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(57) Abstract: A system for detecting target elements such asbacteria in ahost analyte, comprising a substrate with an ordered array
of wells having diameters to fit the size of the targets. The substrate may be a periodic macro-PSi array structure (MPSIAS) illumin-
ated with abroadband source. The reflected light spectrum diffracted from the substrate is optically analyzed to provide the effective
optical depth of the wells. Fast Fourier Transform analysis may be used for the optical analysis. Entry of target elements into wells is
detected by the change in the effective optical depths of the wells. Micro-organisms as large as bacteria and viruses having dimen-
sions comparable with the wavelength of the illumination can thus be detected. Wells with an inner section impenetrable by the tar -
get cells enables compensation for environmental changes. The detection may be performed in rea time, such that production line
bacterial monitoring may be achieved.



WO 2014/155381 PCT/IL2014/050317

METHOD AND APPARATUS FOR BACTERIAL MONITORING

FIELD OF THE INVENTION

The present invention relates to the field of the detection and measurement of bacterial

contamination in samples, especially by the use of optical monitoring.

BACKGROUND OF THE INVENTION

Biosensing is an important field in industry, and especialy in the food industry, where the
detection and monitoring of the levels of bio-contaminants, such as bacterial levels in food
products, is of critical importance in maintaining modern health standards. In the food
industry, the need for constant monitoring of products coming off production lines is
particularly important and problematic, since any production fault resulting in bio-
contamination of the products must be detected before products are shipped for marketing.
This is currently often done by means of testing cultures grown from samples from each
production line and batch. However, because of the time taken to grow and tests such
cultures, even using modern accelerated culture growth and measurement techniques, alarge
number of products may have been produced and packed ready for shipping before the
contamination is detected, thus leading to considerable loss. There exist technologies, such as
surface plasma resonance (SPR) for instance, which enable constant monitoring of the bio-
contaminant levels in products, but such technologies are costly - atypical installation costing
many tens of thousands of dollars. Because of the large number of different products
produced on different production lines, such bio-sensing technologies are often prohibitively
expensive for general use in the food industry, and there appear to exist no low cost bio-
sensing equipment which can perform cost effective widespread online monitoring of food

products.

In recent years, porous Si (hereinafter PSi) has emerged as apromising nanomaterial for bio-
sensing applications, and for sensing other targets with nanoscale dimensions. Common PSi-
based optical sensors and biosensors consist of thin films of either nano-pores (typically of
dimensions less than 20 nm) or meso-pores (typically in the range of 20-100 nm) which thus
have cross sectional dimensions much smaller than the optical wavelengths used. The pores

are generaly randomly generated during production of the thin film device. The operation of
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these sensors is based on replacing the media in the pores and/or infiltrating with the target
analyte, and observing the resulting changes of optical reflectivity. A change in the effective
refractive index of the PSi film is manifested as a wavelength shift in the reflectivity
spectrum. Only target molecules which penetrate into these nanostructures, can be detected.
Indeed, sensing and biosensing of various chemical and biological analytes, such as
fluorescent molecules, organophosphates, volatile organic compounds, DNA, and proteins
have been successfully demonstrated. Many of these studies employ the method of reflective
interferometric Fourier transform spectroscopy (RIFTS) to monitor biological interaction

within meso-porous Si thin films.

Such filled or partialy filled, randomly located pores can be viewed as simply having a
different effective refractive index from that of unfilled pores, because the pores are much
smaller than the optical wavelength. Consequently, the random nature of the pores does not
result in scatter of the light, but rather in an averaging out of the overall reflected light from
the combination of the silicon substrate and the pores, both filled and unfilled. However, this
detection schemeisnot applicable for targeting large biological or other species, such asthose
ranging in size of from approximately a few hundreds of nanometers up to several microns
and more, including cells, bacteria and viruses. If porous silicon is produced having such
larger pores, the substrate becomes a material known as "black silicon”, which appears as
such because it strongly scatters light from the random distribution of the large sized pores.
Essentialy all of the incident light is randomly scattered by the pores and is absorbed in the
medium, such that it cannot be used for sensing. Therefore, the prior art porous silicon
technology cannot be used for sensing or bio-sensing of larger targets of sizes which are a
significant fraction of the wavelength of the light used for the sensing.

There exist alternative methods which monitor changes in the intensity of the reflectivity
spectrum upon direct capture of larger cellular targets on top of the biosensor surface, rather
than in the pores thereof. However, these types of sensors are limited, since intensity changes
of the reflectivity spectrum may arise from unpredictable sources, such as environmental
effects and non-specific binding events. In addition, the sensitivity may be low because such
surface-binding sensors do not take advantage of the large porous volume.
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In recent years attempts have been made to develop new bioassays and biosensors for the
rapid detection of bacteria in general, and pathogenic bacteria in particular. However, despite
the significant progress in the field, current technologies lack the ability to detect

microorganisms in "real time" or outside the laboratory environment

There therefore exists a serious need for a detection method and apparatus which overcomes
at least some of the disadvantages of prior art systems and methods, and in particular, is able
to perform continuous monitoring of the level of large biological contamination species, such
as living cells, pathogenic bacteria, spores and viruses, or of other species of similar size,

namely dimensions generally equal to or greater than the wavelength of visible light.

The disclosures of each of the publications mentioned in this section and in other sections of

the specification, are hereby incorporated by reference, each in its entirety.

SUMMARY

The present disclosure describes new exemplary methods and systems for the detection and
measurement of the concentration of large targets such as micro-organism in the form of cells,
bacteria or viruses, or of other large particular biological or other targets.

The methods and systems of the present disclosure are based on the capture of the target
elements in pores or micro-compartments, and can be summarized briefly by noting the
following characteristics thereof:

€) Such targets are trapped in pores or micro compartments having sizes selected to
accommodate the intended targets, and hence should be at least as large as the targets. In
addition, the surface of the micro-compartments or pores can be modified or talored to
enhance the capture and adhesion of the cells to the pores. For example, the surface chemistry
of the pores, the roughness of the pore surface and its wettability (either hydrophobic or
hydrophilic), can be adjusted for the specific type of target cells and bacteria to be detected.

(b) The order of the pores/compartments is arranged so that light incident thereupon is
scattered or reflected, but not randomly, but rather into a set of diffraction orders, such as a
diffraction pattern typical of an optical grating. In this case, the zero order of the diffraction
pattern as measured by the backscattered light, allows direct sensing of the effective optical
thickness (EOT) of the pores/micro compartments. Hence, the zero order of the diffracted



WO 2014/155381 PCT/IL2014/050317

light is expected to show an interference pattern that is determined by the EOT of the pores.
The depth of the pores can be adjusted to allow sensitive detection of the EOT.

(©) Sensing is achieved by using the changes in the refractive index of the medium in the
pores to indicate the presence of target cells within the pores. The medium isusualy aliquid
or abuffer used to maintain the target cells, and change in the refractive index thereof changes
the EOT of the light entering and being reflected from the pores.

(d) One particular method, but not necessarily the only one, to detect the EOT,
particularly useful when the EOT is larger than the optical wavelength of the light, EOT > A,
is by use of Fast Fourier Transform analysis, whereby the spectrum of the reflected light is
Fourier transformed to obtain a single intensity peak, whose position characterizes the EOT.
(e A particularly convenient arrangement for implementing the above described
apparatus and methods uses a 2-dimensional periodic Macro-Porous Silicon Array Structure
(MPSIAS). A variety of fabrication techniques can be utilized for the fabrication of such an
MPSIAS matrix, such as an electrochemical method or a dry etching method using Reactive-
lon Etching (RIE). It is to be understood, however, that the methods and structures can be
implemented by other materials and platforms, such as other semiconductors, organic

polymers, gels, glasses and even metallic surfaces.

Consideration is now made of more details of the above described features. Since the size of
the targets is equal to or larger than the wavelengths of commonly used light sources
(including ultra-violet, visible and near-infrared spectral ranges), prior art PSi substrates with
pore sizes large enough to accommodate these targets cannot be used, since, as previously
mentioned, the incident optical illumination on a substrate containing a non-ordered assembly
of such large pores would result in random scattered light, because of the large size
distribution and the random position of the pores. In the apparatus and methods of the present
disclosure, a two-dimensional (2D) ordered array of pores or micro-structures is used,
illuminated in adirection perpendicular to the plane of the pores. This structure overcomes the
prior art problems of optical measurement on pores having sizes larger than the wavelength of
the light used for the measurements. Such a structure is effectively alamellar phase grating,
and can be conveniently implemented in the form of a2D periodic macro-PSi array structure
(MPSIAYS), with pore diameters configured to fit the size of the target. For example, if the
typical size of bacterial cells to be captured isin the range of 0.5 to 2, the size of the pores or

micro-compartments can be fabricated to be in the range of 1to 10 p, to accommodate those
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cells. These structures are then used as the optical sensing platform for the detection of the
target, such as bacteria cells. Such periodic structures of PSi photonic crystals, with pore
diameters comparable in size to that of bacteria cells may be fabricated by photolithography
followed by either electrochemical anodization process (using hydro-fluoric based solution)
or by dry etching techniques such as reactive-ion-etching (RIE), to etch the pattern of the
pores into standard, commercialy available silicon wafers. Both methods are well known in
the semiconductor industry and are compatible with standard silicon processing techniques.
The resulting PSi structures act as a lamellar or a phase grating that scatters reflected light
into a set of diffraction orders at various angles according to the strict relationship between
the periodicity of the grating and the optical wavelength as determined by physical optics. If
the reflected light is collected normal to the pores surface, only the zero-order diffraction is
measured. This is usually achieved by using optical lenses having the appropriate f-number
and optical fibers for delivering the incident light and collecting the backscattered, zero-order
reflected light. In this case, only a phase delay associated with the depth of the pores
contributes to the interference pattern created by the backscattered light. This interference
pattern is exploited for the measurements of the effective optical thickness (EOT) of the

pores.

The presence of target cells within the pores changes the refractive index of the medium in the
pores, thus changing the effective optical thickness (EOT) of the pores in the laminar grating.
The greater the percentage of macro-pores filled with target cells, the greater the change in the
EOT. Thus, measurement of the EOT enables the concentration of target cells in the host
solution to be found. Measurement of the EOT of the lamellar grating can be performed in
real-time, by illuminating the MPSIAS layer with abroadband light source. The reflected light
spectrum over the wavelength range to be measured is a complex combination of the
reflections from the top surface of the MPSIAS and from the light reflected after passing
through the pores and being reflected from their bottom surface. One convenient method by
which the reflected spectrum can be measured is by performing Fast Fourier transform (FFT)
analysis on this spectrum, by which a single intensity peak is obtained, whose position
characterizes the effective EOT of the layer. However, it is to be understood that any other
spectral analysis method, or direct optical path difference method may be used. This provides
a measurement of the percentage of pores filled by the target cells (sometime called, "the

filling factor" of the pores). Therefore, when the host analyte in the pores are replaced by the
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target cells to be detected, the EOT changes since the refractive index of the optical media
within the wells changes, and hence the position of the output peak of the FFT anaysis aso
changes. The greater the shift in the position of the peak, the higher the concentration of the
target cells in the pores. Since the optical measurements can be performed essentially
instantaneously, these devices thus provide an effectively real-time measurement of the
concentration of target cells in the host solution, the only delay being the time to effectively
fill the ordered pore structure with the target cells of the host solution. Furthermore, since the
PSi array structure can be readily manufactured by conventional semiconductor technology,
the array chip can be provided at low cost for large production runs. Additionaly, the optical
measurement system is aso readily available in the form of a miniature spectrometer, such
that the cost of the monitoring system could be substantially less, perhaps by two orders of
magnitude, than prior art systems currently used for detecting bio-contamination.

In order to combat the effect of environmental changes, which would result in the shift of the
EOT even without any change in the content of the pore structures, a double pore structure
can be used, in which the cross sectional dimensions of the inner end of the well, that being
the end further from the surface exposed to the host solution, are smaller than the cross
sectional dimensions of the outer section of the well. In such a situation, the target cells may
be trapped in the outer section, but cannot penetrate the inner narrower section of the wells.
However, the host solution does penetrate the inner section and is measured independently of
the presence or absence of trapped target cells in the host solution. For such a double well
structure, three FFT peaks are detected associated with the effective optical path differences
(i) from the surface of the substrate to the bottom of the inner section, (ii) from the surface to
the bottom of the outer section, and (iii) between the bottoms of the inner and outer sections.
Since the target cell concentration is determined by change in the EOTSs (i) and (ii) relative to
EQT (iii), while environmental change shifts, to first order, al three of the EOTs equally, the
peak associated with the inner section of the wells, EOT (iii) can be used as abase line marker
to compensate for environmental change, in particular, change in the ambient temperature.
Furthermore, by use of suitable selective coatings, the inner sections can be used to detect

secretions from target cells trapped in the outer sections of the wells.

The devices and methods described hereinabove enable the determination of the presence of
the target elements trapped in the wells of the MPSIAS, and a quantitative estimate of their
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comparative level in the host analyte. However, athough this may be sufficient information
for use in some applications where the target identity is unique, in many applications there
could be a number of different target elements, all having similar dimensions, or smaller
dimension than the target element, which would enable them to be trapped within the wells,
such that the optical analysis performed would not provide information about the specific
target identification. Thus, for instance, in a system intended to determine the presence of
bacterial pathogens, such as certain strains of E. coli, the presence of other bacteria in the
analyte, which too could be trapped in the pores of the device, would render the measurement
problematic with regard to determining the level of E. coli. Thus, in order to perform such
specific assays, it may be necessary to provide some form of recognition mechanism in order
to specifically capture the target micro-organisms which are intended to be detected and
measured, thus providing alevel of selectivity to the device. Thus, for instance, the surface
chemistry of the walls of the wells may be treated to provide a capture probe to trap the
micro-organisms which are intended to be measured by the device. They will then remain
trapped, while other bacteria and cells will not. The required effect could be obtained by
coating with specific antibodies or aptamers or other peptides having a high affinity to the
target micro-organism. A bio-mechanism may then be required for ensuring the orientation of
the capture probes in the wells such that they trap the incoming bacteria or other cells or
organisms. The recognition moiety used will generaly be specific for the microorganism to
be detected and measured. Therefore, arange of different detection devices can be provided,
each being treated with a recognition moiety adapted to the microorganism which it is
intended to measure. In principle, the biosensor described in the present disclosure may
contain several or even an array of 2D-MPSIAS (each one could be few hundred of pin by
few hundred of wn, up to few mm by few mm). Each one of these MPSIAS can be
functionalized for selective detection of a different type of micro-organism, so that a multi-

level of bacteria's recognition can be accomplished by this sensor.

The MPSIAS devices of the present disclosure can also be used for executing a method of
determining the viability of micro-organisms, i.e. in order to differentiate between live and
dead cells. Thus, if the device is used for capturing a certain type of bacterial cell,
introduction of a growth medium will result in multiplication of the number of live bacteria.
This will bereflected in a shift in the EOT signal position, as the effective refractive index of

the pores increases.
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Although the arrays in this disclosure have been described as being formed in silicon, this
being a common and convenient material from which the arrays can be formed, it is to be
understand that use of silicon substrates is not intended to limit the invention in any way, and
that the invention can be implemented using other materials such as glass, plastic substrates,
and fabrication techniques to those described in this disclosure. However, one possible
advantage of silicon is the ability to integrate other electronic devices and circuits with the
MPSIAS sensor on the same chip; for example, wireless communication capabilities for

remote sensing applications.

Furthermore, although the methods and structures of this disclosure are generally described as
applied to the detection of biological targets having dimensions of the same order as or
somewhat larger than the wavelength of the light used for the detection, it isto be understood
that these methods and structures are not intended to be limited to such biological targets, but
are understood to be applicable to the detection of targets of suitable size of any type, whether
biological or not. Such other applications could be found in the fields of water technologies,

environmental pollution measurement, chemical industries, and others.

Furthermore, since white light or broadband sources having arange of wavelengths should be
used in the apparatus described in the present disclosure, and for performing the methods of
the present application, and such sources may have wavelengths which stretch out well
beyond the region in which the spectral detection is performed, it is to be understood that
reference, both in the disclosure and as claimed, to the wavelength of light or illumination
being used to perform the detection is understood to refer to wavelengths where the majority
of the energy of the source is concentrated, such as the wavelength at the point of peak
intensity, or the mean wavelength of the spectral region containing the majority of the optical
intensity, or the wavelength of maximum sensitivity of the detector, or similar definitions. In
any event, the term wavelength of the incident illumination and expressions having similar
meaning is not intended to include limitations based on wavelengths at extreme ends of the
source's emitted spectrum, where the detection efficiency or the illumination level is
impractically low.
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Additionaly, the traps into which the target elements enter and are captured, and whose
effective optical depths are measured, have been variously described in this disclosure as
pores, micro-compartments and wells, all of which are understood to relate to the same
feature. The term well is used in the claims as a simple generic term to represent any of these
features.

There is thus provided in accordance with an exemplary implementation of the devices
described in this disclosure, a system for detecting target elements in a host analyte, the
system comprising:

(i) a substrate containing an ordered array of wells formed in its surface, at least some of the
wells having lateral dimensions such that the target elements can fit therein,

(i) a broadband illumination source emitting a range of wavelengths, disposed so as to
illuminate the surface of the substrate,

(iii) an optical detector disposed such that it collects light diffracted from the substrate, and
outputs areflected spectrum signal, and

(iv) a signal processing unit, adapted to analyze the reflected spectrum signal to provide a
measure of the effective optical depth of the wells,

wherein at least some of the wells have alateral dimension at least as large as the wavelengths
of the illumination source detected by the optical detector.

In such a system, the signal processing unit may anayze the reflected spectrum signal using
the Fast Fourier Transform. In such a case, the effective optical depth is determined from the
position of a peak obtained from the results of that Fast Fourier transform analysis on the
reflected spectrum. Furthermore, the optical detector may be disposed normal to the substrate,
such that it collects diffracted light of zero order from the substrate.

Additionaly, in aternative implementations of the above-described systems, the effective
optical depth of the wells may provide an indication of the concentration of the target
elements captured within the array of wells, and hence also an indication of the concentration
of the target elements in the analyte.

In any of the above described systems, the ordered array of wells may comprise a lamellar
photonic crystal grating. Additionally, the substrate may a silicon chip, and the ordered array
of wells may be constructed by microelectronic fabrication processes.
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Additional implementations may involve a system such as those previously described, in
which the target elements are bacterial cells having dimensions larger than the wavelengths of
the illumination source detected by the optical detector element. The wells may comprise
capture probes having a high affinity to the target cells intended to be measured by the
system. Such capture probes may be coated on the walls of the wells. As specific examples,
the target elements may be micro-organisms, and the capture probes may then be any one of
antibodies, aptamers or other peptides. These microorganisms may be bacterial cells, and the
capture probes specific antibodies. Furthermore, the wells may incorporate a cell nutrient
supply, such that the growth of the microorganisms can be observed after application of the
nutrient supply. Lack of growth of the microorganism after application of the nutrient supply
can then be used as an indication that the microorganism is generally dead. Furthermore, in
any of these systems, at least some of the wells may include a recognition moiety adapted to
the target elements to be detected. If so, then the substrate may comprise at least two different
regions, the wells in each of the regions including a different recognition moiety, such that
each of the different regions can detect different target el ements concurrently.

In general, any of the above described systems may be adapted to provide real time detection

of microorganisms.

Another example implementation can involve a system such as any of those previously
described, in which at least some of the wells have at least two sequential sections having
different lateral dimensions, and wherein a second section, further from the surface than afirst
section, has alateral dimension less than that of the first section. In such a configuration, the
dimensions of the second section may be such that the target elements cannot penetrate the
second section, while the host analyte can. In this case, change of the measured effective
optical depth of the second section of at least some wells may be utilized as a marker to
compensate for changes in environmental conditions that cause the effective optical depth of
both of the first and second sections to change. The second section may be provided with
sensitivity to amaterial which targets trapped in the first section may secrete. In this case, the
sensitivity may be utilized to provide further information regarding the level of targets trapped

in the first sections of the wells.

Y et other implementations perform a method for detecting target elements in a host analyte,

the method comprising:
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(i) providing a substrate containing an ordered array of wells formed in its surface,

(i) illuminating the surface of the substrate with broadband illumination,

(iii) detecting light diffracted from the substrate and generating therefrom a reflected
spectrum signal, and

(iv) determining from the reflected spectrum signal ameasure of the effective optical depth of
the wells,

wherein at least some of the wells have alatera dimension larger than the wavelength of the
detected broadband illumination.

In such amethod, the step of determining from the reflected spectrum signal a measure of the
effective optical depth of the wells, may be performed by Fast Fourier Transformation
analysis. In any case, the detecting may be performed normal to the substrate, such that light
of zero order diffracted from the substrate is detected. The target elements may be bacteria,
and the host analyte may be any one of water, a buffer solution, blood, urine or a solution

derived during afood process.

In some implementations of this method, at least some of the wells may have at least two
sequential sections having different lateral dimensions, and a second section, further from the
surface than afirst section, should have alateral dimension less than that of the first section.
In such a method, the dimensions of the second section may be such that the target elements
cannot penetrate the second section, while the host analyte can. Any such method may further
comprise the step of detecting change in the effective optical depth of the second section of at
least some of the wells, such that compensation can be made for changes in environmental
conditions that cause the effective optical depth of both of the first and second sections to

change.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood and appreciated more fully from the following
detailed description, taken in conjunction with the drawings in which:

Figs. 1A and IB show SEM micrograph views of a two-dimensional periodic macro-
PSi array structure (MPSIAS) of the type described in this disclosure;

Fig. 1C illustrates schematicaly an exemplary system for using such a structure for

detecting micro-organisms, as disclosed in the present application;
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Fig. ID isan exemplary graph showing the optical output used to determine the target
concentration in the system of Fig. 1C;

Fig. 1E illustrates schematically the steps for fabrication of adevice of the type shown
in Fig. 1A, using the electro-chemical etching method;

Fig. 2 illustrates schematically a bacterial monitoring system constructed using an
MPSIAS of the type shown in Figs. 1A or IB;

Fig. 3 shows an example of the output of atypical real time detection of the level of E.
coli K12, using a system such asthat described in Fig. 2;

Figs. 4A to 4C illustrate schematically a model by which the filling of the MPSIAS
pores by the bacterial species is reflected by the change in effective optical depth
measurements performed by the system;

Fig. 5 shows some measured AEOT values for different sensing experiments and the
corresponding fill fractions calculated by the model of Figs. 4A to 4C; and

Figs. 6A illustrates schematically an aternative MPSIAS geometry, having pores with
two different cross sections, and Fig. 6B shows the ensuing FTT output plot of the light

reflected from such an array.

DETAILED DESCRIPTION

Reference is now made to Fig. 1A, which illustrates a cross-sectional SEM micrograph view
and, in the insert, atop view, of an exemplary two-dimensiona (2D) periodic macro-PS array
structure (MPSIAS), having apore diameter adapted to fit the size of the target bacteria cells.
The structure shown in Fig. 1A is of an array fabricated by electrochemical etching after
photolithography. For the purpose of describing the systems and methods of the present
disclosure, the non-limiting example used in this detailed description is of a substrate
structure having pores suitable in size for the detection of E.coli K-12 bacteria - which have
diameters of 0.8 to 2 wn. The periodicity of the structure shown in Fig. 1A is about 3 pun.
Fig. IB shows aplan and cross-sectional SEM micrograph view an example of an MPSIAS
produced using dry-etching as an aternative fabrication technology. In this example, the

periodicity of the structure isabout 3 pin.

Reference is now made to Fig. 1C which illustrates schematically how the ordered array of
wells 12 in the MPSIAS substrate 10 acts as a lamellar (or a phase) grating that reflects the

incident light 11 falling on the structure into a set of diffraction orders at various angles
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according to the relationship between the periodicity of the grating and the optical
wavelength. For light collected normal to the array surface, only the zero-order diffraction is
measured, i.e. backscattered light having 6=0, where ©is the diffraction angle, yielding the

following expression for the intensity | of the zero-order reflected light:

[(@=0)= Iocosz(l//%)

where

ey

2y, = 2kL= Z—Z (2nyL)
)
and yo isthe phase delay between the incident and the reflected beams, A is the free space
optical wavelength, k isthe wave number, L isthe depth of the pores, noisthe refractive index
of the medium filling the pores, and the term 2nnL is thus the optical path difference between
the top surface of the device and the bottom surface of the wells, referred to as the effective
optical thickness (EOT) of the lamellar grating. By using phase gratings having fairly deep
wells, typically of the order of several times to several tens of times the optical wavelength,
an interference pattern between the light reflected from the top of the grating structure and
from the bottom of the wells can be obtained, analogous to the spectral response obtained

from Fabry Perot interference.

In order to monitor the EOT of the device as the analyte solution is loaded, Fast Fourier
transform (FFT) of the reflectivity spectrum from the MPSIAS layer is performed, resulting in
a characteristic single peak, whose position isindicative of the EOT, as shown in the example
graph of Fig. I D of the reflected intensity | in arbitrary units, as afunction of the optical path
difference in nm. In the example shown in Fig. 1D, the optical path difference is seen to be of
the order of 15 win. Sensing is accomplished once bacteria penetrate into the macro-pores,
inducing measurable changes in the EOT that can be monitored and quantified in real-time via
RIFTS analysis. The magnitude of the peak is a function of the bacteria concentration above

the macro-pore array.

Reference is now made to Fig. IE, which shows the fabrication chain for one exemplary
process for fabricating the MPSAS samples using photolithography followed by
electrochemical anodization. As per conventional semiconductor processing, a S0, layer 13

is formed on the top surface of the porous Si wafer 10 by thermal oxidation, followed by the
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photoresist layer 14 and a mask, typically formed by e-beam or holographic lithography, for
defining the desired 2-D pore or well structure pattern. Next, the unexposed photoresist is
removed to expose the etching pattern 15, followed by alkaline etching through the
photolithographic oxide mask to generate a 2-dimensiona pattern of inverted pyramid
grooves 16 on top of the S wafer. These inverted pyramids are used as the initial openings for
forming the pore or well structures to the desired profile and depth. An electrochemical-
etching process 17 can be advantageously used for this, performed under dark conditions,
using a solution of hydrofluoric acid (HF) and dimethylformamide (DMF), at a constant
current density, typically of the order of 30 mA/cm? for this type of substrate and well size.
For the current example of E. coli detection, structures with a periodicity of 2.5 pun to 4 n,
and depths in the range of 2.5-7.5 uin can be used, to allow afacile entrapment of the bacteria
cells within the array. Following anodization, which may typically be carried out under dark
conditions, using an electrolyte solution of HF (49%) and DMF (1:7 v/v), at aconstant current
density of 30 mA/cm?® for 125 s, the resulting freshly treated PSi is chemically oxidized,
optionally in a5:1:1 solution of H,0 :NH3:H 26 2 to create a hydrophilic porous Si0 , matrix.
Next, the oxidized MPSIAS samples may be modified in order to functionalize the porous
surface specific or non-specific chemistries to target the microorganisms of interest; for
example, by surface functionalization with positively charged groups, eg., by using 2-
aminopropyltriethoxy silane (2% APTES diluted in toluene). As most bacteria carry a net

negative surface charge, adhesion of E. coli ispromoted on the positively charged surfaces.

Reference is now made to Fig. 2, which illustrates schematically an exemplary bacterial
monitoring system constructed to implement the methods described hereinabove. The
MPSIAS 20 is shown mounted in the sampling chamber 21 of the sensor unit, which has a
transparent cover 22 such as plexiglass sealed to the housing by means of an O-ring 23 to
maintain the analyte host liquid within the sampling chamber. The sample liquid to be tested
is flowed through the sampling chamber, as indicated by the arrows 24 in Fig. 2. The
broadband light source, shown as a tungsten lamp 25 in Fig. 2, may be projected into the
sampling chamber by means of afiber optical feed, preferably abifurcated fiber optical probe
26, and the light reflected from the silicon chip may be collected by the same fiber optical
probe. The spectrum of this reflected light is now analyzed, which, in the exemplary system
shown in Fig. 2, isperformed by input into a mini spectrometer 27, such as the Ocean Optics
USB 4000, available from Ocean Optics Inc. of Dunedin, FL, USA, and the interferometric
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reflectance spectrum 28 is then FFT analyzed, conveniently by means of commercially
available software, such asthe Igor Pro, v. 6.03, available from Wavemetrics Inc, of Portland
OR, USA. In the monitoring system shown in Fig. 2, the output 29 is shown as a continuous
plot of the EOT displayed as afunction of time, the change in the level of the EOT indicating
achange in the level of target bacterial cells detected by the system. However, the processing
system can be configured so that it provides a direct reading of the bacterial concentration.
This requires prior calibration runs in which the bacterial concentration measured by the
system is checked against another direct observation method, such as using confocal laser

scanning microscopy.

Reference is now made to Fig. 3, which shows an example of the output of atypical real time
detection of the level of E. coli K12, using a system such as that described in Fig. 2. The top
graph of Fig. 3 shows the value of EOT measured as a function of elapsed time, while the
bottom graph shows the reflectance intensity plotted as a function of time. The output data
was recorded every 15 sec. In these plots, the changes in the FFT spectrum before and after
the introduction of E. coli bacteria are depicted as afunction of time. Sensing i s accomplished
by measuring the variation in the EOT and the intensity of the sensor once the bacteria cells
are trapped inside the pores. In the upper plot, there is shown on the right hand ordinate, the
measured EOT of the pores plotted as a function of time. The left hand ordinate shows the
change, AEOT measured. The graphs show an initia baseline plot with a constant flow of
0.85% w/v NaCl saline solution at 0.1 ml/min. At the point in time represented by minute 47,
a bacterial suspension of 106 cell/mL E. coli K12 in sdine, was delivered to the detector
system. A rapid increase in EOT of approximately 45 nm was observed. This EOT change is
attributed to the entrapment of bacteria within the pores, leading to arefractive index increase.
Simultaneoudly, in the lower graph of Fig. 3, the reflectance intensity is plotted as a function
of time, and as is observed, a decrease in the reflectance intensity of about 3% occurs,
probably due to light scattering induced by the bacteria cells. Optical studies demonstrate a
detection limit of the order of 105 cell mL ™ for E. coli.

The inset graph of Fig. 3 shows atime-zoomed view of the EOT shift itself, to show the speed
with which the bacterial level can be detected. Asisobserved, for this particular MPSIAS, the
complete 45 nm. shift in EOT generated by the bacterial filling of the pores takes place in less

than 1 minute, implying that an indication of the presence of abacterial contaminant can be
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provided in a fraction of this time, thus illustrating the usefulness of the device for on-line,
real time monitoring. Thus, the zero-order diffraction of the reflected light presents a spectral
interference pattern according to the phase accumulated inside the pores, alowing for real-

time detection of bacteria capture.

Reference is now made to the three parts of Fig. 4 which illustrate schematically a model
showing the manner in which the filling of the MPSIAS pores by the bacterial or other large
cell species isreflected by the change in effective optical depth measurements performed by
the system.

The model attempts to correlate between the optical readout of the sensor i.e,, EOT shift, and
the bacteria concentration as expressed by the fill factor of the pores determined by direct
microscopic investigation, such as by the Confocal Laser-Scanning Microscopy (CLSM)
technique. From image analysis of the CLSM data, the relative number of pores occupied by
bacteria can be quantified, this value being referred to asthe 'fill fraction' of the MPSIAS. In
the line (A) of Fig. 4, there is shown a schematic drawing of an MPSIAS, having some of its
pores containing trapped bacteria 40. In the line (B) of Fig. 4, the partly filled and partly
empty pores are replaced by an effective continuous layer of thickness, ¢, and refractive
index, n, where lisless than the average length h of the bacteria, since only some of the pores
are filled. The line (C) of Fig. 4 shows the schematics of the mathematical model used to
simulate the sensing experiments. Thus, for a given EOT shift, the model predicts the
corresponding fill fraction. The refractive indices of the bacteria (n) and of the host saline
solution (no) are taken to be 1.4 and 1.33 respectively, so that the only free parameter in the
model is the effective thickness of the filled pores, or equivaently the "effective fill factor”
(eff). This may be defined as

eff= (£/L)2 ©)

where, L is the pore depth, and the squared relation comes because the array is a 2-
dimensional array. This quantity can be estimated from the model presented in line (B) of Fig.
4 to be:

AEOT
off = —EOT )

An
",
where A(EOT)/EQOT is the relative change of the EOT as measured during the sensing

experiment, and An = n - no, is the absolute change of the refractive index due to bacteria
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capture. The fill fraction of the MPSIAS can directly be related to the effective fill factor as

follows:

()

. volume
fill fraction =eff .(—pore'§
LvolumeEmh

Reference is now made to Fig. 5, which is a table showing some measured AEOT values for
different sensing experiments and the corresponding fill fractions calculated by the model of
Fig. 4. Fig. 5 shows the fill fraction values for MPSIAS sensors, characterized by different
periodicities of 2.5 and 4 wun. The values are calculated by averaging at least 5 images taken
at different locations for each sensor. As is observed from Fig. 5, structures with high
periodicity i.e., larger pores, exhibit greater EOT shifts, corresponding to superior bacteria
capture. The model results are in fairly good agreement with the fill fraction estimated by the
CLSM technique indicating that, despite of the model's approximations, it provides a
reasonable description to the sensing events. For example, for sample 1, the model predicts a
fill fraction of -25%, while the CLSM data yields afill fraction value of approximately 21%.
The deviations between the fill fraction values are mainly attributed to the model
assumptions. First, the model refers to the bacteria as a homogenous liquid filling the pores.
This assumption oversimplifies the complex structure of the cell and its heterogeneity.
Second, asthe reflected light is collected normal to the pore's surface, only the intensity of the
zero-order diffraction is measured. Therefore, due to typical pore morphology of the MPSIAS
(see Fig. 1A) the model takes into consideration a diameter of about 25% of the opening of
the pore for the effective coherent reflective surface, which is used to calculate the effective
pore volume and hence the resulting fill fraction. Another cause for deviation may result from
the difference in spot size from the optical data collected in the experimental sensing setup
and in the CLSM. In the sensing setup, the EOT signal was measured from a single spot (with
atypica diameter of 1 mm), while CLSM measurements were averaged over five different

areas of the sensor's surface.

It is known from US Patent Application Publication US 2007/0108465 to C. Pacholski et a
for "Porous Microstructure Multi-Layer Spectroscopy and Biosensing” that a conventional
porous silicon thin film structure can be constructed having pores with two different cross
sections, an outer or upper section having a larger average diameter (for a cylindrical pore

distribution) and an inner or lower section, having a narrower average diameter. In that
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application, the pore sizes of the upper section are limited to 20 to 50nm, as expected from
prior art random porous silicon devices, while that of the lower sections are of the order of
<20 nm. Therefore, the pores are incapable of measuring larger micro-organisms, as described
in the current disclosure. In the Pacholsky application the structure is composed of two layers
of PSi, each layer having adistribution of pores having different and random diameters, with

the lower layer having smaller average diameters than the upper layer.

Reference is now made to Fig. 6A, which illustrates an alternative MPSIAS structure to those
described hereinabove in Figs. 1A to 5, in that it has a two-section pore structure. In contrast
to what is shown in Pacholski, the implementation of Fig. 6A shows a single lamellar grating
structure 60 having a single periodicity, but in which each period of the grating consists of
two-sections. The upper section iswider and has adiameter di and alength li, while the lower
section is narrower having a diameter d, and alength 1. If the diameter of the target cell is
denoted by D, then, the pore diameters of both sections should follow the following condition:
d,<D <di

In this case, the target cells 61 are capable of penetrating into the upper section of the pores
and of being captured there, but are not capable of penetrating into the lower section of the
pores. The host solution, however, can flow into both sections of the pores as schematically
illustrated in Fig.6A.

When illuminated by a white light broadband source, reflection from the grating into a set of
diffraction orders occurs, again, according to the relationship between the periodicity, p, and
the optical wavelength. Asbefore, only the zero-order reflection is collected by the optics but
amore complex interference pattern isobtained from the two-section pores. Reference is now
made to Fig. 6B, which isaplot obtained of the intensity of the reflected light in FTT space as
afunction of the optical path differences EOT. Three peaks are shown marked as:

0] 2-no-li (EOT of section 1 of each pore),

(i) 2101, (EOT of section 2 of each pore) and

(i) 2mo(u+1,) (EOT of the total Iength including both sections of the pore),

where noisthe refractive index of the host analyte solution.

However, these peaks behave differently from those described in Pacholski, since the physical

mechanism is different, being directly based on the optical thicknesses and the refractive
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indices of the host solution (with arefractive index, no) and the target cells (with arefractive
index, n). On the other hand, in the Pacholski structure the effective optical thicknesses
(EQTs) and the effective refractive indices of the layers are based on complex averaging over
the refractive indices of the solution/target molecules with those of the porous media. Hence,
the two-section MPSIAS of the present application alows direct sensing of the optical
thicknesses of the host solution (in the lower section, subscripted 2, of the pores shown in
Fig.6A and the target cells (in the upper section, subscripted 1, of the pores shown in Fig.6A,
while in the Pacholski structure the EOTs measure more complex functions, that involve
complicated averaging over the properties of the host/targets and the porous media in which
they are embedded.

In the two-section MPSIAS of the present application, if both of the sections of the pores are
filled with the host analyte solution, then any change in environmental conditions causes all
three peaks to move proportionally, maintaining, a least to first order, the same ratios

between them.

However, if now bacterial cells, having arefractive index n, enter the top section 1 of apore,
peaks (ii) and (iii), being dependent on li, will, assuming that n > no, shift to the right to a
larger EOT value. Thus peak (ii) moves to position 2nli, and peak (iii) moves to a position
2(n-ut + no1,). Denoting the value of (n-no) as An, each of peaks (ii) and (iii) move by a
distance 2Anl.

Peak (i) on the other hand, being dependent only on 1, does not shift, since, in the absence of
atarget element entry, no change has occurred to its optical path length 1,. Hence, the distance
between the first peak 201, which isnot affected by the capture of the target cells, and the
other two peaks is a measure to the number of bacteria (or target) cells which have been
captured by the pores of the device, independent of environmental changes which affect the
peaks in a similar manner. The greater the number of target elements captured, the larger the
shift right of peaks (ii) and (iii). Furthermore, the distance between the second and third peaks
can be used as a reference to eliminate random fluctuations in the signals that may cause
"false alarm” events. Of course, if n < no, then the peak shifts will be towards shorter EOT

levels.
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This array configuration makes it possible to eliminate the effect of environmental change on
the measurement of the bacterial concentration, by measuring the relative shift between the
first peak (i) and the other two peaks, (ii) and (iii), whereby the shift between the peak due to
the lower section and that due to the upper or both sections is used as an environmental

marker.

An additional and novel advantage of such a dua cross-section pore can be implemented if
the lower, narrow section of the pore isprovided with target selectivity to amaterial which the
microorganisms trapped in the upper, wide section of the pore, may secrete. Such an
implementation then provides a further level of validation as to the presence and even the
quantity of microorganisms trapped in the device. Thus, for instance, the lower narrower
sections of the pore may contain atrapping material for combining with proteins or toxins that
bacteria trapped in the upper section may secrete. The selective trapping of these materials
will result in achange in the refractive index of the narrow section of the pores, which will be
reflected in a further change in the EOT characteristic of the narrow section of the pores,
thereby providing a secondary measure of the presence of the specific bacteria in the upper,
wider section of the pores. For example, Shiga toxin-producing E. coli organisms (STEC) are
pathogens capable of producing sporadic and epidemic diarrhea, hemorrhagic colitis, and
potentially life threatening hemolyticuremic syndrome. STEC possess a number of virulence
factors, and the production of Shiga toxins (StxI and/or Stx2) isthe most critical. Detection
and identification of non-01 57:H7 STEC serotypes in atimely fashion are more difficult even
in alaboratory setting. Thus, by using the dual cross-section pore structure (in combination
with appropriate surface modification of the narrow pores with receptors for Shiga toxins

(antibodies of glycans) it would be possible to distinguish between STEC and non-STEC.

It is appreciated by persons skilled in the art that the present invention is not limited by what
has been particularly shown and described hereinabove. Rather the scope of the present
invention includes both combinations and subcombinations of various features described
hereinabove as well as variations and modifications thereto which would occur to aperson of

skill in the art upon reading the above description and which are not in the prior art.
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CLAIMS

Weclam:
1. A system for detecting target elements in ahost analyte, said system comprising:

a substrate containing an ordered array of wells formed in its surface, at least
some of said wells having lateral dimensions such that said target el ements can fit therein;

a broadband illumination source emitting a range of wavelengths, disposed so
asto illuminate said surface of said substrate;

an optical detector disposed such that it collects illumination diffracted from
said substrate, and outputs areflected spectrum signal; and

a signal processing unit, adapted to analyze said reflected spectrum signal to
provide a measure of the effective optical depth of said wells,

wherein at least some of said wells have a lateral dimension at least as large as the

wavelengths of said illumination source detected by said optical detector.

2. A system according to claim 1 wherein said signa processing unit analyzes said
reflected spectrum signal using the Fast Fourier Transform.

3. A system according to either of the previous claims wherein said optical detector is
disposed normal to said substrate, such that it collects diffracted light of zero order from said
substrate.

4, A system according to any of the previous claims, wherein said effective optical depth
of said wells provides an indication of the concentration of said target elements captured

within said array of wells.

5. A system according to any of the previous claims, wherein said effective optical depth
of said wells provides an indication of the concentration of said target elements in said
analyte.

6. A system according to clam 2, wherein said effective optical depth is determined
from the position of a peak obtained from the results of Fast Fourier transform analysis on
said reflected spectrum.
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7. A system according to any of the previous claims, wherein said ordered array of wells
comprises alamellar photonic crystal grating.
8. A system according to any of the previous claims, wherein said substrate is a silicon

chip, and said ordered array of wells are constructed by microelectronic fabrication processes.

9. A system according to any of the previous claims, wherein said target elements are
bacterial cells having dimensions larger than the wavelengths of said illumination source
detected by said optical detector element.

10. A system according to any of the previous claims, wherein said wells comprise
capture probes having a high affinity to the target cells intended to be measured by said

system.

11. A system according to claim 10, wherein said capture probes are coated on the walls

of said wells.

12. A system according to claim 10, wherein said target elements are micro-organisms,

and said capture probes are any one of antibodies, aptamers or other peptides.

13. A system according to claim 12, wherein said microorganisms are bacterial cells, and

said capture probes are specific antibodies.

14. A system according to any of the previous claims, wherein said system is adapted to

provide real time detection of microorganisms.

15. A system according to claim 10, further comprising a cell nutrient supply, such that

the growth of said microorganisms can be observed after application of said nutrient supply.

16. A system according to claim 15, wherein the lack of growth of said microorganism

after application of said nutrient supply indicates that the microorganism isgenerally dead.

17. A system according to any of the previous claims wherein at least some of said wells
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include arecognition moiety adapted to said target elements to be detected.

18 A system according to clam 17, wherein said substrate comprises at least two
different regions, the wells in each of said regions including a different recognition moiety,

such that each of said different regions can detect different target elements concurrently.

19. A system according to any of the previous claims, wherein at least some of said wells
have at least two sequentia sections having different lateral dimensions, and wherein a
second section, further from said surface than afirst section, has alateral dimension less than
that of said first section.

20. A system according to claim 19, wherein the dimensions of said second section are
such that said target elements cannot penetrate said second section, while said host analyte

can.

21. A system according to either of claims 19 and 20, wherein change of said measured
effective optical depth of said second section of at least some wells is utilized as a marker to
compensate for changes in environmental conditions that cause said effective optical depth of

both of said first and second sections to change.

22. A system according to either of clams 19 and 20, wherein said second section is

provided with sensitivity to amaterial which targets trapped in said first section may secrete.

23. A system according to claim 22 wherein said sensitivity is utilized to provide further

information regarding the level of targets trapped in said first sections of said wells.

24, A method for detecting target elements in ahost anayte, said method comprising:
providing a substrate containing an ordered array of wells formed in its
surface, at least some of said wells having lateral dimensions such that said target elements
can fit therein;
illuminating said surface of said substrate with broadband illumination over a

range of wavelengths;
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detecting illumination diffracted from said substrate and generating therefrom
areflected spectrum signa; and
determining from said reflected spectrum signal a measure of the effective
optical depth of said wells,
wherein a least some of said wells have a lateral dimension larger than the

wavelengths of said detected illumination.

25. A method according to clam 24 wherein said step of determining from said reflected
spectrum signal a measure of the effective optical depth of said wells, is performed by Fast

Fourier Transformation analysis.

26. A method according to either of claims 24 and 25 wherein said detecting is performed
normal to said substrate, such that light of zero order diffracted from said substrate is
detected.

27. A method according to any of claims 24 to 26, wherein said target elements are
bacteria, and said host analyte is any one of water, abuffer solution, blood, urine or a solution

derived during afood process.

28. A method according to any of claims 24 to 27, wherein at least some of said wells
have a least two sequential sections having different latera dimensions, and wherein a
second section, further from said surface than afirst section, has alateral dimension less than
that of said first section.

29. A method according to claim 28, wherein the dimensions of said second section are
such that said target elements cannot penetrate said second section, while said host analyte

can.

30. A method according to either of claims 28 and 29, further comprising the step of
detecting change in the effective optical depth of said second section of at least some of said
wells, such that compensation can be made for changes in environmental conditions that

cause said effective optical depth of both of said first and second sections to change.
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