacated by the templating species” [2]. In the early 1970s, related

research approaches were extended from silica-based matrices to synthetic organic

polymers. Since then numerous ideas and techniques have been developed in the

field. Main credit for this “New Era” goes to three individuals [3], namely Wulff

[4, 5], Mosbach [6], and Shea [7, 8] as a consequence of their respective pioneering

work. Initially named host–guest polymerization, now the term “molecularly

imprinted polymer (MIP)” is common. Interestingly, it was not used until 1993

and Mosbach himself has preferred “molecularly imprinted absorbents (MIA)” [9].

The general synthetic strategy for molecular imprinting is summarized in Fig. 1.

Usually, monomer(s) and a template compound that share complementary

functional groups self-organize with one another forming association complexes.

After adding suitable cross-linking monomers, the mixture is polymerized to

stabilize the spatial arrangement of the preformed aggregates, which rigidly fixes

it in the polymeric matrix. Extraction of template species from the polymer leaves

behind cavities with complementary size, shape, and chemical functionality. Ide-

ally, these cavities are highly selective and reversibly bind either the template itself

or a closely related compound.

Generally speaking, molecular imprinting can be achieved in two ways, namely

covalently and non-covalently. However, the non-covalent approach can be further

classified into two categories, one based on hydrogen bonds to prearrange

monomers and templates, and the other one relying on weaker types of interaction
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including Van der Waals forces. Covalent imprinting on the other hand relies on

chemically binding the template to the monomer via a functionality that can easily

be cleaved. Non-covalent imprinting is more preferably used for organic molecules

having lower molar masses and sometimes even without pronounced functional

groups, such as organic solvents or anesthetics, but larger species can also be

suitable templates. After polymerization, the template is removed from the poly-

meric matrix by evaporation or washing and thus leaves behind geometrically

adapted cavities and diffusion pathways in the way mentioned before. Surprisingly,

the final polymers can reach similar selectivity and sensitivity as covalently

imprinted ones [10]. MIPs attract increasing interest, because they combine a

very straightforward synthesis method of an inherently technologically processable

material with outstanding chemical recognition capabilities [11]. As the analyte

directly influences the generation of cavities in the recognition material, the strat-

egy provides a powerful tool to design highly affine sites even for analytes whose

chemical composition is either not precisely known or that consist of a complex

Fig. 1 General procedure for molecular imprinting
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mixture. Furthermore, it can be extended to larger template species and hence

allows for facile synthesis of receptors, e.g., against biopolymers, viruses, or

cells. Generally speaking, MIPs combine three highly advantageous features [12]:

• First, they are highly affine and selective and in some cases may even compete

with natural receptors in these features.

• Second, their synthesis procedure is very straightforward and usually

inexpensive.

• Third, they usually are thermally and mechanically stable and thus have appre-

ciable ruggedness.

Their interactions with the respective analytes are somewhat similar to those

observed in natural antibody–antigen systems. However, in contrast to them, MIPs

as sensor coatings usually yield reversible responses, which enables researchers to

synthesize a new class of materials referred to as plastic antibodies or plastibodies

[13–16]. In applications outside the scope of sensors, MIPs can, e.g., be optimized

to catalyze a range of chemical reactions thus mimicking naturally occurring

enzymes [17, 18]. Therefore it is even possible to synthesize an MIP for a com-

pound or reaction for which no natural antibody or enzyme is known.

2 Molecular Imprinting Strategies

Depending on the nature of the analyte, two different imprinting protocols are

employed to generate sensor layers, namely bulk imprinting and surface imprinting.

Furthermore, synthesizing MIP nanoparticles is also receiving increasing attention.

2.1 Bulk Imprinting

Bulk imprinting is usually employed for molecules with masses of up to a few

hundred atomic mass units, such as volatile organics, polycyclic aromatic

hydrocarbons, pharmaceutically active compounds, environmental contaminants,

and others. During polymerization, the respective template is directly added to the

monomer mixture. Therefore, interaction sites are not only present on the surface of

the respective sensor material, but they are also distributed within the whole bulk of

the matrix, hence the term “bulk imprinting.”

Consequently, the respective sensitive layer can accommodate a comparably

large number of interaction sites, even though the majority of them may only be

accessible via diffusion pathways within the polymeric matrix. Albeit sometimes

leading to increased sensor response times (depending on layer height), in the case

of small analyte molecules this guarantees the necessary sensitivity. This is of

fundamental interest, since many of these templates are non-immunogenic and

therefore not directly accessible for immunoassays due to the lack of suitable

antibodies. A schematic protocol for bulk imprinting is shown in Fig. 2.
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2.2 Surface Imprinting

When aiming at large templates, i.e., especially biospecies such as proteins, cells, or

microorganisms, bulk imprinting fails to generate suitable recognition sites for

three reasons: first, the resulting materials would be too thick for most sensor

applications. Second, it would be very difficult to entirely remove the template

Fig. 2 General procedure for bulk imprinting
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from the matrix. And third, even if that should prove possible, diffusion into

cavities lying further below the surface would be substantially sterically hindered.

To overcome these limitations, surface-imprinting approaches have been devel-

oped as shown in Fig. 3. In this case the respective template species are self-

organized on a stamp surface which is then pressed onto the pre-polymerized

oligomeric mixture coated onto the surface of the respective transducer. This

again is followed by hardening the material and washing out the template. It has

turned out that the selectivity of such “artificial antibodies” is determined by shape,

size, and surface chemistry of the respective template species in the same way as for

bulk approaches.

2.3 Imprinted Nanoparticles

One of the continuous major efforts in chemical or biochemical sensing is to

achieve optimum sensitivity and selectivity of a sensor toward its corresponding

analyte. The former can be achieved in different ways, e.g., by increasing the

fundamental device frequency in the case of mass-sensitive transducers [19].

However, from the material point of view, either increasing the number of interac-

tion sites within the respective recognition layer or increasing their accessibility is

another feasible approach. Out of these two possibilities, the latter turned out to be

more practicable [20], because increasing the number of recognition sites would

require higher amounts of template, which can inhibit polymerization. Improved

accessibility can be realized by applying nanoparticles rather than thin films as

recognition materials.

Such MIP nanoparticles provide substantially increased surface area for

analyte–receptor interactions as compared to thin films. Figure 4a shows a typical

AFM image of glass surface coated with imprinted nanoparticles and Fig. 4b

represents the mass-sensitive sensor responses of quartz crystal microbalances

(QCM) coated with a thin film and MIP nanoparticles, respectively, toward folic

acid. Evidently, the nanoparticle-MIP coated surface yields higher response

because of shorter diffusion pathways and therefore an increased number of avail-

able interaction sites as compared to a thin film consisting of the same amount of

selective material.

3 Molecular Imprinting in Chemical Sensing

MIPs are especially suitable for recognition in chemical sensing, because they

combine high selectivity with comparably low cost per layer. Among others, this

leads to constantly increasing number of publications in this field. Generally

speaking, chemical sensors are miniaturized devices capable of continuously
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Fig. 3 General procedure for surface imprinting
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detecting chemical constituents online in liquids or gases and converting this

information in real time into an electrical or optical signal.

They possess many desirable and advantageous features [21, 22], among which

are: small size, low cost, ease of operation, and manufacturing by established

Fig. 4 (a) AFM image of molecularly imprinted nanaoparticles; (b) shows the comparison of MIP

and nanoparticles sensor layers against 500 ppm of folic acid with same polymer system
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technological methods. A general schematic diagram of a chemical sensor is shown

in Fig. 5.

Generally speaking, a chemical sensor consists of a recognition layer that is

sensitive to chemical changes taking place in the surrounding environment. Upon

interaction with the target analyte, a change takes place in one of the physical

properties of the layer. The transducer detects this change and converts it into a

useful analytical signal and thus quantifiable data. The resulting electronic signals

are usually amplified and recorded by a data processing unit, often including

evaluation. Sensor layers play a crucial role in the efficiency of a chemical sensor,

because they partly determine sensitivity and are mainly responsible for selectivity,

response time, and lifetime of a chemical sensor. On the transducer side, a wide

range of physical parameters can be exploited for generating the sensor signal.

Hence, the most common chemical sensors can be classified into electrochemical,

optical, piezoelectric, and semiconductor sensors.

Electrochemical sensors measure a change in, e.g., voltage ocurring at the

selective layer on analyte exposure against a reference or also amperometric and

voltammetric signals. One of the first MIP-based amperometric sensors was devel-

oped by Piletsky et al. [23] to determine aniline and phenol. Similarly, Vinokurov

reported an early potentiometric MIP sensor [24] based on the electropoly-

merization of pyrrole, amines, and substituted phenols. In contrast to these, piezo-

electric devices detect mass of an analyte and convert it to an electrically

measurable quantity, usually a change in frequency.

The most commonly used piezoelectric material in mass-sensitive chemical

sensing is AT-cut quartz with circular electrodes patterned on both sides leading

to so-called QCM in which thickness shear waves are generated by applying

electric potential between the electrodes. Figure 6 shows a typical example of

such a device with dual-electrode geometry to ensure compensation of interferences

caused, e.g., by changing temperature or viscosity. QCM are useful for achieving a

broad range of sensitivity: for example Cabanilla et al. introduced a piezoelectric

sensor for the detection of caffeine, reaching a dynamic range from 0.1 to

10 mg mL�1 [25]. The sensitivity of piezoelectric sensors is often somewhat

lower by comparison with optical and electrochemical sensors; however, it can be

Fig. 5 General diagram of chemical sensor
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improved by increasing the fundamental frequency of the respective transducer

[26].

Especially when keeping real-world applications in mind, chemical and bio-

chemical sensors require high sensitivity, selectivity, adsorption capacity, and

reversibility. For instance, the selectivity of chemical sensor materials has to be

substantially higher than in other applications, such as separation materials: a

sensor can only make use of one plate of separation, whereas a chromatographic

column can have tens to hundreds of thousands of them. Furthermore, high adsorp-

tion capacity of the layer is also of seminal importance, because the volume in

which recognition takes place is usually limited. Therefore, the recognition layer

also has substantial influence on the overall sensitivity of a sensor. As artificial

layers are usually developed for long-term application of the respective system, the

layer should show reversible interaction behavior with the analyte combined with

low tendency for drift. The main challenge is that these parameters often contradict

one another: high selectivity may mean reduced sensitivity and high sensitivity

often means partly irreversible binding and therefore limited reusability.

4 Real-Life Applications of MIP

In real-life and online monitoring, the main challenge for an analytical chemist is to

deal with very low concentrations of analytes in complex environments, especially

under the strong influence of humidity and interfering compounds. MIPs have

already received substantial interest by laboratory chemists. However, only a

limited number of papers can be found where such materials have indeed been

taken from the lab bench into real-life environments. These include virus detection

in plant saps [27], monitoring oxidative degradation phenomena in oil matrices

[28–30], sensing bacteria [31, 32], yeast cells [33], or volatile organic compounds

[11, 34–40]. MIPs have also already been applied in the field of environmental

monitoring, especially for sensing pesticides [41–44], endocrine-disrupting

compounds, and heavy and toxic metals in soil and water. In the latter case, such

Fig. 6 Mass-sensitive transducer-quartz crystal microbalance (QCM)
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materials can in principle also be used for waste water treatment. The application of

chemical sensors is not restricted to single analyte detection within a matrix but can

also be extended to complex mixtures, such as in engine oil degradation sensing

[28–30]. In this case, not only is the application interesting, but it also covers a more

unusual aspect of sensing: the overall changes in a rather complex matrix are

translated into a single sensor response thus yielding a signal that indeed relies on

chemical changes in the matrix, but without actually knowing them in detail. Of

course, parallel detection of several compounds is also possible with MIP-based

sensors: arrays can be constructed for such multicomponent detection and quantifi-

cation that contain between two and a few dozen individual sensors. The data

obtained from such systems have then to be evaluated by chemometric data

analysis, including among other techniques artificial neural networks (ANN) or

principal component analysis (PCA). The following paragraphs shall discuss in

more detail some examples of the above-mentioned MIP applications.

4.1 MIP Sensors in Multicomponent Environments

Usually the detection of environmentally important contaminants faces the

challenges of achieving high sensitivity and selectivity as a consequence of low

analyte concentrations on one hand and complex matrices on the other hand.

Therefore, there is still only a very limited number of chemosensors published for

such applications. These include sensors for: alcohols, esters, ketones, aldehydes,

organic acids, and terpenes from different sources. Their quantitative detection in

the surrounding atmosphere is of importance for environmental, epidemiological,

and toxicological studies [45], but may also be relevant to process control

applications. An example for the latter case is given by an approach to determine

the lead analytes produced in composting procedures, namely limonene, ethyl

acetate, and aliphatic alcohols, by using an array of six MIP-coated QCM as

transducer [11]. In such cases relatively high detection limits are an acceptable

characteristic. Each analyte group is addressed by a tailor-made polymer, i.e., a

polystyrene-based material for the aliphatic terpene, polyurethane for the aliphatic

alcohols, and both systems for ethyl acetate.

The respective arrays (for example see Fig. 7) operate in the composter environ-

ment for several weeks and continuously monitor the headspace, giving rise to

signals that can be validated by GC-MS. MIPs contribute to the success of these

measurements in two ways: first, they add selectivity to the array, hence allowing

for appreciable detection limits, and second, they do so by providing a matrix that

can be exposed to highly humid environments (up to condensing at 40–45�C) over
several weeks and then be reused. Such a combination of selectivities generated by

both MIPs (that typically yield selectivity factors of 3–10 between closely related

compounds) and chemometry allows one to distinguish between different terpenes

emanating from a variety of natural sources [34]. The release of terpenes to the

atmosphere has the potential to affect the global radiation balance due to their
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vigorous reactions with ozone and OH in the troposphere. The respective MIPs for

the analytes are accessible via non-covalent imprinting into polystyrene-divinyl

benzene copolymers. The final sensor system exhibits isomeric selectivity and

detection limits below 20 ppm in air, as can be seen in Fig. 8. A comparison of

the sensor array data with GC-MS results for emanations from fresh basil showed a

perfect correlation between the two data sets (Fig. 8).

Another approach toward an MIP-based mass-sensitive sensor for terpenes was

reported by Percival et al. [46], who templated poly-(ethylene glycol

dimethacrylate)-co-methacrylic acid with D- and L-menthol for detection in the

liquid phase. Although probably not of “practical use” in real-life measurements

yet, the paper very impressively shows the abilities of MIP: First, the QCM sensor

could distinguish between the two enantiomers D-menthol and L-menthol, and

secondly it featured a detection limit of 200 ppb for L-menthol in water. One reason

Fig. 7 QCM arrays consisting of six MIP-coated electrodes
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for the comparably better performance of the acrylate-based system here may be the

difference in polarity between water and the sensor material which favored extrac-

tion of the (rather nonpolar) analyte from its polar matrix.

A further—rather complex—real-life matrix points out some other appreciable

aspects of MIP-based chemosensors, namely engine oil degradation sensing. Due to

the sheer volume of production, automotive engine oils play a substantial economic

and ecological role. The point of main interest of course is to find a technique that

actually responds to chemical changes within the matrix rather than more general

parameters, such as polarity or viscosity. MIP coated on QCM for instance can serve

this need [28]. In this case the template is a model compound for degraded base oil

components, namely capric acid. For reasons of ruggedness, the polymers in this case

consist of inorganic frameworks—mostly titanate, synthesized by the sol–gel route,

resulting in a reincorporation rate of about 70% of the template and thus appreciable

sensitivity toward degradation. There is onemain difference between this strategy and

the sensor arrays introduced previously: while the latter are optimized to selectively

detect a range of analytes in parallel, the former aims at translating a huge amount of

oxidation reactions and their respective products into a single sensor signal.

4.2 Pesticide MIP Sensors as an Example of Environmental
Sensing

Mainly as a consequence of sensitivity restrictions, there are hardly any MIPs

reported that are employed in outdoor environments. One notable exception deals

with an analyte (group) related to the agricultural sector: modern farming widely

applies pesticides in the field, aiming to both comply with food regulations and

achieve optimal yield and quality of crops. However, this has made them a major

source of contamination of water, soil, and as trace contaminants in leafy
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vegetables and fruits [47]. This has led to attempts to design suitable sensor

materials: as early as 1999, Sergeyeva et al. [48] developed a conductometric

sensor for the detection of atrazine in aqueous solutions, using MIP membranes

prepared by photopolymerization of methacrylic acid as the functional monomer

and tri(ethylene glycol) dimethacrylate as the cross-linker. First of all, the imprinted

polymer exhibited very high selectivity toward atrazine, with signals an order of

magnitude higher than structurally related compounds, such as simazine,

prometryn, and others. Furthermore, the sensor response is almost independent of

environmental parameters, such as pH or salt load. Therefore the approach, as such,

is highly suitable for real-life applications, especially since the lower limit of

detection was 5 nM. Similarly Pardieu et al. [49] reported an electrochemical sensor

for the detection of atrazine, in which a molecularly imprinted conducting polymer

(MICP)—poly (3,4-ethylenedioxythiophene-co-thiophene-acetic acid)—was elec-

trochemically synthesized on a platinum electrode in the presence of atrazine as

template. This MICP-based sensor showed selectivity toward the triazine family

with a wide dynamic range (10�7 mol L�1 to 1.5 � 10�2 mol L�1 atrazine) and low

detection limit (10�7 mol L�1). Detection in this case took place via cyclic

voltammetry, an approach that had already proven useful in an earlier paper

targeting 2,4-dichlorophenoxyacetic acid (2,4-D) [41]; however this did not include

assessment of the sensor response in real-life samples.

Substantial efforts have been made for the fabrication of MIP-based sensors for

the detection of these pesticides down to ppb levels. All these papers led to highly

appreciable sensitivity that at least approaches the levels that are realistically

required in environmental sensing. They do have electrochemical detection in

common, which of course clearly indicates that the overall sensor properties are

not governed only by the MIP, but by the entire sensor setup. Hence, the interplay

between layer and device plays a crucial role for these applications.

A different approach to atrazine sensing has been published by Schirhagl et al.

[43], who used a double imprinting strategy to generate “artificial antibodies.” First,

nanoparticles were templated with natural anti-atrazine immunoglobulins. In a

second step these nanoparticles were used as a stamp for surface imprinting of

polymer layers to produce antibody replicas in a copolymer system based on

methacrylic acid, vinylpyrrolidone, and dihydroxyethylene-bisacrylamide

(DHEBA). These layers exhibit nearly four times higher sensor response—and

hence sensitivity—than their natural counterparts with the limit of detection

being 0.04 mg mL�1. Such a comparison is of course of academic interest, but

also strongly influences the potential applications, as it allows for assessing the

quality of artificial recognition materials and how they compare to the

corresponding natural systems. There is one thing to be said about the atrazine-

selective polymer: it is not surprising that this analyte yields outstandingly appre-

ciable results. First, a heteroaromatic system that is inherently rigid dominates the

structure. Second, triazine compounds have very pronounced functionalities that

are able to undergo hydrogen bonding. Most of the polymer systems applied

provide such hydrogen bonding between analyte and layer, leading to the apprecia-

ble sensor effects mentioned. This is worth mentioning when comparing MIP with

antibody–antigen interactions—MIP are sometimes referred to as “artificial
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antibodies”—because the latter are usually governed by hydrophobic interactions

despite the fact that most of the analytes are water soluble, at least to some extent.

4.3 MIP Sensors Applications in Biosensing

Right from the birth of molecular imprinting, the resulting receptor materials have

frequently been referred to as “artificial antibodies” [13, 50, 51]. Of course there is

substantial interest in MIPs on account of the hope that they can be used as a

replacement for biological antibodies [52]. The reasons are twofold: first,

antibodies for specific applications can come at a rather high price, and second,

replacing biological materials by comparably low cost and mass-producible

polymers is tempting, both economically and in terms of manufacturing technol-

ogy. This “logical” proximity to antibodies led to the development of the so-called

“MIA” or molecularly imprinted sorbent assays that have been reviewed by Ansell

[51]. One of the earliest approaches was reported in 1993 by Vlatakis et al. [13]

already aiming at two compounds that are of clinical interest. The first MIA focused

on the detection of diazepam, a sedative, the other on theophylline, which is used as

a bronchodilator. Both systems relied on acrylate-based polymers, once more

making use of their ability to undergo hydrogen bonding and the facile polymeri-

zation properties of (meth)acrylate monomers (which has made acrylic polymers

some of the most widely researched matrices in molecular imprinting). Comparing

the results of the MIP immunoassays with enzyme-multiplied immunoassays

(EMIT) showed that both methods gave the same results when used to determine

the serum concentrations of theophylline in 32 patient samples. Similar results were

observed in the case of diazepam.

Especially for smaller molecules such as the two above-mentioned ones, MIPs

show some advantageous features when compared to their natural counterparts [3]:

• It is easier to produce an MIP against a small molecule, than an antibody.

• Antibodies are only functional in aqueous environments, but MIPs are inherently

equally active in aqueous and nonaqueous conditions.

• Antibodies are sensitive and stable only within a specific range of temperature

and pH, whereas MIPs are more rugged.

A further strong point of the imprinting technique is the fact that it is not

restricted to molecular analytes, but can also be extended to larger structures.

This opens up the possibility to address even entire microorganisms. However,

for that purpose bulk imprinting is not feasible, because this would on one hand lead

to layer heights in the range of some ten of micrometers and on the other hand make

diffusion of the prospective analyte to the interaction centers almost impossible.

Vulfson et al. [31, 32] were the first to overcome these problems by generating

bacteria MIP on a polymer surface via emulsion polymerization. The outcome is

MIP “latex” particles comprising surface cavities that reproduce the geometrical

features of the template bacteria. The authors also pointed out the parallels between
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their approach and lithographic techniques to generate surface structures. This

groundbreaking work proved the principal feasibility of microorganism imprinting.

The first actual sensor measurements, however, were obtained with stamp surface-

imprinting strategies of yeast cells into both polyurethane [33] and sol–gel material

[53]. By applying SAW devices with a fundamental frequency of 433 MHz it is

even possible to sense a recognition event between the MIP and a single yeast cell.

Additionally, these MIPs show appreciable selectivity, not only against different

microorganisms, such as bacteria, but also between different types of yeast,

indicating that during “bioimprinting” not only the morphology of the respective

species plays an important role, but also its surface chemistry. This observation is

further corroborated by the design of sensor systems for biospecies that share

common geometrical features, but differ in surface chemistry. One example for

this is erythrocytes (i.e., red blood cells), which hold glycosidic moieties on their

respective cell surfaces, which determines blood group. When applied as a template

they lead to surface MIP in copolymer systems of acrylic/acrylamide monomers

and N-vinyl pyrrolidone [54]. Admittedly, the monomer composition in this case is

rather complex. However, this allows for tailoring the surface properties of the final

polymer to optimally match the template cell. The sensitivity of the red blood cells

does not allow a stamping protocol to be used, but sedimentation of erythrocytes in

a solution deposited on top of a spin-coated pre-polymer leads to surface cavities

having the original “donut” shape of the template cell (see Fig. 9).

Somewhat astonishingly, these cavities proved highly selective: on 10 MHz

QCM the MIPs not only allow to distinguish between different blood groups, but

even between subgroups that only differ by the amount of glycolipids on the cell

surface. It is also worth mentioning that measurements can take place in a diluted

whole blood matrix.

From the application point of view, however, viruses are among the most

interesting biospecies for chemical sensing, because currently no analysis

techniques exist for their rapid detection. The reason for this is their size: it is

usually between 10 and 100 nm. Hence virions are not accessible via light scattering

or other straightforward optical strategies that dominate in the field of automated

bioanalyte detection. Knez et al. published rather early work on the selective

nucleation of inorganic matrices on the tobacco mosaic virus (TMV) [27]. TMV

is not only a plant pathogen that is very harmful to different crops (obviously

tobacco, but also cucumber and pumpkin), but it also provides researchers with a

robust template for imprinting. The first actual sensors achieved with TMV-

imprinted polyurethanes were reported by Dickert et al. [55]. QCM coated with

such MIP can detect TMV highly selectively, even in complex media—namely

plant sap—without sample preparation, reaching a limit of detection of 1 mg L�1.

Experiments with different serotypes of the human rhinovirus (HRV) show that in

this case differences in the surface protein structure also led to selectivity of the

respective bio-MIP [56].

Finally, an MIP sensor for the detection of homocysteine in blood [57] highlights

a further interesting approach for sensing as well as strategies to utilize molecular

imprinting to find novel catalysts. This fluorescent sensor made use of an MIP
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catalyst to derivatize D/L-homocysteine with N-(1-pyrenyl)maleimide. The product

of this reaction served as the template during imprinting. The derivatization step

introduces a fluorescent group into the homocysteine molecule. Therefore fluores-

cent measurements directly at the MIP allowed for determination directly in blood

plasma.

5 Commercially Available MIPs for Analytical Applications

As already mentioned, MIPs have substantial application possibilities in the fields

of separation, catalysis, biomimetic assays, and sensors [12, 58, 59]. However, the

number of MIPs in commercial production still lags behind the expectations from

laboratory experience. Nonetheless, there are a number of companies that have

introduced MIP-based products for a range of applications, including sensing, on a

commercial basis [58]. For example MIP Technologies, which is now part of

Biotage (http://www.biotage.com), have commercialized products such as

“MIP4SPE®” for solid phase extraction, “MIP4LC®” used for HPLC and

“MIP4Discovery®” for drug screening. Together with Supelco (http://www.

sigmaaldrich.com) they are also selling a product named “SupelMIP™ SPE” for

solid phase extraction. Furthermore, Biotage has commercialized a selection of

MIP-based materials named “AFFINILUTE MIP products” used for solid phase

extraction (SPE) analysis of chloramphenicol, tobacco-specific nitrosamine

derivatives, NNAL, triazines, clenbuterol, b-agonists, and b-blockers. Chrysalis
Scientific Technologies Inc. is marketing MIPs for solid phase extraction (MIP[4]

Fig. 9 AFM image of erythrocytes imprinted polymer surface
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SPF) of particular analytes: MIP[4]SPF products are available that target

amphetamines (class specific), b-agonist drugs (class specific), b-blocker drugs

(class specific), b-receptor (b-agonists + b-blockers), chloramphenicol,

clenbuterol, fluoroquinolones (class specific), nitroimidazoles (class specific),

NNAL (carcinogenic tobacco-specific nitrosamine), nonsteroidal anti-

inflammatory drugs (NSAIDs), polycyclic aromatic hydrocarbons (PAHs), ribofla-

vin (Vitamin B2), tobacco-specific nitrosamines (NNN, NNK, NAB, and NAT), and

triazine herbicides. Other companies dealing with commercial scale applications of

MIPs are Oxonon (http://www.oxonon.net) working on MIP synthesis and charac-

terization, Semorex (http://www.semorex.com) developing sensors for detection

and diagnostics, Imego (http://www.imego.com) dealing with fabrication of MIP-

based sensors for environmental pollutant, drugs and warfare detection. Generally,

one can see that currently most commercially available matrices are targeting

extraction rather than sensing. One reason for this may be the fact that batch-to-

batch reproducibility of the materials is still an issue that has to be overcome to

avoid the requirement for each sensor to be calibrated individually.

6 Summary and Outlook

Sensor technology based on MIPs has achieved substantial interest during the last

few decades triggering a wide range of applications. However, to date only a few of

them have been applied to “real-life” matrices, especially in the fields of detecting

microorganisms or volatile organic compounds including complex environments.

Future challenges in this field are still the achievement of the sensitivity, selectivity,

and reproducibility of material mandatory for industrial requirements. Furthermore,

systems will have to undergo the transition from laboratory bench to mass

manufacturing of thin films and (preferably) nanoparticles in order to meet the

current key challenge for commercialization.
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Molecularly Imprinted Au Nanoparticle

Composites for Selective Sensing Applications

Ran Tel-Vered and Itamar Willner

Abstract In this study, a new method to imprint molecular recognition sites into Au

nanoparticles (NPs) composites is described. The method includes the electropoly-

merization of thioaniline-functionalized Au NPs in the presence of imprint substrates

that exhibit affinity interactions with the thioaniline-functionalized Au NPs or with a

co-added ligand associated with the electropolymerizable NPs. Exclusion of the

imprint substrate from the composite leads to the formation of selective imprinted

sites in the Au NPs matrices. The imprinted matrices are implemented for the sensing

of explosives, herbicides, saccharides, and ions. p-Donor–acceptor interactions, ionic
interactions and H-bonds, or ligand–substrate interactions are used to generate the

imprinted sites. The coupling between the localized plasmon of the NPs and the

surface plasmon wave of the support is used to amplify the dielectric changes

occurring in the NPs matrices upon the binding of the analytes to the imprinted

sites, thus enabling the surface plasmon resonance (SPR) transduction of the sensing

events. The imprinted Au NPs matrices demonstrate highly selective, stereoselective,

and chiroselective sensing performance.

Keywords Electropolymerization, Molecular imprinting, Nanoparticles, Sensors,

Surface plasmon resonance
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1 Introduction

During the past several decades, and in accord with the rapidly growing field of

nanotechnology, a considerable amount of scientific efforts has been directed toward

research that includesmetal nanoparticles (NPs).Due to the quantum-size dimensions,

metallic NPs offer unique electrical [1–3], optical [4], and catalytic functions [5],

which allow their diverse applications in many different fields. For example, metallic

NPs were recently reported as promising building blocks of enhanced sensing

platforms [6], or nanoscale devices [7], or as catalysts for a variety of chemical

reactions [8]. Among the different metallic NPs, Au NPs are most extensively

investigated. The aggregation of Au NPs as a result of sensing events, and the

subsequent formation of interparticle coupled plasmon excitons were used for the

development of colorimetric sensors [9, 10]. For example, the red-to-blue color

changes arising from the aggregation of Au NPs were used to detect phosphatase

activity [11], polynucleotides [12], or alkali ions [13]. Also, the occurrence of shifts in

the plasmon absorption bands of Au NPs upon binding of different analytes, and due

to the consequent emergence of dielectric changes on the surface, was used in the

development of optical sensors, such as for dopamine [14], adrenaline [15], choles-

terol [16], pH [17] and biosensors that probed DNA hybridization [18], or the

formation of aptamer-substrate [19] or antigen–antibody [20, 21] complexes.

In recent years electropolymerized films on electrodes have played a key role as

functional materials for sensing [22–25], in the actuation of a mechanical motion in

microdevices [26, 27], in the fabrication of solar cells [28, 29] or light-emitting diodes

[30, 31], and for the bioelectrocatalytic activation of enzymes [32–34]. The method-

ology of imprinting organic or inorganic polymer matrices is known since the

twentieth century, and has been extensively developed by Mosbach [35–37] and

Wulff [38–40]. This technology still constitutes a simple, yet a solid means, for

generating specific molecular recognition sites in polymer systems [41–43]. Over

the years, a broad range of applications based onmolecularly imprinted polymers have

been demonstrated, including their use as separation and controlled release matrices

[44], as catalytic supports [45, 46], or as sensing materials [47]. In this context,

particularly interesting is the application of imprinted polymers immobilized on

electrodes for sensing. Despite the inherent advantages provided by the imprinted

sensing electrodes, which are primarily associated with the formation of molecular

templates for the selective binding of analytes, several fundamental limitations related

to these electrodes are often encountered; (1) The density of the imprinted sites is

typically low, and thus relatively thick polymer interfaces are required. This results in

a slow diffusion of the analyte into the thick sensing matrix, leading to long response

times for the sensor devices. (2) The need for a thick sensing layer often perturbs the
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communication between the bound analyte and the electrode transducer, causing

a substantial attenuation to the readout signal associated with the recognition events.

Au NPs possess several attractive characteristics in serving as building blocks

for molecularly imprinted sensing platforms on electrodes: (1) The nanometric

dimensions of the particles and the well-developed, yet simple, surface chemistry

associated with the functionalization of Au surfaces, imply that the particles may

be chemically modified and aggregated by different means to yield a high surface

area, porous, Au NPs assemblies. Using the appropriate synthetic cross-linking

conditions, and introducing a target analyte-molecule into the reaction chamber,

imprinted sites corresponding to the molecular contours of the target analyte

can, then, be generated within the cross-linked Au NPs composite. The high

porosity associated with the imprinted Au NPs composite is expected to facilitate

the diffusion of the analyte within the layer, and, thus, the association of the analyte

with the recognition sites becomes rapid, leading to fast response times of the

sensing system. (2) The chemical modification of the exterior capping layer of

the Au NPs by functional molecules, such as electropolymerizable and/or ligand

units, yields a simple and controllable route for an electrochemical synthesis of Au

NPs arrays, acting as receptors for specific target analytes. Also, the versatility of

the available methods for the size- and shape- controlled synthesis of the Au NPs is

expected to affect the resulting sensing performance by the imprinted matrices and

to play a major role in the optimization of the sensors. (3) Several intrinsic features

of Au NPs, such as the occurrence of a localized plasmon upon their excitation by

light, provide unique optical enhancement phenomena in close proximity to the

interface of the NPs, and can be, thus, used for the transduction and amplification of

recognition events. Specifically, when functionalized Au NPs are electropo-

lymerized on a Au-coated surface, the coupling between the localized surface

plasmon of the metal NPs and the surface plasmon wave associated with the thin

metal film leads to a shift in the surface plasmon resonance (SPR) energy.

The effects of this coupling were theoretically addressed [48], and the changes in

the SPR curves, resulting from the variations in the dielectric properties at the

vicinity of the Au surface, were discussed.

2 Molecularly Imprinted Bis-Aniline-Cross-linked Au NPs

Matrices for Sensing

Recently, we developed a generic method to electropolymerize assemblies of

bis-aniline-cross-linked Au NPs on Au electrodes (Fig. 1a). The procedure involves

the synthesis of AuNPs (ca. 4 nm diameter) modifiedwith a protective capping layer

consisting of electropolymerizable thioaniline groups (1), and mercaptoethane sul-

fonic acid (2) stabilizing units. The subsequent electropolymerization of the

functionalized AuNPs is carried out by the application of a fixed number of potential

cycles, between�0.35 and 0.8 V vs. a Ag quasi reference electrode (Ag QRE), on a
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Fig. 1 (a) Schematic presentation for the electrochemical synthesis of a bis-aniline-cross-linked Au

NPs composite-modified Au electrode. (b) I: An AFM image demonstrating the morphology of the

AuNPs composite at the border region between the electropolymerized film and the bare Au surface.

II: Cross-sectional analysis of the electropolymerized composite. (c) Cyclic voltammogram
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thioaniline monolayer-modified Au-coated glass surface. Due to the electronic

conductivity of the Au NPs, the electropolymerization process yields a three-

dimensional film that is being gradually deposited on the surface of the electrode.

An AFM analysis corresponding to the border region between the electropo-

lymerized surface and the bare Au support reveals a complex morphology

(Fig. 1b). Evidently, the composite consists of aggregated domains exhibiting an

average thickness of ca. 30 nm and a nonhomogenous topography. A cyclic

voltammetry analysis of the bis-aniline-cross-linked Au NPs deposit at pH ¼ 7.2

reveals a quasi-reversible redox wave around 0.1 V vs. Ag QRE (Fig. 1c) consistent

with the electrochemical transformation of the bridging units between the reduced

bis-aniline and the oxidized quinoid states.

The simplicity associated with the one-step electrochemical synthesis of the

bis-aniline-cross-linked Au NPs composite, the ability to control its electrochemical

preparative conditions, and the diversity in the functionalization of the Au NPs

building blocks suggested the application of the electrodes as attractive host

materials for molecular imprinting. Upon their synthesis, the imprinted electrodes

were applied in different fields, including the sensitive and selective detection of

different target analytes [49–56], as photochemically and/or electrochemically

triggered “sponges” [57, 58], the signal-controlled wettability of surfaces [59, 60],

and for the generation of enhanced photoelectrochemical cells [61].

By the incorporation of a substrate that demonstrates high structural and/or

chemical analogy to the selected target analyte in the electropolymerizationmixture,

and by designing high affinity interactions between the substrate and the bis-aniline-

bridging units (or the capping of the Au NPs, for further information vide infra),
specific imprinted sites for the target analyte in the Au NPs composite can be

generated (Fig. 2). Different host–guest interactions between the matrix and

the template molecule facilitate the imprinting process, and these include

donor–acceptor, ionic (acid–base) interactions, hydrogen bonds, and ligand

complexation. It should be noted that the analog imprint molecules are often

significantly more soluble in the electropolymerization medium in comparison to

the target analytes themselves. This enhanced solubility is essential for increasing

the density of imprinted sites in the electro-synthesized matrices. Following the

entrapment of the imprint analog molecule in the matrix, it can be removed away by

weakening the associative interactions. This process is typically carried out by

rinsing off the composite for an appropriate time-interval with the pure background

buffer solution, by using a chemical agent, or by the application of an external

potential on the composite-modified electrode, allowing the transformation of the

bridging units between their oxidized and reduced states. The extraction process

yields a matrix containing high affinity imprinted sites with a remarkable similarity

�

Fig. 1 (continued) corresponding to the bis-aniline-cross-linked Au NPs composite, recorded in a

0.1 M, pH ¼ 7.2 HEPES buffer at 100 mV s�1. Part B – Reprinted with permission from ref. 59.

Copyright 2011, American Chemical Society. Part C – Reprinted with permission from ref. 57.

Copyright 2010, American Chemical Society
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to the target analyte structure. Upon reaction of the vacant imprinted matrix with

the analyte, the affinity interactions between the analyte and the matrix facilitate

its concentration within the imprinted sites. These recognition events are, then,

transduced by a physical signal proportional to the concentration of the analyte.

The high affinity of the target analytes to the imprinted sites in the bis-aniline-

cross-linked Au NPs composites is reflected by high association constants, typically

ranging between 107 M�1 and 1012 M�1, resulting in low detection limits (lowest

detectable concentrations) for the sensing of different imprinted substrates by these

matrices (for further information, vide infra). Furthermore, due to the delicate process

of imprinting, the imprinted matrices demonstrate an impressive selectivity in the

analysis of different substrates, and aswill be shown, in addition to stereoselectivity, in

some cases chiroselectivity can also observed (e.g., see Sect. 2.3).

An important issue relates to the selection of the readout technique. The appropriate

choice of an analyticalmethodology that is used for the transduction of the recognition

signals, upon the binding of the analyte to the matrix, depends substantially on the

chemical and physical properties of the target analyte. For example, the association

of nitro-aromatic explosive compounds with the bis-aniline-cross-linked Au NPs

composite by p-donor–acceptor interactions can be followed by the electrochemical

reduction of the nitrobenzene units associatedwith these explosives to hydroxylamine

groups [62, 63]. Using the inherent electrochemical activity of nitro-aromatic

explosives and the three-dimensional electronic conductivity by the Au NPs in the

bis-aniline-cross-linked matrix, an electrochemical sensor for explosives, such as

Fig. 2 Schematic presentation for the imprinting of molecular recognition sites into a bis-

aniline-cross-linked Au NPs matrix for the specific sensing of a target molecule. Adapted with

permission from ref. 52. Copyright 2011 American Chemical Society
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trinitrotoluene (TNT), dinitrotoluene (DNT), and mononitrotoluene (MNT) was

demonstrated [49]. Whereas this methodology was proved to be efficient, facilitating

a detection limit of 200 pM for TNT with an impressive selectivity between the

structurally related nitoaromatic explosives, a major drawback of the electrochemical

detection scheme is in the necessity for the target analyte to be redox active (the redox

activity must also be outside the potential region associated with the broad quasi-

reversible electrical response of the bis-aniline bridges). To overcome these obstacles,

other readout techniques, such as surface plasmon resonance, SPR, were further

implemented to follow the sensing capabilities of the bis-aniline-cross-linked Au

NPs matrices.

SPR is a common method to probe refractive index changes occurring on thin

metal films as a result of recognition events or chemical transformations [64, 65].

Due to its high sensitivity, SPR spectroscopy has been widely used to develop

optical sensors and biosensors. For example, protein–protein interactions [66, 67]

and the formation of antigen–antibody complexes [68, 69] were probed using SPR.

The method is, however, limited to large molecules, such as proteins, or low-

molecular-weight substrates which change their color upon various chemical

transformations leading to substantial refractive index changes (that are translated

to shifts in the SPR spectrum). Nonetheless, for systems with low coverage of the

surface with the analytes, or when only small refractive index changes are induced

by the binding of low-molecular-weight analytes, amplification of the SPR signal is

required. This limitation can be resolved by the conjugation of labels that intensify

the refractive index changes. For example, the conjugation of latex particles [70],

liposomes [71], or secondary proteins [72] was used to amplify small refractive

index changes, therefore leading to observable SPR shifts upon the recognition

processes.

Metal NPs, such asAu orAgNPs, exhibiting a localized plasmon,were extensively

used to amplify SPR signals originating from recognition events. The coupling of the

localized plasmon of the NPs with the surface plasmon wave was found to affect the

SPR energy and, thus, to enhance the SPR shifts [48]. For example, the formation of

immuno-complexes [20], DNA hybridization [18], and biocatalytic processes [73]

were followed by the amplification of the SPR signals using the Au NPs as labels.

The following sections will describe the SPR sensing of a variety of compounds on

the respective molecularly imprinted bis-aniline-cross-linked Au NPs matrices. The

different target analytes are associated with the matrices through different physical

and chemical interactions that will be addressed in detail.

2.1 Molecular Imprinting of Recognition Sites in Au NPs
Composites Through Donor–Acceptor Interactions

The electropolymerization of thioaniline-functionalized Au NPs onto a thioaniline-

modified Au surface yields a thin film containing layers of Au NPs. The redox state of
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the bridging units which cross-link the NPs can be altered upon the application of an

external potential on the composite-modified electrode. Specifically, by the applica-

tion of a reducing potential, E < 0.1 V vs. Ag QRE, the bridging units undergo an

electrochemical transition to a bis-aniline reduced state which exhibits p-donor
characteristics, whereas at potentials higher than E > 0.1 V, the entire population of

the bridges exist in an oxidized quinoid state of a p-acceptor nature. Accordingly, the
introduction of an acceptor substrate into the electropolymerization solution results in

its association with the p-donor thioaniline residues that cap the Au NPs, by

p-donor–acceptor interactions, and upon electropolymerization, the acceptor substrate

also binds to the newly formed p-donor bis-aniline bridging units. To exemplify this

process, a high concentration, 1 mg mL�1, of picric acid, (3), was introduced into the

electropolymerization solution [50]. Picric acid exhibits a molecular structure that is

analogous to TNT (4) (Fig. 3) with only a minor size difference between the hydroxyl

and methyl substituents associated with the molecules. Furthermore, both compounds

demonstrate comparable electron acceptor characteristics, suggesting that the picric

acid might be a good analog for the imprinting of TNT recognition sites. The use of

picric acid as imprint analog is favored over the direct implementation of TNT due to

its enhanced solubility in the aqueous electropolymerization medium, suggesting the

generation of a matrix with a higher density of imprinted sites for the association of

TNT. The subsequent removal of the picric acid from the matrix, by a prolonged

rinsing of the surface with a buffer, renders the surface with imprinted sites exhibiting

high affinity toward TNT. Similarly, a non-imprinted matrix was prepared by the

exclusion of the imprint analog (3) from the electropolymerization process. It should

be noted that both the imprinting and extraction stages were monitored in situ, by

following the changes in the SPR spectra corresponding to these processes. Figure 4A

shows the SPR curves obtained for the (3)-imprinted bis-aniline-cross-linked Au NPs

composite before, curve (a), and after, curve (b), the interaction of the matrix

with (4), 1 pM. A clear shift of the resonance angle is observed, consistent with

the association of (4) to the imprinted sites results in dielectric changes at the Au NPs

matrix. While the change observed in the minimum refractive angle, ymin, is signifi-

cant, and may be used to provide a quantitative measure for (4), an alternative, more

convenient sensing mode is facilitated by fixing the incident light angle, y, while
monitoring the time-dependent changes of the reflectance, DR, to yield a sensogram.

Figure 4B depicts two sensograms corresponding to the analysis of (4) by the non-

imprinted, left Fig. 4B-I, and the (3)-imprinted, right Fig. 4B-II, Au NPs composites.

In these figures, the injections of the TNT samples, with increasing concentrations, are

marked with arrows. Evidently, whereas the imprinted composite enables the detec-

tion of TNT with an ultra-sensitivity of 10 fM, the non-imprinted matrix shows a

1 � 103-fold higher detection limit (10 pM). The enhanced performance by the

imprinted Au NPs matrix is attributed to the formation of the high affinity imprinted

sites for (4), allowing its efficient binding to the matrix. Using the resulting calibration

curves (Fig. 4C) and employing a Langmuir-type fitting, the association constants of

(4) to the imprinted and non-imprinted matrices are estimated to be KI
a ¼ 6:4� 1012

M�1 and KNI
a ¼ 3:9� 109M�1 , respectively. Interestingly, the two step reflectance
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Fig. 4 (A) SPR curves obtained for TNT analysis on the picric acid-imprinted bis-aniline-cross-linked

AuNPs composite. TNT concentrations: (a) 0M, (b) 1 pM. (B) Sensograms, at y ¼ 62.4�, showing the
reflectance changes obtained for: I—injection of a series of increasing concentrations of TNT
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regions observed in the calibration curve of the imprinted composite, Fig. 4C, curve

(b), are attributed to the existence of two types of TNT-binding sites. Whereas the

reflectance changes at the lower TNT concentrations of 10 fM < [TNT] < 5 pM

correspond to the association of (4) to the imprinted p-donor sites of the matrix, the

reflectance changes observed at the higher TNT concentrations, 100 pM < [TNT]

< 10 mM, which are also observed for the non-imprinted matrix, curve (b), are

attributed to the association of TNT to the non-imprinted bis-aniline p-donor bridges
as well as to the excess of thioaniline p-donor units modifying the Au NPs in the

composites. The calibration curves also reveal a difference of approximately two

orders of magnitude in the inflection points between the imprinted and non-imprinted

Au NPs matrices. The lower inflection point associated with the imprinted matrix

originates from the existence of nonoptimal, partially fitting binding sites for TNT

molecules, which are presumably formed during the imprinting process.

To further exemplify the use of p-donor–acceptor interactions for imprinting

the bis-aniline-cross-linked Au NPs matrices, the herbicide, N,N0-dimethyl-4,40-
bipyridinium dichloride, methyl viologen (MV2+), (5), was imprinted, and sensed,

by similar methodology [57]. In this case, the electropolymerization process

involved the direct imprint of MV2+ in the composite due to the highly solubility

of (5) itself. Figure 4D depicts the sensograms obtained for analyzing (5) on the

(5)-imprinted and non-imprinted matrices, and the respective calibration curves are

presented in Fig. 4E. A striking difference in the performance of the two matrices is

observed, with a 103-fold lower detection limit by the imprinted matrix, 1 nM, as

compared to the non-imprinted composite, 1 mM, highlighting, once again, the

important contribution of the imprinting process to the sensing paradigm.

2.2 Ionic Interactions in Molecularly Imprinted Au NPs
Matrices for Sensing

A second class of sensing platforms based on bis-aniline-cross-linked Au NPs

composites implementing ionic interactions between the analyte (or its imprint

analog) and the bis-aniline bridging units as an associative driving force for imprinting

was developed. Using this methodology, sensitive sensors for a variety of nitro

�

Fig. 4 (continued) (a–j: 10 pM–5 mM TNT) on the non-imprinted Au NPs matrix. II—injection of

increasing concentrations of TNT (a–f: 10 fM–5 pM TNT) on the picric acid-imprinted Au NPs

matrix. (C) The calibration curves derived for the measurements in (B). (D) Sensograms, at

y ¼ 62.0o, corresponding to MV2+ analysis on: I—the MV2+-imprinted Au NPs matrix (a–n:
1 nM–20 mM MV2+), and II—the non-imprinted matrix (a0–e0: 1–20 mM MV2+). (E) The calibra-

tion curves derived for the measurements in (D). All measurements were performed in a 0.1 M

HEPES buffer solution (pH ¼ 7.2). Parts A-C – Adapted with permission from ref. 50. Copyright

2009, American Chemical Society. Parts D, E – reprinted with permission from ref. 57. Copyright

2010 American Chemical Society
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Fig. 5 (A) Sensogram, at y ¼ 63.3�, showing the reflectance changes obtained upon to the analysis of
RDX on the Kemp’s acid-imprinted bis-aniline-cross-linked Au NPs matrix. RDX concentrations

analyzed: a ¼ 0 M and b–f: 12 fM–2 pM. The inset presents the derived calibration curve for the

different RDX concentrations. (B) Comparison between the calibration curves obtained for the analysis

of variable concentrations of RDX on: (a) The Kemp’s acid-imprinted Au NPs composite, and (b) the
cyclohexane tricarboxylic acid-imprinted Au NPs composite. The inset shows the lower concentration
region of the calibration curves. All measurements were performed in a 0.1 M HEPES buffer solution

(pH ¼ 7.2). Reproduced with pemission from [51]. Copyright Willey-VCH Verlag GmbH & Co.

KGaA
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Fig. 6 (A) Calibration curve, corresponding to changes in the reflectance intensities upon the

analysis of variable concentrations of PETN on the citric acid-imprinted Au NPs composite.
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(–NO2 or –ONO2)-substituted explosives were prepared, and the fundamental

characteristics of the respective matrices were studied (Figs. 5 and 6). Due to the

close dimensional similarity between nitro and carboxylic groups, and due to the

expected neutralization of the carboxylic groups by the amine functionalities

associated with the thioaniline and the bis-aniline bridging units, several carboxylic

acid-functionalized substances were suggested as appropriate analogs for the nitro-

substituted explosives. Namely, the ionic interactions formed between the carboxylic

acid-modified analogs and the bis-aniline-functionalized Au NPs matrix are

anticipated to yield high affinity recognition sites for the sensing of the explosives.

Whereas the detection of the TNT explosive has gained a substantial scientific

focus, sensors for more hazardous explosives, such as hexahydro-1,3,5-trinitro-

1,3,5-triazine, RDX, (6), remained relatively less explored and require the devel-

opment of new technologies to achieve improved detection sensitivities.

The three quasi-axial nitro substituents associated with the RDX explosive

[74, 75] (Fig. 3) can be mimicked by using the imprint analog 1,3,5-trimethyl-

1,3,5-tricarboxycyclohexane, Kemp’s acid, (7), which exhibits three equatorial

methyl substituents [51]. The methyl groups in (7) enable the molecule to adopt a

relative rigid “chair-like” structure in which the three carboxylic acid substituents

are fixed in quasi-axial positions, thus providing a unique analog to RDX.

Figure 5A demonstrates the analysis of RDX on the Kemp’s acid-imprinted Au

NPs matrix. Evidently, the imprinted matrix reveals a high response in the fM

region and a detection limit as low as 12 fM. The sensing of the ultra-low

concentrations by the imprinted Au NPs composite is facilitated by the dielectric

changes that occur during the high affinity binding of the analyte molecules to

the imprinted sites. The intrinsic amplification mechanism, due to the coupling

between the localized plasmon of the Au NPs and the Au surface plasmon wave,

acts in amplifying the SPR shifts and allows the detection of the ultra-low

concentrations of the analyte. Using the calibration curve in Fig. 5A

inset, the association constant of RDX to the imprinted matrix was estimated to

be KI
a ¼ 1:9� 1012M�1 . Comparative measurements performed on the non-

imprinted Au NPs composite revealed significantly higher detection limit,

4 nM, and a lower association constant, KNI
a ¼ 3:4� 107M�1 . This highlighted

the need for the generation of the imprinted sites for the efficient binding and

sensing of RDX. Furthermore, the high compatibility of Kemp’s acid as an RDX

analog is demonstrated by sensing RDX on a matrix imprinted with the

Fig. 6 (continued) The inset shows the lower concentration region of the calibration curve.

(B) Calibration curves, corresponding to the analysis of variable concentrations of nitroglycerine

on: (a) the citric acid-imprinted Au NPs composite, and (b) the non-imprinted Au NPs composite.

(C) Calibration curves, corresponding to the analyses of variable concentrations of EGDN on:

(a) the maleic acid-imprinted, (b) the fumaric acid-imprinted, and (c) the succinic acid-imprinted

bis-aniline-cross-linked Au NPs matrices. Error bars correspond to a set of N ¼ 5 measurements.

All measurements were performed in ethanol. Reprinted with permission from ref. 52. Copyright

2011 American Chemical Society
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structurally related molecule cyclohexane tricarboxylic acid, (8). The steric flexi-

bility of (8) yields an equilibrium mixture between the axial–equatorial

conformations of the carboxylic acid functionalities (Fig. 5B) resulting in the

generation of imperfect imprinted recognition sites, exhibiting lower affinity for

the binding of RDX. Evidently, a decreased sensing performance for the detection

of RDX by the (8)-imprinted matrix was observed, as reflected by more than a

40-fold higher detection limit compared to the (7)-imprinted matrix.

The successful implementation of a carboxylic acid-functionalized molecule as

an analog for imprinting recognition sites for RDX was further expanded for the

sensing of other important explosives, such as pentaerythritol tetranitrate, PETN,

(9), nitroglycerin, NG, (10), and ethylene glycol dinitrate, EGDN, (11) (Fig. 6)

[52]. Figure 6A depicts the calibration curve obtained upon the sensing of PETN

on a citric acid, (12)-imprinted bis-aniline-cross-linked Au NPs composite. The

ionic and/or H-bonds between the carboxylate and the anilinium residues provide

strong affinity binding sites for (9), leading to a detection limit as low as 200 fM.

Under these conditions, a high association constant between the matrix and the

explosive, KI
a ¼ 9:5� 1011M�1, was evaluated. Citric acid, (12), was, similarly,

implemented as imprinting substrate to generate imprinted sites in the Au NPs

matrix for nitroglycerine, (10) (Fig. 6B). Evidently, significant reflectance

changes are observed upon the interaction of pM concentrations of (10) with

the (12)-imprinted matrix, curve (a). Similar SPR responses are, as expected,

absent in the analysis of (10) by the non-imprinted matrix, curve (b), which

reconfirms the important role of the imprinting in the detection paradigm. The

lower detection limit observed for the association of PETN with the

(12)-imprinted sites, as compared to the NG, may be attributed to the presence

of the OH group in (12) (Fig. 3). The hydroxyl group, in addition to the three

carboxylic acid residues, mimic the four –ONO2 functionalities of PETN,

whereas in the NG explosive (that includes only three –ONO2 functionalities),

no contribution is made by the additional OH group associated with (12). It is,

thus, clear that (12) is structurally optimized to accommodate the PETN substrate

containing the four –ONO2 functionalities.

Another important explosive, yet lacking significant scientific attention, is

ethylene glycol dinitrate, EGDN, (11). The chemical structure of (11) (Fig. 3)

suggested that the imprinting analogs that may be adapted to yield imprinted sites

for (11) in the Au NPs matrices via electrostatic/ionic interactions are: maleic acid

(13), fumaric acid (14), and succinic acid (15). The three calibration curves

presented in Fig. 6C show the reflectance changes obtained by the interaction of

variable concentrations of EGDN with the (13)-, (14)-, or (15)-imprinted Au NPs

composites. The results reveal a comparable sensing performance for all matrices

(Fig. 6C). The superior performance by the (13)-imprinted matrix may be, however,

explained by the favorable existence of (11) in a state where the nitro substituents

adopt a “gauche” conformation [76]. Thus, the cis configuration associated

with the carboxylic acid functionalities of (13) allows the molecule to act as an

effective analog for EGDN, resulting in an enhanced sensing performance by the

(13)-imprinted matrix.
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The imprinting of cross-linked Au NPs composites through ionic interactions

provides a general paradigm which is not limited for the sensing of aromatic

explosives. For example, using cysteine-modified Au NPs, imprinted matrices

were generated for a series of amino acids [53]. The matrices showed high

sensitivities, in the nM concentration range, toward the detection of the substrate

analytes, and exhibited remarkable stereoselectivity and chiroselectivity during the

analysis of different amino acids.

2.3 Imprinted Electropolymerized Au NPs Composites Based on
Ligand–Analyte Complexation Processes for Sensing

An alternative approach for imprinting recognition sites in cross-linked Au NPs

matrices involves the primary modification of the NPs with target-specific ligand

units. To this end, the ligand units are incorporated as a co-additive capping agent in

the synthesis of the Au NPs. Figure 7A schematically presents the electropoly-

merization of Au NPs, modified with a mixed monolayer consisting of thioaniline

(1) electropolymerizable units, thioethane sulfonate (2) stabilizing units, and

thiophenyl boronic acid (16) ligation units, in the presence of the saccharide D-glucose,

(17), analyte. The interaction between the ligand (16) and the vicinal diols of the sugar

(17), under basic conditions, results in the formation of a boronic-ester bond, leading

to the formation of a complex between the saccharide and the modified Au NP.

The (17)-complexated Au NPs were, then, electropolymerized onto a thioaniline

monolayer-modified Au surface in the presence of an excess saccharide, and under

basic conditions, to yield the (17)-imprinted bis-aniline-cross-linked Au NPs elec-

trode. The subsequent removal of (17) from the matrix was carried out by acidifying

the electrolyte to pH ¼ 1.3, which induces the dissociation of the boronate-ester bond,

thus releasing the sugar units. Following this stage, a vacant (17)-imprinted Au NPs

composite is obtained. Figure 7Bdepicts the analysis of D-glucose (17) by the resulting

imprinted matrix. The time-dependent reflectance changes correlate with the

concentrations of (17). The detection limit of (17) is 40 pM, Fig. 7C, and an association

constant corresponding to KI
a ¼ 8:3� 109M�1 between (17) and the matrix was

estimated. Also, only minute reflectance changes are observed upon challenging the

(17)-imprinted matrix with D-mannose, (18), or D-galactose, (19), consistent with the

impressive stereoselectivity provided by the (17)-imprinted sites.

In addition to the stereoselectivity for sensing the imprinted saccharides, the

imprintingmethodology leads, also, to chiroselective recognition of sugars. Figure 7D

depicts the sensograms obtained upon the analyses of D-glucose, (17), and L-glucose,

(20), on the D-glucose (17)-imprinted Au NPs matrix. Whereas significant reflectance

responses are observed at D-glucose (17) concentrations as low as 10 pM on the

(17)-imprinted matrix, no substantial reflectance changes are observed, up to a
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Fig. 7 (A) Schematic presentation for the imprinting of saccharides into a bis-aniline-cross-linked

Au NPs composite and their association/dissociation to and from the matrix. (B) Sensograms, at

y ¼ 63.5�, showing the reflectance changes obtained upon to the analysis of: (a) D-glucose

(concentrations a–k: 40 pM–100 mM), (b) D-mannose (concentrations a–d: 4–200 mM), and (g)
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concentration of 1 nM, for the analysis of the L-glucose substrate (20) on the same

matrix. Also, ca. 2 � 103-fold lower association constant was derived for the binding

of (20) to the (17)-imprinted matrix. The results were also reversed upon the imprint-

ing of L-glucose sites in the Au NPs composite, and lower detection limit and

enhanced sensing performance were observed in this case for the analysis of (20) by

the (20)-imprinted Au NPs composite [54]. The results suggest that the molecular

contours generated in the matrix during the imprinting process provide a unique steric

template for the imprinted substrate, and can be used to distinguish between

diastereoisomers or enantiomers. It should be noted that in another study, an analogous

system also employing boronic acid-functionalized Au NPs was used for the imprint-

ing of different diol-functionalized antibiotics, including Kanamycin, Neomycin, and

Streptomycin [55]. The imprinted matrices revealed impressive detection limits for

the respectively imprinted substrates, which were several orders of magnitude lower

than the maximum allowed residue limits (MRLs). Furthermore, the antibiotic-

imprinted Au NPs matrices also allowed the sensitive and selective analysis of the

target substances in real food samples, such as in milk [55].

Ligand–analyte interactions which constitute the grounds for imprinting via

complexation in electropolymerized Au NPs composites may also be used for the

detection of metal ions [56]. Au NPs were co-modified with the complexating

dithiothreitol (21) ligand and reacted with an alkaline-earth-metal ion, such as

Sr2+, Mg2+, Ca2+, or Ba2+. Following the primary complexation of the ion with

the ligand-modified particles, the Au NPs were electropolymerized onto a

thioaniline-modified Au surface, to yield an imprinted composite, which is

schematically exemplified in Fig. 8A. The removal of the metal ions from the

respective matrices by exposing them to an acidic, pH ¼ 1.5, solution, resulted in

vacant imprinted templates. This process presumably protonated the dithiotreitol

ligands, thus releasing the metal ions to the solution.

Figure 8B depicts the sensograms obtained upon the interaction of the Mg2+,

Ca2+, Sr2+, and Ba2+ ions with the Mg2+-imprinted bis-aniline-cross-linked Au NPs

composite. Evidently, the Mg2+-imprinted matrix is most sensitive to the presence

of Mg2+ ions, exhibiting a low detection limit of 20 fM and a linear dynamic

sensing range in the femtomolar region (Fig. 8C). The high sensitivity is attributed

to the dielectric changes induced upon the binding of the Mg2+ ions to the matrix,

and/or due to possible changes in the local plasmon intensity, caused by variations

in the inter-Au NPs distances, as a result of the association of the ions with the

Fig. 7 (continued) d-galactose (concentrations a–c: 20–200 mM) on the D-glucose-imprinted bis-

aniline-cross-linked Au NPs matrix. (C) Calibration curves derived from the sensograms in (B).

The inset shows the lower concentration regions of the curves. (D) Sensograms, at y ¼ 63.5�,
showing the reflectance changes obtained upon to the analysis of: (a) D-glucose (concentrations

a–l: 10 pM–100 mM), and (b) L-glucose (concentrations a–i: 1 nM–100 mM) on the D-glucose-

imprinted bis-aniline-cross-linked Au NPs matrix. The inset shows the respective calibration

curves derived from the sensograms. All measurements were performed in a 50 mM HEPES

buffer solution (pH ¼ 9.2). Reproduced from ref. 54 by permission of the Royal Society of

Chemistry (RSC)
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Fig. 8 (A) Suggested assembly for the association and dissociation of several earth-metal ions to

and from the metal ion-imprinted bis-aniline-cross-linked Au NPs matrix. (B) Sensograms, at

y ¼ 63.5�, showing the reflectance changes obtained upon to the analyses of: (a) Mg2+

(concentrations a1–a11: 20 fM–250 pM), (b) Ca2+ (concentrations b1–b9: 80 fM–500 pM), (c)
Sr2+ (concentrations c1–c6: 50 pM–5 nM), and (d) Ba2+ (concentrations: d1–d6: 50 pM–50 nM), on

the Mg2+-imprinted bis-aniline-cross-linked Au NPs matrix. (C) Calibration curves derived from

the sensograms in (B). The inset shows the lower concentration region of the Mg2+ calibration

curve. All measurements were performed in triply-deionized water. Error bars correspond to a set
of N ¼ 5 measurements. Reproduced from ref. 56 by permission of the Royal Society of Chemis-

try (RSC)
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three-dimensional electropolymerized assembly. The high selectivity of the

imprinted matrices, evident in Fig. 8B, C and reflected by the lower reflectance

responses for the Ca2+, Sr2+, and Ba2+ analyses on the Mg2+-imprinted matrix, was

further reconfirmed by the synthesis of imprinted composites for each of the earth-

metal ions. As expected, in all cases the specific ion-imprinted matrices revealed

the highest performance for the sensing of the respective metal ion analytes, and

sensitive detection was also demonstrated in the presence of solutions containing a

mixture of all relevant ions [56].

3 Conclusions and Perspectives

The chapter introduced the electrochemical assembly and the application of Au

electrodes modified with molecularly imprinted bis-aniline-cross-linked Au NPs

matrices for sensitive and selective detection of a broad range of analytes, including

explosives, herbicides, sugars, earth-metal ions, antibiotics, and amino acids. Three

main interactions between the analytes and the matrices, facilitating the imprinting

process, were discussed: (1) donor–acceptor association, (2) ionic/H-bonds, and

(3) ligand–analyte complexation. The development of sensors, based on those

interactions, involved the careful selection of the imprint molecule, a process

which proved to be of a primary importance to the performance of the resulting

sensors, as well as the nano-engineering of the matrix by the incorporation of

receptor elements, such as specific ligands for the target molecules or ions.

The imprinted bis-aniline-cross-linked Au NPs matrices exhibit remarkable and

often unprecedented detection capabilities. The Au NPs matrices offer a dynamic

analyte sensing range that is often in the fM–pM regime, high stereoselectivity

(and/or chiroselectivity) toward the analysis of chemical interferants, a good repro-

ducibility and stability, and a relatively easy and cost-effective preparation. Albeit

these advances, many challenging topics associated with the imprinted Au NPs

matrices still need to be addressed. Whereas in most of the studies presented in this

chapter, the SPR technique has been used as a readout method for the sensing

events, other analytical techniques, such as surface enhanced Raman spectroscopy

(SERS), might be successfully employed for following the recognition processes.

With the advantage of detecting the spectroscopic fingerprints of the analytes, such

technique may be well suited for both quantitative and qualitative multiplexed

analyses of the various substrates in different environments.

Further challenging topics may involve the investigation of the correlation

between the morphology of the NPs, including their size, shape, and composition,

and the sensing performance of the imprinted matrices. Also, gas phase detection of

volatile explosive analytes and nano-engineering of the matrices for the detection of

other important substrates, such as street drugs or toxins, may be envisaged.

Finally, the applications of imprinted bis-aniline-cross-linked Au NPs matrices

are not confined to sensing. In fact, the imprinted matrices have already been

implemented in several scientific fields, including the generation of electrically
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and/or photonically triggered “sponges” for the selective uptake of specific

pollutants and their concentration for secondary neutralization [57, 58], in the

signal-controlled wettability of surfaces [59, 60] and for the generation of enhanced

performance photoelectrochemical anodes and cells [61]. This diversity of

applications still needs to be broadened, with the aim of exploiting the inherent

advantages of the imprinted cross-linked Au NPs composites in other scientific

fields as well.
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Design and Development of In Vivo Sensor

Systems: The Long and Tortured Road

to a Self-Contained, Implantable Glucose

Sensor for Diabetes Management

Christina Thomas, Rachel Weller Roska, and Robert E. Carlson

Abstract We have successfully completed the development of a glucose sensing

system, which is the mission-critical component of an implantable glucose sensor

for use by diabetic patients. This proof-of-principle demonstration showed that the

closed-cycle, self-contained glucose sensing system can produce a consistent,

measurable response to physiologically relevant levels of glucose while functioning

under biologically relevant conditions. The sensing system requires the interaction

of two components: (1) a competitive agent/signaling component, which is a

dendrimer-boronic acid (DBA) construct and (2) a glucose-competitive DBA binding

environment, which is an immobilized monosaccharide mimic (iDIOL). The

demonstrated sensing system meets our primary stability, sensitivity, and specific-

ity criteria. These results, accompanied by our library of synthetic materials and

binding affinity database, provide a firm foundation upon which to optimize the

glucose sensing system and incorporate it into the implantable sensor device.

Keywords Artificial receptor, Binding affinity, Boronic acid, Closed-cycle,

Competitive binding assay, Continuous, Dendrimer-boronic acid, Glucose sensing

system, Glucose-competitive binding environment, Implantable, Noninvasive,

Saccharide
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Abbreviations

ARS Alizarin Red S; also known as 3,4-dihydroxy-9,10-dioxo-2-anthracene-

sulfonic acid sodium salt

DBA Dendrimer-boronic acid

IC50 Half Maximal Inhibitory Concentration

iDIOL Immobilized diol/saccharide analogue

Keq Equilibrium constant

MIP Moleculary imprinted polymer

NIR Near-infrared

PET Photoinduced electron transfer

pKa The negative logarithm of the dissociation constant

RFID Radio frequency identification

Definitions

DBA A dendrimer construct that is functionalized with boronic

acid receptor ligands and a fluorescent reporter moiety. The

DBA is the sensing system signaling component that can

competitively bind to the glucose analyte and to the 1,2-

and 1,3-dihydroxy motif(s) of iDIOLs.

diol A saccharide analogue moiety that typically contains a 1,2-

or 1,3-dihydroxy motif and a functional group that can be

used for covalent immobilization of the diol on a support to

create an iDIOL.

iDIOL An immobilized diol/saccharide analogue that contains a

1,2- or 1,3-dihydroxy moiety that is covalently attached to

a support. The iDIOL competes with glucose for DBA

binding, which produces a bound versus free sensing sys-

tem signal.

DBA:glucose:iDIOL Designation of the three component competitive system

where glucose and the iDIOL compete for DBA binding

to produce a signal response that is proportional to glucose

concentration.
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1 Diabetes and Blood Glucose Management

Diabetes is one of the most significant global health challenges of the twenty-first

century [1]. It remains one of the leading causes of death and is a major contributor

to cardiovascular disease and is the leading cause of kidney failure, non-traumatic

lower-limb amputation, and new cases of blindness in the USA [2]. Worldwide, the

predominance and occurrence of diabetes has reached epidemic proportions and is

expected to grow to 438 million by 2030 [3, 4]. Currently, diabetes is not curable

but can be controlled through proper management, which includes accurate moni-

toring of blood glucose levels, in order to improve lifestyle and lifespan. Effective

and consistent measurement of glucose, which is essential for accurate monitoring,

remains a barrier to proper control of this disease due to the invasive and costly nature

of currently available monitoring devices and resulting poor patient compliance.

Currently, the self-monitoring blood glucose test is the cornerstone of self-

management for patients with diabetes. Unfortunately, this test requires that the

patient extract a small drop of blood through an inconvenient and painful finger or

torso pricking method three to four times daily for type I diabetes, according to the

American Diabetes Association. In addition to this motivational barrier, high out-

of-pocket expenditures for device test materials are also cited for noncompliant

testing [5]. Over time, suboptimal testing frequency leads to out-of-range blood

glucose levels and potential health complications.

Positive societal and economic impact can be achieved with the development of

an easy-to-use, implantable glucose monitoring system. An implantable device is

beneficial to patients because it provides real-time continuous information regard-

ing glucose levels. Early detection of rapidly changing glucose levels is especially

important for patients with type I diabetes when the onset of hypoglycemia can

come without warning and can incur potentially dangerous consequences [6, 7]. An

implanted, RFID-enabled device would minimize the continual cost, pain, and

complications of current diagnostic systems. In terms of limiting expense and

increasing comfort and testing compliance, diabetic patients would benefit from

the long operational life of a one-time invasive, implanted device. An implantable

glucose monitoring device is superior to other systems because, although initially

more invasive upon implantation, ultimately and for the long term it is noninvasive

on a daily basis. Ease of use makes patient monitoring and compliance a relative

nonissue compared to the requirements of sampling blood daily or using an

invasive, transdermal cannula. Additionally, glucose fluctuation data can be gath-

ered electronically and stored for observation in real-time with no input from the

patient. This chapter gives an overview of the design and proof-of-concept devel-

opment of a self-contained and closed-cycle, stable glucose sensing system as the

integral component of an implantable device for real-time in vivo glucose measure-

ment and diabetes management.

Since the advent of the first commercial glucose testing devices in the 1970s,

there has been progress toward the development of glucose detection techniques

designed for noninvasive systems [8]. The three most studied techniques include
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enzyme [9–13], fluorescent [14–18], and NIR spectroscopy [19–23]. Despite various

attempts, successful development of a fully functional implantable, noninvasive

continuous monitoring device has remained elusive due to critical deficiencies of

these detection techniques. Eachmethod has physical and/or chemical limitations that

make them impractical for use in a long-term, implantable device. Enzyme-based

techniques function on reagents that are consumed and require a continuous reagent

supply during the process of detection. The by-products of the reagent reactions are

undesirable and cause detection interference. In addition, enzyme-based detection

techniques experience reagent degradation and inactivation over the long term,

eventually causing inaccurate readings and sensor drift [24–26]. Similar to problems

with enzyme-based techniques, there are also reagent limitations for long-term

fluorescence-based systems. Current fluorescence-based sensors cannot remain at an

implantation site and respond to blood glucose concentrations over an extended period

of time [27]. Over the lifetime of the sensor, denaturation, relaxation, or poisoning of

the fluorescent molecular recognition element occurs [28]. Gradual deterioration of

signaling reagents results in sensitivity and signal shifts that subsequently require

continual readjustment and calibration in order to achieve accurate measurement [7].

Using NIR spectroscopy to decipher glucose levels by way of absorption

measurements through or at tissues, however conceptually simple, is equally imprac-

tical. This approach is currently not acceptable for clinical use due to the fact that a

number of factors such as tissue hydration, blood flow, temperature, light scattering,

and overlapping absorption by non-glucose molecules cause read-out precision errors

[7, 29]. It is no surprise that the search for the ideal glucose detection system continues

to motivate the scientific community. However, past efforts in designing an implant-

able and self-contained glucose sensing system have not been successful because

developers have given only partial consideration to the long-term impact and

limitations of the in vivo environment.

A technically and commercially successful implantable glucose sensor requires

the integrated design and development of several critical components (Fig. 1). The

mission-critical self-contained and closed-cycle sensing component must be

designed to interface with an appropriate signal transduction/signal processing

device that, in turn, is coupled to the sensor’s electronics and communication

function. Further, the entire device must be enclosed in a porous, biostable, and

biocompatible material that simultaneously prevents biofouling of the device and

allows biotransport of the glucose analyte in and out of the device. Failure to

integrate any of these components into the implantable device invariably leads to

product development failure. Our integrated design for the implantable device, as

illustrated in Fig. 2, envisions signal transduction using a MEMS cantilever [30–33]

that will respond to bound/unbound mass changes of the reporter construct with

subsequent processing of the resulting signal on a device-specific ASIC chip

[34–37]. Signal export to the external environment will be via RFID communica-

tion [38–40] with signal processing to provide the diabetic patient and their medical

team with glucose concentration and rate-of-change information both onboard the

RFID reader module and wirelessly exported to an external database. Additionally,

the biocompatible/biotransport membrane [41, 42] will: (1) protect the device from
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encapsulation and (2) facilitate the size-selective transport of the low molecular

weight fraction of the in vivo fluid matrix in and out of the device, while also

containing the mobile sensing system reagents (Fig. 3; see www.receptorsllc.com

for an animation of the implantable device). While each of these component pieces

is integral to the success of the device, the sensing system is the mission-critical

component.

2 Artificial Receptor Technology and the Development

of a Sensing System for an Implantable Glucose Sensor

Increasing demand for the detection of bioanalytes has triggered the development

of rapid assay techniques in the form of sensor technologies [17, 43–45]. The

need for more robust sensors that transcend the cost and stability limitations of

current detection systems that require consumable biochemical reagents, such as

enzymes and antibodies, has fueled the trend toward the design and development of

sensing systems that are based on synthetic components like aptamers [46–48],

MIPs [49–51] and receptor constructs [52, 53]. In addition, detection of bioanalytes

BIOSTABLE
INTERFACE

CLOSED-CYCLE
SENSING

SIGNAL
PROCESSING

RFID ENABLED
COMMUNICATION

Fig. 1 Critical components schematic. The key components of our approach are the bioselective

interface between the in vivo environment and the sensing system, the closed-cycle glucose

sensing system and a mass-sensitive signal transduction interface that is coupled to the RFID-

enabled data communication component

Fig. 2 Integrated sensor device design. The prototype glucose sensor will integrate the glucose

sensing system with a mass-sensitive signal transduction mechanism coupled to the RFID-enabled

communication electronics, all enclosed in a millimeter scale, implantable package
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may require more advanced sensing component materials in order to substantially

increase sensitivity and selectivity due to the complexity of the sample matrix and

the inherently low analyte concentration that can exist in a physiological system

[43]. The approach of utilizing synthetic materials for the construction of chemical

recognition systems provides the structural and functional materials required for

effective and robust sensing/receptor function [54]. Developing synthetic recogni-

tion materials with known physical and chemical properties provides the advantage

of flexibility in selecting compatible sensing system reagents that meet the design

criteria for operation within a physiological environment. It is critical that the

reagents simultaneously function in complex, aqueous media while maintaining

performance integrity under physiological pH and temperature [54]. It is also

imperative that the materials not only preserve sensitivity and selectivity within

complicated matrices of potentially competing analytes, but also retain sensitivity

for a particular moiety whose physiological concentration may be low. The design

challenges of an in vivo sensing system can be overcome using synthetically

optimized recognition materials.

The applicability of artificial receptor materials to the development of saccharide

sensors, especially as it relates to glucose detection, has attracted a great deal of

interest [55–58]. Efforts to improve signaling technology continue to make head-

way because materials with enhanced biocompatibility and superior sensitivity and

selectivity toward glucose are fundamental requirements for monitoring glucose

levels in an implantable device. Our group has developed a sensing system tech-

nology for in vivo glucose analysis that utilizes synthetically optimized materials to

fulfill the reagent requirements of a self-contained and closed-cycle, stable glucose
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Fig. 3 Sensing system components. The glucose sensing system includes the glucose-competitive

DBA binding environment (iDIOL) and the competition/signaling component (DBA). The system

will produce a response proportionate to the bloodstream glucose levels. The readout will be one of

three messages: LOW, SAFE, HIGH, which correspond to adult glucose levels of below 70 mg/dL,

between 70 and 130 mg/dL and above 130 mg/dL, respectively, as they pertain to fasting glucose

levels (American Diabetes Association 2010)
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sensing system. We have successfully developed components that can detect

biologically relevant levels of glucose with the required sensitivity and selectivity

in a physiologically relevant matrix solution. The materials are physically and

chemically stable in aqueous media at physiological pH. Scalability is also an

advantage of these reagents in that they are reproducible on a large scale with the

capability to meet commercial demand.

The novel approach to glucose sensor design devised by our group involves

two main components: a synthetically optimized boronic acid terminated dendrimer

scaffold and a surface immobilized monosaccharide mimic. When these components

are exposed to glucose, they competitively interact to produce a detectable and

reproducible signal that is responsive to fluctuating levels of glucose. The magnitude

of sensitivity and selectivity is tunable through the use of appropriate boronic acid

and dihydroxy (diol) analogues and the degree of sensitivity and selectivity can be

optimized based on a system specific binding affinity model and database. Reported

herein is an overview of the development of our synthetic glucose sensing system.

This description includes a discussion of our strategy, along with an overview of the

in-depth considerations we used to select system components for optimal detection

performance in a physiologically relevant environment.

3 Self-Contained and Closed-Cycle Stable Glucose

Sensing System

The design of our device is based on the creation of an integrated, self-contained

sensing system that produces an RFID readout, which provides two pieces of

information: milligrams per deciliter (mg/dL) glucose values and an indication of

whether the physiological glucose concentration is increasing or decreasing. This

combination of information can be used by the diabetic patient to determine

whether their glucose levels are currently low, safe, or high (Fig. 3). Demonstration

of the closed-cycle chemical sensing system required the interaction of two

components. These components are (1) the competitive agent/signaling component,

which is based on a dendrimer-boronic acid (DBA) construct (Fig. 3) and (2) the

glucose-competitive DBA binding environment, which consists of an immobilized

monosaccharide mimic (iDIOL, Fig. 3). Our unique detection approach functions

through reversible competitive binding between glucose and the iDIOL for the

DBA. The amount of DBA that is bound to the iDIOL binding environment on the

mass-sensitive transduction interface fluctuates in response to changing levels of

glucose. The change in free versus bound DBA is measured via a change in the

resonance frequency of the MEMS microcantilever. This signal transduction event

gives a measurement of glucose concentration that can be calibrated to bloodstream

glucose levels (Fig. 3). The function of this type of sensor relies on the relative

affinity of glucose and the iDIOL for the DBA. Consequently, optimization of the

glucose sensing system was based on our evaluation of the binding affinities of the

DBA for both glucose and the iDIOL. More broadly, our approach for constructing

and optimizing component materials was also based on an in-depth consideration of

how these materials related to the sensing system and the device as a whole.
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3.1 Competition/Signaling Component (DBA)

Macromolecular DBA constructs have been used for the first time by our group as

the glucose recognition and signaling agent in a competitive binding assay that will
ultimately be incorporated as a mass-sensitive detection method for the in vivo

determination of glucose concentration. A DBA construct has been described for

use in an in vitro saccharide sensor by James et al. In this example, anthracene units

are used as the dye indicator that correlates fluorescence intensity changes with

saccharide binding [59]. Although useful for detection of saccharides in an in vitro

environment, this type of detection technique is not applicable to an implantable

device for multiple reasons. The dendrimer constructs have limited aqueous solu-

bility due to the highly insoluble anthracene moiety [59]. More generally, the use of

anthracene as a candidate for in vivo applications is unfavorable due to sensitivity

issues, toxicity concerns, and lack of metabolic stability [60, 61]. The viability of

this type of sensor in a physiological matrix would be compromised, as the material

would continue to lose sensitivity over time due to diminishing fluorescence

resulting from denaturation, photodegradation, and/or indicator poisoning [28].

This would, in turn, require that the device be continually calibrated and frequently

recharged with fresh reagents [7]. In addition, there is not a well-established method

for exciting the fluorophore and taking measurements from an implanted

fluorescence-based device without inserting an invasive probe into the subcutaneous

tissue [7]. The design of our DBA constructs remedies these obstacles to functional

implantation.

The first critical step required for demonstration of the glucose sensing system is

the construction of the DBA competitive agent/signaling component. The selection

of materials for the DBA component was dictated by the need to build synthetic

receptor moieties that would respond with optimal binding sensitivity and selectiv-

ity for glucose in a complex aqueous matrix of potentially competing analytes. In

addition, as deemed essential for extended function in a closed-cycle, long-term

implantable device that is continuously exposed to the lytic nature of physiological

fluid, the synthetic materials used to synthesize the DBAs must be stable and able to

perform without diminished capacity over the lifetime of the sensor. Separately, but

equally important, the materials must not be consumed during the detection process

or require external reagents. For these reasons, our work focused on the develop-

ment of a synthetic saccharide sensor that has the capacity to selectively detect

glucose with long-term integrity in a physiological system.

3.1.1 Boronic Acids as Recognition Elements for Glucose Detection

Boronic acid analogues as synthetic receptor ligands have been extensively

evaluated for their use as the molecular recognition component in the construction

of saccharide sensors [62–71]. It is known that boronic acids rapidly and reversibly
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bind diols in aqueous environments, through boronate ester formation [72–74].

This favorable interaction occurs with high affinity and selectivity [62–64, 69, 70].

As a result, boronic acid-based detection systems find application where quantita-

tive detection of saccharides is critically linked to disease therapies, such as

diabetes management [75–77]. The use of appropriately designed boronic acids

as molecular recognition units provides the ability to both selectively recognize and

signal analytes, such as glucose, at low concentrations and in real time [78–80].

Numerous advances have been made in understanding how the electronic,

geometric, and polar properties of functional groups on boronic acid analogues

affect the mechanism and process of reversible diol complexation [73, 74, 76,

81–84]. Several groups have demonstrated that saccharide selectivity and binding

properties are affected by the location and type of substituents about the aromatic

boronic acid substructure [81, 85]. It has also been reported that, in general, aryl

boronic acids with lower pKas tend to have higher binding affinities for diols near

neutral pH, although optimal binding depends not only on the pKa of the boronic

acid but also on the structure and properties of the diol in question, as well as the pH

and ionic strength of the binding environment [73, 74, 76, 81, 82, 86]. Boronic acid

pKas are tunable by altering the substituents [75]. For example, Badugu et al. [75]

have shown that the pKa of phenylboronic acid can be decreased by adding electron

withdrawing groups, while adding electron donating groups increases the pKa.

Alternatively, there is evidence that a neighboring nitrogen can enhance the forma-

tion of boronate esters under neutral pH conditions by coordinating intramolecu-

larly with boron to create a more electron deficient atomic center, resulting in a

reduction in the apparent pKa of the boronic acid [66, 87–89]. In our efforts to

design a boronic acid-based receptor and signaling component, we exploited the

physical and chemical influence of substituent type and location to improve the

binding affinity and selectivity of DBAs for glucose and iDIOLs.

The ability of boronic acid-based sensors to function efficiently in a physiologi-

cal system is reflected by their selective interaction with saccharides. For saccha-

ride recognition to proceed, cyclic boronate ester formation must occur upon

binding of a boronic acid to, preferably, a 1,2- or 1,3- diol to form a five- or six-

membered cyclic ester [72, 90]. It is possible for boronate esters to form under

aqueous conditions, but at neutral pH binding affinity is low [84]. Greater binding

affinity can be obtained under elevated pH conditions (pH 10), where the more

favorable tetrahedral boronate form dominates [66, 73, 87, 88]. Designing a boronic

acid-based sensor component that has greater binding affinity in a neutral physio-

logical system can be achieved by (1) strategically outfitting the phenylboronic acid

substructure with electron withdrawing groups in the meta- or para- position in

order to stabilize the boronate form of the acid and lower the pKa value [73–76, 81,

82, 86] and/or (2) introduce an ortho-amino methyl substituent to facilitate boronate

ester formation at neutral pH through donation of the nitrogen lone pairs into the

empty boron p-orbital [66, 87–89]. Strategic selection of boronic acid receptor
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molecules containing substituent(s) that have the greatest potential to initiate

boronate ester formation was key in designing a signaling component that would

perform with the desired glucose binding characteristics.

Our preliminary efforts in designing a boronic acid sensing system focused on

selecting commercially available boronic acids with a diversity of substituent(s)

about the phenylboronic acid substructure and a reactive group that could be used

for coupling the boronic acid to a carrier scaffold. We selected phenylboronic acid

molecules whose substituent type(s) and location(s) would increase the electrophi-

licity of the boronic acid group, reducing its pKa and ultimately, increasing the

binding affinity at neutral pH. The resulting boronic acid constructs, each of which

possessed unique functionalities and enabled a diversity of saccharide binding

sensitivities and selectivities, formed the basis of our library of candidate DBA

signaling component materials.

3.1.2 Dendrimers as Synthetic Receptor Scaffold Materials

Three main considerations influenced the design of the DBA scaffold. These

included: (1) selection of the appropriate scaffold to arrange the recognition motif

in the correct orientation to support binding affinity and specificity, (2) selection of

a scaffold with a mass sufficient to create a differential with glucose in order to

generate a detectable signal, and (3) selection of a construct of appropriate size to

prevent the signaling/competition component from diffusing out of the sensing

system compartment.

Owing to their physical and chemical properties, dendrimers are advantageous

for the construction of synthetic receptor materials and stable sensing applications

[91]. Dendrimers have a spherical and highly branched 3-D architecture that gives

them a well-defined composition and topology [92, 93]. These characteristics,

combined with their high-density surface functional group capacity for boronic

acid immobilization, give dendrimers desirable physical, chemical, and

polyvalency characteristics [91, 94]. Their highly functionalized terminal surfaces

also allow for control over the display of surface recognition elements. In addition,

dendrimers are frequently exploited in physiological systems because they are

water soluble, biocompatible and non-immunogenic [92, 95, 96]. They are com-

mercially available in a number of different generations and have size and mass

characteristics that are compatible with our sensing system and implantable device

design.

These characteristics make dendrimers ideally suited as scaffolds for the DBA

competition/signaling component. They simultaneously provide a water soluble,

stable, and polyvalent scaffold that facilitates and stabilizes the conjugation of the

otherwise insoluble and unstable boronic acid recognition moieties at the dendrimer

surface.
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3.1.3 DBA Construction

Boronic acid analogues were selected for inclusion in the DBA library based on

prescreening of their interactions with our target analyte (glucose) versus their

interactions with our saccharide mimic diol compounds. Utilizing ARS, a diol

selective fluorescent dye, we characterized the binding interactions of the initial

kit of boronic acids with each diol species [97–100]. Indicator displacement assays,

such as the ARS assay, rely on the relative affinity of two competing guests for the

receptor host. Specifically, the saccharide or diol-containing species, as the analyte

of interest, competes with and preferentially displaces the diol-containing ARS

from the boronic acid host. The displacement of the ARS reporter molecule from

the boronic acid structure causes a measurable change in fluorescence. The magni-

tude of the fluorescence change that results from increasing concentrations of

analyte provides a straightforward method to determine which boronic acid

structures bind competitively with glucose and/or the saccharide mimics under

the conditions (e.g., pH, ionic strength) of the assay.

ARS competitive assays were performed in a physiological buffer at pH 7 to

confirm that the preselected kit of boronic acid ligands, which were selected to

include a range of structural and chemical properties, bound glucose with adequate

affinity in an aqueous environment. If the observed ARS fluorescence dropped

substantially as the concentration of glucose titrated into the assay solution

increased, we could conclude that glucose was competitive with the ARS diol

relative to the boronic acid. In that case, the boronic acid was deemed to have

passed our screening guidelines. On the other hand, if there was no observed change

in fluorescence as increasing amount of glucose was titrated into the assay solution,

we could conclude that glucose could not compete for the boronic acid with

adequate affinity and, as a result, that particular boronic acid would no longer be

considered as a viable candidate.

Response curves from a representative ARS assay experiment are shown in

Fig. 4. The observed drop in fluorescence intensity as the concentration of glucose

titrated into the solution increased demonstrated that glucose could bind to phenyl

boronic acid 1 (Fig. 5a) and compete with ARS. In other words, the affinity of

phenyl boronic acid 1 for glucose was greater than the affinity of phenyl boronic

acid 1 for ARS, causing phenyl boronic acid 1 to preferentially bind with glucose.

In contrast, phenyl boronic acid 2 (Fig. 5b) showed little affinity toward glucose and

was not included in construction of the DBA library. As predicted from

structure–pKa relationships, phenyl boronic acid 1 would have greater binding

affinity does glucose than does phenyl boronic acid 2. According to Hammet

equation predictions, the quantifiable difference between phenyl boronic acid 1

and phenyl boronic acid 2 is the fluoro substituent located in the para-position on

the phenylboronic acid structure. The electron withdrawing effect of the fluoro

substituent in the para-position, on phenyl boronic acid 1, combined with a less

sterically hindered boronic acid, will cause a drop in pKa and an increase in binding

affinity for glucose.
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Following boronic acid–glucose binding affinity prescreening, we synthesized a

library of DBAs using the selected, candidate boronic acids. Each DBA in the

library was subsequently screened against each candidate saccharide mimic.

4 Glucose-Competitive DBA Binding Environment (iDIOL)

Diols, in the form of immobilized saccharide mimics (iDIOLs), have been used by

our group as a glucose-competitive, DBA binding environment in a competitive

binding assay that serves as the prototype for the ultimate mass-sensitive, in vivo

glucose sensor. Thus, the second critical step required for the demonstration of the

self-contained glucose sensing system was the selection of the glucose-competitive
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Fig. 5 Structures of boronic acid 1 (a) and boronic acid 2 (b) evaluated for binding performance

in a glucose competition binding assay

224 C. Thomas et al.



DBA binding environment (iDIOL). The selection of materials for this component

was governed by the need to (1) construct a glucose-competitive binding environ-

ment that would form a reversible complex with the DBA signaling component in

aqueous media and (2) select commercially available saccharide mimics with a

diversity of diol sub-structures and a suitable functional moiety for covalent

immobilization to a support.

4.1 iDIOLs as Competitive Binding Environments
for Glucose Detection

This iDIOL versus DBA strategy, as discussed in detail earlier, uses the observation

that the hydroxyl groups on saccharides, specifically 1,2- or 1,3-diols, are known to

competitively bind with boronic acids to form five- or six-membered ring structures

[72, 90]. We initially selected diols, which would subsequently be immobilized to

produce the required iDIOLs, based on a comparison of their binding affinity to

DBAs versus the binding affinity of the respective DBA for glucose. Our diol

selection strategy involved exploiting the differential in relative binding affinity

that would be created when a DBA is concurrently exposed to an immobilized diol

(iDIOL) and a range of glucose concentrations. The objective was to identify DBA:

iDIOL pairs that would permit discriminatory binding of the DBA to glucose, due

to increased relative affinity over DBA binding to the iDIOL.

Selection of diols for ultimate preparation of iDIOLs, via immobilization of the

diol on the sensing system’s transduction interface, was based on our evaluation of

the interactions between our kit of boronic acid-derived DBAs and various candi-

date diol species. We again used the ARS assay, as described previously, to

characterize the binding of the DBAs with the candidate diols. The magnitude of

the change in ARS fluorescence that resulted from increasing the amount of diol

titrated into the assay solution provided a straightforward method to determine

which diols, and ultimately which iDIOL structures, would competitively interact

with the various DBA species.

Response curves from an ARS assay experiment performed in a physiological

buffer at neutral pH are shown in Fig. 6. An enhanced response of the DBA

2 (Fig. 7a) for diol 1 (Fig. 7b) versus diol 2 (Fig. 7c) was observed. Phenylboronic

acids are known to have different binding affinities for diols depending on the

dihedral angle of the diol. Smaller dihedral angles often accompany higher binding

constants [72]. Additionally, rigid cyclic cis diols tend to form stronger cyclic esters

than acyclic diols [72, 90]. Thus, the enhanced binding of diol 1 can be attributed to

the improved compatibility of the boronic acid recognition motif on DBA 2 with the

dihedral angle of the diol. In contrast, it can be inferred that diol 2 formed a weaker

cyclic ester with the same boronic acid of DBA 2 as a result of increased angle

strain of the larger dihedral angle structure of the acyclic diol.

Design and Development of In Vivo Sensor Systems: The Long and Tortured Road. . . 225



The drop in fluorescence intensity as the concentration of diol titrated into the

solution increased demonstrated that diol 1 could bind to the DBA with an affinity

sufficient to release the DBA from the DBA:ARS complex. By contrast, the DBA

showed little affinity towards diol 2, which was subsequently not considered for

immobilization as an iDIOL. Based on the results of this screening process, we

generated a library of diols that, when immobilized as iDIOLs, encompassed a

range of DBA:diol and DBA:glucose binding affinities. The database of diol/iDIOL

chemical and physical properties, as they related to binding affinity, became part of

the toolbox that enabled us to screen for the optimal signaling component relative to

the desired glucose-competitive DBA binding environment.

5 Coordinated Identification of DBA:iDIOL Lead Pairs

In order to achieve identification of lead DBA:iDIOL pairs for subsequent evalua-

tion as candidate glucose sensing system components, we required a method that

would allow us to determine the relative affinities of DBA:glucose versus DBA:
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iDIOL. As a consequence, we began systematically evaluating the Keq values of

DBA:diol and DBA:glucose candidates using their ARS profiles, over a range of

diol/glucose concentrations. Although it could be viewed as necessary to screen

every potential candidate DBA:diol combination to determine their response to

glucose, even a limited set of boronic acids (e.g. n ¼ 50) incorporated into a series

of dendrimer generations as DBA constructs (e.g. n ¼ 5) and evaluated against

iDIOL candidates (e.g., n ¼ 50) gives a formidable number (e.g. n ¼ 50 � 5 � 50

¼ 12,500) of possible combinations. In order to overcome the technical and

resource challenges of such a laborious screening process, we built a binding

affinity model and database based on a three-component DBA:glucose:diol inter-

action model [73]. Establishing a foundation based on an affinity model database

was critical to furthering our efforts toward designing a system whose function

relies on the affinities of the sensing system components. These derived Keq values

were used to identify lead DBA and iDIOL candidates. By comparing Keq values,

we were able to estimate how sensitively each DBA would respond to glucose and

identify components that would best fit a sensing system designed to detect glucose

over the physiological range. Not only did this approach significantly limit the

number of DBA:diol candidate combinations that would need to be screened, but it

also quantified and allowed us to directly compare binding between each DBA:

glucose and DBA:diol pair.

Experimental Keq values of DBA:diol and DBA:glucose combinations were

generated utilizing the three-component competitive assay developed by

Springsteen and Wang [73]. Using ARS as the fluorescent reporter, the association

constant between each respective DBA:glucose and DBA:diol pair was determined.

Within this system there are two competing equilibria, the first between the

candidate DBA and the ARS reporter and the second between the candidate DBA

and glucose or saccharide mimic diol. Fluorescence intensity changes, as they relate

to the formation and perturbation of each equilibria, were used to calculate the Keq

of glucose and the diol relative to the DBA [73]. These data were ranked according

to the magnitude of the Keq (Fig. 8) to facilitate selection of DBA(s) for use as

competition signaling components and diol(s) for immobilization as iDIOL binding

environments.

Keq values of each DBA:diol and DBA:glucose combination were used to

generate a scatter plot of the interaction data (Fig. 8), which illustrates the wide

range of relative affinities encompassed in our DBA and saccharide mimic libraries.

Based on the location of a representative data point on the interaction graph, the

relative affinity of glucose versus each diol for that DBA can be easily compared.

For example, if a data interaction point is located along the 1:1 line, as depicted in

Fig. 8, this indicates that the relative binding affinity of the candidate DBA for

glucose is similar to the binding affinity of the same DBA for the diol of the DBA:

diol pair. Additionally, if a data interaction point is located along the 2:1 line, the

binding strength of the candidate DBA for glucose is approximately twice the

binding strength of the same DBA for the diol. This may signify that a data

interaction point on the 2:1 line represents a DBA:diol that is more sensitive to

glucose than a DBA:diol pair on the 1:1 line. Depending on how the binding affinity
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values for a DBA:glucose and DBA:diol pair differed in magnitude, that particular

DBA:diol pair was either eliminated or included as a lead pair in further glucose

competition assay screening experiments.

Our libraries of DBA and diol compounds were systematically evaluated for Keq

under conditions (ionic species, pH, etc.) that resembled those of an in vivo environ-

ment. This data system was designed as a guide to rapidly compare relative binding

affinities of a large number of DBA and diol species before committing to diol

immobilization as an iDIOL environment and subsequent DBA:glucose:iDIOL sur-

face competition screening. Significantly, data extrapolated from the Keq interaction

graph streamlined our efforts in estimating how eachDBA:iDIOL combination would

respond to glucose.

6 Glucose Competition Binding Assay

Glucose competition was next assessed using a format more closely related to the

format that will eventually be used in the final device. Previously selected diols that

demonstrated a range of Keq values with several of the DBAs relative to glucose

were covalently immobilized on glass supports as iDIOL environments. A series of

mixtures that contained a fixed concentration of fluorescently labeled DBA with

varying concentrations of glucose, including the concentration range encompassing

Fig. 8 Keq interaction graph. Comparison of DBA-to-glucose binding affinity (X-axis) versus
DBA-to-diol binding affinity (Y-axis)
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physiologically relevant glucose levels (30–300 mg/dL), were incubated with the

iDIOL-functionalized surface. Detection of free, labeled DBA indicated loss of

fluorescent signal from the iDIOL environment following exposure to glucose,

confirming successful competition. A plot of the fluorescence signal in response

to increasing glucose concentrations produced a response curve that defined the

glucose sensitivity of the candidate DBA relative to the iDIOL. Response profiles

of DBAs that showed a significant, competitive response to increasing glucose

concentration were considered to have a desirable binding equilibrium between

glucose and the iDIOL. On the one hand, the DBA needed to bind to the iDIOL with

sufficient affinity to produce a useful signal. On the other hand, the DBA needed to

bind to the iDIOL weakly enough relative to the DBA:glucose affinity so that

glucose could compete to produce a signal. The slope and IC50 values of each

response curve were the parameters used to compare the binding sensitivity of each

DBA:glucose:iDIOL detection system.

6.1 Examples of Different Component Sensitivity and Selectivity

In one representative study, multiple candidate DBAs were used to generate

glucose response curves using a reference iDIOL, over a broad glucose concentra-

tion range. Figure 9a shows the glucose response curves, which are the inverse of

the free solution fluorescence intensity measured during the assay. Upon addition of

glucose, the fluorescence intensity of DBA not bound to the iDIOL increased. This

was due to the competitive binding of glucose to the boronic acid receptors of the

DBA, which prevented the fluorescently labeled DBA from binding to the iDIOL.

Previously determined binding constants for DBA:glucose and DBA:diol were

correlated with the glucose response curves of each DBA:iDIOL system (Fig. 9b).

These binding curves illustrate that the candidate DBAs (Fig. 10a–c) respond

differently to changing levels of glucose when exposed to a particular iDIOL

(Fig. 10d), as would be expected from their DBA:diol Keq values. DBA 2 and

DBA 3 are on or below the DBA:glucose versus DBA:diol 1:1 line, indicating that

glucose has equal or greater affinity for DBA 2 and DBA 3 than the diol. The

opposite is true for DBA 1, which has minimal DBA:glucose affinity relative to the

DBA:diol. These data correlate with the observed glucose response curves where

DBA 1 produced a minimally responsive curve and DBA 2 and DBA 3 showed

typical competitive assay curves. Furthermore, the greater I50 sensitivity of DBA

2 relative to DBA 3 (Fig. 11) is in agreement with the difference in DBA 2:glucose

affinity versus DBA 3:glucose affinity.

In a second representative study, multiple candidate iDIOL conjugates

(Fig. 13a–c) were used to generate glucose response curves (Fig. 12a) using a

reference DBA (Fig. 13d) over a broad glucose concentration range. As in the

previous example, upon addition of glucose, the fluorescence intensity of unbound

DBA increased due to the competitive binding of glucose to the boronic acid

receptors of the DBA, which prevented further binding of the DBA to the iDIOL
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surface. These glucose competition curves illustrate that the DBA responded, as

would be expected from their DBA:diol Keq values, to changing levels of glucose

with significant diversity relative to the iDIOLs. Previously determined binding

constants for DBA:glucose and DBA:diol combinations were correlated with the

glucose response curves of each DBA:iDIOL system (Fig. 12b). Keq vlaues for the

diols corresponding to iDIOL 1 and iDIOL 2 are above the DBA:glucose versus

DBA:diol 1:1 line, indicating that the DBA has less affinity for glucose than either the

Fig. 9 Glucose competition curves showing the normalized DBA fluorescence intensity versus

glucose concentration for DBA 1, DBA 2, and DBA 3 in physiological buffer at neutral pH on an

iDIOL 3 surface (a). Binding constants, in the Keq interaction graph, for DBA 1, 2, and/or 3:

glucose and DBA 1, 2, and/or 3:diol combinations were correlated with the glucose response

curves of each DBA:iDIOL system (b)
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diol corresponding to iDIOL. The opposite is true for the diol corresponding to iDIOL

3, whose corresponding diol lies below the 1:1 line. These data correlate with the

observed glucose response curves, wherein iDIOL 1 and iDIOL 2 produce minimally

responsive curves while iDIOL 3 produced a competitive assay curve.

Although the above studies established the glucose sensitivity of the illustrated

DBA:iDIOL systems, it was also critical to determine glucose specificity. In a

representative selectivity study, the DBA 3:iDIOL 3 component pair was evaluated

for binding response relative to fructose and galactose (Fig. 14), which are present

in vivo and could potentially interfere with the glucose response of the system.

Measurements were performed over a broad saccharide concentration range.

Upon addition of fructose and/or galactose, the DBA fluorescence intensity signal

changed very little due to the inability of fructose and/or galactose to bind to the

boronic acid receptors of the DBA. Therefore, the binding equilibrium of the DBA

with the iDIOL binding environment was undisturbed. These curves show that this

DBA:iDIOL pair is minimally cross-reactive with fructose or galactose.

DBA:iDIOL Combination IC50  (mg/dL)

A) DBA 1:iDIOL 3 >10,000
DBA 2:iDIOL 3 0.5
DBA 3:iDIOL 3 100

B) DBA 3:iDIOL 1 >10,000
DBA 3:iDIOL 2 10,000
DBA 3:iDIOL 3 100

Fig. 11 IC50 values from glucose competition response curves of various DBA:iDIOL

combinations

Fig. 12 Glucose competition curves showing the normalized DBA fluorescence intensity versus

glucose concentration of DBA 3 in a physiological buffer at neutral pH on an iDIOL 1, iDIOL 2,

and iDIOL 3 surface (a). Binding constants, in the Keq interaction graph, for DBA 3:glucose and

DBA 3:diol 1, 2, and/or 3 combinations were correlated with the glucose response curves of each

DBA:iDIOL system (b)
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6.2 Implications of Binding Affinity Studies on Component
Pair Selection

Through these experiments, a selective glucose competition assay was established

based on the binding affinities of DBAs for glucose and for an iDIOL surface.

Additionally, our studies confirmed that candidate DBA:iDIOL pairs can be suc-

cessfully screened for glucose sensitivity and selectivity. We have demonstrated

that it is possible to use Keq values to compare the binding affinities of a DBA for

glucose and of the same DBA for an iDIOL. This enabled us to qualitatively predict

the glucose-competitive response of each DBA:iDIOL pair and to select candidate

pairs that will generate reproducible glucose response curves with optimal sensitiv-

ity and selectivity. Intuitively, it can be assumed that component pairs that fall on

either extreme of the Keq interaction graph will generate undesirable glucose

response curves. On one end of the DBA:iDIOL affinity spectrum, the DBA

binds too strongly to the iDIOL and glucose cannot effectively compete. On the

other end of the affinity spectrum, the DBA binds too weakly to the iDIOL, which

will not provide a useful dynamic range. With the capability of predicting glucose

response curves based on the location of a Keq data interaction point, it was

possible for us to quickly and efficiently eliminate component pair combinations

that would be expected to perform in subsequent studies with low sensitivity and

selectivity. Much to our advantage, this screening approach drastically limits the

number of experiments that are required to select the best DBA:iDIOL combina-

tion, reducing time and cost investments. The results discussed above establish the

validity of the Keq data interaction model for selection of candidate DBA:iDIOL

pairs. The diversity of responses generated by each DBA:glucose:iDIOL system

within our library ensures that we will be able to select DBA:iDIOL pairs with the

appropriate physical and chemical properties necessary for analyzing glucose

concentrations within the sensitivity and selectivity parameters required by the

final device.

7 Concluding Remarks

We have designed and demonstrated a sensing system based on a DBA signaling

component and immobilized saccharide mimic (iDIOL). Our materials ultimately

do not require a fluorescent dye molecule to signal glucose concentration through

DBA:glucose:iDIOL competition, as the device will function through a mass-

sensitive signal transduction interface. In addition, the system components were

synthesized with favorable aqueous solubility and stability characteristics. Each

component was designed to include optimal structural motifs for the most favorable

glucose sensitivity and selectivity. Faced with the challenge of sensing a range of

physiologically relevant glucose concentrations in a complex matrix of potentially

competing analytes, we developed a competitive binding model to expedite screen-

ing of our system components. Coordinated identification of DBA:iDIOL pairs that
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competitively interact with glucose was based on our evaluation of the Keq of a

DBA for a diol versus the Keq of the DBA for glucose. A binding affinity model

based on a three-component (DBA:diol:glucose) competitive assay was used to

generate a scatter plot of interaction data. Based on the location of a representative

data point on the interaction graph, the response of glucose and/or each diol for each

DBA was evaluated for inclusion into the iDIOL screening process, which more

closely mimic the format of the final device. The glucose sensing system described

here provides a foundation for the integrated development of the final implantable

device.
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Evolving Trends in Transition Metal-Modified

Receptor Design and Function

Paul A. Bertin

Abstract Nature elegantly invokes transition metal ions in a number of fundamental

biomolecular processes from guiding protein folding and scaffolding tertiary

structures to essential roles in information transmission through ligand binding,

electron transfer, and catalysis. Often inspired by such natural systems, innovative

transitionmetal-modified receptors are beginning to emergewith similar functions that

hold substantial promise as components of next generation biosensors. This chapter

aims to highlight some recent advances in the development of transition metal-

modified synthetic receptors. Specifically, systems that incorporate organometallic,

monometallic, and supramolecular coordination complexes are reviewed. The text

will cover transition metal scaffolded peptide receptors, allosteric supramolecular

enzyme mimics, and integrated monolayer-based electroactive receptor systems.

Keywords Allosteric supramolecular systems, Ferrocene bioconjugates,

Metalloreceptor
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Abbreviations

Ala Alanine

Arg Arginine

Asp Aspartic acid

Bpy Bipyridine

BSA Bovine serum albumin

Cys Cysteine

DNA Deoxyribonucleic acid

ELISA Enzyme linked immunosorbent assay

ESI-MS Electrospray ionization mass spectrometry

FRET Fluorescence resonance energy transfer

Glu Glutamic acid

His Histidine

Leu Leucine

NMR Nuclear magnetic resonance

PCR Polymerase chain reaction

Pro Proline

RNA Ribonucleic acid

SAM Self-assembled monolayer

Ser Serine

Trp Tryptophan

Tyr Tyrosine

1 Introduction

The term “biosensor” is used to describe a self-contained integrated device capable

of transforming specific biochemical information from a sample into a useful

quantitative or semiquantitative signal [1]. Biosensors comprise two principal

components: (1) a recognition element or receptor capable of entering into a

specific interaction with an analyte of interest, and (2) a closely linked physico-

chemical transducer that translates this interaction into a physically measurable

output (Fig. 1).

Since inception nearly 50 years ago with Professor Leland Clark’s seminal

address on how “to make electrochemical sensors more intelligent” by inclusion

of “enzyme transducers” at electrodes for glucose detection [2], biosensing has

evolved into a highly interdisciplinary analytical field that continues to proliferate

from basic advances in biology, chemistry, materials science, and information

technology. In many respects current biosensor research is becoming increasingly

“molecularized” as how we think about overcoming problems in diagnostics is ever

more reliant on an understanding of atomic-level structure and function along with
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an ability to design and synthesize complex molecular systems [3]. From this

chemistry perspective, significant impetus exists to construct novel functional

receptors with high performance characteristics to enhance and/or supplement

conventional biomolecules (i.e., antibodies, enzymes, peptides, DNA). In particu-

lar, it is well known that transition metal ions serve many purposes in natural

biological systems, from guiding protein folding and tertiary structure stabilization

to crucial roles in information storage and retrieval through ligand binding, electron

transfer, and catalysis. It follows then that innovative transition metal-modified

receptors are beginning to emerge with similar functions that hold considerable

promise as next generation biosensing elements.

This chapter aims to highlight some recent advances in the burgeoning field of

transition metal-modified receptors. Specifically, systems that incorporate organo-

metallic, monometallic, and supramolecular coordination complexes will be

presented. The intention is to overview emerging concepts in synthetic receptor

design and function that incorporate metal complexes through relevant examples

from recent years rather than provide exhaustive and in-depth coverage of the field.

The discussion will include transition metal-modified receptor scaffolds, allosteric

supramolecular enzyme mimics, and integrated monolayer-based electroactive

reporter systems.

2 Transition Metal Complexes as Scaffolds in Receptor Design

In biological systems, information is routinely stored in the size, shape, and

electronic properties of molecules and transmitted by the way those molecules

bind and react with each other. Beyond DNA, many of these information transfer

tasks are accomplished using proteins. As distinct domains in multi-subunit protein

building blocks fold and cooperate via noncovalent and directional bonding

interactions, sophisticated nanoscale architectures are assembled that carry out

complex life processes and chemical transformations.

Roughly one-third of all proteins require specific metal ion cofactors to assist in

macromolecular folding and/or function [4]. Of the 20 naturally occurring amino

acids programmed by the genetic code, only a relatively small number are fre-

quently employed as metal ligands. These groups include the thiolate of Cys, the

phenolate of Tyr, the imidazole nitrogens of His, and the carboxylates of Asp and

Glu. Metal-binding sites in proteins are often classified into two categories: (1) pre-

organized environments, where metal binding only occurs if coordinating ligands

are in the appropriate orientation, and (2) disordered environments, where protein

folding is metal-directed. Zinc finger proteins are excellent examples of the latter as

Fig. 1 Schematic diagram of a biosensor
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they contain relatively small structural domains stabilized by one or more Zn(II)

cations [5]. The Zn(II) sites induce the correct folding of surrounding peptide

fragments through tetrahedral coordination resulting in finger-like protrusions

from the local protein structure that make tandem contacts with target molecules.

Such zinc finger motifs commonly function as recognition modules that bind DNA,

RNA, proteins, or small molecules. Hence, these proteins are involved in many

fundamental cellular processes such as transcription and translation, replication and

repair, cell proliferation and apoptosis, metabolism, and cell signaling [6].

2.1 Metal-Directed Peptide Assemblies for Molecular Recognition

Inspired by native metalloproteins, there is significant interest in utilizing metal-

binding sites to prepare designed peptides and proteins as first steps toward novel

biosensor receptors and de novo enzymes [7]. Early work by Ghadiri and coworkers

[8, 9] demonstrated that a-helical secondary structures could be stabilized by

selective metal complexation through judicious placement of either His or Cys

residues one turn apart in relatively short amphiphilic peptide chains. In these

examples, transition metal ions serve as intrapeptide crosslinks between i and

i + 4 amino acid positions that stabilize helix formation by diminishing the entropy

of the unfolded state relative to the folded state.

Furthermore, many groups have appended nonnatural synthetic ligands to pep-

tide chains to allow for metal-directed assembly of stable tertiary structures (for a

recent review, see [10]). For example, 2,20-bpy ligands have gained prominence for

many reasons: (1) they readily form tris-chelated octahedral complexes with a

variety of transition metal precursors, (2) they serve as well-behaved spectroscopic

probes, and (3) the resulting metal complexes often have high thermodynamic and

kinetic stabilities. By covalently linking bpy ligands to the N-terminus of amphi-

philic peptide sequences, triple helical coiled coil tertiary structures have been

prepared upon coordination to Fe(II), Co(II), Ni(II), and Ru(II) precursors [11–14].

A schematic representation of such metal-directed trimeric coiled coils is shown

in Fig. 2. The bpy-functionalized peptides are designed as short amphiphilic

sequences that are relatively unstructured in solution. In the presence of a six-

coordinate transition metal ion (M), a [M(bpy-peptide)3]
2+ complex is formed. As

the metal complex forces the peptides into close proximity, a-helices are adopted,
as characterized by circular dichroism. Stable assembly in the presence of metal

ions is driven by burial of hydrophobic amino acid residues within the tertiary

structure.

In the context of synthetic receptors, the [M(bpy-peptide)3]
2+ architecture is a

well-defined, robust, and easily synthesized construct for molecular recognition

studies. The 2,20-bpy ligands can be linked to any helical peptide sequence via

solid-phase peptide synthesis. Gochin et al. have employed [M(bpy-peptide)3]
2+

complexes using Fe(II) and Ni(II) ions to screen protein–peptide and protein–ligand

interactions of the trimeric coiled coil subunit gp41 from the envelope glycoprotein
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HIV-1 [15]. The [M(bpy-peptide)3]
2+ coiled coil structures were shown to display

receptor characteristics of the intact gp41 subunit by binding a small flanking

peptide from the gp41 C-heptad repeat. By labeling this C-peptide with a fluores-

cent probe, compounds that bind the metal-directed coiled coil and displace the

C-peptide were measured via FRET with a competitive inhibition assay. Impor-

tantly, this study suggests that [M(bpy-peptide)3]
2+ motifs may serve as functional

surrogates for full-length fusion proteins of class 1 enveloped viruses that are

unsuitable for biophysical binding studies as the coiled coil regions of interest in

the native proteins are masked by outer domains.

The ability to direct tertiary structure stabilization of designed peptide sequences

through metal–ligand coordination provides biosensor researchers a powerful strat-

egy for constructing receptors with defined rigid three-dimensional topologies.

Further, it offers a facile route to synthetic receptors capable of discrete polyvalent

binding interactions that may display increased affinities over their monovalent

precursors. However, one potential limitation is the formation of multiple

stereoisomers based on the coordination geometry of the metal complex which

may complicate purification efforts. Regardless, it is anticipated that the molecular

surfaces of such ordered peptides will more closely mimic naturally occurring

protein recognition elements (i.e., ordered tertiary structures such as antigen-

binding clefts in antibodies) and lead to synthetic receptors with increased specific-

ity for a range of molecular targets.

Looking beyond oligopeptides, significant strides have also been made toward

metal-directed protein self-assembly with the overarching goal to be able to master

protein–protein interactions and access novel functional biomaterials [7, 16]. Ulti-

mately, such designed protein interfaces coupled with designed metal-binding sites

have the flexibility to provide unique specificity and reactivity for catalytic functions

unknown in nature and may aid in the development of next generation biosensors.

Fig. 2 Proposed model for metal-directed assembly of a trimeric coiled coil [M(bpy-peptide)3]
2+.

A six-coordinate metal ion (sphere) tethers three 2,20-bpy ligands covalently linked to amphiphilic

peptides (left), which drives hydrophobic collapse to yield the coiled coil structure (right).
Adapted with permission from [10]. Copyright 2004 American Chemical Society
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2.2 Metalloreceptor Scaffolds in Differential Sensing

An emerging field within coordination chemistry is the use of synthetic metallo-

receptors in array formats for the detection of small and large biomolecules. The

biological processes of olfaction and taste, which use “differential” receptors biased

toward specific classes of analytes, provide inspiration for this work. In contrast to

traditional “lock-and-key” approaches aimed at identifying highly selective

receptor–analyte interactions, each arrayed receptor for differential sensing is

designed to be cross-reactive with diverse affinities for different targets of interest [17].

As a result, specific analytes and analyte mixtures produce fingerprint responses that can

be extracted as unique diagnostic patterns using optical or chemometric tools. Synthetic

receptor arrays are an exciting frontier in sensor development with applications in the

detection of bioanalytes, pathogens in solution, environmental analysis, and medical

diagnostics. While transition metal cores are not critical to the construction of such

differential sensing receptor arrays, these subunits offer the potential advantage of target

coordination over alternate covalent systems.

For example, Anslyn and coworkers [18] have designed a series of metalated

synthetic receptor arrays as differential sensing platforms for a range of bioanalytes.

A homogeneous array sensing scheme for the differentiation of small peptides and

their phosphorylated analogues is shown in Fig. 3 [19]. Synthetic tripeptides

derived from the amino acid sequence flanking Ser-129 of filamentous a-synuclein,
a site of phosphorylation implicated in Parkinson’s Disease, were used as model

analytes to assess the discriminatory properties of the differential receptors for

detecting protein phosphorylation. The platform involves a series of receptors

created by appending two random peptide sequences to a central C3v-symmetric

metal complex core unit that selectively binds tetrahedral anions such as

monophosphate esters. Using a combination of different metal ions and indicator

dyes, receptors were screened optically for analyte binding using colorimetric/

fluorescent indicator displacement protocols [20]. Patterns within the optical data

sets were identified using pattern recognition algorithms.

A tris-[(2-pyridyl)methyl]amine core ligand subunit was selected due to its well-

known capacity for binding several transition metals. Coordination of Cu(II) to this

ligand framework substituted with guanidinium groups had previously been shown

to produce a selective binding pocket for phosphate over other anions with different

sizes, shapes, and charge [21, 22]. The high affinities reported for phosphate were

proposed to proceed through a combination of ion-pairing interactions between

guanidiniums and the Cu(II) center with the oxygens of the tetrahedral anion. This

general ligand framework was functionalized with random tripeptide sequences via

solid-phase synthesis to impart differential cross-reactivity toward the target

peptides. Five different peptide side chains, three transition metal ions [Cu(II),

Ni(II), Co(II)], and three indicator dyes were selected through extensive screening

to produce an array of 45 receptor/metal/indicator combinations. Using linear

discriminate analysis of the differential optical responses, 100% classification of

the six peptide targets was achieved. Importantly, this general detection scheme
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may offer a more streamlined approach to screening specific kinase activity as it is

not reliant on different selective receptors for each phosphorylated enzyme

substrate.

Overall, this study highlights the utility of transition metal-modified receptor

libraries biased toward a specific class of analytes as differential arrays for finger-

printing purposes. The receptor design strategy employs a single metal complex as

both scaffold and analyte recognition element. This general approach should be

broadly applicable to a range of bioanalytes and serve as a useful alternative to

traditional, high affinity chemoselective sensing systems.

3 Functional Allosteric Supramolecular Receptors

The development of functional supramolecular coordination complexes has also

been greatly influenced by biomimetic design principles over the past few decades.

For instance, allosteric modulation of protein function is fundamental to many

biological processes and occurs through binding of an effector, or regulatory

molecule, to a protein site structurally distinct from the active site. Effector binding

induces a conformational change in the protein that indirectly influences active site

function. Effectors can either enhance or decrease the binding or catalytic effi-

ciency of proteins, thus behaving as molecular “ON/OFF” switches. Inspired by

such systems, chemists have recently evolved a number of strategies for endowing

supramolecular systems with allosteric regulation [23, 24]. The overarching goal in

this area is to develop abiotic synthetic systems that manifest the molecular

recognition and catalytic properties of highly evolved natural proteins and

enzymes.

Fig. 3 A homogeneous array sensing scheme for the differentiation of tripeptides and their

phosphorylated analogues. The array consists of five unique cross-reactive peptides coupled to

tris-[(2-pyridyl)methyl]amine core ligands, three transition metal ions [Cu(II), Ni(II), Co(II)], and

three indicator dyes totaling 45 indicator displacement assays. Linear discriminant analysis of

optical data from this sensing ensemble resulted in 100% classification of the six target peptides.

Reprinted with permission from [19]. Copyright 2009 American Chemical Society
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Since their first report of an allosteric catalyst made possible through supra-

molecular chemistry [25], Mirkin and coworkers have remained pioneers in the

development of synthetic enzyme mimics using the weak-link approach (WLA) to

macrocyclic coordination complexes [26, 27]. The WLA allows one to construct

multimetallic macrocycles with flexible hemilabile ligands that form both strong

and weak coordination bonds with a transition metal center. Specifically, the WLA

approach relies on condensed macrocyclic structures that contain at least two

strategically placed strong (metal–phosphine) and weak (metal–X) bonds (Fig. 4).

A critical feature of this approach is that the structural metals that direct the

assembly process are available for further ligand substitution reactions without

compromising the supramolecular structure. Thus, macrocycles can be toggled

between well-defined architectures with different shapes and rigidities through

ligand displacement reactions by selectively and reversibly breaking weak coordi-

nation bonds with small molecule effectors. This inherent property of all weak-link

macrocycles makes the approach well suited for preparing functional systems that

exhibit allosteric control through appropriately designed hemilabile ligands

(i.e., transition metal catalysts, receptors).

Fig. 4 General strategy of the WLA to macrocyclic coordination complexes. Reprinted with

permission from [26]. Copyright 2005 American Chemical Society
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Significantly, the WLA has been utilized to create structures that offer amplifi-

cation in chemical detection where the effector molecule is the analyte and the

catalytic reaction turned on by the effector generates a fluorescent surrogate

molecule that provides an indirect signal output associated with the recognition

event [28]. This completely synthetic system resembles the signal amplification

properties of ELISAs commonly used in biosensing for a wide range of analytes.

However, one drawback of this initial system was the small but measurable

background catalysis exhibited by the closed “off” state of the macrocycle. In the

context of sensor performance, higher background signal raises the lower limit of

analyte detection and is therefore undesirable.

Recently, Mirkin et al. overcame this background issue with a tetrametallic

macrocycle assembled via the WLA that operates as a completely reversible

allosteric catalyst for the bimolecular hydrolysis of 2-(hydroxypropyl)-p-nitrophenyl
phosphate (HPNP), a model substrate for RNA (Fig. 5a) [29]. Figure 5b shows the

strategy for preparing the “open” active allosteric catalyst 3 from the “closed”

condensed macrocycle 2 assembled from an equimolar ratio of hemilabile Zn(II)-

functionalized ligand 1 and a Rh(I) precursor. The formation of compound 2 was

characterized by 1H and 31P NMR, ESI-MS, and single-crystal X-ray diffraction

Fig. 5 (a) Supramolecular allosteric regulation via the WLA. (b) Synthesis of the supramolecular

allosteric catalyst 3. The AcO� counterions ligands and counterions for the complexes are omitted

for clarity. Reagents: (i) Rh(norbornadiene)2BF4; (ii) n-Bu4NCl/CO; (iii) N2 bubbling or 2 equiv of

AgBF4. (c) Product (p-nitrophenolate) concentration versus time for 2 (circle) and 3 (square)
macrocyclic compounds. A control experiment with compound 1 (triangle) was carried out under

the same reaction conditions. Reactions were monitored by UV–vis spectroscopy. Adapted with

permission from [29]. Copyright 2007 American Chemical Society
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analysis. Notably, the proximity of the Zn(II) atoms in 2 precludes the possibility of

any intramolecularly catalyzed HPNP hydrolysis reaction. In addition, the X-ray

structure of 2 revealed that an acetate counterion bridges the two Zn atoms in a m2-
fashion, further inhibiting the ability of HPNP to bind to the active site, which

prevents intermolecular catalysis. Upon the addition of 2 equivalents of Cl� and

CO (1 atm) to a solution of 2, open complex 3 rapidly forms as confirmed by 1H and
31P NMR, and ESI-MS. In contrast to 2, open complex 3 has a suitable geometry for

HPNP binding between the Zn(II) sites to enable catalytic bimolecular hydrolysis.

Reversibility was demonstrated by bubbling N2 into the solution to reform 2.

The catalytic properties of ligand 1, condensed macrocycle 2, and open com-

pound 3 were evaluated in the context of HPNP hydrolysis under pseudo-aqueous

(mixed solvent) conditions and monitored by UV–vis spectroscopy as a function of

time (Fig. 5c). Although ligand 1 exhibited slow but measurable catalytic activity,

condensed macrocycle 2 was completely inactive under identical reaction condit-

ions. In contrast, open complex 3 was extremely active and capable of quantita-

tively hydrolyzing all of the HPNP substrate in less than 40 min. The allosteric

effect is generated by adjusting the distance between the catalytic Zn(II) metal

centers using reversible coordination chemistry occurring at the Rh(I) metal

centers. The system can be efficiently interconverted between completely “on”

and “off” catalytic states through the use of small molecule regulators that alter the

accessibility of substrate to the active binuclear Zn(II) sites.

In general, such synthetic allosteric systems represent the first step toward

functional abiotic analyte detection strategies that take advantage of catalytic

amplification. The attractive feature of a completely reversible allosteric catalyst

with good turnover and catalytic rates is that it can become a central amplification

motif used for many future systems where the regulatory sites are designed as

receptors for different analytes with comparable amplification capabilities.

A particularly elegant and powerful extension of this technology is highlighted

by the recent report of a supramolecular allosteric catalyst that exhibits a PCR-like

reaction cascade [30]. PCR is an enzyme-mediated process where, in response to

temperature cycling, a single target DNA molecule can be rapidly amplified into

many billions of target molecules. Since its conception in 1985 [31], PCR has

become a universal laboratory tool for most scientists involved in biochemical and

molecular biological research. Indeed, effective PCR-based amplification is now

the backbone of modern molecular diagnostics enabling the identification of genetic

markers for disease with unmatched sensitivity and high reliability. A limitation of

PCR, however, is that it only works with nucleic acid targets. Therefore, a signifi-

cant challenge exists to create alternate synthetic systems that amplify the recogni-

tion events of non-nucleic acid targets. Such constructs would advance the

development of ultrasensitive detection systems for a much wider class of analytes,

including ones that are relevant to biosensing and beyond.

The catalyst system used to demonstrate PCR-like target amplification is shown

in Fig. 6. In previous work [28, 32] catalyst 4was opened in the presence of Cl� and

CO to generate 5. The open cavity in 5 catalyzed an acyl transfer reaction between

pyridyl carbinol and acetic anhydride to produce acetic acid which was signaled
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with a fluorescent pH indicator. By replacing the target effector Cl� anion with

acetate to generate a trans acetate and CO ligand at each Rh(I) site, the reaction was

run under basic conditions to produce additional acetate from the same acyl transfer

reaction. In the early stages of the reaction, only a minor amount of the catalyst is

activated (in the form of 5), but as the reaction proceeds, more acetate is generated,

which leads to the formation of more 5 and progressively faster catalysis. The pH-

sensitive fluorescent dye allows one to follow the amount of acetate generated

during the catalytic cycles. This type of cascade reaction results in an exponential

increase in the amount of initial target. As with PCR, slow induction followed by

rapid exponential amplification, linear growth, and then eventual saturation was

observed regardless of initial acetate concentrations. The time at which the expo-

nential step turns on correlated well with the initial acetate target concentration. In

principle, this approach can be operational in completely aqueous environments by

incorporating water-soluble ligands [33] and extended to other analytes as long as

one can envision catalytic reactions that generate an analyte of interest.

The above examples demonstrate that, through exquisite control over the

synthesis of macrocyclic coordination complexes containing well-defined cavities,

Fig. 6 Small molecule regulated target amplification using an allosteric enzyme mimic (right)
with a reaction cascade analogous to PCR (left). Reprinted with permission from [30]. Copyright

2008 American Chemical Society
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species can be designed that function in a specific and predictable fashion for the

detection of analytes that behave in a manner similar to natural enzyme systems.

Looking ahead, these abiotic enzyme mimics should inspire the next generation of

functional synthetic metalloreceptors and may ultimately be rationally integrated

into highly sensitive biosensing technologies. The challenge will be to design

specific allosteric regulatory sites that are responsive to bioanalytes or surrogates

of interest.

4 Monolayer Receptors with Integrated Metal-Based Reporters

The fundamental limitation that has prohibited more widespread success of com-

mercial biosensors is the failure of most clinically relevant biomolecules to produce

an easily measured signal upon receptor binding that is specific over the many

potential interferants in a biological sample. Therefore, analytical approaches based

on analyte–receptor recognition (i.e., immunoassays) almost always require bur-

densome, multistep procedures that are often limited to laboratory settings. Thus, a

significant challenge remains to design functional receptor systems that can be

integrated with physicochemical transducers and report on specific biomolecular

interactions in complex matrices without intervention. Transition metal-modified

receptors hold exciting promise in this regard due to their inherent capacity for

participating in electron transfer reactions when integrated with signal transducing

electrodes.

Indeed, nanoscale charge transfer processes represent a rapidly advancing fron-

tier of fundamental science [34–36], with applications ranging from molecular

electronics [37–40] and information storage [41] in addition to chemical and

biological sensor fabrication [42]. Basic advances in our understanding of electron

transfer continue to fuel growth in electrochemical biosensor research due to the

tremendous commercial opportunity for fast, simple, scalable, and low-cost detec-

tion technologies that can be integrated with modern microelectronics. In particu-

lar, self-assembled monolayers (SAMs) of electroactive molecules adsorbed on

noble metal electrodes have been intensely investigated as model systems for

interfacial electron transfer events [43, 44]. The majority of electroactive SAMs

studied to date comprise molecules with common design features, namely thiol-

terminated organic bridges anchored to gold electrodes through gold-thiolate

bonds with o-functionalized redox-active head groups. Since the pioneering work

of Chidsey and coworkers [45] in 1990, cyclic voltammetry (CV) studies of

ferrocene-terminated SAMs have been extensively reported in the literature and

the influence of bridge architecture, coadsorbed diluent molecules, and supporting

electrolytes on the redox behavior of these SAMs has been well established [43].

In voltammetry studies of redox-active SAMs, current is measured as a function

of potential between the SAM-modified working electrode and a reference elec-

trode. It is well known that the kinetics and thermodynamics of such interfacial

redox reactions are strongly affected by the nature of the medium in which they occur.
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Currently, there is significant interest in coupling the electron transfer properties of

surface-confined ferrocenes (and other redox probes) with the molecular recognition

capabilities of designed receptors to prepare highly sensitive and selective integrated

electrochemical sensors for a broad range of analytes.

Ferrocene scaffolds offer a number of advantages in the construction of

integrated SAM-based electrochemical sensor platforms. These include (1) tunable

[46] and fully reversible oxidation/reduction processes within a convenient electro-

chemical window for maintaining SAM integrity, (2) stability in aqueous media, and

(3) commercial availability in many forms offering synthetic versatility and facile

routes toward functionalization with anchoring organosulfur groups and/or recogni-

tion motifs such as DNA, peptides, and receptor ligands. In this section, recent

examples of biosensing monolayers that incorporate ferrocene–receptor conjugates

will be highlighted. In particular, emphasis will be placed on receptor architectures

that enable reagentless electrochemical detection of different classes of analytes. For

a more comprehensive treatment of ferrocene bioconjugates, the reader is directed to

the recent reviews by Metzler-Nolte et al. [47] and Martic et al. [48].

4.1 Ferrocene–DNA Conjugates

A potentially general solution to the problem of signal detection in biosensors is

based on the ability to program binding-induced “folding” responses of electrode-

bound DNA probes. In particular, E-DNA sensors that utilize oligonucleotide

receptors bound at one terminus to an electrode with the other covalently labeled

with a ferrocene (or alternate) redox probe have become mainstay architectures for

reagentless DNA detection [49]. In these devices, target DNA induced change in

receptor strand conformation (i.e., folding, unfolding) and/or dynamics influences

the electron transfer characteristics between the redox probe and the electrode

leading to a detectable electrochemical signal.

The first reported E-DNA sensor system was based on a self-complementary

ferrocene-functionalized DNA probe that formed a stable stem-loop structure [50].

A schematic illustration of the sensor is shown in Fig. 7. The sensor architecture

closely resembles a surface-immobilized DNA hairpin molecular beacon [51]. In

the absence of target single-stranded DNA, the stem-loop probe holds the ferrocene

reporter in sufficiently close proximity to the electrode to enable efficient charge

transfer during voltammetric scanning resulting in a large, quantifiable faradaic

current response. Upon target DNA hybridization, the stem-loop structure is

compromised and the ferrocene probe is displaced from frequent neighboring

interactions with the electrode, significantly decreasing the current observed during

scanning, thus providing a “signal-off” measurement for target DNA in the sample

as low as 10 pM. Because the ferrocene moiety simply imparts redox activity to the

DNA recognition sequence, it was envisaged that the platform could be translated

to alternate electrochemical probes.
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Since this initial report, the Plaxco group has made a number of significant

advances to the E-DNA platform [52]. Most notably, by inclusion of DNA aptamers

as receptors, these folding-based sensors have been generalized to a wide range of

specific protein and small molecule targets beyond nucleic acids. Further, because

E-DNA signaling is associated with a target-induced change in the conformation and

dynamics of the DNA probe and not simply target absorption to the electrode

surface, the approach has been successfully utilized for analyte detection in complex

matrices such as blood serum, saliva, urine, cell lysates, and environmental soil

samples. Due to the high sensitivity of these systems in “dirty” samples coupled with

their operational convenience, these E-DNA biosensors are well suited for potential

commercial applications in pathogen detection, proteomics, metabolomics, and drug

discovery.

4.2 Peptide-Functionalized Metalloreceptors

Alternatively, a number of ferrocene–peptide conjugates are beginning to emerge as

functional receptors for reagentless electrochemical biosensing. Analogous to the

E-DNA platforms, the peptide components in these systems invariably serve as

analyte recognition elements, while the conjugated ferrocene groups impart redox

activity to the receptor. Depending on the biosensor target, the electroactive

receptors can be integrated with electrodes such that electron transfer properties

are altered based on specific analyte–receptor interactions. Given the enormous

Fig. 7 A stem-loop oligonucleotide possessing terminal thiol and a ferrocene group is immobi-

lized at a gold electrode through self-assembly. In the absence of target, the stem-loop structure

holds the ferrocene tag into close proximity with the electrode surface, thus ensuring rapid electron

transfer and efficient redox of the ferrocene label. On hybridization with the target sequence, a

large change in redox currents is observed, presumably because the ferrocene label is separated

from the electrode surface. Reprinted with permission from [50]. Copyright 2003 National

Academy of Sciences, USA
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challenge of developing effective label-free methods for protein detection, this

section highlights some emerging sensor architectures that utilize ferrocene–peptide

conjugates for this distinct purpose.

One class of proteins that has recently become an attractive target for biosensing

is proteases. Proteolysis, the reaction catalyzed by these enzymes, is a simple

hydrolytic process that cleaves the amide bond connecting adjacent amino acid

residues in proteins. While certain proteases mediate nonspecific hydrolysis, many

perform vital functions through selective and efficient cleavage of specific peptide

substrates. In healthy individuals, the activity of proteases is tightly regulated and

they are ubiquitous participants in maintaining fidelity in many critical biological

processes such as apoptosis, matrix remodeling, and blood clotting. However,

misregulation of protease activity has been implicated in an array of major life-

threatening diseases such as cancer, AIDS, and infectious and neurodegenerative

disorders. Thus, robust assay methods capable of quantifying target protease activ-

ity are in high demand.

Ferrocene–peptide conjugates are ideally suited as receptors for assaying prote-

ase activity when linked to interrogating electrodes. An example electrochemical

proteolytic beacon for detecting matrix metalloproteinase-7 (MMP-7) activity is

shown in Fig. 8 [53]. MMPs are a family of extracellular zinc proteases that have

long been associated with tumor invasion and metastasis [54] and thus may serve as

important cancer biomarkers. In this study, a known helix peptide substrate for

MMP-7 (Arg-Pro-Leu-Ala-Leu-Trp-Arg-Ser) was modified with an N-terminal

ferrocene and a Cys residue at the C-terminus to enable gold anchoring. The peptide

was synthesized via traditional solid-phase synthesis and ferrocene acetic acid was

conjugated to the N-terminus prior to cleavage from the resin. SAMs of the

ferrocene–peptide conjugate were grown by immersing clean gold electrodes in

ethanol solutions of the probe. In the initial “signal-on” state of the sensor,

voltammetric scanning yields a well-defined peak with quantifiable charge due to

efficient electron transfer between ferrocene and the underlying electrode. Upon

exposure to MMP-7, the peptide probe is cleaved between the Ala-Leu residues and

ferrocene is separated from the electrode. The removal of ferrocene by target

protease produces a measurable “signal-off” decrease in current. At a constant

incubation time, the amplitude of this signal decrease scaled with increasing

concentrations of MMP-7 resulting in a detection limit of 3.4 pM. Specificity was

confirmed in control experiments with different MMPs and BSA.

Importantly, similarly designed electrochemical protease biosensors have been

employed for the detection of alternate disease markers such as caspase-3 [55],

prostate-specific antigen (PSA) [56], plasmin [57], and trypsin and a-thrombin [58].

Hence, it is becoming increasingly more apparent that ferrocene–peptide conjugates

may be used as effective alternatives to fluorescent-labeled peptide substrates for

developing protease assays. This is significant as fluorescence-based assays are often

complicated by intricate excitation and detection schemes to reduce background

interference. It should be noted, however, that the electrochemical assays also require

some degree of optimization as the signal response is influenced by the monolayer

composition and probe densities. Looking ahead, one can easily envision multiplexing

Evolving Trends in Transition Metal-Modified Receptor Design and Function 253



the electrochemical protease biosensor platform by incorporating multiple peptide

substrates labeled with distinct nonoverlapping redox reporters in the same SAM or

by exposing a sample to an array of electrodes each with uniquely modified peptide

reporters.

In the development of protein biosensors, another general approach toward

electroactive receptor design utilizes unsymmetrically substituted ferrocenes conju-

gated with both peptides and organosulfur anchoring moieties. Contrary to the

protease systems discussed above where probe cleavage leads to a “signal-off”

response, unsymmetrical ferrocene conjugates enable the more preferred “signal-on”

sensing modality by exploiting the inherent sensitivity of the probe redox potential to

its local environment (i.e., aqueous or protein). As a frame of reference, the ferrocene/

ferrocenium (Fe(II)/Fe(III)) redox couple has been shown to shift positive 177mV from

its aqueous potential upon encapsulation in a hydrophobic protein matrix [59]. This

higher redox potential may be rationalized by a destabilization of the cationic

ferrocenium species in the protein microenvironment relative to a polar aqueous

environment. Indeed, redox tuning of native transition metal complexes in

metalloproteins is well known and a hallmark of bioinorganic chemistry.

Fig. 8 (Top) Structure of the electrochemical proteolytic beacon for MMP-7 detection. (Left)
Schematic of sensor construction and MMP detection: (A) self-assembling electrochemical

ferrocene–peptide conjugate on a gold electrode; (B) cleavage of peptide substrate in the presence
of MMP-7. (Right) Typical square wave voltammograms of ferrocene–peptide SAMs incubated

with different concentrations of MMP-7 (from a to f: 0, 0.1, 0.5, 1, 5, and 10 ng mL�1). All

potentials are referenced to Ag/AgCl in 0.6M NaClO4 supporting electrolyte. Adapted with

permission from [53]. Copyright 2006 American Chemical Society
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Kraatz and coworkers first reported integrated sensors with unsymmetric ferro-

cene architectures for the electrochemical detection of papain [60] and HIV type 1

protease (HIV-1 PR) [61] using conjugates of peptide enzyme inhibitors. Figure 9

shows the sensor for HIV-1 PR. In this example, the ferrocene probe is conjugated

with a cystamine-terminated oligoproline anchoring group and the known aspartic

protease inhibitor pepstatin. Mixed SAMs of the probe and hexanethiol diluent

were prepared and the initial faradaic response characterized by CV. Upon expo-

sure to target HIV-1 PR, the formal potential of the surface-bound ferrocene probe

shifted to a higher potential suggesting protein–probe interaction. Increasing

concentrations of target (from 40 to 100 nM) resulted in a linear increase in redox

potential accompanied by progressively higher current loss. The analytical response

was attributed to HIV-1 PR encapsulation of the surface-bound ferrocene probe

resulting in ferrocenium destabilization and partial shielding of counteranion access

during oxidation. Recent extension of this label-free biosensing platform to the

detection of a panel of HIV proteins [62] using different peptide receptors suggests

that the approach may be general.

Ultimately, the integrated electrochemical biosensors discussed above demon-

strate that redox probe–receptor conjugates provide a means of signaling specific

biomolecular recognition events. Our laboratory is pursuing a number of electroac-

tive SAM building blocks [63] amenable to biofunctionalization to further explore

similar modes of analyte-induced electronic signal transduction. The challenge of

developing label-free, low cost, and multiplexed biosensor platforms provides

significant inspiration and we anticipate significant advances in this area in the

coming years.

Fig. 9 (a) Structure of the ferrocene–pepstatin conjugate and schematic representation of the

diluted self-assembled peptide film on a gold surface. The initial cyclic voltammogram of

ferrocene probe SAM is in red. (b) The binding of HIV-1 PR to the ferrocene–pepstatin probe

causes a significant shift in the formal potential and a decrease in the current intensity as shown in

blue. Reprinted with permission from [61]. Copyright 2007 Royal Chemical Society
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5 Summary

On the road to next generation biosensors, the emerging field of transition metal-

modified receptors has significantly evolved over the last decade. Inspired by the

design and function of natural molecular recognition systems, several groups have

constructed novel functional metalloreceptors with high performance characteri-

stics that enhance and/or supplement conventional biomolecules such as proteins,

enzymes, and DNA. In this chapter, three general roles for transition metals were

discussed in the context of synthetic receptors: (1) metal as receptor scaffold,

(2) metal as allosteric receptor for catalysis regulation, and (3) metal as integrated

electroactive reporter. In each case, the versatility of transition metal coordination

chemistry is exploited through rational design. It is anticipated that future work in

these areas will remain a significant research focus.

References

1. Thevenot DR, Toth K, Durst RA, Wilson GS (2001) Electrochemical biosensors: recommended

definitions and classification. Biosens Bioelectron 16(1–2):121–131

2. Clark LC Jr, Lyons C (1962) Electrode systems for continuous monitoring in cardiovascular

surgery. Ann N Y Acad Sci 102:29–45

3. Wender P, Cummins CC, Poliakoff M, Kiessling L, Meijer EW, Alivisatos P, Wooley K, King D,

Aizenberg J, Fleming G (2011) What lies ahead. Nature 469(7328):23–25

4. Rosenzweig AC (2002) Metallochaperones: bind and deliver. Chem Biol 9(6):673–677.

doi:10.1016/S1074-5521(02)00156-4

5. Miller J, McLachlan AD, Klug A (1985) Repetitive zinc-binding domains in the protein

transcription factor IIIA from Xenopus oocytes. EMBO J 4(6):1609–1614

6. Maret W, Li Y (2009) Coordination dynamics of zinc in proteins. Chem Rev 109

(10):4682–4707. doi:10.1021/cr800556u

7. Lu Y, Yeung N, Sieracki N, Marshall NM (2009) Design of functional metalloproteins. Nature

460(7257):855–862. doi:10.1038/nature08304

8. Ghadiri MR, Choi C (1990) Secondary structure nucleation in peptides – transition-metal ion

stabilized alpha-helices. J Am Chem Soc 112(4):1630–1632

9. Ghadiri MR, Fernholz AK (1990) Peptide architecture – design of stable alpha-helical

metallopeptides via a novel exchange-inert ruthenium(III) complex. J Am Chem Soc 112

(26):9633–9635

10. Doerr AJ, McLendon GL (2004) Design, folding, and activities of metal-assembled coiled coil

proteins. Inorg Chem 43(25):7916–7925. doi:10.1021/ic0490573

11. Doerr AJ, Case MA, Pelczer I, McLendon GL (2004) Design of a functional protein for

molecular recognition: specificity of ligand binding in a metal-assembled protein cavity

probed by 19F NMR. J Am Chem Soc 126(13):4192–4198. doi:10.1021/ja035798b

12. Ghadiri MR, Soares C, Choi C (1992) A convergent approach to protein design – metal ion-

assisted spontaneous self-assembly of a polypeptide into a triple-helix bundle protein. J Am

Chem Soc 114(3):825–831

13. Gochin M, Khorosheva V, Case MA (2002) Structural characterization of a paramagnetic

metal-ion-assembled three-stranded alpha-helical coiled coil. J Am Chem Soc 124(37):

11018–11028. doi:10.1021/ja020431c

256 P.A. Bertin

http://dx.doi.org/10.1016/S1074-5521(02)00156-4
http://dx.doi.org/10.1021/cr800556u
http://dx.doi.org/10.1038/nature08304
http://dx.doi.org/10.1021/ic0490573
http://dx.doi.org/10.1021/ja035798b
http://dx.doi.org/10.1021/ja020431c


14. Lieberman M, Sasaki T (1991) Iron(II) organizes a synthetic peptide into 3-helix bundles.

J Am Chem Soc 113(4):1470–1471

15. Gochin M, Guy RK, Case MA (2003) A metallopeptide assembly of the HIV-1 gp41 coiled

coil is an ideal receptor in fluorescence detection of ligand binding. Angew Chem Int Ed

42(43):5325–5328. doi:10.1002/anie.200352006

16. Salgado EN, Radford RJ, Tezcan FA (2010) Metal-directed protein self-assembly. Acc Chem

Res 43(5):661–672. doi:10.1021/ar900273t

17. Anslyn EV, Wright AT (2006) Differential receptor arrays and assays for solution-based

molecular recognition. Chem Soc Rev 35(1):14–28. doi:10.1039/b505518k

18. Anslyn EV, Umali AP (2010) A general approach to differential sensing using synthetic

molecular receptors. Curr Opin Chem Biol 14(6):685–692. doi:10.1016/j.cbpa.2010.07.022

19. Anslyn EV, Zhang TZ, Edwards NY, Bonizzoni M (2009) The use of differential receptors to

pattern peptide phosphorylation. J Am Chem Soc 131(33):11976–11984. doi:10.1021/

Ja9041675

20. Anslyn EV, Nguyen BT (2006) Indicator-displacement assays. Coordin Chem Rev 250

(23–24):3118–3127. doi:10.1016/j.ccr.2006.04.009

21. Anslyn EV, Tobey SL (2003) Energetics of phosphate binding to ammonium and guanidinium

containing metallo-receptors in water. J Am Chem Soc 125(48):14807–14815. doi:10.1021/

Ja030507k

22. Anslyn EV, Tobey SL, Jones BD (2003) C3v symmetric receptors show high selectivity and

high affinity for phosphate. J Am Chem Soc 125(14):4026–4027. doi:10.1021/Ja021390n

23. Kovbasyuk L, Kramer R (2004) Allosteric supramolecular receptors and catalysts. Chem Rev

104(6):3161–3187. doi:10.1021/cr030673a

24. Zhu L, Anslyn EV (2006) Signal amplification by allosteric catalysis. Angew Chem Int Ed

45(8):1190–1196. doi:10.1002/anie.200501476

25. Mirkin CA, Gianneschi NC, Bertin PA, Nguyen ST, Zakharov LN, Rheingold AL (2003)

A supramolecular approach to an allosteric catalyst. J Am Chem Soc 125(35):10508–10509.

doi:10.1021/Ja035621h

26. Mirkin CA, Gianneschi NC, Masar MS (2005) Development of a coordination chemistry-

based approach for functional supramolecular structures. Acc Chem Res 38(11):825–837.

doi:10.1021/Ar980101q

27. Mirkin CA, Holliday BJ (2001) Strategies for the construction of supramolecular compounds

through coordination chemistry. Angew Chem Int Ed 40(11):2022–2043

28. Mirkin CA, Gianneschi NC, Nguyen ST (2005) Signal amplification and detection via a

supramolecular allosteric catalyst. J Am Chem Soc 127(6):1644–1645. doi:10.1021/

Ja0437306

29. Mirkin CA, Yoon HJ, Heo J (2007) Allosteric regulation of phosphate diester transesteri-

fication based upon a dinuclear zinc catalyst assembled via the weak-link approach. J Am

Chem Soc 129(46):14182–14183. doi:10.1021/Ja077467v

30. Yoon HJ, Mirkin CA (2008) Pcr-like cascade reactions in the context of an allosteric enzyme

mimic. J Am Chem Soc 130(35):11590–11591. doi:10.1021/Ja804076q

31. Saiki RK, Scharf S, Faloona F, Mullis KB, Horn GT, Erlich HA, Arnheim N (1985) Enzymatic

amplification of beta-globin genomic sequences and restriction site analysis for diagnosis of

sickle-cell anemia. Science 230(4732):1350–1354

32. Masar MS, Gianneschi NC, Oliveri CG, Stern CL, Nguyen ST, Mirkin CA (2007) Allosteri-

cally regulated supramolecular catalysis of acyl transfer reactions for signal amplification and

detection of small molecules. J Am Chem Soc 129(33):10149–10158. doi:10.1021/Ja0711516

33. Wiester MJ, Mirkin CA (2009) Water-soluble macrocycles synthesized via the weak-link

approach. Inorg Chem 48(17):8054–8056. doi:10.1021/Ic900983v

34. Adams DM, Brus L, Chidsey CED, Creager S, Creutz C, Kagan CR, Kamat PV, Lieberman M,

Lindsay S, Marcus RA, Metzger RM, Michel-Beyerle ME, Miller JR, NewtonMD, Rolison DR,

Sankey O, Schanze KS, Yardley J, Zhu XY (2003) Charge transfer on the nanoscale: current

status. J Phys Chem B 107(28):6668–6697. doi:10.1021/Jp0268462

Evolving Trends in Transition Metal-Modified Receptor Design and Function 257

http://dx.doi.org/10.1002/anie.200352006
http://dx.doi.org/10.1021/ar900273t
http://dx.doi.org/10.1039/b505518k
http://dx.doi.org/10.1016/j.cbpa.2010.07.022
http://dx.doi.org/10.1021/Ja9041675
http://dx.doi.org/10.1021/Ja9041675
http://dx.doi.org/10.1016/j.ccr.2006.04.009
http://dx.doi.org/10.1021/Ja030507k
http://dx.doi.org/10.1021/Ja030507k
http://dx.doi.org/10.1021/Ja021390n
http://dx.doi.org/10.1021/cr030673a
http://dx.doi.org/10.1002/anie.200501476
http://dx.doi.org/10.1021/Ja035621h
http://dx.doi.org/10.1021/Ar980101q
http://dx.doi.org/10.1021/Ja0437306
http://dx.doi.org/10.1021/Ja0437306
http://dx.doi.org/10.1021/Ja077467v
http://dx.doi.org/10.1021/Ja804076q
http://dx.doi.org/10.1021/Ja0711516
http://dx.doi.org/10.1021/Ic900983v
http://dx.doi.org/10.1021/Jp0268462


35. Gray HB, Winkler JR (2005) Long-range electron transfer. Proc Natl Acad Sci U S A 102

(10):3534–3539. doi:10.1073/pnas.0408029102

36. McCreery RL (2004) Molecular electronic junctions. Chem Mater 16(23):4477–4496.

doi:10.1021/Cm049517q

37. Flood AH, Stoddart JF, Steuerman DW, Heath JR (2004) Chemistry. Whence molecular

electronics? Science 306(5704):2055–2056. doi:10.1126/science.1106195

38. Joachim C, Gimzewski JK, Aviram A (2000) Electronics using hybrid-molecular and mono-

molecular devices. Nature 408(6812):541–548. doi:10.1038/35046000

39. Nitzan A, Ratner MA (2003) Electron transport in molecular wire junctions. Science 300

(5624):1384–1389. doi:10.1126/science.1081572

40. Yasutomi S, Morita T, Imanishi Y, Kimura S (2004) A molecular photodiode system that can

switch photocurrent direction. Science 304(5679):1944–1947. doi:10.1126/science.1098489

41. Wei L, Padmaja K, Youngblood WJ, Lysenko AB, Lindsey JS, Bocian DF (2004) Diverse

redox-active molecules bearing identical thiol-terminated tripodal tethers for studies of molec-

ular information storage. J Org Chem 69(5):1461–1469. doi:10.1021/jo0349476

42. Privett BJ, Shin JH, Schoenfisch MH (2010) Electrochemical sensors. Anal Chem

82(12):4723–4741. doi:10.1021/Ac101075n

43. Eckermann AL, Feld DJ, Shaw JA, Meade TJ (2010) Electrochemistry of redox-active self-

assembled monolayers. Coordin Chem Rev 254(15–16):1769–1802. doi:10.1016/

j.ccr.2009.12.023

44. Love JC, Estroff LA, Kriebel JK, Nuzzo RG, Whitesides GM (2005) Self-assembled

monolayers of thiolates on metals as a form of nanotechnology. Chem Rev 105(4):

1103–1169. doi:10.1021/Cr0300789

45. Chidsey CED, Bertozzi CR, Putvinski TM, Mujsce AM (1990) Coadsorption of ferrocene-

terminated and unsubstituted alkanethiols on gold – electroactive self-assembled monolayers.

J Am Chem Soc 112(11):4301–4306

46. Bertin PA, Meade TJ (2009) Novel redox active bifunctional crosslinkers from unsymmetrical

1,10-disubstituted ferrocenes. Tetrahedron Lett 50(38):5409–5412. doi:10.1016/j.tetlet.2009.07.056
47. Metzler-Nolte N, Salmain M (2008) The bioorganometallic chemistry of ferrocene. In:

Ferrrrocenes. Wiley, Chichester, pp 499–639. doi:10.1002/9780470985663.ch13

48. Martic S, Labib M, Shipman PO, Kraatz HB (2011) Ferrocene–peptido conjugates: from

synthesis to sensory applications. Dalton Trans 40(28):7264–7290. doi:10.1039/C0dt01707h

49. Ricci F, Plaxco KW (2008) E-DNA sensors for convenient, label-free electrochemical detec-

tion of hybridization. Microchim Acta 163(3–4):149–155. doi:10.1007/s00604-008-0015-4

50. Fan CH, Plaxco KW, Heeger AJ (2003) Electrochemical interrogation of conformational

changes as a reagentless method for the sequence-specific detection of DNA. Proc Natl

Acad Sci U S A 100(16):9134–9137. doi:10.1073/pnas.1633515100

51. Du H, Disney MD, Miller BL, Krauss TD (2003) Hybridization-based unquenching of DNA

hairpins on Au surfaces: prototypical “molecular beacon” biosensors. J Am Chem Soc 125

(14):4012–4013. doi:10.1021/Ja0290781

52. Lubin AA, Plaxco KW (2010) Folding-based electrochemical biosensors: the case for respon-

sive nucleic acid architectures. Acc Chem Res 43(4):496–505. doi:10.1021/ar900165x

53. Liu G, Wang J, Wunschel DS, Lin Y (2006) Electrochemical proteolytic beacon for detection

of matrix metalloproteinase activities. J Am Chem Soc 128(38):12382–12383. doi:10.1021/

ja0626638

54. Egeblad M, Werb Z (2002) New functions for the matrix metalloproteinases in cancer

progression. Nat Rev Cancer 2(3):161–174. doi:10.1038/nrc745

55. Xiao H, Liu L, Meng F, Huang J, Li G (2008) Electrochemical approach to detect apoptosis.

Anal Chem 80(13):5272–5275. doi:10.1021/ac8005268

56. Zhao N, He YQ, Mao X, Sun YH, Zhang XB, Li CZ, Lin YH, Liu GD (2010) Electrochemical

assay of active prostate-specific antigen (psa) using ferrocene-functionalized peptide probes.

Electrochem Commun 12(3):471–474. doi:10.1016/j.elecom.2010.01.022

258 P.A. Bertin

http://dx.doi.org/10.1073/pnas.0408029102
http://dx.doi.org/10.1021/Cm049517q
http://dx.doi.org/10.1126/science.1106195
http://dx.doi.org/10.1038/35046000
http://dx.doi.org/10.1126/science.1081572
http://dx.doi.org/10.1126/science.1098489
http://dx.doi.org/10.1021/jo0349476
http://dx.doi.org/10.1021/Ac101075n
http://dx.doi.org/10.1016/j.ccr.2009.12.023
http://dx.doi.org/10.1016/j.ccr.2009.12.023
http://dx.doi.org/10.1021/Cr0300789
http://dx.doi.org/10.1016/j.tetlet.2009.07.056
http://dx.doi.org/10.1039/C0dt01707h
http://dx.doi.org/10.1007/s00604-008-0015-4
http://dx.doi.org/10.1073/pnas.1633515100
http://dx.doi.org/10.1021/Ja0290781
http://dx.doi.org/10.1021/ar900165x
http://dx.doi.org/10.1021/ja0626638
http://dx.doi.org/10.1021/ja0626638
http://dx.doi.org/10.1038/nrc745
http://dx.doi.org/10.1021/ac8005268
http://dx.doi.org/10.1016/j.elecom.2010.01.022


57. Ohtsuka K, Maekawa I, Waki M, Takenaka S (2009) Electrochemical assay of plasmin activity

and its kinetic analysis. Anal Biochem 385(2):293–299. doi:10.1016/J.Ab.2008.11.006

58. Adjemian J, Anne A, Cauet G, Demaille C (2010) Cleavage-sensing redox peptide monolayers

for the rapid measurement of the proteolytic activity of trypsin and alpha-thrombin enzymes.

Langmuir 26(12):10347–10356. doi:10.1021/La100397g

59. Hwang HJ, Carey JR, Brower ET, Gengenbach AJ, Abramite JA, Lu Y (2005) Blue

ferrocenium azurin: an organometalloprotein with tunable redox properties. J Am Chem Soc

127(44):15356–15357. doi:10.1021/ja054983h

60. Mahmoud KA, Kraatz HB (2007) A bioorganometallic approach for the electrochemical

detection of proteins: a study on the interaction of ferrocene-peptide conjugates with papain

in solution and on Au surfaces. Chem Eur J 13(20):5885–5895. doi:10.1002/chem.200601878

61. Kerman K, Mahmoud KA, Kraatz HB (2007) An electrochemical approach for the detection of

HIV-1 protease. Chem Commun (37):3829–3831. doi: 10.1039/B707140j

62. Kerman K, Kraatz HB (2009) Electrochemical probing of HIV enzymes using ferrocene-

conjugated peptides on surfaces. Analyst 134(12):2400–2404. doi:10.1039/b912083a

63. Bertin PA, Ahrens MJ, Bhavsar K, Georganopoulou D, Wunder M, Blackburn GF, Meade TJ

(2010) Ferrocene and maleimide-functionalized disulfide scaffolds for self-assembled

monolayers on gold. Org Lett 12(15):3372–3375. doi:10.1021/Ol101180r

Evolving Trends in Transition Metal-Modified Receptor Design and Function 259

http://dx.doi.org/10.1016/J.Ab.2008.11.006
http://dx.doi.org/10.1021/La100397g
http://dx.doi.org/10.1021/ja054983h
http://dx.doi.org/10.1002/chem.200601878
http://dx.doi.org/10.1039/b912083a
http://dx.doi.org/10.1021/Ol101180r


Index

A
Acetochlor, 139

Acetoguanamine, 119

2-Acrylamido-2-methyl-1-propanesulfonic

acid (AMPSA), 144

Acyl sulfonamides, 36

Adrenaline, 190

Aflatoxin-B1, 138

Alamethicin, 89

Aldolase type I mimic, 116

Allosteric supramolecular systems, 239

Ametryn, 139

Amidopyrroles, 41

3-Aminophenylboronic acid (APBA), 122

Amiodarone, 138

Amphetamines, 184

Anions, 1, 19, 36

Antibodies, artificial, 180

plastic, 105

Antibody–antigen interaction, 106, 180

Antimicrobial peptides (AMPs), 85

Aptamers (nucleic acids ligands), 108

Aromatic–aromatic stacking, 35

Aromatic interactions, 33

Artificial receptors, 53, 67, 131, 213

Aryl sulfonamides, 36

Aspartate, 28

ATP selective receptors, 61

Atrazine, 180

Atropine, 141

Au nanoparticle composites, 189

Automotive engine oils, 179

B
Bacillus spp., detection limits, 93

Bacitracin, 89

Bactenecins, 88

Bacteria, 68, 87, 145, 176

Barnase (bacterial ribonuclease), 34, 35

Basil, 178

Bead-based arrays, 97

Benzamidine, 123

Benzylidene pyridine-2-

carboxamidrazones, 139

Binding affinity, 213

Binding proteins, engineered, 107

Bioimprinting, 182

Bioisosteres, carboxylic acid, 36

Biosensors, 85, 181

Biotin, 139

Biphenyls 1, 3

Bipyridines, 1, 21

Bipyrrole, 41

Bis(amido)pyrroles, 41

Bisphenol-A, 141

Boronic acid, 213, 220

Brucella, detection limits, 93

Bulk imprinting, 170

C
Caffeine, 138, 175

Calixarenes, 135

recognition/receptors, 39, 58

Capillary electrochromatography

(CEC), 113

Carboxylic acid bioisosteres, anion

recognition, 36

Caspase-3, 253

Cation-pi interactions, 33, 42

Cations, 1

CdS quantum dots, 119

Cecropin P1, 94

S.A. Piletsky and M.J. Whitcombe (eds.), Designing Receptors for the Next Generation
of Biosensors, Springer Series on Chemical Sensors and Biosensors (2013) 12: 261–264

DOI 10.1007/5346_2012, # Springer-Verlag Berlin Heidelberg 2013

261



Charge transfer, nanoscale, 250

Chemical sensing, molecular

imprinting, 172

Chemiluminescence, 118

Chemometrics, 140, 155

Chemosensors, 1

Chloramphenicol, 183

Chloride selective fluorescent sensor, 37

Cholesterol, 118

Cholic acid, 138

Chymotrypsin, 115, 123

Citrulline, 140

Clenbuterol, 183

Closed-cycle, 213

Cocaine, 140

Competition/signaling component

(DBA), 220

Competitive binding assay, 213

Creatinine, 138

Crown ethers, 135

Cumene hydroperoxide, 116

Cyanide selective receptor, 37

Cyclodextrins, 135

receptors, 58

Cyclohexanes, 1

anion recognition, 25

Cyclophanes, 135

Cytochrome c, 122

D
Defensins, 88

Dendrimers, 135, 222

boronic acid, 213

Designed ankyrin repeat proteins

(DARPins), 107

Diamino diketopiperazine, 73

Dibenzothiophene sulfone, 138

N,O-Dibenzylcarbamate, 153

Dicarboxylates, 23

Dichlorophenoxyacetic acid, 139

2,4-Dichlorophenoxyacetic acid (2,4-D),

118, 180

Diethyldithiocarbamate, 119

Dimethoate, 139

Dimethyl adipimidate, 62

Dimethyl-bipyridinium dichloride, 199

Dinucleoside mimic, 34

DNA probes/recognition, 251

Dopamine, 190

Drugs, delivery/release, 107, 111

design, 33, 143

detection, 184, 208, 252

E
E. coli, detection limits, 93

Electrochemical proteolytic beacon, 253

Electropolymerization, 189

Enzyme mimics, 105, 115, 239

Enzyme-multiplied immunoassays (EMIT), 181

Enzyme–substrate interactions, 33

Ephedrine, 155

Erythrocytes, 182

17b-Estradiol (E2), 118, 119

F
Ferrocene bioconjugates, 239

DNA, 251

peptides, 253

Fluorescein isothiocyanate, 119

Fluorescence, 1

Fluoride selective sensor, 37

Fluoroquinolones, 184

5-Fluorouracil (5-FU), 111

Francisella tularensis, detection limits, 93

Fumarate (FA), 25

G
Glucose-competitive binding environment, 213

Glucose sensing system, 213, 217

Glutamate, 28, 71, 81

Gluthatione peroxidasemimickingMIPNPs, 115

Gramicidin, 89

Guanidinium-based receptors, 57

Guanosine, 119

H
Harmane, 140

Hemoglobin, 122

High-throughput screening (HTS), 94

Homovanillic acid (HVA), 115, 139

Horse radish peroxidase, 122

Host-guest, 33, 38, 53, 67

Human rhinovirus (HRV), 182

Hydrogen bonds, 33

Hydroxymethyl-2,5-diphenyloxazole

acrylate, 118

2-(Hydroxypropyl)-p-nitrophenyl phosphate
(HPNP), 247

I
Ibuprofen, 138

Immobilization, 85

262 Index



Immobilized monosaccharide mimic (iDIOL),

213, 219, 224

Immunoassays, 86, 136

Immunoglobulins, 107

Indolicidin, 88

K
Kallikrein, 123

Kemp elimination reaction, 116

L
Lipopolysaccharide (LPS), 87

Lipoteichoic acid (LTA), 87

LL-37, 89

Lysozyme, 118

M
M(bpy-peptide), 243

Magainin-1, 93

Magainin-2, 89

Maleate (MA), 25

Matrix metalloproteinase-7 (MMP-7), 253

Melittin, 89, 123

Membrane permeabilization/disruption, 89

Menthol, 178

Metal-directed protein self-assembly, 243

Metalloreceptors, 239, 244

peptide-functionalized, 252

Metformin, 140, 154

Methacryloylaminobenzamidine, 123

Methacryloyl quinine/methacryloyl quinidine, 111

Methyl viologen, 199

Metsulfuron-methyl (MSM), 121

Microcystin-LR, 142

Microtiter plates, bioimmobilization, 94

Molecular dynamics, 131, 138

Molecular imprinting, 131, 168, 189

Molecularly imprinted polymers (MIPs), 105,

108, 135, 168

biosensing, 167

nanoparticles (MIP NPs), 110

magnetic, 112

sensor materials, 167

Molecular mechanics (MM), 137

Molecular modeling, 131

Monolayer receptors, integrated metal-based

reporters, 250

Monomer template ratio, 143

Morphine, 139

Multichannel sensors, 1

Mycotoxins, 145

Myoglobin, 122

N
Nanoparticles, 105, 189

imprinted, 172

Naproxen, 139

Natural aromatic cage motifs, 42

Neural network, 141, 155

Nicotinamide, 140

Nilvadipine, 140, 154

Nitroimidazoles, 184

NNAL (carcinogenic tobacco-specific

nitrosamine), 184

Non-imprinted (NIP) bulk monoliths, 123

Noninvasive, 213

Nonsteroidal antiinflammatory drugs

(NSAIDs), 184

Nonylphenol, 145

Nucleic acids ligands (aptamers), 108

Nucleotides, 53

O
Oligoacyllysines (OAKs), 94

Oligopeptide, surface recognition, 68

Omeprazole, 111

Oxidative degradation, 167

Ozone, 178

P
Paracetamol, 138

Pathogen detection, 86

PCR-based detection, 86

Penicillin G, 138

Peptides, recognition/receptors, 61, 67,

72, 239

Peptidoglycan, 87

Pesticides, 167, 176, 179

Phenanthroline, 56

o-Phenylenediamine, 7

Phospholipids, 87

Photosynthetic activity, 123

Picolinamide, 140

Picric acid, 196

Plasmin, 253

Plastic antibodies, 105

Poly(amido amine) (PAMAM) dendrimer, 119

Polyamine-based receptors, 54

Polycyclic aromatic hydrocarbons (PAHs), 184

Polydopamine (PDA), 122

Polymerase chain reaction (PCR), 108

Polymer consistent force field (PCFF), 150

Polymyxins, 89, 91

Polystyrene beads, 98

Polyvinyl alcohol (PVA), 118

PR-39, 88

Index 263



Prodigiosenes, 41

Prophenin, 88

Propranolol, 111, 113, 116, 141, 155

Prostate-specific antigen (PSA), 253

Proteases, 253

Protegrin, 88, 89

Proteins, 33

surface recognition, 68, 78

Pseudoimmunoassays, 118

Pseudostationary phase (PSP), 113

Putrescine, 54

Q
Quantum chemical methods, 140

Quantum mechanics (QM), 139, 151

Quartz crystal microbalance with dissipation

monitoring (QCM-D), 93, 116, 172

Quinine, 140

Quinoline-8-ol, 121

Quorum sensing (QS), 145

R
Radioimmunoassay, 118

Real-life matrices, 167

Receptors, artificial, 135, 217, 242

Resorcin[4]arene scaffold, 58

Riboflavin (vitamin B2), 184

RNA, model substrate, 247

Ropivacaine, 114

S
Saccharides, 213, 220

Salmonella, detection limits, 93

Scintillation monomer, 118

SELEX (systemic evolution of ligands by

exponential enrichment), 108

Self-assembled monolayers (SAMs), 250

Semi-selective binding, 85

Sensing, 105

Sensor arrays, 167

Separation, 105

Simazine, 145

Solar cells, 190

Solid-phase extraction (SPE), 136

Solution-phase detection, AMPs, 90

Spermidine, 54

Spermine, 54

Succinate, 26

Sulfadimidine, 138, 149

Sulfamethoxazole (SMO), 121

Sulfonamides, 121, 140

p-Sulfonatocalix[4]arene, 46
Supramolecular chemistry, 53

Surface imprinting, 171

Surface plasmon resonance, 93, 189

T
Technetium-99m (Tc)-labeled peptides, 91

Terbutylazine, 139

Terpenes, 177

Tetrabutylammonium hydroxide

(TBAOH), 20

Tetrabutylammonium t-butoxide
[TBA(t-BO)], 20

Tetramethylbenzidine (TMB), 3

Tetrazoles, 36, 40

Theobromine, 146

Theophylline, 111, 138, 139, 150, 153, 181

Thioureas, 21

TNT, 140, 196

Tobacco mosaic virus (TMV), 182

Tobacco peroxidase, 118

Tobacco-specific nitrosamines (NNN, NNK,

NAB, NAT), 184

Transesterification, 139, 153

Transition metal-modified receptors, 239

Triazine herbicides, 184

Trichlorophenol, 140

Trimethyllysine, 46

Trypsin inhibitor, 123

Tweezer receptor, 56, 72

U
Uranyl ions, 122

V
Vancomycin, 69

Vibrio fischeri, 145
Virus detection, 176

Volatile organics, 167

W
Weak-link approach (WLA), macrocyclic

coordination complexes, 246

Y
Yeast, 176, 182

Yersinia pestis, detection limits, 93

264 Index


	Designing Receptors for the Next Generation of Biosensors

	Preface
	Contents
	Multichannel Sensors Based on Biphenyl and Cyclohexane Conformational Changes
	Learning from Proteins and Drugs: Receptors That Mimic Biomedically Important Binding Motifs
	Molecular Recognition of Nucleotides
	Molecular Recognition of Oligopeptides and Protein Surfaces
	Antimicrobial Peptides for Detection and Diagnostic Assays
	Plastic Antibodies
	Computational Approaches in the Design of Synthetic Receptors
	MIP Sensors on the Way to Real-World Applications
	Molecularly Imprinted Au Nanoparticle Composites for Selective Sensing Applications
	Design and Development of In Vivo Sensor Systems: The Long and Tortured Road to a Self-Contained, Implantable Glucose Sensor for Diabetes Management
	Evolving Trends in Transition Metal-Modified Receptor Design and Function
	Index



