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Abstract

We have investigated the interaction of D-amino acid oxidase (DAAOQ) with single walled carbon
nanotubes (CNT) by spectroscopic ellipsometry. Dynamic adsorption experiments were performed
at different experimental conditions. In addition, the activity of the enzyme adsorbed at different
conditions was studied. Our results indicate that DAAO can be adsorbed to CNT at different pH
values and concentrations by a combination of hydrophobic and electrostatic interactions.
Considering that the highest enzymatic activity was obtained by adsorbing the protein at pH 5.7 and
0.1 mg.mL™1, our results indicate that DAAO can adopt multiple orientations on the surface; which
are ultimately responsible for significant differences in catalytic activity.
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Introduction

Sensitive, selective, and cost-effective analysis of biomolecules is important in clinical
diagnostics and treatment. Among others, electrochemical biosensors based on enzyme-
modified electrodes are very attractive because they integrate the selectivity of enzymatic
reactions with highly sensitive electrochemical SI nal transductlon 1-3 Biosensors are
currently applied in clinical, 1.3 environmental, agrlcultural and pharmaceutical fields.
Although different materials can be used as substrates, carbon nanotubes (CNT) have an
enormous potential because they can act simultaneously as immaobilization matrices and as
electrochemical transducers.5-12 In addition, CNT are generally considered biocompatible,
10,13,14 staple over a large range of gotentlals catalytically active towards many
electrochemical reactions,11:12,15,16 gng provide significant increases in electrode area. 15
AIthough considerable progress has been made by encapsulating or cross-linking enzymes,

-19 the analytical performance of CNT-biosensors still suffers from some fundamental
deficiencies such as, slow response (> 10 sec) and limited sensitivity (~uM). One additional
problem associated with CNT-based biosensors is that the driving forces and consequences of
the interaction between enzymes and CNT cannot be easily anticipated.

Although different enzymes have been used in biosensors, 3-5,20 group-selective enzymes (i.e.,
enzymes that recognize a particular functional group instead of a particular analyte) 122 gre
advantageous because they increase the versatility of the sensor, allowing the detection of
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several analytes with similar structure. This is the case of D-amino acid oxidase (EC 1.4.3.3,
DAAO). DAAOQ isaflavoprotein that catalyzes the dehydrogenation of different D-amino acids
to their imino- counterparts via a reduced flavin-product complex. The reduced flavin is then
re-oxidized by O5 to yield H,0,, whereas the imino acid spontaneously hydrolyzes to the
corresponding keto acid and NH4".23 DAAQO is strictly stereospecific and oxidizes a variety
of D-amino acids, with a preference for those having small hydrophobic side chains, followed
by those bearing polar, aromatic, and basic groups.24’25 Although the 3-D structure of DAAO
has provided researchers the rationale for its high catalytic efficiency,26'28 the biological role
of DAAO in animals is not clear yet. Recent progress in the detection of D-amino acids has
linked DAAO to aging29'30 and pathological conditions such as schizophrenia,25’:‘)’1'32
epilepsy, Alzheimer's disease, and renal disease.33 It has also been shown that the DAAO
activity can be used as a possible cancer diagnostic test for some organs.34 Recent
reviews33:3% have also pointed that D-serine and D-aspartate play significant roles in the
metabolism of excitatory amino acid (being a co-agonist of the N-methyl-d-aspartate receptor),
development, and endocrine function, particularly in testis, pituitary gland, and pineal gland.
Other D-amino acids including D-alanine, D-leucine, D-proline, and D-glutamate have been
also recently identified in the central nervous system.?’5 Industrially, DAAO has captured an
increased attention because it can be utilized in the production of semi-synthetic cephalosporin
antibiotic's,36 a-ketoacids, unnatural amino acids, and various sintons (starting compounds for
the production of chiral medications such as omapatrylate).24 Probably the most important
industrial application of DAAQ is the production of 7-amino cephalosporanic acid, which has
been successfully implemented in Iarge-scale.?’7

Several advantages are associated with the use of immobilized DAAO0.36:38,39 DAAO can
be coupled to a solid matrix via both the amino- and the carboxy- groups of the protein.38
Researchers reported that, although very high stability can be achieved (90% of the initial
activity was recovered after 200 h) when DAAO from Rhodotorula gracilis (RgDAAOQO) was
immobilized using ion exchange resins, only 20—30% of the activity of the free enzyme was
preserved after the covalent immobilization.36 Pernot et al. reported that, due to a partitioning
effect, the immobilization of RgDAAO yielded Km values significantly lower than those of
the free enzyme in solution.2® DAAO from Trigonopsis variabilis (TVDAAO) has also been
covalently immobilized to a variety of substrates.37

Although significant mechanistic differences have been reported among different DAAO
variants,40 a comprehensive analysis of the driving forces and consequences of the interaction
of DAAO with solid surfaces is still missing, in particular, with nanostructured surfaces such
as CNT. Consequently, the hypothesis of this project was that experimental conditions can be
rationally selected to maximize the adsorption of enzymes to carbon nanotubes, while
preserving the enzymatic activity. Since the experimental conditions used for the adsorption
have been identified to have a central effect on the enzyme conformation and activity, the
objective of this paper was to describe the interaction phenomena (adsorption/desorption
kinetics and amount) of DAAO to carbon nanotubes under different conditions (concentration
of DAAQO, pH, ionic stren4qﬂ2. The ultimate goal is to avoid harsh immobilization conditions
and trapping membranes, 142 leading to a biologically active CNT-DAAO composite that
can be subsequently applied as a biosensor.

Experimental Section

Reagents and solutions

All chemicals were analytical reagent grade and used as received. Sodium pyrophosphate
(NagP207), sodium chloride, and sodium hydroxide were purchased from Fisher Scientific
(Fair Lawn, NJ). Sodium pyrophosphate (5 mM) was selected as the background electrolyte
because it provides high buffer capacity (pKa;= 6.70, pKay= 9.32) around the isoelectric point
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of the protein (IEPpaao= 6.3%3 — 7.024) and does not affect the enzymatic activity.44 All
aqueous solutions were prepared using 18 MQ-cm water (NANOpure Diamond, Barnstead;
Dubuque, lowa). The pH of the solutions was adjusted using either 1 M NaOH or 1 M HCI
(Fisher Scientific; Fair Lawn, NJ) and measured using a glass electrode and a digital pH meter
(Orion 420A+, Thermo; Waltham, MA). D-amino acid oxidase (Sigma; Saint Louis, MO) from
porcine kidney was purchased as a lyophilized powder (>1.5 U-mg1) and kept at —4 °C until
used. Stock solutions of protein (0.1 mg-mL~1) were prepared by dissolving a known amount
of protein in pyrophosphate buffer. Other protein solutions were prepared by diluting the
corresponding amount of stock in pyrophosphate buffer. In all cases, the concentration of the
stock solution was confirmed by spectrophotometry.

CNT-coated silica (Si/SiO,/CNT) surfaces were used for the present studies. As described in
earlier studies, 454 Si/SiO,/CNT surfaces were prepared by Eikos Inc. (Franklin, MA), using
<111> silicon wafers (Sumco, Phoenix, AZ) as substrates. According to the provider, a layer
of CNT was deposited on the wafers using arc-produced single wall CNT having about a 1.3
nm diameter. The raw material formed in the arc reactor was purified, to remove metal catalyst
and non-tubular forms of carbon, by a process of acid reflux, followed by washing and
centrifugation. Once purified, the nanotubes were dispersed in water and alcohol to form an
ink. This dispersion was then spray coated onto the Si/SiO, wafer heated to 65 °C while
monitoring deposition rate. The coating formed is essentially a layer of pure CNT and contains
no residual organic additives or polymeric constituents. Contact angle measurements of the Si/
SiO,/CNT substrates were performed using a VCA-Optima Surface Analysis System (Ast
Products Inc; Billerica, MA) and analyzed using the software provided by the manufacturer
after 30 sec of dispensing 5 pL of de-ionized water. The average contact angle for the Si/
SiO,/CNT surfaces was 26 + 1 degrees.

Spectroscopic ellipsometry

The substrate characterization as well as the dynamic adsorption experiments were performed
at room temperature using a variable angle spectroscopic ellipsometer (VASE, J.A. Woollam
Co; Lincoln, NE). Spectroscopic ellipsometry has proven suitable to study adsorption of
proteins, and provides useful information about the optical constants and structure of the
adsorbed film.#7-21 The collected data (amplitude ratio (¥) and phase difference (A) as
function of wavelength or time) was modeled using the WV ASE software package (J.A.
Woollam Co; Lincoln, NE). The mean square error (MSE, performed with a builtin function
in WVASE) was used to quantify the difference between the experimental and model generated
data. In all cases, the sample under investigation was mounted on a micrometer-position-
controlled translation stage with the gradient direction perpendicular to the plane of incidence.
Substrates were initially characterized in air, varying the incident angle between 60° and 70°
(with respect to the substrate), and the wavelength between 250 nm and 900 nm. Dynamic
adsorption experiments were performed in an electrochemical cell (J.A. Woollam Co; Lincoln,
NE), mounted directly on the vertical base of the ellipsometer. In all cases, the variation of
W and A as a function of time was determined at 275 nm, 450 nm, and 650 nm and at an angle
of incidence of 70 °, as defined by the inlet/outlet of the UV fused-silica windows. The dynamic
results discussed herein were analyzed using only the data collected at 450 nm and 650 nm.
Results from data collected at 275 nm (where the protein absorbs light) will be reported
separately. Under the selected conditions, a data acquisition rate of 46 sec/spectrum was
achieved, enabling the calculation of the initial adsorption/desorption rates.

Unless otherwise indicated, the substrates tested were initially characterized as function of
incident angle and wavelength in air. Each strip was then placed in the cell and measured using
the selected aqueous buffer as the ambient medium.>2 This procedure allowed verification of
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the thickness of each substrate at the measuring spot; therefore improving the accuracy of the
calculation. Then, the dynamic experiment was initiated by pumping background electrolyte
through the cell (5 min) to measure the baseline. Next, the valve was switched, protein solution
was introduced, and the adsorption process started. An initial fast process, followed by a slower
one was always observed. When no significant change in the signal was observed, the dynamic
scan (using 3 wavelengths) was stopped, and a more accurate spectroscopic scan was collected
in the 250—900 nm range (with 10 nm steps). This scan was used to verify the thickness of the
protein layer. Then, the valve was switched back to the background electrolyte to investigate
if the protein could be desorbed by simple dilution. Because no change in the signal was
observed after ~15 min, a more aggressive desorption experiment was performed by pumping
(at the same flow rate) a solution containing 4 mM SDS. Experiments performed in this way
provided data for calculating the initial adsorption rate (dI'/dt ;_,p), the saturation amount
(TCsaT), the desorption rate induced by simple dilution, the desorption rate induced by SDS,
and the remaining adsorbed amount. A representative sample of the collected data is shown
below, in Figure 1C.

Cell for in situ adsorption monitoring

Dynamic adsorption experiments were performed in a commercial electrochemical cell (J.A.
Woollam Co; Lincoln, NE). In order to control the protein supply to the substrate, the cell was
modified by fixing a L-shaped stainless-steel tube to the cell. One end of the tube faced the
substrate at the same spot where the incident light beam hits the surface. The other end of the
tube was connected, using Tygon tubing, to a peristaltic pump (Minipuls3, Gilson; Middleton,
WI). A 2-way valve (V100D, Upchurch Scientific; Oak Arbor, WA) was also connected in
series to enable rapid switching between the background electrolyte and the protein solution.
These modifications provided control of the hydrodynamic conditions as well as the flux of
protein to the surface. The flow, which i |s characterized by the Reynolds number (Re), can be
described by solving the Navier- Stokes®3 equation considering the incidence angle with
respect to the surface (90 °), the inner diameter of the tube (R = 0.254 mm), the distance from
the tube to the surface (h = 1.27 mm), and the flow rate (1.77 mL/min). Although specific
characterization of the flow cell is outside the scope of the present manuscript, the experimental
setup enabled performing adsorption experiments under stagnation-point flow and provided
an alternative experimental design to the ones used by Arwin47:52 or Logothetldls o4

Optical model

CNT films

Interpretation of ellipsometric measurements from the raw data is rather difficult. Hence,
construction of an optical model that describes the substrate microstructure in terms of the
refractive index (n), extinction coefficient (k), and thickness (d) is required. The models used
to describe the substrate (Si/SiO,/CNT) as well as the adsorbed protein layer are explained
below.

The substrates were modeled by three uniaxial layers with optical axes parallel to the substrate
surface, as illustrated in Figure 1A. The dielectric functions of each sublayer were described
by a layer of Si (bulk; d =1 mm), a layer of SIOz (d=2.5+0.5nm), and atwo-mediaBru eman
effective medium approximation (EMA) layer consisting of 98% void and 2% CNT2® d=
30 =5 nm). This CNT model is in good agreement Wlth Eubllshed results#6 but differ slightly
from CNT films prepared under other conditions.

Related results (see Supplementary Information) also indicate that although the CNT surface
is not perfectly flat and smooth (roughness ~ 5 nm), DAAO (11 nm x 4 nm) can not interact
with the Si/SiO, substrate underneath the CNT layer. 46 Eurthermore, other studies have
revealed that the nanometer-scale roughness (2 — 60 nm) had little effect on the amount and
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conformation of adsorbed proteins.ﬁol61 The calculated thickness values used in the optical
model Figure 1A) as well as the surface roughness, were verified by performing atomic force
microscopy (AFM) and scanning electron microscopy (SEM, as shown in Figure 1B) on the
selected substrates.

Adsorbed Protein

Considering that in the wavelength range used here the DAAO film is transparent, the adsorbed
proteins were modeled with a non-absorbing layer on top of the CNT substrate. The optical
constants of such layer were described using a Cauchy parameterization model according to
Equation 1, where A = 1.465, B = 0.01, and C = 0 are computer-calculated fitting parameters
and A is the wavelength of the incident beam. These parameters yielded index of refraction
values ranging from 1.527 to 1.477, which are consistent with previously reported values for
other adsorbed proteins.52’62’63 As it can be observed in Figure 1C), the experimental data
(W and A as function of A) are in good agreement with the described optical model (MSE < 3).

B C
}’l(/l):A + Y + Y}
A2 A Equation 1

Under the selected experimental conditions, ellipsometry can be used to determine the amount
of adsorbed protein (I', expressed in mg-m~2) using Equation 2,

_d(n—np)
(dn/dc) Equation 2

where n and ng are the refractive index of the protein and the ambient, respectively.64 In
accordance with previous reports,65'68 the refractive index increment for the molecules in the
layer (dn/dc) was assumed to be 0.187 mL.g™1.

Enzymatic Activity of DAAO

The activity of adsorbed DAAO was measured according to a modified version of a previously
reported method.#4 The method is based on the reaction of a D-amino acid (D-alanine, in our
case) to the corresponding a-keto acid and H,O5. The produced H,0O, then reacts with
hydrazine to produce hydrazone, which is determined spectrophotometrically. Instead of using
a solution of DAAO, the assays were performed by dipping DAAO-coated Si/SiO,/CNT
wafers in the reaction solution. For the described experiments, the reaction solution was
prepared by mixing 300 uL of flavin adenine nucleotide (FAD, 0.8 ug-mL™1), 100 pL of D-
phenylalanine (0.9 mg-mL™1), and 14.6 mL of pyrophosphate buffer (5 mM, pH = 8.3) at room
temperature. Then, two Si/SiO,/CNT/DAAO wafers (~4 cm?2) were immersed in the solution
and incubated at 37 °C for 7 hrs. Finally, 750 pL of 2,4-dinitrophenyl hydrazine was added,
followed by 500 pL of concentrated NaOH. The absorbance of each solution was measured at
445 nm after the reaction was completed and the activity was calculated using the controls
(DAAO in solution) as a reference. Negative (Si/SiO,/CNT) and positive controls (DAAO in
solution) were processed in parallel, to be used as blank and to account for natural inactivation,
respectively. Surface area was calculated as the geometric area of the wafer in contact with the
analyte solution. In all cases, Si/SiOo/CNT/DAAO wafers were prepared by immersing a strip
of substrate in the solution of the enzyme at the selected conditions (pH and protein
concentration) for two hours. Finally, the wafers were rinsed with buffer to remove loosely
bound protein and the amount of adsorbed protein was measured in the liquid cell, using the
same buffer as ambient. Although the hydrodynamic conditions for the preparation of these
substrates are not comparable to those used in the dynamic adsorption experiments, these
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results demonstrate that surfaces, with equivalent adsorbed amounts of DAAO, can be prepared
by selecting equivalent adsorption conditions.

Results and Analysis

In the following sections, data related to the adsorption/desorption of DAAO as function of
concentration, pH, and ionic strength as obtained by spectroscopic ellipsometry are reported
and discussed.

Adsorption of DAAO

Figure 2 shows the adsorption-desorption profiles measured at different initial DAAO
concentrations at pH 8.3. Both the adsorption initial rate and the saturation amount strongly
depend on the bulk concentration of protein. In all cases, the higher the protein concentration,
the faster the T'sat Was reached, and the greater the I'sat value. For example, 91 % of the
saturation amount (I'sat = 3.8 mg-mL™1) was obtained in about 35 min when DAAO = 0.1
mg-mL~1. These results are in good agreement with previous reports stating that at high initial
adsorption rates, the surface is quickly filled, and the protein molecules have little time to
spread. Consequently, more protein molecules can be accommodated on the same surface area
and saturation amount increases with increasing concentration of protein in solution.89

Itis well known that the adsorption process depends, among other variables, on the electrostatic
interactions between the proteins and the solid surfaces. In order to investigate the effect of
these interactions, adsorption kinetics were measured above, at, and below the isoelectric point
(IEP) of the protein (IEPpaao = 6.3*3 — 7.024) Figure 3 shows that both the initial adsorption
rate and the saturation amount are significantly affected by the pH of the solution (DAAO =
0.01 mg:-mL™1). As a result of the balance among the available surface sites, the conformation
of the adsorbed protein, and the lateral interaction between adsorbed molecules, the highest
adsorbed amount was obtained when the protein charge was minimized (around the IEP, 8H
= 6.5). These results are in line with a rather general phenomenon in protein adsorption.7
Supporting this, Cohen Stuart has stated that proteins in the isoelectric point do not have a net
charge, thus electrostatic repulsion between adsorbed molecules is at a minimum, and proteins
can attain closer packing.7 From the adsorption kinetics experiments it is also clear that the
largest energetic barrier was found at pH=8.3, where the protein and the surface are negatively
charged, resulting in increased electrostatic repulsions between the surface and the proteins.

To evaluate the strength of these electrostatic interactions, measurements at different ionic
strengths (and two protein concentrations) were also performed. As shown in Figure 4, only
slight changes in both the initial adsorption rate and the saturation amount were obtained by
the addition of 100 mM NaCl to the background electrolyte (5 mM pyrophosphate, pH = 8.3).
These small differences, which are within the experimental error of the measurements, could
be attributed to small variations in the flow rate, protein concentration, or temperature.
Although the surface of the CNT layer is rather hydrophilic, these experiments also support
the hypothesis that the driving forces for adsorgtion (hydrophobic interactions, co-adsorption
of ions, redistribution of charged groups, etc)7 of DAAO to CNT largely prevail over the
electrostatic repulsion.

Desorption of DAAO

In order to obtain information about the stability of the adsorbed layer, desorption experiments
were performed by simple dilution (switching from the 9rotein containing solution, to the
background electrolyte) and by competitions with SDS. 3,74 Because >98% of the adsorbed
protein remains attached after a 15-min buffer rinsing step, it can be concluded that DAAO
can not be desorbed from the CNT surface by dilution. However, DAAO can be desorbed by
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competition with surfactants such as SDS (4 mM, see Figures 2°4). Interestingly, different
adsorption experiments showed similar desorption kinetics (average dI'/dipgs = 1.4 = 0.4
mg.m~2min~1) and similar remaining amounts of protein attached to the CNT surface (average
', =1.0 £ 0.4 mg.m~2). This suggests that regardless of the adsorption conditions, a relatively
constant amount of DAAO undergoes structural changes upon adsorption, maximizes the
interaction with the surface, and remains attached. Analogous behaviors have been previously
reéaorted for other proteins on different surfaces (lysozyme,75 albumin, and fibrinogenGg’

7 '80). However, our results revealed significant differences respect to the interaction between
albumin and similar CNT films.#6 The fact that a fraction of the adsorbed DAAO can be
displaced by competition is relevant to the development of biosensors because it could enable
reconditioning the surface by a simple rinsing step.

Activity of DAAO adsorbed on CNT

Although proteins in aqueous solutions readily adsorb to almost any available solid-liquid
interface, the adsorption process often involves changes in protein conformation at the surface,
and in some cases this can result in inactivation of the adsorbed protein.81 For this reason,
protein activity can be regarded as one of the most sensitive probes for studying the changes
in protein conformation, since it reflects subtle readjustments of the active site. The purpose
of these experiments was, therefore, to understand whether or not the nanoenvironment of the
CNT and adsorption conditions affects the activity of the adsorbed enzyme. Figure 5 shows
the enzymatic activity and the adsorbed amount of DAAO (measured after equilibrium was
reached) as a function of the protein adsorption conditions. These results provide evidence that
the enzymatic activity correlates with the adsorbed amount of protein, if the adsorption reaction
is performed at pH =5.7. More importantly, Figure 5 shows that although surfaces may contain
different amounts of enzyme, they always displayed lower enzymatic activity when prepared
at or above the isoelectric point of the protein.

Discussion and Conclusions

In general, all adsorption experiments exhibited a similar general behavior: (1) DAAO
adsorbed to the CNT layer by a single step; (2) DAAO was not significantly affected by rinsing
the surface with buffer; and (3) part of the adsorbed layer was removed by rinsing the surface
with 4 mM SDS. Neither the desorption kinetics nor the remaining amount of protein attached
to the CNT surface was affected by the amount of DAAO adsorbed (I'saT). Based on these
experimental observations, the total adsorbed (I'sa1) amount could be represented by the sum
of two different populations of DAAQ: one that could be removed by SDS (I'1), and one (I'p)
that remains attached after washing the surface with the surfactant (Csat =T'1 + I'). Table 1
summarizes results regarding the initial adsorption rates, 'y, Ty, and T'saT.

Thickness values obtained from spectroscopic ellipsometry indicate that DAAO can adopt
multiple orientations (horizontal or tilted with different angles, with respect to the surface). In
agreement with other reports,"'6’70’71 it can be observed that the maximum adsorbed amount
occurs at the isoelectric point of the protein and that both the initial adsorption rate and the
population loosely attached (I'7) to the surface increase as the bulk protein concentration
increases. On the other hand, the population that remains adsorbed upon washing with 4 mM
SDS (I'y) does not depend (within experimental error) on the adsorbed amount of DAAO. In
all cases, about 1 mg-m~2 of protein remained attached to the CNT surface. This behavior could
be attributed to a stronger interaction of DAAO (53% hydrophobic amino acids) with
hydrophobic sites in the CNT film. Probably, the majority of the observed enzymatic activity
(Figure 5) is imparted by T';.

Considering that DAAO (MW = 80.6 KDa) exhibits an elongated ellipsoidal framework with
approximate dimensions of 11 nm (length) x 4 nm (width),27 our results suggest the formation
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of a monolayer of DAAO on the CNT surface. The largest thickness of adsorbed DAAO was
obtained at pH = 6.5 (dpaao = 6.5 nm), when the electrostatic interactions are minimized. At
this pH, DAAO could adopt a tip-to-surface alignment, with an angle of approximately 66
degrees, with respect to the CNT surface. The enzymatic activity of the DAAO adsorbed at
pH = 6.5, also concurs with the general belief that high structural stability (and therefore a
smaller tendency to spread) can be achieved around the isoelectric point of the protein.71 If
we now consider the results obtained at 0.1 mg-mL 1 of DAAO above and below the isoelectric
point (Figure 5), it can be observed that although the conformation of adsorbed DAAO was
similar (dpaao = 5.0 nm at pH =5.7; dpaao = 4.7 nm at pH = 8.3), the enzymatic activity of
these nanocomposites was significantly different (1.7 mU-m~2 at pH = 5.7; 0.09 mU-m~2 at
pH = 8.3). In order to explain these results, the charge of DAAO as function of pH was
computed using the most recent sequence registered in the Protein Data Bank (1ve9). It was
observed that the charge at pH = 5.7 was approximately +7.2, while the charge at pH=8.3 was
approximately —3.1 (see Supplementary information). These results indicate that electrostatic
interactions between the CNT surface and the protein, as well as among the adsorbed molecules
could be higher at pH = 5.7, favoring a particular orientation of DAAO, which exposes the
active site to the solution but maintain the molecules separated. When DAAQO is adsorbed at
pH=8.3 (and the charge is only —3.1), molecules could adopt a different conformation, be close
enough to interact with each other, and block each other's active sites. This hypothesis was
supported by the identification of the protein-protein interaction interfaces using POLYVIEW
3D. It was observed (See Supplementary Information), that DAAO could interact with other
molecules using residues located in only one side of the protein, and that those residues are
situated above the active site of DAAO. Although no reference was made to the activity, this
side-to-side interaction has been proposed for RgDAAO.40

In agreement with previous reports performed with other proteins (such as albumin, 46,82,

3 Clq,84 or fibronectin85), the adsorption of DAAO to CNT is controlled by a combination
of hydrophobic and electrostatic and interactions. Despite of the amount, the adsorbed DAAO
could undergo small changes in orientation/conformation on the CNT surface, which are
responsible for significant differences in the biological activity of the adsorbed protein. Our
results indicate that the rational preparation of biosensors requires a careful combination of the
protein structure and the surface8l as well as obtaining detailed information related to the
adsorption process. Although predicting the final performance of a biosensor is not trivial at
present, acombination of experiments and theoretical calculations could soon allow the rational
development of biosensors and biocatalysts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) Optical model used for modeling the adsorption-desorption kinetics. The model consists of
a Si substrate (bulk), the native layer of SiO,, an EMA layer of CNT (98% void, 2% CNT),
the DAAO. The ambient layer (air or buffer) has been omitted. B) SEM picture of the CNT
layer. C) Spectroscopic scan as measured (points) and calculated (lines) corresponding to a
layer or DAAO adsorbed to a Si/SiO,/CNT substrate. Adsorption conditions: DAAO = 0.01
mg-mL~1, pH=8.3. Other conditions as described in the Experimental section.
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Figure 2.

Adsorption kinetics of 0.1 mg-mL™1 (- A-),0.01 mg-mL™! (-m-), and 0.001 mg-mL "1 (-e-)
DAAO on CNT at pH = 8.3. Desorption induced with buffer (|BUFFER) and then 4 mM SDS
(15PS). Other conditions, as described in the Experimental Section.
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Figure 3.

Adsorption kinetics of 0.01 mg/mL DAAO on CNT performed at pH =5.7 (-A-), pH =6.5 (-
m-), and pH = 8.3 (-e-). Desorption induced with buffer (|BUFFER) and then 4 mM SDS

(13PS). Other conditions, as described in the Experimental Section.
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Figure 4.

Adsorption kinetics of 0.01 mg-mL™! (-m-) and 0.001 mg-mL™1 (- A-) DAAO on CNT
performed in 5 mM pyrophosphate buffer pH = 8.3. Desorption induced with buffer
(JBYFFER) and then 4 mM SDS (| SPS). Experiments performed upon the addition of 100 mM
NaCl are marked with open symbols. Other conditions, as described in the Experimental
Section.
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Figure 5.

Comparison between the enzymatic activity and amount of DAAO adsorbed to CNT under
different experimental conditions. Lines included to guide the eye. Other conditions, as
described in the Experimental Section.
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