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A label-free optical biosensor based on a nanostructured porous Si is designed for rapid capture and detection of Escherichia coli K12 bacteria,
as a model microorganism. The biosensor relies on direct binding of the target bacteria cells onto its surface, while no pretreatment (e.g. by cell
lysis) of the studied sample is required. A mesoporous Si thin film is used as the optical transducer element of the biosensor. Under white light
illumination, the porous layer displays well-resolved Fabry-Pérot fringe patterns in its reflectivity spectrum. Applying a fast Fourier transform
(FFT) to reflectivity data results in a single peak. Changes in the intensity of the FFT peak are monitored. Thus, target bacteria capture onto the
biosensor surface, through antibody-antigen interactions, induces measurable changes in the intensity of the FFT peaks, allowing for a 'real time'
observation of bacteria attachment.

The mesoporous Si film, fabricated by an electrochemical anodization process, is conjugated with monoclonal antibodies, specific to the target
bacteria. The immobilization, immunoactivity and specificity of the antibodies are confirmed by fluorescent labeling experiments. Once the
biosensor is exposed to the target bacteria, the cells are directly captured onto the antibody-modified porous Si surface. These specific capturing
events result in intensity changes in the thin-film optical interference spectrum of the biosensor. We demonstrate that these biosensors can
detect relatively low bacteria concentrations (detection limit of 10* cells/ml) in less than an hour.

Video Link

The video component of this article can be found at http://www.jove.com/video/50805/

Introduction

Early and accurate identification of pathogenic bacteria is extremely important for food and water safety, environmental monitoring, and point-of-
care diagnostics1. As traditional microbiology techniques are time consuming, laborious, and lack the ability to detect microorganisms in "real-
time" or outside the laboratory environment, biosensors are evolving to meet these challengesz"”.

In recent years, porous Si (PSi) has emerged as a promising platform for the design of sensors and biosensors®. Over the past decade
numerous studies regarding PSi-based optical sensors and biosensors were published21'22. The nanostructured PSi layer is typically fabricated
by electrochemical anodic etching from a single-crystal Si wafer. The resulting PSi nanomaterials exhibit many advantageous characteristics,
such as large surface and free volume, pore sizes that can be controlled and tunable optical properties1°'16. The optical properties of the PSi
layer, such as photoluminescenceg'11 and white light reflectance-based interferometry7' 9, are strongly influenced by environmental conditions.
Capture of guest molecules/target analytes within the porous layer results in a change in the averaglz;e refractive index of the film, observed as a
modulation in the photoluminescence spectrum or as a wavelength shift in the reflectivity spectrum °

Although the vast innovation in PSi optical biosensor technology, there are only few reports on PSi-based platforms for bacteria
detection®®?°2*2% | addition, most of these proof-of-concept studies have demonstrated "indirect" bacteria detection. Thus, generally prior lysis
of the cells is required to extract the targeted protein/DNA fragments, characteristic to the studied bacteria®®. Our approach is to directly capture
the target bacteria cells onto the PSi biosensor. Therefore, monoclonal antibodies, which are specific to target bacteria, are immobilized onto the
porous surface. Binding of bacteria cells, via antibody-antigen interactions, onto the surface of the biosensor induce changes in the amplitude
(intensity) of the reflectivity spectrum24'26.

In this work, we report on the construction of an optical PSi-based biosensor and demonstrate its application as a label-free biosensing platform
for the detection of Escherichia coli (E. coli) K12 bacteria (used as a model microorganism).The monitored optical signal is the light reflected
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from the PSi nanostructure due to Fabry-Pérot thin film interference (Figure 1A). Changes in the light amplitude/intensity are correlated to
specific immobilization of the target bacteria cells onto the biosensor surface, allowing for rapid detection and quantification of the bacteria.

1. Preparation of Oxidized Porous SiO,

Etch Si wafers (single side polished on the <100> face and heavily doped, p-type, 0.0008 Q-cm) in a 3:1 (v/v) solution of agueous HF and
absolute ethanol for 30 sEC at a constant current density of 385 mA/cm?. Please note that HF is a highly corrosive liquid, and it should be
handled with extreme care.

Rinse the surface of the resulting porous Si (PSi) film with absolute ethanol several times; dry the films under a dry nitrogen gas.

Oxidize the freshly-etched PSi samples in a tube furnace at 800 °C for 1 hr in ambient air (place the sample in the furnace at room
temperature, heat the furnace to 800 °C, leave in furnace for 1 hr, turn off the furnace and remove the samples from the furnace only at room
temperature).

2. Biofunctionalization of PSiO, Scaffolds

Nogoh~wNh =

Incubate an oxidized PSi (PSiO,) sample for 1 hr in mercaptopropyl(trimethoxysilane-3) 95% (MPTS) solution (108 mM in toluene).

Rinse the silane-treated PSiO, sample with toluene, methanol, and acetone; dry under a dry nitrogen gas.

Incubate the silane-modified PSiO, sample for 30 min in 1 ml of 100 mM PEO-iodoacetyl biotin solution.

Rinse the biotin-treated PSiO, sample with 0.1 M phosphate buffered saline (PBS) solution several times.

Incubate the biotin-modified PSiO, sample for 30 min in 1 ml of 100 pug/ml streptavidin (SA) solution.

Rinse the SA-treated PSiO, sample with 0.1 M PBS solution several times.

Incubate the resulting SA-modified PSiO, sample for 30 min in 1 ml of 100 pg/ml biotinylated E. coli monoclonal antibody (Immunoglobulin G,
1gG) solution or with 100 pg/ml biotinylated-rabbit IgG (as a model for a monoclonal antibody).

3. Fluorescent Labeling and Fluorescence Microscopy

Incubate the IgG-modified surfaces with 15 ug/ml fluorescein (FITC) tagged anti rabbit IgG for 40 min and with 15 pg/ml fluorescein (FITC)
tagged anti mouse IgG as a control.

Rinse the modified samples with 0.1 M PBS solution several times.

Examine the samples under a fluorescence microscope.

4. Bacteria Culture

Cultivate E. coli K12 bacteria in a 10 ml tube with 5 ml of Luria Bertani (LB) medium (medium composition in 1 L of deionized water: 5 g of
NaCl, 5 g of yeast extract, and 10 g of tryptone). Incubate the bacteria overnight shaking at 37 °C.

Monitor the bacteria concentration by reading the optical density (OD) at a wavelength of 600 nm. After overnight growth in LB medium,
read the ODg using a spectrophotometer to determine the bacterial concentration. The number of cells is directly proportional to the ODggq
measurements (1 ODggg = 108 cells/ml).

5. Bacteria Sensing

Place the IgG-modified PSiO, and neat PSiO, (as the control) samples in a custom-made Plexiglas flow cell. Fix the flow cell to ensure that
the sample reflectivity is measured at the same spot during all the measurements.

Incubate the samples with E. coli K12 suspension (104 cell/ml) for 30 min at room temperature. Then remove the bacteria suspension by
flushing the cell with 0.85% w/v saline solution for 30 min.

Monitor the changes in the reflectivity data throughout the experiment. All optical measurements need to be carried out in an aqueous
surroundir;g.ZGSpectra should be collected using a CCD spectrometer and analyzed by applying fast Fourier transform (FFT), as previously
described™ " .

Confirm the presence of the bacteria on the biosensor surface, by observation of the samples under an upright light microscope immediately
after the biosensing experiment.

Representative Results

Oxidized PSi (PSiO,) films are prepared as described in the Protocol Text section. Figure 1B shows a high-resolution scanning electron
micrograph of the resulting PSi film after thermal oxidation. The PSiO, layer is characterized by well-defined cylindrical pores with a diameter in
the range of 30-80 nm.

The monoclonal antibody (IgG) molecules are grafted onto the PSiO, surfaces by using a well-established silanization technology coupled with
a biotin-SA system. The detailed synthesis scheme is outlined in Figure 2. First, the thermally oxidized surface is silanized by MPTS, resulting
in a thiol-silanized surface (Figure 2c). In the following step, the activated surface is incubated with a SH-reactive biotin linker molecules
(Figure 2d), followed by attachment of the SA proteins to the biotin-modified surface via biotin-SA bridges %0 (Figure 2e). The final step in the
functionalization of the biosensor surface involves the bioconjugation of biotinylated monoclonal antibodies to the SA (Figure 2f).
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The attachment of the antibodies to the PSiO, surface is confirmed by fluorescent labeling followed by observation of the surface under
a fluorescence microscope. In addition, fluorescence studies allow us to characterize the activity and antigenic specificity of the surface-

immobilized antibodies (rabbit IgG) by binding of fluorescently tagged anti-rabbit IgG and anti-mouse IgG as a control. Figure 3 summarizes the
results of these experiments.

In order to demonstrate bacteria biosensing we have used a specific E. coli IgG instead of the model IgG (rabbit IgG). Again, the approach

is to monitor changes in the amplitude (intensity) of the light reflected from the PSiO, nanostructure. During the sensing experiments, the
biosensors are fixed in a flow cell in order to assure that the sample reflectivity is measured at the same spot during all measurements. The
entire experiment is carried out in wet environment and the sample reflectivity spectrum is continuously monitored. The biosensors are exposed
to E. coli K12 suspension (104 cells/ml) for 30 min, after which a buffer solution is used for washing the biosensor surface (for the removal of
unattached bacteria). A FFT spectrum of the biosensor before and after the introduction of the E. coli bacteria (104 cells/ml) is shown in Figure
4a (top). Thus, following exposure to E. coli bacteria (and subsequent rinsing step) an intensity decrease of 7+1% is recorded, while insignificant
changes (less than 0.5% decrease in the FFT intensity) are observed for the unmodified PSiO, surface (Figure 4b, top). Moreover, in order

to confirm the presence of captured cells onto the PSiO, surface, the biosensors are observed under a light microscope immediately after the
completion of the biosensing experiment. Figure 4a (bottom) displays immobilized bacteria cells on the biosensor surface, while no cells are
observed on the unmodified surfaces (control); see Figure 4b (bottom).
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Figure 1. (A) Typical reflectivity spectrum of a typical Fabry-Pérot PSiO, nanostructure (left) and the corresponding spectrum
following a fast Fourier transform (right). The position and magnitude of the resulting single peak are monitored. (B) A cross-sectional high-
resolution scanning electron micrograph (secondary electrons) of a PSiO, layer (etched for 30 sEC at 385 mA/cmz).
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Figure 2. Schematic representation of the synthesis steps followed to biofunctionalize the PSiO, surface with antibodies. (a) An anodic
electrochemical etch is used to prepare a PSi layer from a single-crystal Si wafer. (b) The freshly-etched sample is then thermally oxidized at 800
°C. (c) The PSiO, surface is initially reacted with MPTS to create free thiol group surface (activated PSiO;, film). (d) Incubation of the activated
film with PEO-iodoacety! biotin to generate biotinylated surface. (e) Incubation of the biotinylated surface with SA. (f) Incubation of the modified

surface with biotinylated antibodies. Click here to view larger figure.
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Figure 3. Results of fluorescence labeling experiments to confirm the activity and antigenic specificity of the immobilized IgG. The
samples are observed under a fluorescent microscope at a constant exposure time. (A) Complete bioconjugation, PSiO, + MPTS + biotin + SA
+ biotinylated-rabbit-lgG and FITC-anti rabbit IgG; (B) control experiment with FITC-anti mouse IgG; (C) control experiment, no IgG, PSiO, +
MPTS + biotin + SA and FITC-anti rabbit IgG.

Note: These schematics are for illustration purposes only as conjugation of IgG also occurs inside the pores.
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Figure 4. E. coli biosensing experiments and corresponding optical microscope images of the biosensors immediately after the
experiments. The biosensors are incubated with 10* cells/ml E. coli suspensions. Key: (a) IgG-modified PSiO,, (b) neat (unmodified) PSiO,.

A label-free optical immunosensor, based on a PSiO, nanostructure (a Fabry-Pérot thin film) is fabricated, and its potential applicability as a
biosensor for bacteria detection is confirmed.

Modifications and troubleshooting

One of the major concerns when designing an immunosensor is the susceptibility of antibodies to undergo undesired conformation changes
during deposition and patterning onto the solid substrate, which may lead to a decrease in the biosensor sensitivity >'*2. To minimize this
issue, conjugation of the antibodies to the PSiO, surface is accomplished through biotin-SA bridges. SA and biotin are commonly used in
many biotechnological applications due to their high binding aﬁinitg (K ~10™ M). The biotin-SA link is one of the most common chemistries
for receptor immobilization practiced in biosensor developmentm'3 3334 The accessibility of the immobilized antibodies can be regulated by
the biotin-SA reaction that provides a flexible linkage between the solid surface and the IgGsS1’35. Thus, the PSiO, is first biofunctionalized with
biotin/SA to allow the conjugation of biotinylated antibodies onto the nanostructure.

Limitations of the technique

The main limitations of this biosensing scheme are attributed to the use antibodies as the bacteria capture element. As is with other
immunosensors, we are limited to the detection of targets that have available antibodies, the specificity of the used antibodies and their
stability36. The type of antibodies to be used depends on the specific application and whenever possible monoclonal antibodies are preferred.
Yet, despite the high degree of specificity that monoclonal antibodies provide, the detection of whole bacteria cells below 1,000 cells/ml is still a
challengeBs. Additionally, the high cost involved in the production of these antibodies should be taken into consideration.

Another limitation is associated with chemical stability of the oxidized PSi transducer in corrosive/aqueous environments. Although, the
PSiO, stability is suzperior in comparison to PSi thin films, still when conducting long (several hours) flow experiments baseline drifts may
be observed"™ %2 Moreover, it is favored to work around neutral pH (in the range of 6-8) in order to prevent mechanical instability of the
nanostructure.

Of course that when dealing with real food or water samples, which are contaminated with bacteria, an appropriate pretreatment process

has to be considered prior to the sensing step. The pretreatment should be designed in accordance to the specific characteristics of studied
sample. For example, preparation procedures such as dispersion, filtration, pH balance, efc., could be considered. However, these pretreatment
techniques are beyond the scope of this work.
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Significance with respect to existing methods

To date, detection and identification of bacterial contaminations rely mainly on classical microbiology culturing techniques or on rapid technlques
in microbiology, such as biochemical kits, ELISA (enzyme-linked immunosorbent assay), and PCR (polymerase chain reaction) assays ®. These
methods are Iabonous time-consuming and require several days to obtain results, thus "real-time" assessment of water and food safety remain
unfeasible®**. In the present work, we demonstrate the capability of PSi-based biosensors to overcome the drawbacks of these techniques. The
present biosensor allows for a simple and relatively sensitive detection of bacteria via a "dlrect cell capture" approach, by monitoring changes in
its optical interference spectrum. Our preliminary results display a low detection limit of 10* cell/ml E. coliand a rapid response time of several
minutes. For comparison, the detection limit of current state-of-the-art surface Plasmon resonance (SPR) biosensors is in the range of 10%-10°
cel/miP™°. In terms of response time, our biosensors response to bacteria exposure is comparable to that of SPR techniques. Thus, the major
strengths of this biosensing scheme are the simplicity of the assay and rapid detection allowing for "real-time" identification of the target bacteria.

Future applications

Several approaches are currently being explored to improve the detection limit and sensitivity of the biosensor, including optimization of the
antibody concentration and orientation, use antibody fragments instead of whole antibodies. Additionally, we are studying the potential of
aptamers as alternative capture probes. In conclusion, the work presented here provides a generic biosensing platform that can be translated to
many biosensing applications of a variety of microorganisms.

Critical steps within the protocol

In order to achieve optimal performance of the biosensor, it is highly important to confirm the biofunctionalization of the PSiO, scaffolds (see
section 3 in the protocol text, Fluorescent Labeling and Fluorescence Microscopy). The fluorescence studies allow us to confirm the attachment
of the antibodies to the transducer (PSiO,) surface and to characterize the activity and antigenic specificity of the attached antibodies, by binding
of fluorescently tagged anti-rabbit IgG and anti-mouse IgG as a control.

Moreover, in order to eliminate false results in the optical readout, it is essential to properly rinse the surface of the biosensor following
exposure to the target bacteria (for the removal of bacteria cells that are nonspecifically bound or reside on the surface) and to conduct control
experiments with neat PSiO,. The importance of the control experiment is for the elimination of unspecific bacteria adsorption on the biosensor
surface (see section 5 in the protocol text, Bacteria Sensing).
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