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ABSTRACT: An optical label-free biosensing platform for
bacteria detection (Escherichia coli K12 as a model system)
based on nanostructured oxidized porous silicon (PSiO,) is
introduced. The biosensor is designed to directly capture the
target bacteria cells on its surface with no prior sample proces-
sing (such as cell lysis). The optical reflectivity spectrum of the
PSiO, nanostructure displays Fabry—Pérot fringes character-
istic of thin-film interference, enabling direct, real-time observa-
tion of bacteria attachment within minutes. The PSiO, optical
nanostructure is synthesized and used as the optical transducer
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element. The porous surface is conjugated with specific monoclonal antibodies (immunoglobulin G's) to provide the active
component of the biosensor. The immobilization of the antibodies onto the biosensor system is confirmed by attenuated total
reflectance Fourier transform infrared spectroscopy, fluorescent labeling experiments, and refractive interferometric Fourier
transform spectroscopy. We show that the immobilized antibodies maintain their immunoactivity and specificity when attached to
the sensor surface. Exposure of these nanostructures to the target bacteria results in “direct cell capture” onto the biosensor surface.
These specific binding events induce predictable changes in the thin-film optical interference spectrum of the biosensor. Our
preliminary studies demonstrate the applicability of these biosensors for the detection of low bacterial concentrations. The current
detection limit of E. coli K12 bacteria is 10* cells/mL within several minutes.

ood- and water-borne bacterial outbreaks remain a major cause
Ffor disease and mortality throughout the world."” Rapid detec-
tion of these pathogenic microorganisms is critical for prevention of
these outbursts.” To date, the detection and identification of path-
ogens rely mainly on classical culturing techniques or on advanced
“rapid” techniques in microbiology, such as biochemical kits, ELISA
(enzyme-linked immunosorbent assay), and PCR (polymerase
chain reaction) assays.”> These methods are laborious and time-
consuming and lack the ability to detect microorganisms in “real
time” or outside the laboratory environment.*®”

Over the past decade, there has been an immense effort to
develop new bioassays and biosensors for the rapid detection of
food- and water-borne pathogens.*® Various biosensors for rapid
identification of bacteria in food and water have been reported,
while the most popular are optical biosensors. These biosensors
offer a number of advantages, including speed, selectivity, sen-
sitivity, and reproducibility of the measurement.>® To date, the
most successful optical-based biosensors are based on surface
plasmon resonance (SPR),'® whereby biomolecular binding
events cause a change in the refractive index that is recognized
by a shift in the SPR signal. Another significant advantage of these
platforms is that no labeling of the target is required. However,
the widespread application of these technologies for bacteria
detection is limited mainly by the labor, high cost, and complexity
of the SPR biosensor system. "’
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In recent years, the biosensor technology of porous silicon
(PSi) has received much attention.''~** One of the favorable
properties of this nanomaterial is its large surface area (up to
500 m”>/cm?), which enables large amounts and a variety of
biomolecular interactions, including enzymes,24 DNA fragments,25
and antibodies,* occurring over a small working area, facilitating
the miniaturization of the biosensor.'® The resulting activated
surface can be used for several biosensing applications, includin%
the detection of DNA,* proteins,">"'*'***** enzyme activity,”
and bacteria.>"*'**” PSi optical sensors are based on changes of
photoluminescence'**® or reflectivity”>>® upon exposure to the
target analyte,*® which replaces the media in the pores. A change
in the refractive index of the film is observed as a modulation in
the photoluminescence spectrum or as a wavelength shift in the
reflectivity spectrum.

Previous studies on porous Si-based optical biosensors (see,
e.g, ref 31) have demonstrated only “indirect” bacteria
detection via monitoring protein/DNA fragments that are
secreted by the bacteria (therefore, prior lysis of the bacteria is
required). Our approach is to directly bind the bacteria to the
PSi surface. In this case, changes in the amplitude (intensity)
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of the reflectivity spectrum of the PSi are correlated to specific
immobilization of bacteria cells, “direct cell capture” onto the
surface via antibody—antigen interactions. In a recent work,
we demonstrated this concept for oxidized PSi/hydrogel
hybrids. Preliminary studies showed the applicability of these
hybrids for the detection of low bacterial concentrations in
the range of 103—10° cells/mL within minutes.”” In the
present work we explore a more straightforward strategy for
the preparation of the biosensor surface using neat oxidized
PSi (PSiO,) substrates. We demonstrate rapid detection of
Escherichia coli K-12 bacteria (as a model system) via a direct
cell capture approach onto these biosensors. To achieve this
goal, PSiO, films are synthesized and biofunctionalized with a
monoclonal antibody (as the capture probe) using well-
established coupling chemistry. Changes in the intensity of
the reflectivity spectrum of the PSiO, transducer are mon-
itored upon exposure to E. coli bacteria. Correlation between
light intensity and specific capture of the bacteria onto PSiO,
allows for rapid detection and quantification of bacterial
contaminations.

B EXPERIMENTAL SECTION

Materials. Highly doped p-type Si wafers (0.0008 Q cm
resistivity, (100)-oriented, B-doped) were purchased from
Siltronix Corp. Aqueous HF (48%) and ethanol absolute were
supplied by Merck. Bis(N-succinimidyl)carbonate (SC),
(3-aminopropyl)triethoxysilane (APTES), and diisopropylethyl-
amine (DIEA) were purchased from Sigma-Aldrich Chemi-
cals. The PBS buffer solution at pH 7.4 was prepared by
dissolving 50 mM Na,HPO,, 17 mM NaH,PO,, and 68 mM
NaCl in Milli-Q water (18.2 MQ). Rabbit immunoglobulin G
(IgG), fluorescently tagged antirabbit IgG, fluorescently
tagged antimouse IgG, and E. coli antibody were purchased
from Jackson ImmunoResearch Laboratories Inc. E. coli
(K-12) bacteria were generously supplied by Prof. Sima Yaron
(Technion).

Preparation of Porous SiO,. Si wafers (single side polished
on the (100) face and heavily doped, p-type) are electrochemi-
cally etched ina 3:1 (v/v) solution of aqueous HF and ethanol for
30 s at a constant current density of 385 mA/cm”. Si wafers with
an exposed area of 1.33 cm” are contacted on the back side with a
strip of aluminum foil and mounted in a Teflon etching cell; a
platinum mesh is used as the counter electrode. After etching, the
surface of the wafer is rinsed with ethanol several times and dried
under a dry nitrogen gas. The freshly etched PSi samples are
thermally oxidized in a tube furnace (Thermolyne) at 800 °C for
1 h in ambient air.

Scanning Electron Microscopy. High-resolution scanning
electron microscopy (HRSEM) micrographs of the neat PSiO,
are obtained using a Carl Zeiss Ultra Plus HRSEM instrument at
an accelerating voltage of 1 keV.

Gravimetric Determination of Porosity. Porous SiO, sam-
ples are weighed on a laboratory microbalance to obtain an initial
mass (m;). The oxidized porous layer is then dissolved in an
ethanolic HF solution (3:1,v/v, 48% aqueous HE/ ethanol). The
sample is then weighed again (m,), and the porosity (P) is
calculated using the following equation:””

_ Vvtotal - VSiOZ (1)
Vtotal

p

Viotal, which is the total volume of the PSiO, layer, is determined
by27,32

‘/total = St (2)

where S is the wafer area exposed to the HF solution during the
electrochemical etching and ¢ is the thickness of the PSiO, layer
as determined by cross-sectional SEM measurement. Vg0,
which is the volume of the SiO, fraction in the PSiO, layer, is
calculated from the following equation:*”**

mp — my

- G

Vsio, =
where d is the density of bulk SiO,, taken as 2.6 g/ cm’.

Measurement of Interferometric Reflectance Spectra.
Interferometric reflectance spectra of the samples are collected
using an Ocean Optics charge-coupled device (CCD) USB 4000
spectrometer fitted with a microscope objective lens coupled to a
bifurcated fiber-optic cable. A tungsten light source is focused
onto the center of the sample surface with a spot size of approx-
imately 1—2 mm”. Reflectivity data are recorded in the wave-
length range of 400—1000 nm, with a spectral acquisition time of
100 ms. Both illumination of the surface and detection of the
reflected light are performed along an axis coincident with the
surface normal. All the optical experiments are conducted in a
fixed cell to ensure that the sample reflectivity is measured at the
same spot during all the measurements (the measurements are
collected in dry surroundings after the surfaces are dried with
nitrogen). Spectra are collected using a CCD spectrometer and
analyzed by applying fast Fourier transform (FFT).

Determination of Porosity and Film Thickness by the
Spectroscopic Liquid Infiltration Method. The porosity and
thickness of the PSiO, layers are determined using the spectro-
scopic liquid infiltration method (SLIM) as previously described.”**
Briefly, the optical thickness (OT) of the sample is determined
from the interferometric reflectance spectrum of the porous
film in air and while immersed in different liquids, i.e., hexane,
ethanol, and acetone, having refractive indices of 1.372, 1.359,
and 1.357, respectively. Fitting the optical parameters derived
from the reflective interferometric spectra to a Bruggeman effec-
tive medium approximation yields a unique solution for both the
porosity and the thickness of the sample. Refractive indices for
the different solvents and solutions are measured using a Kruss
Optronic refractometer. The refractive index of the SiO, portion
of the film is assumed to be 1.455.

Biofunctionalization of PSiO, Scaffolds. Preparation of
APTES-Modified surfaces. A PSiO, sample is incubated with an
aqueous solution of 42 mM APTES and 56 mM DIEA for 30 min.
After the solution is removed, the surface is rinsed with purified
water and ethanol for 10 min each and dried under a nitrogen
stream.

Preparation of NHS-Modified Surfaces. The APTES-modified
surface is immersed in a 10 mM SC solution in acetonitrile for 7
min. It should be noted that this concentration was previously
found to minimize the formation of bridging SC.** After the
solution is removed, the surface is washed extensively with aceto-
nitrile three times for 10 min each and dried under a nitrogen
stream.

Preparation of lgG-Modlified Surfaces. A 1.5 mg/mL antibody
solution (amine-terminated chromo pure rabbit IgG, whole
molecule) is diluted 1:50 (v/v) with PBS. The NHS-modified
surface is incubated in the solution at room temperature for
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Figure 1. HRSEM micrographs of a typical PSiO, film etched for 30 s at 385 mA/cm?: (a) top view, (b) cross-sectional view.

60 min. After the solution is removed, the surface is rinsed with
surplus PBS, 1 M NaCl, and PBS for 10 min each.

Infrared Spectroscopy. Surface modification is verified using
attenuated total reflectance Fourier transform infrared (ATR-
FT-IR) spectroscopy. Spectra are recorded using a Thermo 6700
FT-IR instrument equipped with a Smart iTR diamond ATR
device.

Fluorescent Labeling and Fluorescence Microscopy. IgG-
modified surfaces are incubated with fluorescently tagged anti-
rabbit IgG (1:50, v/v, dilution of the manufacturer’s stock
solution) for 40 min. IgG-modified surfaces are also incubated
with fluorescently tagged antimouse IgG as a control. Following
conjugation, the samples are observed under a fluorescence
microscope (Nikon TE200-S), and images are taken using a
Nikon DMX1200 camera. A constant exposure time of 2 s is used
for all measurements. Data are analyzed by the ACT-1 program.

Bacteria Culture. E. coli K12 is cultivated in a 10 mL tube with
S 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). The bacteria are incubated overnight at 37 °C with
shaking. The bacteria concentration is monitored photometri-
cally by reading the optical density (OD) at a wavelength of
600 nm. After overnight growth in LB medium, the ODqy is read
using a spectrophotometer to determine the bacterial concentra-
tion. The number of cells is directly proportional to the ODgp
measurements (1 ODgoo = 10° cells/mL). Thus, the bacteria
concentration is calculated from the ODgy, measurements.

Bacteria Sensing. IgG-modified PSiO, and neat PSiO, (as
the control) samples are incubated with E. coli K12 suspensions,
ranging from 10° to 10° cells/mL, for 30 min. These experiments
are conducted in a fixed cell to ensure that the sample reflectivity
is measured at the same spot during all the measurements. After
the bacteria suspension is removed, the cell is flushed for 30 min
with a buffer solution. Optical measurements are recorded through-
out the experiment. The FFT intensity changes are expressed as
percentages and are calculated using the following equation:

Al — A
A

intensity change (%) = x 100 (4)

where A, is the intensity before modification and A, is the intensity
after modification with the bacteria suspensions.

B RESULTS AND DISCUSSION

Preparation and Characterization of PSiO, Films. The
PSiO, films are prepared from a highly doped p-type crystalline
Si wafer, polished on the (100) face using an anodic electrochemical

etch, at a constant current density of 385 mA/cm” for 30 s. The
resulting freshly etched PSi film is then thermally oxidized at
800 °C to create a hydrophilic PSiO, matrix. The structural pro-
perties, ie., thickness and porosity, of the PSiO, layer are
characterized by three methods, HRSEM, gravimetry (for porosity),
and SLIM, as previously described by Massad-Ivanir et al.”” The
average values are summarized in Table S1 (see the Supporting
Information). Briefly, the resulting porous layers are 7880 =+
60 nm thick, and the calculated porosity is approximately 80%.
HRSEM micrographs of a typical porous layer after thermal
oxidation are shown in Figure 1. Top-view micrographs of the
PSiO, film (Figure 1a) reveal its highly porous nature. The cross-
sectional SEM micrograph (Figure 1b) of a cleaved film depicts
interconnecting cylindrical pores®*** ranging in diameter from
60 to 100 nm.

Biofunctionalization of PSiO, with Monoclonal Antibo-
dies. The synthetic approach for grafting the monoclonal anti-
bodies (IgG) onto the PSiO, surfaces is based on a well-
established silanization technology.>> The detailed synthesis
scheme is outlined in Scheme 1. First, the thermally oxidized
surface is aminosilanized by APTES with the aid of an organic
base, DIEA, resulting in an aminosilanized surface (Scheme 1a).
In the following step, a homobifunctional cross-linker, SC, is
incubated with the modified PSiO, (Scheme 1b). SC reacts with
the surface amines of the porous layer through a nucleophilic
attack of the amine on C=O succimide ester, eliminating one
NHS group. In the final step (Scheme 1c), an amine-terminated
rabbit I§G is attached to the surface via the amino-reactive cross-
linkers.>

To confirm the chemical modification of the SiO, scaffold
after the different synthetic steps, the samples are characterized
using ATR-FT-IR spectroscopy. Figure 2 shows the ATR-FT-IR
spectra of the different surfaces (APTES, NHS, IgG). The
spectrum of a neat PSiO, surface (Figure 2, trace a) depicts a
typical Si—H vibrating mode at 802 cm™' and a peak at
1056 cm ™! that is related to the Si—O—Si stretching mode.>
The spectrum of the APTES-modified surface (Figure 2, traces b
and b(1)) depicts two additional peaks, not observed for the neat
PSiO,. The peak at 1641 cm ™' is attributed to the bending band
of NH, and that at 1551 cm ™' to the bending band of protonated
amines (—NH;").%® These results confirm that APTES is grafted
onto the PSiO, surface. Figure 2, trace ¢, displays the spectrum of
an NHS-modified surface. Amide bands appear at 1631 cm ™'
(amide T) and 1529 cm™ ' (amide II), exhibiting a red shift
compared to the bending bands of the amines in an APTES-
modified surface; refer to Figure 2, trace (1) vs trace b(1). Two
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Scheme 1. Schematic Representation of the Synthesis Steps Followed To Biofunctionalize the PSiO, Surface with IgG”
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Figure 2. ATR-FT-IR spectra of the (a) neat PSiO, surface, (b) APTES-modified surface, (c) NHS-modified surface, and (d) IgG-modified surface.
Insets b(1), c(1), and d(1) depict the corresponding detailed spectra for clarity (multiplied along the y axis).

significant peaks appear at 1737 and 1778 cm ™' (Figure 2, trace
c(1)), attributed to the asymmetric and symmetric stretching
bands of succinimidyl ester, respectively.*®> These results verify
that SC is attached to the APTES-modified surface. For the IgG-
modified surface (Figure 2, trace d), amide bands appear at
1642 cm™ ' (amide I) and 1548 cm ™' (amide II).** These bands
show a blue shift compared to the NHS species on the NHS-
modified surface, indicating that the IgG molecules are conju-
gated to the PSiO, surface.

The attachment of the antibodies to the PSiO, surface is also
confirmed by fluorescent labeling followed by observation of the
surface under a fluorescence microscope. Moreover, fluorescence
studies also allow us to characterize the activity and antigenic
specificity of (rabbit) IgG's conjugated to the PSiO, surface by
binding of fluorescently tagged antirabbit IgG and antimouse IgG
as a control. Figure 3 summarizes the results of these experi-
ments. Figure 3a demonstrates that the conjugated rabbit IgG's
(as a model for monoclonal antibody) retain their activity after
grafting to the surface; the attachment is confirmed by binding of
fluorescently tagged antirabbit IgG. In the next set of control
experiments (see Figure 3b), the silanization step is omitted and
a fluorescent signal is observed, indicating that nonspecific
binding of IgG to the surface occurs. Moreover, the nonspecifi-
cally immobilized IgG also shows immunogenic activity. This

result will be further discussed and confirmed using RIFTS in the
following section. When the cross-linker (SC) is omitted from
the conjugation scheme (see Figure 3c), no signal is observed,
suggesting that the antibodies do not bind to the APTES-
modified PSiO, surface. Additionally, the rabbit IgG-functiona-
lized PSiO, samples are incubated with a fluorescently tagged
antimouse IgG to study the specificity of the surface-immobilized
rabbit IgG. No fluorescence is observed, indicating the lack of
specificity between the rabbit IgG and the fluorophore (see
Figure 3d and Figure S1, Supporting Information).

Reflective Interferometric Fourier Transform Spectrosco-
py. RIFTS is used as a complementary tool to follow the optical
changes occurring durin§7 the biofunctionalization of the PSiO,,
surface (see Figure 4)."”” Briefly, the reflectivity spectrum of the
thin PSi layer consists of a series of interference fringes that result
from a Fabry—Pérot interference. This fringe pattern arises from
reflections at the top and at the bottom of the film, so that the
measurement is made over the entire volume of the system. The
maxima of these fringes are governed by the following relation-
ship (Fabry—Pérot equation):*°

mAd = 2nL ()

The OT refers to the nL term in the Fabry—Pérot formula
(where m is an integer, 7 is the average refractive index, L is the
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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. The scale bar is 100 um. (a—c) Fluorescence labeling experiments
with FITC—antirabbit IgG: (a) complete bioconjugation, PSiO, +
APTES + SC + IgG; (b) control experiment, without silanization,
PSiO, + SC + IgG; (c) control experiment, no cross-linker (SC), PSiO,
+ APTES + IgG. (d) Fluorescence labeling experiments with
FITC—antimouse IgG: complete bioconjugation, PSiO, + APTES +
SC + IgG. Note: These schematics are for illustration purposes only as
conjugation of IgG also occurs inside the pores.

thickness of the film, and 4 is the wavelength of the incident
light). A change in the average refractive index (1) leads to a shift
in the observed reflectivity spectrum that correlates with OT
changes.

It is expected that the chemical modification of the porous
nanostructure (as previously outlined in Scheme 1) will result in
ared shift of the OT, due to the increase in the average refractive
index upon attachment of different species to the pore walls.
Therefore, the optical properties of the porous nanostructure
provide a means for real-time monitoring of changes occurring
due to different chemical modifications and biofunctionalizations.

All RIFTS experiments are conducted in a fixed cell to ensure
that the sample reflectivity is measured at the same spot during all
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Figure 4. OT changes upon biofunctionalization of PSiO, with IgG: (a)
complete biofunctionalization process; a significant increase in OT is
observed after every synthetic step (APTES, SC, IgG) in comparison to
that of neat PSiO,; (b) control experiment; no cross-linking agent SC is
used; (c) control experiment; no APTES is used (silanization step).

the measurements. Spectra are collected using a CCD spectro-
meter and analyzed by applying FFT. Figure 4 depicts the
changes in the OT upon the different biofunctionalization steps
(refer to the synthesis scheme outlined in Scheme 1). Indeed, it is
observed that each modification step results in a significant
increase in the OT value, corresponding to an increase in n.
These results support our approach that specific attachment to
the PSiO, surface can be observed by monitoring changes in the
OT of the film. Thus, in this case, silanization and binding of the
cross-linker and IgG's are confirmed. After the silanization step,
an increase of 134 £ 27 nm in the OT value is observed
(Figure 4a). Attachment of SC causes an additional OT increase
of 76 = 17 nm (Figure 4a). A further increase of 106 & 18 nm in
the OT value is detected upon IgG incubation followed by a
buffer wash (Figure 4a).

One of the main problems of refractive index sensitive
methods is the discrimination between specific binding of a
target analyte to the immobilized capture probe and interfering

3286 dx.doi.org/10.1021/ac200407w |Anal. Chem. 2011, 83, 3282-3289



Analytical Chemistry

Intensity (Arb. unit)

lgG-modified surface

E.coli 10% cell/mL

1 1 1

1

Intensity (Arb. unit)

1 1
14 16 18 20 22x10°
2nL (nm)

-------- Neat PSiO,
E.coli 10% cell/mL

10pm

Figure S. E. coli K12 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,.

effects (e.g,, nonspecific binding of proteins), which may lead to
refractive index changes. Therefore, we have conducted several
control experiments to confirm and validate our results. In the
first set of control experiments, when no cross-linker (SC) is
used, addition of IgG results in insignificant OT changes (Figure 4b).
This result indicates that IgG molecules are not immobilized
onto the silane-treated PSiO, film. In the second set of control
experiments, no silane coupling agent (APTES) is used. Thus,
upon the addition of SC, the OT remains constant (Figure 4c).
However, upon the introduction of amine-terminated IgG, a
significant red shift of 60 &= 6 nm is observed. This result suggests
that the antibodies could adsorb to the surface, supporting the
findings of the fluorescence labeling experiments discussed in the
previous section (refer to Figure 3b). Moreover, these results are
in agreement with previous work on porous SiO, surfaces.'***”**
However, the specific bioconjugation route results in a consider-
ably higher OT increase (more than 100 nm, Figure 4a), sug-
gesting that this IgG immobilization strategy is preferred.

Optical Detection of E. coli K-12 Bacteria. Previous sections
have demonstrated the construction of a label-free immunosen-
sor based on the immobilization of IgG's onto a PSiO, nano-
structure. We have also confirmed that the immobilized IgG's
maintain their immunoactivity and antigenic specificity when
attached to the biosensor surface. To show the potential applic-
ability of this platform as a biosensor for the detection of bacteria,
we have replaced our model IgG (rabbit IgG) with a specific
E. coli IgG.

Again, our biosensing approach is based on monitoring
changes in the light reflected from the PSiO, nanostructure.
However, in this case, changes in the amplitude (intensity) of the

FFT peak of the biosensor are correlated to specific immobiliza-
tion of bacteria cells, direct cell capture, onto the surface via
antibody—antigen interactions.”” Since E. coli bacteria . large
biological species, with typical dimensions of 0.8—2 um,* they
are excluded from the pores. Therefore, we expect that binding of
bacteria will occur only on the biosensor surface and not inside
the porous nanostructure. We have previously demonstrated that
specific immobilization of the bacteria cells onto the surface of
PSiO,/ polyacrylamlde hydrogel hybrids results in changes in the
light intensity.”” Herein, we explore two possible strategies for
IgG capture probe immobilization onto PSiO,. First, in the
nonspecific immobilization route, the E. coli IgG's are adsorbed
onto a neat PSiO, surface. In the specific immobilization route,
the E. coli IgG's are bound onto the PSiO, surface using the
bioconjugation approach discussed in previous sections.

An experimental setup for continuous monitoring of the
reflectivity spectrum of the biosensor upon incubation with
bacteria suspensions is designed and constructed. The biosensors
are exposed to E. coli K12 su: 5pensions with different concentra-
tions ranging from 10° to 10° cells/mL. The incubation time is
set to 30 min, after which the samples are washed with a buffer
solution for 30 min. Figure Sa (top) displays the FFT spectrum of
the biosensor (specific immobilization of E. coli IgG) before and
after the introduction of the E. coli bacteria (10* cells/mL). An
intensity decrease of 3.4 & 0.5% is observed upon exposure to
E. coli, while insignificant changes in the FFT spectrum are
recorded for the unmodified PSiO, surface (Figure Sb, top). To
confirm that this intensity change results from bacteria capture
onto the PSiO, surface, the biosensors are studied under a light
microscope immediately after the biosensing experiment. Indeed,
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Figure 6. Intensity changes of specific and nonspecific modified PSiO,
upon introduction to different concentrations of E. coli K12 bacteria
suspensions. The control experiments represent incubation of unmodi-
fied PSiO, with 10%, 10%, and 10° cells/mL E. coli bacteria suspensions.

immobilized bacteria cells are observed on the biosensor surface
(see Figure Sa, bottom), while no cells are observed on the
unmodified surfaces (control); see Figure Sb, bottom. These results
support our approach that direct cell capture of bacteria onto the
PSiO, surface via antibody—antigen interactions can be observed by
monitoring changes in the intensity of the reflectivity spectrum.

In Figure 6, the optical response of the biosensors upon the
introduction to different concentrations of E. coli K12 suspen-
sions is presented. A pronounced effect of the IgG immobiliza-
tion approach is observed, as the biosensors prepared by specific
IgG immobilization exhibit a greater intensity response at all
studied concentrations. The intensity signals of all biosensors are
proportional to the bacteria suspension concentration. As ex-
pected, exposure of the biosensors to a lower bacteria concentra-
tion ( 10° cells/mL) results in a signal decrease; ie., a smaller
change in intensity is observed.

It is well established that the immobilization step is crucial in
maintaining the conformation and the immunoactivity of the IgG
molecules.” Many studies have demonstrated that properly
oriented antibodies exhibit higher antigen binding capacities in
comparison to randomly oriented antibodies.*' In this study, the
nonspecific immobilization route via physical adsorption results
in a random attachment of antibodies onto the PSiO, surface.
The random attachment is often associated with antigen binding
site modification and denaturation of the antibody.**** On the
other hand, in the specific immobilization route the active sites of
the antibodies are more stable and better accessible to the target
analytes.*>** Indeed, the observed performance of the biosensors
in terms of their sensitivity toward a specific bacteria loading
supports these claims. When comparing the intensity decrease
associated with the specific and the nonspecific immobilization
strategies (see Figure 6), the specific bioconjugation route results
in a significantly higher intensity change after E. coli exposure,
suggesting that this IgG immobilization strategy is preferred.

In terms of the detection limit of the biosensor, these pre-
liminary experiments show a relatively low detection limit of 10*

cells/mL. For comparison, the detection limit of current state-of-
the-art SPR biosensors is in the range of 10> to 10° cells/
mL.>1%*54 Moreover, the response time of the modified PSiO,
to bacteria exposure is comparable to that of SPR techniques.
We are currently exploring several approaches to enhance the
sensitivity of these biosensors, by optimization of antibody
concentration and orientation via different coupling chemistries
and incorporation of other capture probes, e.g, antimicrobial
peptides. Moreover, we are studying several approaches for the
introduction of robust secondary assays into these platforms.

B CONCLUSIONS

A label-free optical immunosensor, based on a PSiO, nano-
structure (a Fabry—Pérot thin film) is synthesized and charac-
terized, and its potential applicability as a biosensor for bacteria
detection is confirmed. A straightforward three-step method for
biofunctionalizing the PSiO, surface with IgG, as a capture
probe, is demonstrated. The chemical modification steps and
the attachment of the antibodies to the porous surface are
confirmed by ATR-FT-IR spectroscopy, fluorescent labeling
experiments, and RIFTS. This proof-of-concept work demon-
strates that monitoring changes in the thin-film optical inter-
ference spectrum of the PSiO, biosensor enables a simple and
sensitive detection scheme of bacteria via a direct cell capture
approach. Our preliminary biosensing experiments demonstrate
a detection limit of 10* cells/mL for E. coli and a response time of
several minutes. Several approaches are currently being explored
to improve the detection limit and sensitivity of the biosensor,
including improving optimization of the antibody concentration
and orientation, enhancement of the coupling chemistry, and
incorporation of a hydrogel into the PSiO, nanostructure. In
conclusion, the work presented here provides a generic biosen-
sing platform that can be translated to many biosensing applica-
tions of a variety of microorganisms.
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