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Abstract There is a lack of commercially available efficient
and autonomous systems capable of continuous monitoring of
(bio)chemical data for clinical, environmental, food, or indus-
trial samples. The weakest link in the design of these systems
is the (bio)chemical receptor (bCR). The bCR should have
transducer ability, the recognition event should be a single
reaction, and the bCR should be easily regenerated. Transport
proteins and enzymes are well placed as bCR for optical
continuous monitoring systems (OCMS). In this paper we
review quantitative aspects and the main transducer strategies
which have been developed for transport proteins, using peri-
plasmic binding proteins (linking an environmentally sensi-
tive fluorophore or FRET between two fluorophores) and
concanavalin A (competitive reversible assays) as representa-
tive examples. Efficient immobilization systems and imple-
mentation in OCMS are also reviewed. Some kinds of
enzymes can fulfil the necessary requirements to be appropri-
ate bCR. Strategies using flavoenzymes chemically modified
with fluorophores can be successfully implemented in OCMS
and they are, in our opinion, the most appropriate option.
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Introduction

During the last two or three decades there has been an
exponential increase in research related to chemical sensors
in general and optical sensors in particular. This is evident
from publications on organic and inorganic chemistry (new
synthetic products), biotechnology (genetically modified
biomolecules), nanotechnology (transduction mechanisms),
or materials engineering (new materials) in which chemical
sensors have been identified as possible targets for applica-
tion of the developed research. This large volume of work
contrasts with the limited appearance of important develop-
ments that have affected the quality of life of ordinary
people. It is true that some significant advances in single-
use (or a very limited number of uses) sensors have
emerged; for example, an extensive catalogue of immunore-
agents, in a greater variety of sensors, is commercially
available (surface resonance plasmon, SRP, being one of
the most versatile). However, there is a lack of efficient
and autonomous systems capable of continuous monitoring
of (bio)chemical data in clinical, environmental, food, or
industrial samples.

Commercially available monitoring optical [1] sensors
are mainly used for gas or water samples and lack a (bio)
chemical receptor (bCR), i.e. almost all their selectivity
depends on sample composition. This is because, although
the design of continuous monitoring systems requires many
components (electronics, optics, mass transport, and com-
putational) to be implemented in the same device, the heart
of the system is the recognition element and, to date,
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research has not provided appropriate bCRs. The bibliogra-
phy gives examples of bCRs which are conceptually bril-
liant (because they are new scientific developments) but do
not seem sufficiently robust to be implemented in continu-
ous monitoring systems. In addition to having the appropri-
ate selectivity, sensitivity, and concentration range response,
and being stable after integration in a solid support, bCR
should meet some additional requirements:

1 It is strongly advisable that the bCR has transducer
capacity. For optical continuous monitoring systems
(OCMS), this usually means that the receptor should
have molecular absorption or fluorescence properties
which change during the recognition event. These kinds
of bCR are called reagentless sensors. Alternatively, the
bCR can be based on the transducer capacity of any of
the sample components. For example, our group devel-
oped a sensor for determination of glucose in blood
using glucose oxidase (GOx); the analytical signal used
was the endogenous haemoglobin absorbance change
observed during the GOx enzymatic reaction [2].

2 Tt is also highly desirable for the recognition event to be
represented as a single reaction between the bCR and the
analyte:

bCR + analyte < product (1)

and that the reaction should not be dependent on other
chemical conditions (for example, pH). This has several
advantages:

2A The OCMS does not require additional reagents,
which simplifies the system and facilitates its au-
tonomy. Also in this case the OCMS can use (bio)
chemicals which can be taken from the endoge-
nous sample components. Very well known exam-
ples are the O, in enzymatic reactions involving
oxidases, and the Ca(Il) required in binding pro-
teins which are present in many biological fluids.

2B It is more likely that the measured analytical signal
(absorbance, fluorescence) versus analyte concen-
tration will be linear, which reduces quantification
uncertainty and facilitates calibration.

3 It should be easily regenerated, or preferably auto-
regenerated, after the reaction. This property is indis-
pensable because it conditions the autonomy of the
OCMS. Regeneration should be complete (100%), oth-
erwise the bCR lifetime becomes reduced and the
OCMS quickly loses its calibration.

Researchers have gradually found new groups of mole-
cules with recognition ability and which can potentially be
used as bCR in optical sensors. In our opinion, proteins are
the natural receptor which best fit the requirements of
OCMS indicated above. Within this category, immune
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proteins have excellent selectivity; however, because of
their high affinity they need regeneration conditions which
are not compatible with the OCMS work operation. This
means that transport proteins and enzymes are more
satisfactory than immune proteins, mainly for the small
organic molecules or metabolites on which we mainly
focus in this paper.

Reagentless optical biosensors based on transport
proteins

General considerations

Transport proteins (TP) are biomolecules which link to
small molecules (ligands, L) and move them to different
locations in the living body. The binding reaction is often
selective, fits with Eq. (1), and is fully reversible, so TP
seem to be excellent candidates for OCMS. However, the
transduction ability of the binding event largely depends on:

1. Their optical properties. When a TP interacts with the
ligand, the refractive index, mass, and optical activity of
the bCR change and they can be used as a basis for
sensors; however, this alternative often does not fulfil
the basic requirements of selectivity (without sample
pretreatment) and sensitivity which are necessary in
OCMS. Very few TP belong to the so called photo-
proteins [3] (i.e. proteins having specific spectroscopic
properties in the visible zone), and they only have the
spectroscopic properties which are common to all pro-
teins—UYV molecular absorption (because of the amino
acids), UV fluorescence (largely because of tryptophan
residues) [4, 5], circular dichroism (related to o« and 3
structures), IR absorption (the amine bands), and
Raman. The only intrinsic spectroscopic property of
TP which has so far been demonstrated to be useful
for detection is molecular fluorescence (autofluores-
cence). However, in many cases this autofluorescence
does not result in sufficient sensitivity or selectivity for
use in a real situation. This problem can be overcome by
attaching an appropriate fluorophore to the protein.

2. Their switching ability. It may be thought that the binding
event will produce conformational changes in the TP and,
as a consequence, a change in their intrinsic or induced
spectroscopic properties (protein switches). However, in
many cases complex formation follows a “lock and key”
event [6] and the TP does not have transduction ability;
this condition greatly reduces the number of proteins
available for OCMS. The question that logically arises is
whether it is possible to know in advance when this will
occur for a given protein. In recent years various compu-
tational tools (developed to study the degree of internal
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order of a protein in different situations) have been pro-
posed that allow such predictions [7], but this subject is
beyond the scope of this review.

Periplasmic binding proteins

Research has led to the discovery of several TP families
which behave as protein switches. For sensor application,
one of the most intensively studied is that of the periplasmic
binding protein (PBP) from E. coli. These proteins (Fig. 1)
consist of two domains connected by a hinge region; the
ligand binds the PBP at the interface between the two
domains (the binding pocket). In the absence of the ligand,
the PBP adopts an open conformation and when the ligand
interacts the PBP has a closed conformation.

PBPs have been identified for many potential analytes,
including, mainly, carbohydrates, amino acids, and inorgan-
ic compounds (anions and metal ions). In addition, other
PBPs different from that of E. coli are known, in particular
those derived from thermophilic bacteria (which are able to
work at higher temperatures, even up to 100 °C) and eukar-
yotes (even derived from humans) [8]. The selectivity of
these proteins is generally good, but not complete (all of are
able to transport more than one type of ligand).

Quantitative aspects

Because many PBPs only have one binding site, the PBP-L
complex stoichiometry is 1:1:

PBPLL = PBP-L  Kp—OPBPL (2)
= [PBP — L]
a b
C terminus
N
Hinge region Glucose @

(Binding pocket)

Nterminus

Close
Conformation

Open
Conformation

Fig. 1 Schematic representation of GBP: a open conformation; b
closed conformation

where Kp, is the binding constant (in reality, it is an unbind-
ing constant). Several transducer strategies can be used for
ligand quantification but, in general, all are based on the fact
that PBP and PBP-L have different fluorescence (if Kppp
and Kppp_ are the corresponding fluorescence constants;
generally Kgpp_. > Kgpp). Denoting the fluorescence inten-
sity observed after ligand (analyte) addition by F and that
due to the free PBP by Fj, AF, is defined as:

F—-Fp Kgpe-1. — Kgpn [L] )
AF,;= 100 =100
ol < Fo ) ( Kgpp ) <[L]+KD

(3)

AF is usually chosen instead of F' because it does not
depend on the fluorimeter instrumental conditions, thus the
data obtained in the laboratory (with cuvettes) and with the
analyser are easily compared. According to this equation,
AF, increases (when Kgpg_1 > Kgpg) with ligand concen-
tration until a maximum value is obtained when all the PBP
is converted to PBP—L; in this case:

Kgpg_1, — K
AFrel,max: 100 (y) (4)
BPB
and thus
L
AFrelz AFrel max <¢> (5)
7 [L]+Kp

Equation (5) has often been used in the bibliography for
quantitative purposes. However, it has a very limited utility
because [L] instead of [L], appears; in reality these are
related by:

(IL)y — Kp — [PBP],)+/(IPBP], — [L],+Kp) +4Kp|L,
2

[L]=

(6)

so the real quantitative equation for PBP-based sensors will
be obtained after substituting Eq. (6) in Eq. (5), and is much
more complex than expected. There are some quantitative
aspects to emphasise (theoretical data are presented in the
electronic supplementary material):

1. The calibration lines are sigmoid. AF, changes with
analyte (ligand) concentration over a range of 3 or more
orders of magnitude. Interpolation into a sigmoid or into
a non-linear calibration curve results in high uncertainty
in the concentration obtained; this is a very important
aspect of OCMS but is scarcely taken into account in the
literature. Because the central zone of the sigmoid can
be approximated to a straight line, use of this zone
smoothes the problem. This reduces the concentration
range in which the method can be applied but reduces
the uncertainty. In any case, in many published papers
the confidence intervals for the calibration points are
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very high, indicating that the measurement uncertainty
is also high.

2. The analyte concentration corresponds to the midpoint
of the sigmoid ([L]o 1), i.e. when AF g = AF e max/2-
At this point half of the protein is free and the other half
is binding the ligand and then:

[BPB]
o (7)

[L]p,,=Kp+

This equation indicates that the centre of the calibra-
tion line (which fits with the centre of the linear re-
sponse range) depends on the K value and the protein
concentration used for the calibration study. This ena-
bles the linear response range to be tuned by changing
either Kp or protein concentration.

3. The slope of the central zone of the calibration line also
gives the sensitivity of the method. Kp, [PBP],, and
AF e1max all affect the slope. On the one hand, when
[PBP], increases or Kp decreases, the slope of the line
increases but simultaneously the linear response range
becomes shorter; this means that appropriate selection
of Kp and/or [PBP], gives more sensitivity at the ex-
pense of a shorter concentration range. On the other hand,
according to Eq. (5) AF e max affects the slope (sensitiv-
ity) but leaves the linear response unchanged; obviously,
the higher AF, ¢ max the greater the sensitivity.

Finally, when PBP are to be implemented in sensors,
fluctuations in the working of the sensor must be cor-
rected. To do this, it is very helpful to measure at two
wavelengths: the analytical (which changes with analyte
concentration) and the reference (which does not depend
or barely depends on analyte concentration). In this case,
the quotient of both fluorescence measurements is used as
the analytical data.

Transduction mechanisms

The most intensively investigated PBPs for analytical appli-
cations are those for maltose (maltose binding protein,
MBP), which is used as a model for other applications,
and glucose (glucose/galactose binding protein, GBP), be-
cause of its relevance to the development of sensors for
diabetes monitoring. A review of the literature relating to
GBP and MBP enables us to understand how PBPs are used
for biosensors, and the analytical performance of these bio-
sensors; the conclusions reached can be extended to all the
PBPs and many TPs.

GBP [9] and MBP [10] from E. coli native forms (or wild
type, WT) bind their respective ligands with high affinity;
the Kp, values for GBP/G and MBP/M are 0.2 pmol L™ and
3.5 umol L™, respectively. Because both proteins contain
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tryptophan residues, they autofluoresce. After linking to the
corresponding ligand, the fluorescence changes slightly, in a
sigmoidal manner: in GBP there is an increase (AFepmax=
30%) and in MBP a decrease (AFye|max=—20%). Their
corresponding lifetimes and anisotropies also change but
to a lesser extent than the fluorescence intensity.

When a PBP is being used to design a sensor, three main
problems can occur. The first is binding selectivity; in reality
all of the PBP binds to different ligands. For, example, the
Ky, for GBP/galactose (0.4 pumol L") is similar to that for
glucose. This problem has been overcome by using mutated
GBP (for example, D14N [9, 11]).

The second problem is the K value. As has been indi-
cated above, the Kp value is related to the ligand concen-
tration which can be determined [10]. For example, the
glucose concentration in blood, serum or interstitial fluids
is in the millimolar range, four orders of magnitude higher
than the GBP Kp value. This problem can be addressed in
four different ways:

1. changing the GBP source, for example to Thermotoga
maritima [12];

2. increasing the GBP concentration—surprisingly, this
alternative is not usually mentioned by authors and
GBP is used as obtained;

3. GBP immobilization—procedures based on entrapment
or inclusion into membranes tend to increase Kp values
by up to three, or even more, orders of magnitude [13];
this is extremely important when an OCMS is to be
designed and is frequently the best option; and

4. GBP mutation—by changing specific amino acids, the K
can be modified. This strategy is based on the fact that the
affinity of the PBP for the ligand is proportional to the
sum of the energy difference between the open and closed
forms of the protein with and without ligand [8].

The third problem involves the reporting ability. PBP
autofluorescence is analytically poor. On the one hand, the
fluorescence appears in the UV region, which is very prone
to spectral interferences; on the other hand the intrinsic
AF el max values are low. To improve these properties,
researchers link PBPs with fluorophores for which the fluo-
rescence changes after binding. Two main methods are used:

1. Linking an environmentally sensitive fluorophore (ESF)
in a specific zone of the PBP in which the recognition
event causes an important conformational change. Flu-
orophores can be linked to different protein reactive
groups, mainly -NH, terminal groups. Because proteins
have many of these terminal groups it is very difficult to
link the fluorophore to a specific site. More selectivity
can be obtained by using the —SH groups of the PBP
cysteines as linkers. Because GBP and MBP do not
have endogenous cysteine groups in their structures,
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researchers have prepared mutated proteins by changing
a specific amino acid for a cysteine. In this respect, one
of the most interesting papers was published by Hellin-
ga’s group [14]. They used ten different PBPs of known
structure and eight different fluorophores. Cysteines
were introduced in several selected positions and the
fluorescence behaviour of each fluorophore was stud-
ied. The authors defined three different zones in the
PBPs where the fluorophores could sense the recogni-
tion event (Fig. 2a): the endosteric zone (in the ligand
binding zone), the peristeric zone (near the binding zone;
specific positions were chosen by visual inspection); and
the allosteric zone (far from the recognition zone but
greatly affected by the recognition event; specific posi-
tions were chosen by computational methods). Table 5 in
Ref. [14] gives a complete list containing more than 300
PBP/mutant/fluorophore combinations; depending on the
specific mutation and the fluorophore, the AF ¢ max (both
the value and the sign) and the K change. For the GBP it
seems that the H152C mutation could give GBP mutants
with high AF ¢ max (up to 1,500%) and the W183C
mutation gives an appropriate Kp, (approx. 5 mmol L")
for glucose determination in blood. Other published
results seem to confirm these hypotheses. It is very diffi-
cult [15] to know how an environment surrounding a
fluorophore in a specific site can change its fluorescence,
and then to make predictions about how the fluorescence
of a fluorophore can be modified after the binding event.
We have recently published a model explaining how the
environment surrounding a fluorophore could change its
quantum yield; this can aid understanding of this complex
issue [16].

Fluorescence resonance energy transfer (FRET) be-
tween two fluorophores, located at different sites of

the protein. For GBP and MBP, this alternative is actu-
ally more complicated and gives lower AF ¢ mayx (rarely
reaching 50%) than ESF, so it seems appropriate only
when ESF cannot be applied [17]. However, FRET has
provided the best performance for other PBPs (for ex-
ample, ribose BP) [18] and enables alternative strategies
for PBP immobilization. In addition, it has been sug-
gested that the high AF ¢ max for ESF corresponds to
tests carried out in solution and that these values greatly
diminish after immobilization (compared with FRET
[19]), so in fact FRET can be competitive in OMS.
Three alternatives procedures have been proposed for
FRET in PBP.

A. PBP is fused with two green fluorescence protein
(GFP) mutants having efficient FRET. The pioneer-
ing work developed by Ye and Schultz [20] using
GFP and yellow fluorescence protein (YFP) al-
ready indicated that GFP was not sufficiently suit-
able because of the excitation wavelength.
Subsequently, the enhanced cyan fluorescence pro-
tein (ECFP) and enhanced yellow fluorescence pro-
tein (EYFP) seemed more appropriate [21]. During
the initial studies of this alternative, GFP were
located at the ends of the two GBP lobes. As a
consequence of recognition, the GBP closed but the
terminus end became separated and 7preT = Faccep-
tor/Fdonor decreased. This was the case for GBP and
other PBPs belonging to the so-called class II
(Fig. 2b, c); in class I members, for example
MBP, the FRET increased after recognition. This
alternative gives a reporting system with rather low
sensitivity (AF eimax approx. 25-30%) and little
change in Kp compared with WT. In-depth studies

Fig. 2 Schematic

representation of ESF and a b
FRET PBP reporting

mechanism: a fluorophore

location in ESF; 4 = allosteric;

P = persiteric; E = endosteric; b

location of fluorophores in

FRET, open conformation; ¢

location of fluorophores in A

FRET, closed conformation

YFP
Open Open Close
Conformation Conformation Conformation
(ESF) (intense FRET) (reduced FRET)
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into a more suitable location of GFP mutants have
been carried out by Pickup et al. [22]; they indicated
that locating both ECFP and EYFP in the same GBP
lobe led to an increase of up to 70% in AF e max-

B. Two fluorophores are used instead of GFP mutants.
Here the problem to solve is that each protein
molecule binds one molecule of each fluorophore
and always in the same relative positions. Several
options have been developed and the reader is
referred to these for a more detailed explanation.
In essence, a conventional mutation including a
cysteine is carried out and the first fluorophore is
linked. The second fluorophore can be linked using
cleaver alternatives based on the Cys2His2—Zn fin-
ger domain [18] or transglutaminase conjugation of
a primary amine (previously linked to a fluoro-
phore) to a glutamine-containing tag (previously
introduced in the GBP) [17]. In these cases, the
Kp values obtained for PBPs immobilized and in
solution were similar and AF ¢ max for the immo-
bilized PBPs were slightly higher.

C. Two molecules of the same fluorophore which are
able to form excimers. Many fluorophores are able
to form excimers (excited state dimers). In some
cases excimer formation causes quenching of
monomer fluorescence; in other cases, new energy
levels appear which produce a new fluorescence
band. Because dimer formation largely depends
on fluorophore distance, excimer formation in a
PBP can work similarly to FRET. Dattelbaum [19]
et al. tested this option. When two tetramethyl rhod-
amines were attached to a GBP mutant (containing
two cysteines at the ends of each lobe), the GBP
had a Kp, similar to that for the native GBP and the
AF el max Was approximately 40%.

Recently a new reporting mechanism based on biolu-
minescence has been proposed. Each GBP lobe is fused
with half of a luciferase [11] or aqueorin [23]. In the
absence of glucose, the enzymes have no activity. When
GBP is linked to glucose, both enzyme halves fuse and
the biochemiluminescent activity is recovered. The sys-
tem is really interesting but the indicating reaction
needs different reagents (Ca(Il) and ...) which compli-
cates its implementation in an OCMS.

In addition to GBP and MBP, studies have been carried
out using other PBP, to demonstrate their utility as bCR. In
most cases, ESF has been used as the transduction mecha-
nism and different mutated PBP have been assayed to
change the ligand Kp; examples are glutamine-binding pro-
tein (for glutamine [24, 25]), ribose-binding protein (for
ribose [26]), or phosphonate-binding protein (for organo-
phosphonate acids [27]).
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Immobilization procedures

After choosing the mutant transduction mechanism, the
next stage of obtaining the sensor is immobilization in
an appropriate support. A variety of methods are used
for protein immobilization, but from the perspective of
the protein to sample interaction, two main groups can
be identified:

1. protein coating on a solid surface, and
2. protein entrapment (with or without crosslinking) by a
polymeric support.

Very few studies have been published about PBP (GBP)
immobilization in solid supports, and the most important
have appeared recently.

As is well known, protein coating reduces analyte mass-
transport effects (so the sensor is mathematically easier to
design) and reduces the response time, but it is more prone
to physical and chemical interferences. Thus, this option is
recommended for discontinuous and/or laboratory sensors,
when it is possible to apply sample pretreatment before
determination (for example, when the PBP is to be immo-
bilized on to well-plates), and it is also being considered for
protein array construction. To date, only proof of concept
studies have been reported. Direct linkage can cause protein
denaturation and even interference with conformational
movements [28] (increases in Kp); however, indirect linkage
(by using a bridge or a spacer) only slightly affects the
protein properties, then the Kp remains practically un-
changed, compared with methods developed in solution,
and the signal stabilization time is short. Hellinga’s group
[12] studied the GBP (from Thermotoga maritima) and
immobilization of the ribose binding protein (RBP) on sur-
faces by use of three different immobilization strategies:
streptavidin (surface)-biotin (PBP), sulthydryl (PBP)-mal-
eimide (surface), and Hys,Cys,Zn—finger domain (PBP)-
maleimide (surface); the reporter method was based on ESF.
The reaction times were of the order of seconds, the Kp
values were generally of the same order of magnitude as for
WT GBP (or RBP), and the AFi¢max moved generally
between twofold and half of that for the WT protein. As
an alternative to chemical or biochemical linkage, strong
adsorption has also been tested [29]. In this context, an
interesting approach has been proposed [28] which consists
in linking glutamine BP (GIBP) to the polypeptide E12 (by
means of a spacer), which adheres to hydrophobic surfaces
(for example well-plate materials); the K, does not change.
Immobilization is very easy and the PBP is practically
unaffected, so this is also a promising strategy for protein
microarray preparation.

Surface coating enables the development of new alterna-
tives in transduction schemes based on FRET. One of the
most popular was developed by Medintz et al [30] (Fig. 3),
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Fig. 3 Schematic
representation of full sensor a
based on PBP: a in the absence
of analyte no fluorescence is
observed, because of
quenching; b when the analyte
is present, quenching
di
1sappears Fluorophore
B-CD
Quenche

P1

Quenching

OR

Fluorescence

P2 P2

| Solid support

Solid support |

who developed an MPB sensor based on a competitive
assay between maltose and {3-cyclodextrin maltose ana-
logue (3-CDm), which also has affinity for the MBP. In
brief, the system consists of two “arms” (Pl and P2)
attached to the same solid support via a neutravidin—
biotin link; the arms are very close to each other. Pl
consists of the MBP bonded to a fluorophore; P2 con-
sists of the 3-CDm bonded to a quencher (or another
fluorophore) and tethered to the attaching biotin by a
DNA modulator. In the absence of maltose, the 3-CDm
binds to the MBP, and the fluorescence is quenched
(either FRET or quenching FRET is produced). Maltose
is able to displace the 3-CD to the MBP and the quench-
ing becomes disrupted. Depending on the dyes and the
tether, the Kp (from 2 to 600 pumol L") and AF el max
(from 10 to 200) for MBP can be properly tuned. This
system has been coated on microtitre well surfaces and
the system is reversible at least 8—10 times (before pho-
tobleaching occurs). This methodology can also work on
glass as the supporting surface and with quantum dots as
the dye-1 [31].

For OCMS, entrapment is more appropriate. In an
attempt to combine the best of both systems, an interest-
ing approach consists in immobilizing the GBP into dial-
ysis tubing and placing this in a luminometer flow-cell;
the pore diameter of the tube enables glucose perfusion
without protein leaching [20]. This system has been re-
cently tested as a sensor for continuous monitoring [32,
33]. The reporting was FRET using two GFP mutants and
the Kp of the mutant GBP was tuned to glucose blood
levels; however, all assays were performed using glucose
solutions. The results obtained indicate that the sensor
could be stable for three weeks (calibration tests were
carried out on days 3, 7, and 21 and no leaching was
observed during this time period).

As has been indicated above, ESF are more sensitive and
more suitable for OCMR. However, two main factors have
slowed progress in obtaining OCMR [34]:

1. the difficulty of reproducing the conformational
changes necessary for signal transduction in entrapped
systems; and

2. the endogenous polarity of the sensor matrix which
masks the effect of the analyte on the fluorophore.

New ideas have been proposed to overcome (at least
partially) these problems and several PBP entrapped sys-
tems have been proposed. Dattelbaum [34] has prepared a
sol-gel-based MBP; the most important novelty here is
bioconjugation with poly(ethylene glycol) (PEG) which
promotes the retention of water molecules around the pro-
tein and reduces steric effects between the sol-gel matrix
and MBP. As far as we are aware, this sensor has not been
tested on real samples; neither have lifetime studies been
carried out. Very recently [35] a sensor based on GBP
immobilization in a methacrylate hydrogel matrix has been
built by researchers at BD Technologies. This is in fact the
first pre-clinical device for subcutaneous glucose sensing
based on GBP, and consists of a needle containing an optical
fibre with the methacrylate—GBP gel fitted at its end. The
reporting mechanism is ESF (using acrylodan as the fluo-
rophore, which is very usual in GPB studies) and measure-
ments at two wavelengths enable correction of the sensor
fluctuations. Although Kp, AFymax, and glucose concen-
tration ranges of application are not reported, very interest-
ing in-vitro and in-vivo assays are described. The in-vitro
assays included an interference study (the most common
metabolites and antibiotics present in serum samples), vali-
dation of glucose determination (using well-plate configu-
ration) in 100 serum samples (13.2% mean percentage
error), and continuous glucose measurement for three days
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(approx. 860 measurements). Two kinds of in-vivo assay
were carried out:

1. in a one-day trial, the fibre-optic sensor was inserted
under the skin of a Yorkshire swine and measurements
(3 min each) were performed for 6—12 h; and

2. in multi-day trials, the sensor was also inserted subcu-
taneously for one week, but glucose measurements were
carried out during glucose excursion conducted every
2-3 days.

In both assays the results were compared with those
obtained by measuring glucose in blood with a clinical
analyzer; promising results were obtained.

Other transport proteins

There are, in fact, indexes of more than 500 different fam-
ilies of TP in living organisms on earth [36]. Analytically,
TP for many important biochemical metabolites (neuro-
transmitters, carbohydrates, lipids, hormones, odorants)
have been identified and isolated and some are even com-
mercially available. Many TP autofluoresce because of ami-
no acids and in some cases this fluorescence changes after
binding. This property has mainly been used to obtain
structural, functional or biochemical information; very few
studies have been conducted with the specific purpose of
designing analytical methods or sensors [4, 5].

If the GBP and MBP are typical of the strategies devel-
oped for PBP, then concanavalin A (ConA) can be regarded
as the equivalent for the other transport proteins. ConA is a
lectin (a protein family which transports carbohydrates)
which has high affinity for glucose (only mannose can be
regarded as a serious interference). As with GBP, the main
interest in this protein is for the design of sensors for
monitoring glucose in biological fluids. However, there are
interesting differences between GBP and ConA both in their
analytical properties and the way in which research has been
approached:

1 Mathematically, Egs. (5) and (6) could be applied; Kp
values for ConA/glucose binding are approximately
2 mmol L', which better fit the concentration range to
be determined in blood or interstitial fluid. However,
ConA is a tetramer which can bind four glucose mole-
cules. Although experimental results suggest a practical
stoichiometry of 1:1 [37], this could complicate both
biosensor design and the shape of the calibration lines.

2 Although it is very usual to prepare GBP mutants which
fit with sensor requirements, ConA modifications are
usually based on chemical procedures. Fluorophores
are chemically attached without previous ConA muta-
tion. In addition, because ConA is commercially avail-
able this protein is more suitable for the chemist’s work.
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3 Many of the papers about ConA include assays with the
immobilized protein. As a consequence, it is frequent to
find papers proposing a global solution for the whole
sensor (or OCMS) design.

4 ConA is not a molecular switch, so glucose binding does
not cause a structural change; this complicates the design
of the detection procedure.

Methods for optical transducing of the ConA/glucose
binding event are mainly based on a competitive (but re-
versible) assay. The idea is similar to homogeneous com-
petitive immunoassays. The glucose analyte competes with
a reagent for ConA; both the competitive reagent (CR) and
the ConA are chemically modified with fluorophores (F,
and F,) and this competition is monitored by FRET or
quenching FRET. The whole system is immobilized in an
appropriate support. Two main types of competitive meth-
ods have been proposed.

1 By far the most studied alternative is that proposed by
Schultz et al in 1982 [38]. They used a dextran (man-
nose-containing polymer) as the CR; the whole system
was enveloped in a glucose-permeable membrane (dial-
ysis membrane) acting as the biosensor solid support.
Several modifications have subsequently been proposed,
mainly consisting in testing other fluorophores or mov-
ing the fluorophores through the chemical system, but
with very few relevant improvements [39, 40].

In addition to ConA concentration [41], the most
important condition affecting the sensor figures of merit
is the “free volume” between dextran and ConA; the
higher the free volume the higher the AF ¢ max Of the
sensor. For this reason, a very interesting improvement
consisted in transforming the homogeneous assay into a
heterogeneous one [42]. The dextran was located in the
sensor as little beads (Sephadex, approx. 20 pm) leaving
free volume through which the ConA-F; could move. In
the absence of glucose, ConA-F,; was bonded to the
dextran polymer; because this polymer also has two
colorants immobilized (absorbing at the excitation and
fluorescence F; wavelengths, respectively) a very low
fluorescence background was detected from the sensor.
In the presence of glucose, ConA was released from the
dextran and reacted with the analyte, remaining in the
free volume of the sensor. The inner filter then disap-
peared and the fluorescence increased. With this system
the AF\e max Was approximately 200%.

The system was tested as an in-vitro OCMS [43].
Alexa 647, which fluoresces at approximately 670 nm,
was the Fy; this fluorophore avoided inner filter effects
and autofluorescence because of the skin (obviously the
fluorescence blocking colorant was also changed) but
the AF 1 max diminished. Measurements were performed
during four months and problems were detected which
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should also be considered when working with other
transport proteins:

A. ConA inactivation because of agglomeration of
protein dimers and trimers; this inactivation is
delayed in the presence of glucose, so should not
actually be an important problem for OCMS;

B. the sensor signal drops, probably because of ConA
leakage from the sensor capsule;

C. the response time is too long (approx. 400 min from
each measurement to the next), which can be min-
imized by proper design of the sensor envelope
[37]; and

D. the human toxicity (in several ways) of Con A is
the subject of controversy [44].

These problems can also occur with other trans-
port proteins when OCMS are being used to mon-
itor human fluids.

2 The second method is similar to that previously de-
scribed for GBP. The CR is a 3-CD, F; and F, are a
quantum dot and rhodamine, respectively, and the whole
system is immobilized in a PEG matrix [45]. In fact, this
idea has given rise to a new family of sensors known as
Sencils. The whole system is attached at the end of an
optical fibre which is chronically implanted under the
skin; the PEG matrix enables rapid sensor response
without physical interference from fibroblasts. The
authors indicate that because the affinity of ConA for
[3-CD is lower than that for dextran, better fluorescence
signals can be obtained for the same glucose concentration
range. From the results, it can be deduced that AF,¢ max
was approximately 180% with a noise level of approxi-
mately 20%. Again, alternative fluorophores have been
used with the same CR [46].

In addition to competitive assays, other methods have been
proposed on the basis of different phenomena. One of the
most interesting was that described by Hamachi et al [47]. The
idea is elegant and quite simple. It consists in using an envi-
ronmentally sensitive fluorophore. In the absence of glucose,
the fluorophore is located in the glucose binding pocket of
ConA, which is highly hydrophobic; addition of glucose
moves the fluorophore out of the binding pocket, which is
highly hydrophilic (water solution) and its fluorescence inten-
sity changes. The authors were able to develop a synthetic
procedure enabling the fluorophore to be linked to ConA in a
suitable location. These authors proposed another different
transducer mechanism based on the very well known fact that
the fluorescence of a fluorophore linked to a boronic acid (F—
BA) is activated when the glucose is bound to the F-BA
(because the photoinduced electron transfer which quenches
the F fluorescence disappears) [48]. To date these methods
have only been assayed as proof of concept and no analytical
performance has been described.

As has been indicated, these schemes can be translated to
other TP. However, as far as we are aware, very few analyt-
ical studies have been published, and those which have been
published generally refer to laboratory methods. Methods
based on folate binding protein (for folate determination
using the tryptophan fluorescence) [49], odorant binding
protein (for determination of polycyclic aromatic com-
pounds by use of the fluorescence of tryptophan) [50], or
ADP (using protein ParM and FRET) [51] can be regarded
as representative examples.

Reagentless optical biosensors based on enzymes
General aspects; apoenzymes

At first glance, enzymes seem less attractive than TP for
sensors and OCMS. This is because the recognition event is
followed by a reaction, and several problems appear:

1. the analyte will be consumed;

2. more important, a second reagent (which is also con-
sumed) is necessary; and

3. in some cases the reaction product formed can affect the
enzyme or can be poisonous for the system.

Apoenzymes could be an interesting solution to these
problems. These proteins preserve, in general, the binding
ability of the corresponding enzymes, but with different
theoretical analytical possibilities. Again, many of the stud-
ies involving apoenzymes refer to glucose, mainly apoGOx
(obtained after FAD removal by chemical procedures).
Compared with ConA, apoGOx seems to be more stable to
agglutination [52], and in comparison with GBP, chemical
fluorophore attachment can be used for inducing reporting
ability. It has been reported that apoGOx tryptophan fluo-
rescence is slightly modified after binding to glucose and
this can be used for glucose sensing [53]; however, our
results did not agree with this finding. Procedures for report-
ing the binding event include the strategies previously indi-
cated, for example competitive binding assays with dextran
and FRET [52, 54], furnishing analytical figures of merit
similar to those previously described; it has recently been
demonstrated that binding could also be detected by using
the NIR fluorescence of carbon nanotubes [55]. More in-
depth studies of apoenzymes are needed to properly evalu-
ate their ability as optical biosensors.

The three above-mentioned drawbacks of enzymes
can, in fact, be circumvented by using the analytical
possibilities of these proteins offer. The first problem is
not very important because the real quantity of analyte
consumed is negligible. The second problem can be
minimized if the second reagent is obtained from the
medium surrounding the analyte; this suggests that the
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hydrolysis and oxidation reactions involving O, as ox-
idant are the most appropriate.

Analyte + HO <+ hydrolytic enzyme — Products (8)

Analyte + O, «— Oxidase enzyme — Product + H,O;(or H,O)
9)

The third problem occurs mainly in oxidase-type reac-
tions when H,0, is the reaction product; this problem can
also be minimized by adding a second enzyme, usually
catalase (Cat), which results in disproportionation of H,O,.

A further advantage of enzymes over TP is reporting
ability. Some covalently linked cofactors have optical prop-
erties and during the enzymatic reaction these optical prop-
erties (or improvements obtained after chemical
modification) change so they can be used as a reporter.
Unfortunately, this is not, in fact, a general property of
enzymes [56]. The most interesting are metalloenzymes
and flavoenzymes, which are involved in oxidation enzy-
matic reactions [12]; the first have molecular absorption
properties so will not be considered in this paper.

Hydrolytic enzymes do not have these properties, and
alternatives similar to those described for TP can be
used. A very interesting example is the hydrolytic en-
zyme [3-lactamase I, which hydrolyzes (3-lactam antibi-
otics. By appropriate mutation of the active centre with
cysteine and later attachment of a fluorophore, a sensor
is obtained whose fluorescence changes as a consequence
of the hydrolytic reaction. This sensor is able to detect
penicillin G or cefuroxime at 0.05 pmol L™ levels [57,
58], but immobilization on a solid support has not yet
been tested.

Flavoenzymes
Generation of the analytical signal

Flavoenzymes catalyze oxidative reactions in accordance
with Eq. (8). Kinetically, flavoenzyme reactions follow a
substituted-enzyme mechanism (ping pong mechanism)
[59] which can be simplified to:

Substrate
(analyte) Product

k4
ko
H20> 02

Enzyme (FAD) Enzyme (FAD.Hy)
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i.e., the substrate (the analyte to be determined) reduces FAD
to FAD.H, and O, regenerates FAD. In addition to the usual
UV fluorescence because of tryptophan, flavoenzymes also
have intrinsic optical properties because of the flavin groups.
As is well known, the optical properties (molecular absorption
and fluorescence) of flavin depend on its oxidation state
(FAD, FAD.H,) and whether it is free (in solution) or linked
to the protein [60—62]. Briefly, FAD has stronger absorption
than FAD.H, in the UV and visible regions; these properties
barely change when flavin is free or linked to a protein. In
addition, FAD solutions fluoresce in the visible region, but
FAD.H, is nearly non fluorescent. In proteins, the fluores-
cence is highly dependent on the protein itself, but as a general
rule it is much less intense than when flavins are free.

Optical biosensors have been designed on the basis of the
optical properties of FAD and the FAD.H,. During the enzy-
matic reaction, changes in fluorescence and absorbance are
observed which can be empirically related to the substrate
(analyte) concentration. However, if a robust method is to be
developed, the mechanism causing the signal changes during
the reaction and the signal variation over time require a deeper
explanation than is the case with transport proteins. To achieve
this, it is necessary to know how the FAD/FAD.H, concen-
trations change during the enzymatic reactions, which largely
depends on the k/k, value (i.e. the Ky value). Let us consider
two flavoenzyme types.

Type A The oxidation reaction is faster than the regeneration
reaction (Kyy is low). Then, just after addition of the
analyte, the FAD of the GOx is reduced to FAD.H,,
which is the predominant species in the medium.
Only when the analyte is fully consumed is the
initial FAD concentration recovered and, as a con-
sequence, the enzyme regenerated. Figure 4a indi-
cates how the reduced form of the GOx (represented
as GOx.H,) changes during the reaction using dif-
ferent analyte concentrations. This is observed, for
example, for reactions of cholesterol oxidase (COx)
[63] and choline oxidase (ChOx) [64].

The rate of regeneration is faster than that of
oxidation (Ky, is high). In this case, after addition
of the analyte, FAD is still the predominant spe-
cies in the medium. It is necessary that [analyte] >
[O5]0; so when the O, concentration becomes
very small (because of the reaction), regeneration
becomes slower than the oxidation and GOx.H,
will be the predominant species. Because O, is
supplied by the surrounding environment, the
FAD concentration will finally be recovered and
the enzyme regenerated. Figure 4b shows how the
GOx.H, changes during the reaction using differ-
ent analyte concentrations. Glucose oxidase
(GOx) [65] behaves in this way.

Type B
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Fig. 4 [GOx.H,] versus time a
plot observed during
flavoenzyme enzymatic [GOX.H,]
reactions: a type A enzymatic [GOX.H,] 1130 4/5=1GOX],
reaction; analyte (substrate) '
concentration increases in the
sequence 1-2-3—4-5; b type B [GOX.H,] a3
enzymatic reaction; analyte GoxH
concentration increases in the [GOX-Hyl max )
sequence 1-2-3 \
0
{ .
Substrate time
addition
[GOx.H,]
[GOx],
0.1[GOx],
0
Substrate A ) time
addition tz Lyt

From Fig. 4 it can be deduced that different factors affect
substrate concentration. Depending on these, both the ana-
lyte concentration range which can be determined and the
time necessary for quantification change. When fast meas-
urements are necessary, the maximum GOx.H, (see below)
for type A flavoenzymes, or the time (z,) necessary for GOx.
H, to begin increasing can be used. In both cases, the
concentration range which can be determined is limited to
the saturation. However, when the analysis time is not
critical, the area of the [FAD.H,] versus time plot (or the
area in a given time) enables the response range to be
extended almost without theoretical limit. This is very im-
portant, because analytical methods based on this will pro-
vide longer response ranges than those based on TP.

Sensors based on GOx fluorescence

After the pioneering work of Trettnak and Wolfbeis [66],
optical sensors or OCMS based on FAD fluorescence of
GOx began to be used for glucose determination. The
FAD fluorescence of GOx is very weak so it is neces-
sary to use a very high enzyme concentration (as high as 4,000
U mL ™" or higher). Although sensors have been developed
using this option, in addition to the very high GOx consump-
tion, several problems are detected:

1. the fluorescence can be affected by autoabsorption,
which gives anomalous signals; as a consequence, the
analytical response is very difficult to model and the
design is weakened;

2. immobilization of the GOx in solid matrix becomes
unstable, so GOx is easily leached from the sensors; and

3. in general, a short response range is obtained (lower
than 1 order of magnitude).

In an attempt to overcome these problems, we designed
two methods based on energy-transfer processes. The first
involves the intrinsic tryptophan residues and FAD [65].
Figure 5 shows the fluorescence spectrum of GOx because
of trytophan and the excitation spectra of GOx because of
FAD and FAD.H,. As can be seen, the FAD and FAD.H,
absorption spectrum overlaps the fluorescence spectra of
tryptophan, so energy transfer from tryptophan to flavin
readily occurs in the enzyme. Because FAD.H, absorbs less
than FAD at both wavelengths, when FAD becomes reduced
to FAD.H, the energy transfer diminishes and the trytophan
fluorescence increases. This explains why the GOx fluores-
cence intensity at the tryptophan wavelengths changes dur-
ing the reaction giving plots similar to those for [FAD.H,] in
Fig. 4b.

A kinetic and mathematical study of this process enables
us to relate ¢, (Fig. 4b) to glucose concentration according to
the equation:

ta=

[Glucose], ) (1

1 N (
k;[GOx], [Glucose],—[02],

when the analyte concentration ranges from 0.5 to
20 mmol L' with an RSD of approximately 2%; however,
when the signal area is used the linear range can be largely
extended. This model has recently been used by other
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Fig. 5 Wavelength range of IAEDANS
excitation and fluorescence of
different attached fluorophores
compared with: A (blue line) the

tryptophan fluorescence

Exc. and Fluor.

VAN

Texas Red ®
Exc. and Fluor.

/ N\

spectrum in proteins; B (red A
line) FAD absorption spectrum
in protein; C (green line) FAD.
H, absorption spectrum in B
protein
C
\ | \ \ \
300 325

authors [67]. For low glucose concentration this expression
can be simplified to [68]:

t = [02]
* k[GOx],[Glucose],

(12)

which enables the fluorescence anisotropy to be used for
quantification but reduces the linear response range (0.5 to
5 mmol L") and increases the RSD (up to approx. 4%). In
our view, Eq. (12) is very important for sensor or method
design because it explains how O, and GOx concentrations
affect method sensitivity and, as a consequence, the glucose
concentration response range.

Although the GOx concentration needed is <5 U mL™",
which is approximately 1,000 times lower than that used for
FAD fluorescence measurements, and the total fluorescence
change AFimax is 40% (FAD fluorescence changes are
approximately 10%), an important drawback of this method
is that the excitation and the fluorescence appear in the UV
region. This makes the method very prone to interference
and greatly complicates sensor device development because
most of the solid matrix absorbs in this zone. Despite these
problems, this methodology has been recently implemented
in gelatine sensors [67].

The second approach is based on chemical modification of
GOx with a fluorophore whose fluorescence is also affected
during the enzymatic reaction. In theory this can be achieved
if flavin spectra overlap those of the attached fluorophore.
Tests performed [69—71] after attachment of hydroxycou-
marin, IJAEDANS, fluorescein (FS), and pyrene (which
change their fluorescence during the reaction) or Texas Red
and Cy5 (which are not affected by energy transfer) confirm
this hypothesis (Fig. 5). The fluorescence changes during the
reaction in a similar way to that of tryptophan (so Egs. (11)
and (12) are applicable), and the kinetics of the enzymatic

@ Springer

\ \ [ [ | | | | I I

350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 A,nm

Fluorescein Cy5 Exc. and Fluor.
Exc. and Fluor.

reaction are hardly affected (the k; value is slightly different),
the only difference being the total AFe; max-

Several matrices have been tested in order to obtain the
appropriate stability for OCMS [72] and a mathematical
model has been developed relating the intensity to sensor
composition [73]. It has been claimed that sol-gel encapsu-
lation is a good method for GOx fluorescence measurement
[74, 75]; in our experience, however [76], it does not seem
to be fully appropriate. We have observed that, although
GOx-FS (GOx linked to FS) seems initially to be immobi-
lized in the sol—gel, the GOx-FS subsequently begins to be
leached from the matrix and in less than two weeks the sol—
gel loses more than 50% of the initial GOx-FS. Entrapment
in polyacrylamide gel (PPA) has proved to be the best
option. GOx-FS was incorporated during PAA formation
and the enzyme could be used for at least three months
(more than 350 measurements). This enabled us to design
an optical sensor consisting of a flow cell which can be
implemented in commercial fluorimeters [77]. Working in
FIA mode, and because of the kinetics of the reaction
(Fig. 4b), there is a phase out between addition of glucose
to the sample and the signal beginning to appear (¢,); this
enables spectral interferences to be eliminated.

Despite the advantages, OCMS based on GOx-FS has
several problems:

1. Sensor response depends on O, concentration which
must be known or at least controlled. This is, in
fact, also a problem with sensors based on GOx, not
only fluorimetric but also amperometric. Because O,
is consumed in the GOx reaction, a second optical
system measuring the O, concentration should be
implemented in the sensor to make the appropriate
correction. Alternatively, using GOx from another
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organism following a Type A mechanism could
solve the problem.

2. The measurement wavelength is approximately 500 nm,
and for some clinical applications it would be better to
shift this to higher values. We are now testing a ruthe-
nium chelate as a fluorophore. Because its fluorescence
also responds to O, quenching, it might be better used
for solving both problems.

3. The minimum glucose concentration which can be de-
termined depends on the O, concentration in the
sample.

4. The chemical procedure used for fluorophore attach-
ment to GOx can be improved. We have estimated that
approximately eight FS molecules are attached to each
GOx molecule, but we have not investigated the exact
location of these molecules in the GOx. If this were
known, the total fluorescence change during the reac-
tion could be increased and the background fluores-
cence signal could be minimized.

Other flavoproteins

We have also developed methods with flavoproteins follow-
ing the type A behaviour. As indicated above, in this case
the fluorescence obtained immediately after substrate addi-
tion (maximum FAD.H, concentration), Fy,,«, Was used, and
we were able to develop a mathematical model relating this
signal to analyte concentration [64]:

Fo 1 k, [0,
F max — FO AFrel,max ( * kl [Analyte}o ( )

which is fulfilled by both alternatives previously explained
(tryptophan and attached fluorophore-based methods); Fj is
the fluorescence intensity before analyte addition. Unlike
the type B methods, in Type A it is not necessary for the O,
to be fully consumed before obtaining the signal; it is,
moreover, better that the analyte concentration remains <
[0,]p for faster regeneration, so lower analyte concentra-
tions (compared with type B) can be determined. For exam-
ple, choline [64] and cholesterol [63] have been determined
in the range from 0.5 to 50 pumol L™ and from 0.013 to
0.2 mmol L™, respectively.

One of the most interesting applications of the flavo-
enzyme fluorescence (tryptophan or attached fluorophore)-
based method is the simultaneous determination of species
in the same measurement. Two different methodologies
have been developed.

1 Determination of two substrates with flavoenzymes be-
longing to different enzyme kinetic types, for example
glucose and choline. In the combined analytical signal
obtained, the time at which the maximum appears and

the maximum intensity enable determination of glucose
and choline, respectively [78].

2 Speciation studies. Several organic metabolites are pres-
ent in biological samples in the free and esterified forms,
for example cholesterol (free and esterified), choline
(free), phosphate ester, phosphatidylcholine, etc. Be-
cause the corresponding hydrolytic enzymes do not have
autoindicating properties (with neither tryptophan nor
fluorophore attached), the free and the esterified forms
can be simultaneously determined when the hydrolytic
and oxidative reactions are carried out simultancously
and the hydrolytic reaction is slower than the oxidation
reaction. For example, Fig. 6 shows the intensity versus
time representation obtained when a mixture containing
free and esterified cholesterol is submitted to this proce-
dure. Because cholesterol oxidase belongs to the type A
flavoenzymes, the initial intensity increment (F;) is be-
cause of the free cholesterol; the deesterification reaction
then begins and the fluorescence intensity increases, be-
cause of deesterification to the free cholesterol. From the
maximum intensity the total cholesterol (free + esterified)
can be obtained, enabling speciation to be performed.

Concluding remarks

Several kinds of protein can be used as bCR for OCMS.
PBP have switching molecule ability and their quantitative
analytical bases are well known. They have been extensive-
ly studied, but the strategies developed require mutant prep-
aration for fitting the selectivity, the sensitivity, and the
linear response range, and for introducing a cysteine in a
suitable location before chemical modification with a fluo-
rophore. PBP for different ligands have been found, but the
question to solve is what occurs with those ligands for
which a molecular switch cannot be found. Strategies

tmax time

Fig. 6 Variation of cholesterol oxidase (chemically modified with FS)
fluorescence intensity (F) during the enzymatic reaction: 4 obtained
with a sample containing free ([Ch]a o) and esterified cholesterol ([Ch-
Es]a); B obtained with a sample containing free cholesterol only
([Ch]0=[Ch]x 0+ [Ch-Es]x 0)
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directed to drastically redesigning the ligand-binding sites
using a PBP as a scaffold for building the mutant BP [8, 79,
80] may be a solution. However, despite the good prospects
and apparent success, the predicted conformational changes
after binding do not fully fit with the conformational
changes shown by the crystal structure [81], so this meth-
odology is the subject of controversy [82]. Alternatively,
synthetic peptides are opening up a new route for obtaining
bCR for OCMS [51, 83].

Other TP can also be used. In theory, TP for many
ligands exist but they have not usually been analytically
tested so very few are part of the available range of bCR
for OCMS. The extensive work done with ConA has
revealed strategies which can be implemented in other TP
for equipping them with reporting ability; in addition, the
quantitative study performed with PBP can also be applied
to other TP to predict analytical utility.

Flavoenzymes are also a valuable option. Their analytical
behaviour has been mathematically modelled, so it is possi-
ble to predict analytical properties for new members of this
family. Nowadays it is possible to find commercially avail-
able flavoenzymes for several analytes (substrates). Howev-
er, the number of available flavoenzymes is still low, this
being its most important disadvantage. Fluorophores can be
easily attached to improve their reporting ability, and they
are stable in PAA and other solid supports. Type B flavo-
proteins are not appropriate for determining analyte concen-
trations which are below the O, concentration in the sample;
this problem can be partially overcome by combining them
with HRP or other heme-proteins. In our opinion, when a
bCR for a given analyte is to be chosen, flavoproteins could
be an appropriate starting point.
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