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Abstract

Molecular electronics involves expertise from several branches of science.
Various biomaterials and electronics are involved in the fabrication of such
devices. While passive biomaterials are involved in anchoring the active
biomolecules, the latter are involved in switching and / or signal transduction.
In the present investigation we have used a glass-capillary-based approach to
design a biosensor for retinol. The sensing element is retinol-binding protein
(RBP). The affinity of retinoic-acid-horseradish peroxidase (conjugate) to
RBP is tested using a surface plasmon resonance technique. A simple photo-
multiplier-tube-based system is exploited to monitor the chemiluminescent
signal generated upon reaction of hydrogen peroxide and luminol with the
conjugate bound to RBP. The photomultiplier tube is directly coupled to a
computer for data logging.

Index Entries: Retinol; retinol-binding protein; molecular electronics;
biosensor; chemiluminescence; capillary.

Introduction

Molecular electronics is a multidisciplinary area in which molecular
systems are employed for coding, manipulation, and retrieval of informa-
tion (1-8). In particular, biomolecular electronics involves application of
biologic materials for the design of newer devices at molecular dimensions
(9). A few decades ago, the idea of using biomolecules for electronics was
conceived, and this has resulted in intense research activities on several
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molecules with potential use in biomolecular electronics (10). The interdis-
ciplinary nature of this field requires expertise from biologists (11), chem-
ists (12,13), physicists (14), instrumentation specialists, microscopists
(15,16), and more so from material scientists (17,18).

The biomaterials employed for the design and fabrication of bio-
molecular electronics devices are classified into two types: passive and
active biomaterials. Passive biomaterials are involved in anchoring an
active biomaterial and providing a suitable environment for maintaining
itsactivity (19). Examples of passive biomaterials include sol-gel /hydrogel
(20-22) and their composites (23), receptor elements such as retinol-bind-
ing protein (24), inorganic-organic composites (25), Langmuir-Blodgett
films (26), and self-assembled structures (27-31).

Active biomaterials are involved in the switching and transduction of
the signal. The nature of the signal may be in the form of electron transfer
or energy transfer. Examples of active biomaterials include rhodopsin (32),
bacteriorhodopsin (33), DNA (34-39), photosynthetic electron transfer
agents (40), porphyrin-based structures (41-43), riboflavin/flavine adenine
dinucleotides (44), dyes (45-49), phthalocyanine (50,51), B-carotene (52),
polymers (53), and conducting polymers (54,55).

Among the activebiomaterials, bacteriorhodopsinis being extensively
investigated as a photoactive and fast-switching molecule (56,57). Bac-
teriorhodopsin from purple membrane of Halobacterium halobium is suffi-
ciently stable, and its photochromic and photoelectric properties (58) are
used for constructing biophotonic and bioelectronic devices. The photo-
signal has been well characterized for this single polypeptide (248 amino
acids) transmembrane protein (59).

The excitability of bacteriorhodopsin is based on the attachment of the
photoactive chromophore “retinal” (vitamin A aldehyde) to Lys-216 of
apoprotein bacterio-opsin, which confers an intense purple color to
bacteriorhodopsin in the ground state (60). Illumination at 590 nm for 1 us
stimulates the isomerization of retinal leading to a conformational change
inbacteriorhodopsin. This results in translocation of protons from the intra-
to extraaqueous phase across the membrane. As bacteriorhodopsin main-
tains a preferential orientation, the light-induced proton movement is
manifested as a photocurrent, followed by an exponential relaxation (61).
An interesting feature is that the time interval between onset and reversal
of photocurrent is 9 us, while the switch between all-trans retinal to 13-cis
retinal occurs in 3 ps. These properties are exploited in several investiga-
tions with both in situ and immobilized bacteriorhodopsin for prospective
biomolecular electronics applications.

The well-established techniques that are useful in the design of
biomolecular electronics devices include immuno/receptor assay as a cost-
effective and sensitive method for screening clinical as well as environmen-
tal samples. However, the end use of enzyme-linked immunosorbent assay
(ELISA)islimited owing to the requirement of trained personnel and longer
assay time. These disadvantages have initiated the development of
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immuno/receptor-based sensors using sandwich and competitive assay
formats at the surfaces of acoustic waveguides (62), optical fibers (63,64),
planar waveguides (65), plasmon resonance surfaces (66), and piezoelec-
tric devices (67). In this regard, flow displacement assays have also been
reported (68). The nature of the signal generated could be either optical,
electrochemical, or electronic in nature. Accordingly, several forms of
detection principles and instrument design have been employed in such
investigations. These include charge-coupled devices (CCDs) (24), chemi-
luminescent detection using photomultipliers, scanning array of DNA/
biomolecules (69), and neural network analysis (70,71).

In the case of optical measurements, the chemistry within glass capil-
laries is advantageous because of the high surface-to-volume ratio, laminar
flow, and reduced diffusion effects (72). Although capillaries have proved
to be very successful in immunoassays, their use in receptor-based assays
is as yet less explored. Several recent reports do describe other capillary-
based sensors (73,74).

In our investigations, we chose a capillary-based measurement for
retinol and retinoic acid to understand their binding to retinol-binding
protein (RBP). This system could be useful in anchoring retinol or retinal at
desired locations in an immobilization matrix for future biomolecular elec-
tronics devices. We demonstrate a scheme wherein the binding of retinoic
acid-horseradish peroxidase (HRP) (conjugate) to RBP could be exploited
for developing a retinol biosensor based on an optical detection scheme.

Materials and Methods

Materials

HRP (EC1.11.1.7) type VI, RBP, bovine serum albumin (BSA), N-hydroxy-
succinimide, dicyclohexyl carbodiimide (DCC), luminol (8-amino-2,3-
dihydro 1,4-phthalazinedione), and triethylamine were from Sigma (St.
Louis, MO). Anti-RBP antibodies were obtained from DAKO (Glostrup, Den-
mark). Glass (Kwik-fil borosilicate) capillaries were from World Precision.
Toluene, tetrahydrofuran, acetone, hydrogen peroxide (30%), sodium bi-
carbonate, and sodium phosphate buffer salts were from Merck (Germany).
Water (Maxima Ultrapure) was from ELGA (Sweden), and 3-glycidoxy
propyltrimethoxysilane (GPTES) was from Aldrich. Sephadex G-25 was
from Pharmacia (Uppsala, Sweden), and blocking reagent for ELISA was
from Boehringer Mannheim. Dialysis membrane (mol wt cutoff of 12,000
14,000) was from Spectrum.

Instrumentation

The photomultiplier tube (PMT) HC135-02 module was from Hama-
matsu (Kista, Sweden). The casing for the PMT was fabricated at the local
workshop. The design is referred elsewhere (75) and was interfaced to a
computer with a custom-made software for data logging. Results were
analyzed ona PC running MS-excel 97. The fraction collector was from LKB
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Bromma (Sweden), and spectrophotometer model 8453 was from Hewlett
Packard. The SPR chips CM-5 coated with carboxymethylated dextran and
amine coupling kit were purchased from Biacore (Sweden), and the SPR
analysis was carried out on BIAcore (Pharmacia).

Preparation of Retinoic Acid—HRP Conjugate

The method of synthesis is described elsewhere (76). In brief, 0.1 mmol
of retinoic acid was dissolved in 2.4 mL of dimethylformamide (DMF),
while, 0.1 mmol of NHS and 0.1 mmol of DCC were dissolved in 0.1 mL
of DMF, respectively. The three solutions were mixed in a round-bot-
tomed flask, and the reaction was allowed to proceed for 20 h under a
nitrogen atmosphere. The precipitate was sedimented by centrifugation
at 1500 rpm for 5 min. The supernatant was mixed with 500 U of HRP
dissolved in 1 mL of 0.1 M sodium borate buffer (pH 8.9). The reaction
mixture was stirred for 20 h.

Purification of Conjugate

The conjugate obtained was purified initially by dialysis against
0.1 M phosphate buffer followed by G-25 Sephadex column (40 x 1 cm)
chromatography. The purity was tested spectrophotometrically for the
enzyme peak (280 nm). The enzyme activity was also estimated based on
a colorimetric procedure (77).

Silanization of Glass Capillaries

Initially, the glass capillaries were washed twice (5 min at 80°C) with
water followed by washings with anhydrous acetone, tetrahydrofuran,
and toluene. The capillaries were then filled with a solution of 300 uL of
GPTES and 30 puL of triethylamine in 15 mL of toluene. The silanization was
allowed to proceed at room temperature (22°C) for 18 h. After silanization
the capillaries were washed twice with anhydrous toluene, tetrahydro-
furan, and acetone. The capillaries were stored under dry condition prior
to use.

Surface Plasmon Resonance Measurements

The retinoic acid-HRP conjugate was dialyzed against HEPES buffer
(0.01 M, pH 7.4) with several buffer changes for 24 h with continuous stir-
ring and at4°C. The volume of the conjugate increased during dialysis from
100 to 300 pL. The excess of retinol precipitated during dialysis and was
centrifuged. The dialysate was filtered through a 0.22-um Millex-GV filter
(Millipore) and used for immobilization on the chip surface. The surface
plasmon resonance (SPR) measurements were performed with a Biacore
2000 (Biacore AB) operated with BIAcore control software 1.2. All measure-
ments were performed at 25°C and a flow rate of 5 uL/min. The pH 7.4
buffer consisted of 0.01 M HEPES and 0.15 M NaCl. The chip used for the
experimental work was modified by covalently bound HRP-retinol conju-
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gate or with RBP. A standard amine coupling kit was used for the modifi-
cation that was performed by injecting 50 uL of HRP-retinol conjugate or
0.5 mg/mL of RBP into the flow stream.

Coating RBP onto Capillaries

The capillaries were filled with an 800-fold dilution of anti-RBP anti-
bodies prepared in 50 mM carbonate buffer (pH 9.6) and incubated over-
night at 4°C, followed by coating with a 0.5 mg/mL solution of RBP. Each
capillary could hold a volume of approx 50 puL. The capillaries were
incubated at 4°C for 24 h. The capillaries were washed three times with
0.1 M phosphate buffer (pH 7.4) containing 0.139 M NaCl and 0.1% (v/v)
Tween-20 (PBST). The capillaries were filled with the blocking reagent
(27 mg/mL) and left for 30 min at room temperature (22°C) followed by
washing with PBST (five times). After washing, the capillaries were filled
with the conjugate and incubated at 4°C for 24 h. After incubation, the
capillaries were washed with PBST (containing 0.05% Tween-20) and filled
with the substrate solution consisting of 1 mM luminol and 3.4 uL of H,0,
(30%) prepared in 10 mL of 0.1 M Tris-HCl, pH 8.6. Immediately thereafter
the capillaries with the substrate solution were placed in the holder of the
PMT casing for measuring the chemiluminescent signal.

Results and Discussion

Within the purview of biomolecular electronics, it was very essential
to understand the interactions of molecules in general and specifically the
nature of the active biomaterials that are employed for the fabrication of
biomolecular electronics devices. In this regard, we thought it interesting
to investigate the binding chemistry of retinol, a closely related analog of
retinal, to understand the mechanisms involved in the binding of retinol to
its natural receptor RBP. The understanding of such receptor-based
anchoring of chromophore would enable the design of biomolecular elec-
tronics devices wherein the anchoring of the biomolecules to specific loca-
tions on an immobilization matrix would be the crux of the technology.
The binding studies were carried out using the SPR technique, and we
further exploited this understanding to design a possible scheme for the
optical sensing of retinol.

In an earlier investigation, we had demonstrated the quantification of
RBPinstandard samples using a CCD camera-based approach (24). Herein,
both individual capillary and an array of capillaries could be simulta-
neously detected and quantified for calibrating the system. In this approach,
anti-RBP antibodies were immobilized on glass capillaries followed by the
binding of the RBP and an anti-RBP-HRP conjugate for generating the
chemiluminescent response. The scheme for generation of the chemilumi-
nescence was described in an earlier work (75).

Following the understanding of the RBP biosensor, we designed a
conjugate of retinoic acid with HRP and employed the same for screening
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avariety of organic solvents for their ability to break the RBP—retinoic acid-
HRP complex using a thermometric approach (76). Herein, HRP was used
as a label because of its stability in a variety of organic solvents and also for
its high free energy change on reaction with H,O, or butanone peroxide.

In the present investigations, a similar approach of retinoic acid-HRP
conjugate was employed for testing the binding of retinoic acid with RBP
and also to act as a competitor to retinol in the design of a retinol biosensor.
Note that retinoic acid, retinol, and retinal are structurally similar except
that the terminal carbon could be bonded to either COOH (carboxylic acid),
OH (alcoholic), or CHO (aldehydic) groups, respectively. The remaining
parts of the structure in all three instances are identical.

Initially, the binding of the retinoic acid-HRP (conjugate) to RBP was
investigated using the SPR-based analysis, using a Biacore instrument,
followed by the measurement of the conjugate on immobilized RBP using
a PMT detector. An overview of the assay procedure is shown in Fig. 1.
Briefly, RBP was incubated within the capillary precoated with an anti-RBP
antibody. After washing out the unreacted RBP, the excessive reactive sites
within the capillary were blocked with a blocking reagent (see Materials
and Methods). Varying dilution of the conjugate was added to the capillary
after washing the capillary with a detergent containing buffer. The conju-
gate wasincubated overnight followed by washing to remove the unreacted
conjugate. Finally, a chemiluminescent substrate was added to each capil-
lary, and the chemiluminescence produced was measured using a PMT
interfaced to a PC for data logging (see Materials and Methods).

Prior to initiating investigations on the RBP-conjugate system, the
conjugate was purified using the G-25 column chromatography. Figure 2
shows the elution peak of the conjugate around fraction number 15. The
observed peak corresponds to the absorption, by both the HRP and the all-
trans retinoic acid in the conjugate. The major contribution was from HRP,
which was verified independently by running HRP as a control. Although
all-trans retinol is known to emit fluorescence following excitation at
280 nm, retinoic acid does not exhibit this effect. The peaks observed around
fraction 30 may be attributed to the elution of unreacted retinoic acid dur-
ing the synthesis of the conjugate.

Figure 3 shows a typical SPR recording of the binding of RBP to the
surface of retinoic acid-HRP conjugate. In this case, the conjugate was
immobilized on the surface of the chip, and the RBP (0.5 mg/mL) was
injected into the flow stream. The change in the refractive index of the SPR
signal, represented as response units (RU), between the point of injection
and 10 min clearly indicates the binding of the RBP to the surface of the
conjugate via the retinoic acid moiety. However, the initial change in the
baseline (the vertical increase at 0 min) could be attributed to the bulk
contribution from the buffer (~995 refractive index [RI]) and the nature of
the buffer (i.e., ionic strength, dissolution of the solutes in the buffer, and
RI of the buffer). The buffer in the flow stream was HEPES while the RBP
was prepared in phosphate buffer.
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Fig. 1. (A) Overview of the procedure followed in the present investigations;
(B) Schematic illustrating the steps.

The almost linear increase in the response is an indication of the bind-
ing of the RBP to the retinoic acid moiety within the conjugate. The binding
of the B-barrel structure of RBP to the conjugate was through the B-ionone
ring of the all-trans retinol, and the functional group (-COOH group) was
outside this complex (78). The almost flat region of the curve after 600 s was
fitted to a simultaneous k,/k, kinetics model for calculating the binding
constants, as shown in Table 1. The calculated dissociation constant k, (2.46
x107) was in close agreement with those calculated earlier using fluorimet-
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Fig.2.Purification of the retinoic acid—-HRP conjugate using a Sephadex G-25 packed
column (40 x 1 cm). A 0.1 M NaHCO, buffer (pH 4.5) was used for the elution at a flow
speed of 1 mL/min. The absorbance of the collected fractions was recorded at 280 nm
on a Hewlett Packard spectrophotometer.

ric titration technique (i.e., 2.2 x107) (79). This calculated value of the k, was
used to fit the linear rising portion of the curve (Fig. 3) using the kinetics
separate k, model, and the k, value is shown in Table 1. The close agreement
of our data with those reported earlier point to the correctness of the model
we have employed. This motivated us to continue further to design a ret-
inol biosensor based on its affinity for RBP.

It is important to mention that the reverse effect—the binding of the
conjugate to RBP—was not observed (Fig. 4) on immobilization of the RBP
on the chip and injection of the conjugate. This could be attributed toseveral
reasons: the orientation of the RBP on the surface of the sensor chip (as the
B-barrel of RBP structure is only accessible at one end (78), the steric hin-
drance caused by the proximity of the HRP in the conjugate and the immo-
bilized RBP, or insufficient time of contact (between the conjugate and the
immobilized RBP) for a successful binding at a flow rate of 5 uL/min. Some
of these possibilities will be addressed in future investigations.

The binding studies were followed by a scheme for designing a
retinol biosensor. Thus, it was essential to immobilize the RBP and opti-
mize the binding of the conjugate to the surface of the RBP. Figure 5 depicts
the successful binding of the conjugate to the surface of the RBP and the
consequent chemiluminescent signal generated on addition of the sub-
strate (1 mM luminol and 0.34 uL/mL of 30% H,0,). As observed in the plot
of chemiluminescent signal vs time (Fig. 4), there was an immediate rise in
the signal owing to the reaction of the HRP with the H,0O,. The initial rise
(up to 72 s) was followed by decay owing to the depletion of the substrate
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Fig. 3. Interaction of RBP with retinoic acid-HRP conjugate immobilized on the
SPR chip surface. The signal was generated on injecting 50 pL of 0.5 mg/mL RBP
(2.34 x10°mol/L) in HEPES buffer. The binding was fitted to k,/k, kinetics using the
BIAcore analysis software. a.u., arbitrary units.

Table 1
Various Parameters Reported by BlAcore Analysis Software
for Binding of RBP to Immobilized Conjugate on SPR Chip Surface

Kinetic Concentration

model of analyte (M) R, RI Tk,/ Tk, k;/k,
k,/k; 2.34 x 107 443 x10° 517 0.501 2.46 x 107
k 2.34 x 107 4.60 x 10° 975 177 6.70 x 101

a

within the capillary. The initial rise followed a logarithmic relationship:
y = 683.87In(x) + 9170.7 with a correlation coefficient of R = 0.95.

The signal decay initially between 72 and 400 s was rapid and then
declined slowly up to 800 s. This decaying region of the chemiluminescent
signal could be successfully employed for generating a calibration graph
for sensing varying dilution of the conjugate. The decay was typically
exponential in nature and followed the relationship y = 10518e%% with a
correlation coefficient of R = 0.9255. The exponent —0.0005x could be corre-
lated to —~AG/kT wherein AG is the change in free energy of the system, k is
the Boltzmann constant, and T is the temperature (in Kelvin) during mea-
surements. Several useful parameters may be obtained using this relation-
ship for design of a chemiluminescent device from the biomolecular
electronics point of view.

The kinetics of the stability of the chemiluminescent emission from the
HRP/luminol reaction were analyzed by detecting the photons continu-
ously for a period of about 18 min and plotting this as a function of
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Fig. 4. Interaction of the conjugate with the immobilized RBP on the Biacore chip
surface. Other details are similar to those in Fig. 3.
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Fig. 5. Stability of the chemiluminescent signal recorded using a 10~ dilution of the
conjugate for a period of 1000 s. The signal was detected using a PMT at a bias voltage
of 800 V.

PMT signal intensity (Fig. 5). The chemiluminescent signal from the
HRP/luminol reaction rises and decays rapidly over this time course.
The substrate becomes limiting only at the very high HRP concentrations.
For practical purposes, a relatively short exposure time of 60 s was
employed throughout these studies. However, the long-term stability of
thesignalindicates thatit was possible toimprove the sensitivity by a factor
of 10 or more by simply changing the time of exposure (data not shown).
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Fig. 6. Chemiluminescent signal recorded on a PMT detector for five different dilu-
tions of the conjugate: (a) 107, (b) 10° (c) 107, (d) 107, and (e) 10. a.u., arbitrary units.

Figure 6 depicts the decay in the chemiluminescent signal obtained by
varying dilutions of the conjugate from 1:1 to 1:10* In all instances, the
signal followed a similar decay pattern. Note that in all these instances it
was not possible to obtain the peak response, because the decay in the
signal was quite rapid. Some of the signal was lost between filling the
capillaries with the substrate solution and placing them in the capillary
holder facing the detector (PMT). This time was on average about 10 s.
Therefore, the 20-s value was chosen to plot the effect of conjugate dilution
vs the chemiluminescent response.

Several variables were optimized prior to recording the signal. The
distance between the capillary and the PMT detector was fixed to avoid
inconsistency in the cone of light (issuing out of the capillary) that was
incident on the detector. The presence of air bubbles in the capillary con-
tributed to anoisy signal and was prevented during the measurements. The
light produced by the chemiluminescent reaction had the freedom to travel
along the capillary in either direction (i.e., toward the PMT detector or to
the opposite end). Hence, the signal reported was the photons incident on
the PMT after multiple reflections from the capillary walls. Last, the voltage
set on the PMT during the measurement (800 V) had a major influence on
the intensity of the signal. A decrease in the applied voltage resulted in a
very weak signal. At this voltage (800 V), an exposure time of 60 s was
sufficient for the measurements. The background signal was always cor-
rected prior to signal measurement.

The reproducibility of the signal was also an important variable, and
in order to verify the same, two capillaries with similar concentration of the
conjugate (10" and 10~°) were chosen. Figure 7 demonstrates the reproduc-
ibility of the signal for the same concentration of the conjugate (10%). The
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Fig. 7. Reproducibility of the chemiluminescent signal recorded on a PMT using a
107 dilution of the conjugate in a glass capillary with immobilized RBP. The area
demarcated by the rectangle represents the dispersion in the signal in the two instances,
calculated to be between 10 and 15%. a.u., arbitrary units.
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Fig. 8. Plot of the conjugate dilution vs the PMT reading at 20 s for 10° (5), 107 (4),

102 (3), 10 (2), and 10~ (1) dilution, respectively. a.u., arbitrary units.

points within the rectangular area show the scatter in the points for the two
measurements. The reproducibility was found to be within 10-15%.

The conjugate concentration at which the specific binding of the con-
jugate to RBP was greatest with respect to the nonspecific binding of con-
jugate was sought (Fig. 8). A dilution series of conjugate was prepared in
0.1 M phosphate buffer (pH 7.4) and incubated with the immobilized RBP
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(0.5mg/mL, 50 uL per capillary). Dilution of conjugate stock solution was
between 1:1 and 1:10~*. Results indicate that nonspecific conjugate binding
was observed at all conjugate dilutions. The greatest ratio between the
specific and nonspecific binding was observed at 1:10 conjugate dilution
(equivalent to 2 pg of protein). The 2000-unit response difference was
considered sufficient for sensor development. The overall response of
4000 units obtained at this conjugate dilution could be employed for mea-
suring retinol concentration in real samples.

The 1:10 conjugate dilution gave the highest response and would be
employed for subsequent experimentation. The decrease in response at
higher conjugate concentrations was believed to be owing to “overload-
ing” of the capillaries. Washing the capillaries after the binding step may
result in removal of insufficiently adsorbed conjugate. High loading may
also result in the creation of a diffusion barrier. In this regard, the commer-
cial blocking reagent had a maximum effect on nonspecific binding sites,
compared to BSA.

Conclusion

The present investigations suggest that the retinoic acid—-HRP conju-
gate is stable and shows good binding with the immobilized RBP. The
optical signal generated as compared to the blank was detectable on asimple
PMT-based detection system. The chemiluminescent signal was stable at
least for 18 min and provided a sufficient time interval for the assay to be
optimized for fixed-time measurement of real samples. The method is sen-
sitive and could be employed for designing a competitive receptor-binding
assay for all-trans retinol based on optical biosensing. The ideas presented
in these investigations could be successfully employed to understand and
design specific biomolecular electronics devices based on all-trans retinol/
retinal. The latter is an integral part of bacteriorhodopsin and is the most
likely candidate for a workable light-addressable biomolecular electronics
device in the coming century.
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