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ABSTRACT

We have examined the influence of electrical bias on immobilization of bacteria on the surface of GaAs/AlGaAs
heterostructures, functionalized with an alkanethiol based architecture. A mixture of biotinylated polyethylene glycol (PEG)
thiol and hexadecanethiol was applied to attach neutravidin and antibodies targeting specific immobilization of Legionella
pneumophila. An electrochemical setup was designed to bias biofunctionalized samples with the potential measured versus
silver/silver chloride reference electrode in a three electrode configuration system. The immobilization efficiency has been
examined with fluorescence microscopy after tagging captured bacteria with fluorescein labeled antibodies. We demonstrate
more than 2 times enhanced capture of Legionella pneumophila, suggesting the potential of electrically biased biochips to
deliver enhanced sensitivity in detecting these bacteria.
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1. INTRODUCTION

Detection of bacteria with biosensors has been investigated as an attractive alternative to traditional methods of bacteria
counting due to its potential for a cost effective, rapid and specific analyte recognition [1]. Rapid detection becomes critical
especially when dealing with outbreaks of diseases characterized by high mortality rates induced by bacteria, such as
Legionella pneumophila (L. pneumophila). This pathogen can be dispersed via aerosol of hot-water systems and cooling
tower water [2]. Numerous biosensing systems have been investigated for rapid detection of bacteria based on a variety of
transducer effects that determine their sensitivity [3]. Recently, a photoluminescence (PL) monitored photocorrosion of
GaAs/AlGaAs biochips has emerged as an attractive approach for rapid detection of bacteria [4-6]. The PL effect can provide
remarkable information due to the sensitivity to surface and interfaces located phenomena. Generally, optical excitation and
photonic data collection does not impose complicated prearrangements, such as creation of high quality ohmic contact;
hence, PL based study becomes convenient and useful specifically for studying with high resistivity materials [7]. It has been
suggested that PL of epitaxial quantum dots provides a novel platform for optical biosensing capable of rapidly detecting
pathogens captured on the surfaces of III-V semiconductors [8]. Moreover, PL of GaAs/AlGaAs nano heterostructures has
been used for detection of Escherichia coli and L. pneumophila suspended in phosphate buffered saline solutions [4-6]. Thus,
photonics of nanoscale materials such as semiconductor quantum heterostructures and quantum dots has become an attractive
tool for biosensing.
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A primary step of bacteria detection with biosensor systems is an efficient immobilization of the bacteria on the transducer
part. Most of bacteria are negatively charged under normal physiological conditions and at pH around 5 to 7 [9].
Furthermore, formation of a semiconductor/electrolyte interface is associated with redistribution of ions and, at equilibrium,
semiconductor energy bands bend upward in an n-type semiconductor creating a negatively charged surface [6]. Thus, before
immobilization with an antibody (Ab) through intermolecular interactions, bacteria experience an electrostatic interaction
that plays an important role in their adhesion to the biosensor surface, or in the interaction with an Ab functionalized surface.
A reasonable model of bacteria interaction with the surface could be provided using colloidal particles described by the
DLVO (Derjaguin, Landau, Vervey, Overbeek) theory [10] that, in its simplest form, considers only van der Waals attraction
and double layer repulsion forces to give a picture of how colloidal particles and surface interact electrostatically [11]. By
theoretical plot of these two forces, Yuehuei et al. [12] explained how a double layer repulsion limits the particles that
undergo Brownian thermal fluctuation from reaching the surface. The repulsion between a charged surface and bacteria
could be decreased by increasing the ionic strength of the solution [13], however, this could limit the performance of
biosensing systems based on the electrostatic interaction due to reduction of the Debye length [14].

Band bending of semiconductors and its consequences on electronic state of surfaces and interfaces has been extensively
discussed in literature, indicating that tuning of this parameter could lead to formation of an electrostatic interaction
facilitating bacteria immobilization [15, 16]. In view of this, one can create conditions where less negative surface of
electrically biased GaAs could attract a greater number of bacteria. However, selection of a bias potential for a
GaAs/AlGaAs biochip plays an important role since at high anodic potentials, and transport of electrons to the GaAs valence
band results in decomposition of this material, while at high cathodic potentials hydrogen evolution could occur [17].

In this paper we report on the role of electrical bias of GaAs/AlGaAs biochips, biofunctionalized against L. pneumophila, in
achieving an enhanced immobilization of this pathogen.

2. MATERIALS, PREPARATION AND CHARACTERIZATION DETAILS

2.1 Materials

Samples used in this experiment were GaAs/AlGaAs nano-heterostructures (Wafer J0152) consisting of undoped epitaxial
layers of GaAs and Alo3sGagssAs grown on a semi-insulating GaAs (001) substrate. Figure 1 presents details of this
multilayer structure along with its energy band diagram. We note that similar nano-heterostructures were used for detection
of bacteria in phosphate buffered saline (PBS) solutions [5, 6]. The chemical reagents were obtained as follow: biotinylated
polyethylene glycol (Bio-PEG) from Prochimia Surfaces (Gdansk, Poland), hexadecanethiol (HDT) from Sigma-Aldrich
(Ontario, Canada), neutravidin from Molecular Probes (Invitrogen, Burlington, Canada), polyclonal biotinylated and
fluorescein isothiocyanate (FITC) conjugated antibodies against L. pneumophila from ViroStat, Inc. (Portland, Maine), PBS
10X, pH 7.4 from Sigma (Oakville, Canada), OptiClear from National Diagnostics (Mississauga, Canada), acetone from
ACP (Montréal, Canada), isopropyl alcohol (IPA) from Fisher Scientific (Ottawa, Canada), ammonium hydroxide 28%
(NH40H) from Anachemia (Richmond, Canada). Deionised (DI) water, 18.2 MQ, was produced with a Millipore
purification system built by Culligan (Quebec, Canada). The L. preumophila sspl samples were provided by Magnus
Chemicals Ltd. (Boucherville, Canada). For the reported here experiments, we worked with UV light killed bacteria.
Throughout the text, we use term “bacteria/mL” for UV-treated bacteria.
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Figure 1. (a) Details of J0152 GaAs/AlGaAs nano-heterostructure, and (b) corresponding energy band diagram.

2.2 Functionalization process of biochips

We used 2 mm x 2 mm chips diced from a GaAs/AlGaAs wafer. The backside of the chips was coated with gold before the
biofunctionalization step. Details on creating Au contact at the backside of chips can be found elsewhere [6]. Gold coated
chips were all degreased sequentially in ultrasonic bath of OptiClear, acetone and IPA for 5 min each, then dried with flow of
nitrogen and immersed in ammonium hydroxide (28%) for 2-min, in order to remove their native oxide layer. Next, they
were immersed in deoxygenized anhydrous ethanol and immediately transferred to solution of thiol (0.15 mM Bio-PEG and
1.85 mM HDT diluted in deoxygenized anhydrous ethanol) and kept there around 20 hours. Then, biochips were rinsed with
anhydrous ethanol and 1XPBS then post processed with neutravidin (0.2 mg/mL in 1XPBS for 1h) and then, after rinsing
with 1XPBS, incubated for 1 h in a solution of Ab against L. pneumophila (0.1 mg/mL in 1XPBS). At this stage, the biochips
were rinsed with 1XPBS and transferred to microfluidic setup for bacteria immobilization tests. At the end of bacteria
incubation process, biochips were exposed for 1 h to FITC conjugated antibodies (50pg/ml in 1XPBS) to survey presence of
bacteria via fluorescence microscopy. As illustrated in Figure 2, L. pneumophila will be sandwiched between two antibodies.
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Figure 2. Bioarchitecture of Bio-PEG/HDT/Neutravidin/Antibody for immobilization of L. pneumophila. After trapping the bacteria, they
are stained with FITC conjugated antibodies for fluorescence microscopic identification.

The influence of electric bias on GaAs biochips was studied for biochips biased at E= -0.2, 0 and 0.2 volts and exposed for
30 min to a solution containing L. preumophila with concentration at 10° bacteria/mL. For the applied bias voltages, the
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current-voltage characteristics of GaAs/AlGaAs heterostructures suggests that anodic dissolution or hydrogen evolution
reactions of this material play a negligible role [18].

2.3 Immobilization experiments with biased biochips

After the Ab coated biochips were rinsed with 1XPBS, they were placed inside a flow cell, which allowed for exposure to
different environments facilitated with a peristaltic pump. Figure 3 displays a schematic view of the flow cell setup. After
biasing a biochip, we injected L. pneumophila suspended in 1XPBS at,10° bacteria/mL and incubated for 30 min under a
continuous flow of a bacterial solution at 0.04 mL/min. Next, the biochip was removed from the flow cell and rinsed with DI
water to wash salts and physisorbed bacteria from surface of GaAs. Bacteria immobilized on the surface of biofunctionalized
GaAs were stained with FITC conjugated antibodies, and characterized by a fluorescence inverted microscope (Olympus,
IX71). The light source emits between 450 and 490 nm (blue light) and images were observed at 515 nm using a DP71
digital camera [19]. For characterization of electrically biased biochips, we used an electrochemical analyser (CH
Instruments, CHI604C) and in all tests, the working electrode was GaAs with a Au contact, counter electrode was also Au,
while the reference electrode was Ag/AgCl.
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Figure 3. Schematic view of employed microfluidic setup connected to pump and electrochemical analyser.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

Figure 4 shows fluorescence microscopy image of a GaAs surface after FITC tagging and systematic analysis of bacteria
immobilization. The florescence image is obtained by 3 seconds exposure time. FITC dyes are clearly observed on the
surface of GaAs, representing the L. pneumophila. We systematically assessed the number of FITC dyes and compared
obtained numbers to verify influence of each bias point on the trapping process. As shown by Figure 4(b), for sample biased
at 0.2 V we could increase the surface coverage more than 2 times relative to sample biased at 0 V. Conversely, we degraded
bacteria immobilization efficiency for sample biased at -0.2 V. The anodic potential actually increased the band bending of
the GaAs/AlGaAs heterostructure at its interface with the electrolyte; hence, it depletes more charge carriers from space
charge and creates a more positive depletion region. While the variation of the Helmholtz layer, responsible for double layer
repulsion, is small compared to variations of the space charge region due to applied bias [17], presumably, anodic bias
provides more attraction force for deflection of negatively charged bacteria towards the GaAs surface. We also carried out a
control test by exposing a biofunctionalized biochip directly to FITC conjugated antibodies (no bacteria were immobilized
initially). As shown by the inset of Figure 4(a), there was no noticeable unspecific binding of FITC conjugated antibodies to
the surface of that biochip.
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Figure 4. (a) Fluorescence microscopic image showing the presence of L. pneumophila on the surface of Ab functionalized biochip
exposed to 103 bacteria/mL in comparison to a control sample exposed to FITC conjugated Ab only, as shown by the inset; (b) relative
number of bacteria captured at different electrical bias conditions normalized to bacteria counted for an unbiased (E = 0 V) sample.

4. Conclusion

We studied the impact of an electrical bias on immobilization of L. pneumophila on the surface of biofunctionalized
GaAs/AlGaAs nano-heterostructures. We used bio-PEG/HDT/Neutravidin/Antibody architectures to specifically capture L.
pneumophila. Electrical bias was realized in an electrochemical cell with a 3-electrode configuration employing Ag/AgCl as
a reference electrode. The presence of immobilized bacteria was studied by employing FITC conjugated antibodies and a
fluoresce microscopy technique. We demonstrate that electrical control of band bending could be applied to moderate
bacteria-semiconductor interaction. Under increased band bending conditions achieved with E = 0.2 V, the repulsion
semiconductor-bacteria could be reduced, leading to a 2X increased surface concentration of the negatively charged L.
pneumophila. Given that the limit of detection with GaAs/AlGaAs nano-heterostructure biochips is determined by the critical
number of bacteria immobilized on the biochip surface, our investigations suggest that an enhanced sensitivity of detection
could be achieved by electrical biasing of the biochip.
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