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Abstract: Mass transfer in nanocomposite hydrogel thin films consisting of alternating
layers of an organometallic redox polymer (RP) and oxidoreductase enzymes was
investigated. Multilayer nanostructures were fabricated on gold surfaces by the deposition
of an anionic self-assembled monolayer of 11-mercaptoundecanoic acid, followed by the
electrostatic binding of a cationic redox polymer, poly[vinylpyridine Os(bis-bipyridine),Cl-
co-allylamine], and an anionic oxidoreductase. Surface plasmon resonance spectroscopy,
Fourier transform infrared external reflection spectroscopy (FTIR-ERS), ellipsometry and
electrochemistry were employed to characterize the assembly of these nanocomposite films.
Simultaneous SPR/electrochemistry enabled real time observation of the assembly of
sensing components, changes in film structure with electrode potential, and the immediate,
in situ electrochemical verification of substrate-dependent current upon the addition of
enzyme to the multilayer structure. SPR and FTIR-ERS studies also showed no desorption
of polymer or enzyme from the nanocomposite structure when stored in aqueous
environment occurred over the period of three weeks, suggesting that decreasing in substrate
sensitivity were due to loss of enzymatic activity rather than loss of film compounds from
the nanostructure.
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Introduction

The electrostatic layer-by-layer assembly of nanocomposite films composed of alternating layers of
oppositely charged molecules has been a subject of numerous publications.[1-16] A promising
application of this assembly approach is in the area of biosensor fabrication. Layer-by-layer assembly
represents a potentially reproducible method to control the architecture of the nanometer-scale
biosensing films. In addition, electrostatic assembly of sensing layers is well-suited for mediated
electrochemical sensing approaches using charged macromolecular electron acceptor/donors and
oxidoreductases. First proposed and implemented by Heller and co-workers,[17] this method entails
the electrostatic binding between cationic redox polymers and anionic oxidoreductase enzymes which
results in the transfer of electrons from the enzyme via the redox polymer to the electrode surface.[4, 6,
8, 13, 14] Thus, layer-by-layer assembly of oppositely charged redox polymers and oxidoreductase
enzymes takes advantage of this method. Biosensors utilizing various electrostatically complexed
redox polymer and enzyme couples have been successfully used to detect glucose, lactate and other
analytes. While much attention has been directed to the application of the electrostatically assembled
biosensors, few studies have sought to characterize the layer-by-layer electrostatic assembly process or
mass transfer within these films. Calvo and co-workers used QCM, AFM, and electrochemical
analysis to investigate the assembly process,[4, 6] while others employed XPS and SPR for the same
purpose.[6, 13]

In this manuscript we described mass transfer and hydrogel swelling in electrostatically assembled
nanocomposite thin films containing redox polymers and oxidoreductases. Surface plasmon resonance
spectroscopy (SPR), Fourier transform infrared — external reflection spectroscopy (FTIR-ERS), and
ellipsometry were used to characterize film structure. Cyclic voltammetry was used to measure analyte
dependent electrode currents that are a function of analyte mass flux in the thin films. While emphasis
in this study was placed on the characterization of nanocomposite thin films containing GOX, we have
also studied nanocomposite structures containing POD and LOX.

Materials and Methods
Reagents

Glucose oxidase (GOX, EC 1.1.3.4, Type X-S, 128 units/mg solid from Aspergillus niger) and
lactate oxidase (LAX, 35 units/mg solid, from Pediococcus species) were obtained from the Sigma-
Aldrich Chemical Co. (St. Louis, MO). Pyruvate oxidase (PYX, EC 1.2.3.3, MW 260 kDa) was
purchased from Toyobo America, Inc. (New York, NY). 1I-mercaptoundecanoic acid (MUA) was
obtained from the Aldrich Chemical Co. (Milwaukee, WI). All reagents, unless otherwise stated, were
used as received. Phosphate buffered saline (PBS: 10 mM phosphate, 138 mM NaCl, and 2.7 mM
KCI) was in 18 MQ.-cm distilled, deionized water (E-pure, Barnstead). Silver epoxy was obtained
from Epoxy Technologies (Billerica, MA). Silicon wafers coated with Cr (20 A) and Au (500 A) were
purchased from Lance Goddard Associates (Foster City, CA).

Polycationic redox polymer, poly[vinylpyridine Os(bis-bipyridine),Cl-co-allylamine] (PVP-Os-AA)
was synthesized according to the procedures described previously.[8] The structure of this polymer is
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shown in Figure 1. In its reduced and oxidized forms, the oxidation state on the organometallic
osmium complex is +2/+3. However, the overall charge on the complex is +1/+2 in its reduced and
oxidized states, respectively.
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Figure 1. Structure of the polycationic redox polymer used in these studies.
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Equipment

The Spreeta sensor, a miniature (approximately 7 g), fully integrated surface plasmon resonance
device produced by Texas Instruments, was described in detail elsewhere.[18, 19] Briefly, the sensor
possesses a light-emitting diode with a wavelength of 825 nm, a polarizer, a thermistor, and two 128-
pixel silicon photodiode arrays (EOC 1401). All components are seated on a small printed circuit
board and encapsulated with clear, optical epoxy (index of refraction of 1.52), molded to have
optically flat surfaces. Because the system was fully encapsulated, no optical alignment is necessary.
The molded epoxy is shaped in the form of the Kretschmann geometry prism to facilitate the excitation
and detection of surface plasmon resonance. The surface plasmon resonance glass sensing side of the
sensor was modified with 10 to 20 A chromium adhesion layer evaporated onto the surface, followed
by the evaporation of 500 A of gold onto the chromium.

A small flow cell was attached to the sensor to enable delivery of solutions across the sensing
surface. In the electrochemical experiments, the gold surface of the SPR substrate also serves as the
working electrode. Electrical contact with the gold surface was realized by attaching a wire via
conductive silver epoxy; the contacted area was excluded from the flow cell. An additional Ag/AgCl
reference and Pt counter electrodes were introduced at the top of the flow cell to create a three-
electrode configuration.

Each experiment was performed with a new Au surface. Before starting an experiment, the gold
surface of the SPR substrate was thoroughly cleaned using a cotton tip, dipped in 0.1% Triton and
followed by immersion in 0.12 N NaOH to remove organic residues on the Au surface. The flow cell
was assembled and system was flushed first with ethanol, then with DI water, 0.1% Triton and 0.12 N
NaOH solution followed by DI water again. For all experiments the flow cell was equilibrated in
running PBS buffer until a stable baseline SPR signal was obtained. All data was acquired using
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refractive index (RI) temperature compensation and each data point was the average of 3 - 5
measurements. Experiments were carried out at room temperature (20-21° C).

Equipment for the electrochemical analysis included a CV-50W Voltammetric Analyzer
(Bioanalytical Systems, West Lafayette, IN). The electrochemical apparatus was controlled and data
acquired using a Dell Pentium PC. Cyclic voltammetry from 0 to 500 mV (vs. Ag/AgCl electrode), at
the scan rate of 20 mV/s, was used to measure the substrate-dependent current produced by the redox
polymer/ oxidoreductase thin films challenged with varying concentrations of enzyme substrate.
Electrodes were tested in a cell of volume approximately 1 mL containing 0.1 M PBS degassed with
Nz (15 min. prior to start of experiment, for duration of experiment) and also containing Pt counter and
Ag/AgCl reference electrodes. Degassing with N, agitated the solution created oxygen-free
environment.

Ellipsometry was performed using a Gaertner LSE Stokes Ellipsometer (Gaertner Scientific Corp.,
Chicago, IL). Film thickness and refractive indices were calculated using Gaertner software. All
measurements were made using a He/Ne (633.8 nm) laser and a 70.00 +/- 0.02° angle of incidence.

Results and Discussions

We have formed redox polymer and enzyme complexes through an electrostatic layer by layer
deposition scheme. This scheme for sensor development minimizes the use of such components as
retaining membranes or thick polymer matrices, resulting in an increased surface density of the
primary sensing components, namely the enzyme and redox polymer, and thus may potentially
improve sensor sensitivity and reduce sensor response time. Minimizing the thickness of the sensing
films was achieved by keeping the thickness of the sensing layers well under 100 A through repeated
attachment of single redox polymer/enzyme monolayers.

Thin film assembly and structure

The scheme used for fabrication of these sensors is based upon electrostatic attraction between a
polycationic osmium redox polymer and a polyanionic enzyme, GOX, LAX or PYX. First, the
electrode surface was functionalized with MUA where the thiol end group was chemisorbed to gold.
The carboxylic acid end group of MUA presented the solution-electrode interface with a net negative
charge, since with a pKa of 6.5 the acid group is at least partially deprotonated at a pH of 7.4.[20]
Polymers modified with organometallic osmium complexes are known to be polycationic[8, 14] at
neutral pH and can thus be electrostatically bound to the negatively functionalized surface.
Subsequent electrostatic binding of anionic GOX with an isoelectric point of ~ 3.0 or LAX with
isoelectric point ~ 4.6[8, 14] was then possible to the positively charged redox polymer layer. This
process was then repeated as desired to deposit multiple layers. A schematic of a final nanocomposite
structure is shown in Figure 2.

Figure 3 shows changes in refractive index at the SPR Au surface with time for two binding steps,
the initial deposition of RP on the MUA monolayer and the initial deposition of GOX on the RP layer.
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Figure 2. Schematic of the nanocomposite structure created by the layer-by-layer deposition
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of alternating polyanionic and polycationic films on gold.

The rapid signal increase in the first few seconds after introduction of RP may be attributed to the
change in the bulk refractive index of solution.[19, 20] This is followed by a gradual increase that
represents the adsorption of material from solution onto the anionic MUA surface. When the surface
coverage of RP has reached equilibrium, a plateau in the SPR signal is observed (see Figure 3). At this
point, the maximum concentration of polyelectrolyte has adsorbed onto the surface. Once a wash
solution is introduced again into the flow-through cell, another sharp change (drop) in SPR response
indicates change in the bulk refractive index of solution. This is followed by the desorption of the
loosely bound ligand from the charged surface. Thus, a difference between initial and final RI
represents the change in RI due to surface bound RP. As can be seen from the SPR signal, this amount
of adsorbed RP does not wash from the surface as each RP chain is held in place by multivalent
contacts between the polymer chain and the MUA monolayer. Figure 3 also shows a deposition cycle
for an oxidoreductase, GOX. Because GOX is a polyanion, it readily adsorbs to the RP layer and
again is held in place by multivalent contacts. Continuous SPR monitoring over a 3 week period
indicated that these nanocomposite films did not dissociate upon continuous exposure to water.
Similar results both in terms of nanocomposite assembly and structural stability were obtained for
LAX and PYX, both of which are polyanions at neutral pH. FTIR-ERS confirmed the binding of all
enzymes as indicated by the appearance of the amide I and amide II absorption peaks associated with
the polypeptide backbone. For all the enzymes, one would expected that the enzyme is highly
intercalated with the redox polymer layer, given the highly charged nature of each macromolecule in
the multilayer structure.[7, 13, 15, 16, 21, 22]

The SPR signal can be directly related to the surface concentration of proteins with a shift of
Bspr by 1° degree corresponding to the deposition of 10 ng/mm?” of protein.[23] Because the SPR
signal can be alternatively recorded in RI units or angle Ospr, the surface concentration of enzyme for
each deposition step was easily found using the conversion factor of 7x10~ RIU/degree. A surface
coverage of 2.4 ng/mm? in the first GOX assembly step and 1.9 ng/mm? for the second GOX assembly



Sensors 2002, 2 84

step were determined. These compare favorably with the 3.1 ng/mm? obtained by Hodak and co-
workers in a quartz crystal microbalance study of GOX deposition onto a positively charged gold
surface.[6] Surface coverages for LOX and PYX were estimated to be 1.29 ng/mm* and 10.7 ng/mm”

respectively.
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Figure 3. Changes in refractive index with time as measured by SPR during the assembly of
a nanocomposite thin film consisting of MUA and one RP/GOX bilayers. The concentrations
of RP and GOX were 10 mg/mL in PBS, flow rate 80 uL/min.

Assuming the density of protein to be 1.3 g/cm® and a densely packed layer,[12] the thickness
of the first deposited enzyme layer was approximately 19 A. While these results do not represent true
height of the adsorbed enzyme because surface coverage is not 100 %, it may still indicate presence of
a monolayer of protein on the positively charged surface. However, given known crystallographic
dimensions of GOX,[24] it is highly unlikely that all the adsorbed protein is GOX. This result is not
unexpected. All enzyme formulations are contaminated with other proteins and protein fragments of
the enzyme of interest. For example, GOX Type XS from Sigma-Aldrich is known to be contaminated
with catalase and invertase. In addition, the formulation may likely contain lytic and denatured
fragments of GOX and other proteins. Thus the adsorbed protein layer may be a mixture of proteins
possessing net negative charge.

The maximum surface coverage (in ng/mm?) for a densely packed enzyme monolayer may be found
using the following formula[25]:

21
Pideal ~ M (1)
mabN ,
where MW is molecular weight (18.6 kDa for GOX, 260 kDa for POD and 80 kDa for LOX), N, is
Avogadro’s number and mab is an ellipsoid surface projection of the globular enzyme, with a and b

being the radii of the short and long axis of the ellipse. In case of PYX and LOX, crystallographic data
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does not exist and the ellipsoid surface projection was simplified to 7r* where r is a hydrodynamic
radius. Taking GOX dimensions of 30 A and 40 A for a and b respectively,[24] Piqcal Was calculated
to be 8.19 ng/mm2 . In case of PYX, taking into account 50 A hydrodynamic radius, P;q., was found to
be 5.5 ng/mm®. Surface coverage was then found by means of the following relationship:

])expected
Surface Coverage =| ——— [x100% (2)

ideal

Surface coverage estimates for the first two GOX layers were 30% and 23% respectively and are
reasonable considering that the maximum obtainable coverage for the irreversible adsorption of protein
is hypothesized to 55%.[26, 27] Such low surface coverage is thought to occur because of the steric
hindrance and electrostatic repulsion between adsorbing protein molecules.[26] Another explanation
may be the fact that lyophilized enzyme powders are not pure (as mentioned earlier) and thus the
measurement techniques report an average measurement for all the proteins adsorbed. Thus, one could
expect competitive protein adsorption onto the redox polymer surface, which may also account for a
lower surface coverage for GOX.

While lack of crystallographic data for LOX does not permit one to approximate surface coverage,
one could infer the formation of a sub-monolayer of enzyme from a relatively weak surface coverage.
On the other hand, PYX surface coverage is estimated to be 194 %. This result may indicate surface
aggregation of the less stable PYX tetramer[28, 29] and the formation of multiple enzyme layers in a
single PYX deposition step.

As measured by ellipsometry for a dry film, the thickness was ~10 A for a single GOX layer
deposited on a RP layer. This strongly suggests that these nanocomposite thin films are highly swollen
by water. One would expect this to be true, given that the nanocomposite films are formed from water
soluble polyelectrolytes. Water penetration is also a necessary feature for aqueous electrochemistry in
redox polymer thin films. As RP is oxidized, the oxidation state of Os changes from +2 to +3 and thus
the charge on the complex changes from +1 to +2. Electroneutrality must be maintained and thus
counter ions must move into the film along with associated water molecules of hydration.

This change in film hydration upon the oxidation and reduction of RP is clearly demonstrated
in Figure 4. Here, a nanocomposite film comprised on two RP/GOX bilayers was oxidized and
reduced using cyclic voltammetry while simultaneously measuring refractive index using SPR
spectroscopy. Upon oxidation at 500 mV(Ag/AgCl), Os sites on RP change from +1 to +2, and
counter-ions will move into the film to maintain Electroneutrality. Water associated with these
counter-ions will also diffusing in. This flux of water and ions into the nanocomposite film is evident
from the decrease in RI as shown in Figure 3 (i.e. the RI in the film moves closer to that of water).
When RP is reduced at 0 mV, the charge in the polymer decreases to +1, water and counter-ions move
out of the film, and the film collapses, resulting in an increase in RI (i.e. the RI in the film moves
closer to that for a condensed polymer). Because nanocomposite films created from layers of
polyelectrolytes have been shown to be nanoporous, the expansion and collapse of the thin film with
potential may also represent a change in pore structure and volume at the nanometer level.[16] Fery
and colleagues observed changes in nanopore structure based on changes in salt concentration of layer-
by-layer polyelectrolyte nanocomposites. One may hypothesize that changes in salt concentration as
produced by changes in potential may produce a similar effect.
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Figure 4. Changes in refractive index with time as measured by SPR during the oxidation and
reduction of a nanocomposite thin film consisting of MUA and one RP/GOX bilayers.

Electron transfer and mass transfer at the sensor surface

The oxidoreductase-catalyzed reaction scheme with Os sites on RP serving as electron relays
between the enzyme and electrode surface may be expressed as follows, using glucose oxidase as an
example:

B-D-glucose + GOX(FAD) — Gluconolactone + GOX(FADH,)
GOX(FADH,)+2M"” — GOX(FAD)+2M"
M?+M" - M" +M"”
2M" - 2¢ +2H" +2M"

where GOX(FAD) and GOX (FADH,) represent the oxidized and reduced forms, respectively, of the
enzyme’s cofactor — flavin adenine dinucleotide (FAD) and M represents an Os redox site of the
polymer in its oxidized (+2) and reduced (+1) forms. Electrons are thus transferred from the enzyme
to the redox polymer, shuttled between the redox sites in a self-exchange reaction until being
transferred to an electrode surface that is poised positive of the formal potential of the polymer. As a
result, a current that is proportional to substrate concentration is created. In the absence of mass
transfer limitations, the concentration (i = (0 0 [s])/ ([s]+ K ) dependence of the current is directly

related to the Michaelis-Menton kinetics of catalysis for the enzyme, where [s] is the concentration of
substrate (e.g. glucose), imax 1S the maximum current possible at high substrate concentrations
(analogous to the limiting enzyme turnover rate), and K is the apparent Michaelis-Menton constant
for the enzyme.

Figure 5 shows the concentration dependence of the current density for a nanocomposite thin film
modified electrode comprised of two RP/GOX bilayers. The current density was roughly linear in the
concentration range from 0 to 20 mM glucose, a result that was not anticipated given that K, for GOX
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is 6 mM[30] and that the film was only several nanometers thickness, making mass transfer
limitations unlikely. Nanocomposite films containing LAX and PYX show similar behavior. Figure 5
also shows the anticipated concentration dependence of the current in the absence of mass transfer
limitations. As can be seen, mass transfer limitations do exist in these nanocomposite films, a
hypothesis supported by several studies. Heller and colleagues constructed micrometer scale
polyelectrolyte thin films that limited glucose mass transfer in implanted sensors.[31] Others have
observed that polyelectrolyte nanocomposite thin films are highly compact, have a nanoporous
structure and can limit the diffusion of small molecules such as ferricyanide.[15, 16, 22] Given that
the nanocomposite films described here do undergo significant structural changes upon oxidation and
reduction, these films are likely very compact and may posses nanoporosity as seen in other
polyelectrolyte thin films.
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Figure 5. Concentration dependence of the electrode current density for a nanocomposite thin
film comprised of two RP/GOX bilayers. The solid line shows the actual response of a
nanocomposite thin film while the dash line shows the anticipated response in the absence of
mass transfer limitations in the film. Currents were acquired using cyclic voltammetry (0 to
500 mV, 20 mV/s), with the current at 500 mV used in the current density calculation.

Conclusions

In conclusion, we have used SPR and ellipsometry to investigate the layer-by-layer assembly of
nanocomposite films on a gold surface. Such investigation is an important step toward better
understanding of assembly and properties of enzyme containing nanocomposite thin films. The surface
coverages of the deposited GOX, LOX and POD enzymes were estimated by means of SPR
spectroscopy. Combined electrochemistry and SPR was used to observe structural changes in the
nanocomposite films resulting from the movement of water and ions into and out of the film. The
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concentration dependence of the current for a glucose oxidase-containing nanocomposite film
confirmed that the film structure does impose mass transfer limitations, suggesting that it is highly
compact and may be nanoporous.
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