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(57) Abstract: Devices and methods are provided to detect the presence of bacteria and small microorganisms, and to identity vari-
ous microbial attributes rapidly.
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RAPID MICROBIAL DETECTION

TECHNICAL FIELD
[0001] The present invention relates to devices and methods to detect the presence of

microorganisms, such as bacteria, and to identify various microbial attributes rapidly.

BACKGROUND
[0002] Each year more than 2 million children around the world under the age of five die from -
bacterial pneumonia élone. In addition, foodborne and waterborne diseases (normally involving
bacteria) kill about 2.2 million people globally, generaily in regions where analytical devices are
unavailable. Thus, microorganism detection technologies that are portable and deployable would
provide tremendous health benefits worldwide.
[0003] Current methods to detect microorganisms normally require more than one day to
provide results. The traditional culture-based method takes even longer (1-7 days) and is
frequently used on account of its low cost and greater sensitivity. As a result, various treatment
decisions involving patients are delayed until availability of results. In locations without access
toa well-equipped laboratory that can perform sample culturing, the sample has to be shipped,
thereby adding delay, cost, and logistic issues.
[0004] Because of the delays and costs involved, treatment decisions are initially based on
“educated guesses” followed by a more specific decision based on the laboratory results or
empirical results with a particular medication. For instance, a physician may prescribe a broad-
spectrum antibiotic to cover a wide variety of bacteria without knowing if the infection is
bacterial. If the presence of bacteria is confirmed and if the identity of the bacteria is determined;
then the antibiotic is changed to one that is more appropriate for those bacteria. A patient’s
response is also a factor in selecting an optimal treatment.
[0005] More rapid analyses are critical in the treatment of bacterial infections since morbidity
and mortality have been directly correlated to the early initiation of appropriate antibiotic therapy.
[0006] Similarly, in the case of food manufacturing, food may be shipped without waiting for
the results due to their perishable nature. If the presence of bacteria is confirmed in the sample,
then the food is recalled. At times, a customer may have consumed the food before these results
are available. This is one of the major causes for various food contamination outbreaks. In the

U.S. alone, it is estimated that there are 9.4 million episodes of foodborne illnesses resulting in
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1,300 deaths per year and direct healthcare costs of treating people of approximately $152 billion
ayear. And companies lose hundreds of millions of dollars due to costs of recall, rejected
batches, compensation, market share, and loss of reputation. Additionally, due to globalization
and sourcing of raw materials from all over the world, a raw material may be used in a process
before ascertaining the presence of bacteria. If harmful bacteria are found to be present in the
raw material, this may result in the rejection of a processed batch causing substantial financial
harm to the manufacturer. Thus, rapid and portable detection technologies would provide
tremendous health as well as economic benefits worldwide.
[0007] Most of the current rapid methods rely on bacterial identification based on antibody
recognition or specific nucleic acid sequence binding. While these methods offer an increase in
speed (compared to traditional culture) and specificity of detection, they are more expensive

. compared to the traditional culture methods and may not be as accurate. Further, while in
principle almost all species can be identified on the basis of their specific nucleic acid sequence,
practical limits on multiplexing mean- that these techniques can identify only a few
microorganisms at a time. As a result they are not an effective screening technique where the
pathogen may be one of a large number of possible pathogens. Other techniques such as mass
spectrometry based identification may offer lower cost per test but require highly skilled
operators and very expensive equipment in a specially equipped laboratory. As a result, many
small to mid-sized organizations and businesses, including hospitals and agricultural processing
plants, tend to use traditional culture method despite the longer time to diagnosis.
[0008] Clearly, there is a need for methods and devices that can be used to identify
microorganisms at the point of need (for example, a patient’s bedside, manufacturing site, farm,

etc.) and that provide rapid and accurate results at a relatively low cost.

SUMMARY
[0009] The present invention provides a rapid and integrated detection and identification
system for various bacteria and other unicellular and multicellular microorganisms. It requires
relatively small amounts of sample and processes samples and identifies microorganisms without
culturing and without manual intervention steps typically found in devices used in the field. The
detection and identification system operates rapidly compared to previously known devices,
providing results in about one hour or less. Portable devices embodying the detection and

identification system are contemplated for use in the field in a wide variety of locations and
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environments. As used herein, the term “bacteria” is used for convenience rather than reciting
each time “bacteria and/or other small microorganisms” unless it is clear from the context that
only bacteria or some other microorganism is being discussed.

[0010] Devices and related methods according to the present invention generally comprise a
microfluidic separation stage or component and an infrared (IR) spectrometric stage. An
identification stage preferably is also part of the detection system. Preferably, the identification
stage further includes both a spectral analysis stage and a result reporting stage. The
identification of microorganisms in the sample is performed at the point-of-use or remotely, and
the data generated for the identification of microorganisms in the sample may be stored and
analyzed locally or output for remote analysis or storage.

[0011] A preferred embodiment of the detection systems and devices according to the present
invention is applicable to the analysis of bacteria in bodily fluids such as blood, and is
configured to lyse blood cells in blood samples and remove detritus and other debris that might
interfere with detection and identification. Components of the system generally provide the
capability to preferentially select and to concentrate the cells of interest (for example, bacteria,
fungi, yeast, which may be spherical, non-spherical, or deformable). Thus, in other embodiments,
the detection system identifies microorganisms such as fungi, and small unicellular and
multicellular organisms.

[0012] The detection system processes and detects and identifies microorganisms in liquid
samples such as whole blood, plasma, serum, saliva, urine, cerebrospinal fluid, water, and fruit
and vegetable juices. The volume of such samples is relatively low compared to previously
known devices, and preferably ranges from about 0.1 mL to about 10 mL. The ability to process
larger sample volumes of about 1 — 10 mL aids in the detection and identification by increasing
the probability of the microorganism contaminant in the sample and its amount. Most current
diagnostic systems utilize lower volumes of sample (less than about 0.5 mL). The detection
system also processes other types of samples such as meat, produce, processed food, dairy
products, poultry products, pharmaceutical process streams, bulk drug substance, and final drug
product.

[0013] The microfluidic separation stage preferentially selects intact microorganisms. It also
selectively lyses non-microbial cells. Notably, the microorganisms in the sample do not need to
be cultured or otherwise isolated from the sample prior to application of the sample to the

detection system prior to analysis.
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[0014] The microfluidic separation stage optimally contains a measurement preparation stage
to concentrate the intact bacteria and then to direct or channel them to an IR-compatible surface.
Optimally, the microorganisms in the sample to be analyzed are concentrated to facilitate
detection and analysis by reducing the sample’s volume or by filtration. And, notably, the
detection system according to the present invention separates out and removes the debris from
the lysis‘ of non-microbial cells without using nucleotides (such as DNA), antibodies, or other
ligands and reagents that specifically recognize and bind the microorganisms of interest, such as
bacteria.

[0015] In another preferred embodiment, the infrared spectrometric stage utilizes beam
condensers to reduce the width of the IR beam to which the microorganisms in the sample are
exposed. Preferably, the IR spectrometric stage also contains a single-point or a focal plan array
detector.

[0016] Preferably, a measurement stage is provided to measure the IR signatures of the
microorganisms in transmission mode. In another of its aspects, the measurement is performed
using other modes commonly used in infrared spectroscopy such as attenuated total reflection
(ATR), and diffuse reflection infrared Fourier transform (DRIFT).

[0017] In preferred embodiments, the measurement stage includes ultrathin polycrystalline
silicon filter. In other embodiments, the measurement stage may include a flow cell or detection
window. |

[0018] Other embodiments of the present invention also include a waste collection stage.
Preferably, a computer system or microprocessor are included in the detection system to collect,
digitize and process the acquired data. Embodiments including a reporting stage to provide
output of analyzed data are preferred. Preferably, the detection system also includes a control
stage.

[0019] The identification stage of the present invention preferably utilizes standard
chemometric approaches to compare sample IR spectra against those in a reference database in
order to identify the genus, species, or strain of bacteria and other microorganisms detected and
analyzed. In specific use situations, reference spectra in the database would include IR spectra of
particular predetermined microorganisms whose detection and identification are desired in an
emergency or acute setting. It is contemplated that a neural network or other computational

approaches may be used to identify the bacteria and other microorganisms in a sample.
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[0020] In yet another aspect of the present invention, a microfluidic separation device is
provided. The device preferably includes a first separation stage to separate debris and smaller
analytes and contaminants from intact microbial cells, a lysis stage to selectively lyse non-

~ microbial cells, and a second separation stage to separate lysed cells and cellular debris from the
microbial. The first separation stage is particularly useful for the analysis of microorganisms
present in a blood sample. If the sample matrix is cerebrospinal fluid or an environmental sample,
such as pond water for example, then the first separation stage may be unnecessary as would
readily be determined by a person skilled in the art. The second separation stage optionally may
operate by filtration or other methods known to persons skilled in the art.

[0021] Another aspect of the present invention relates to a method of detecting or identifying
microorganisms in a sample by introducing the sample for processing into a detection system as
described above, processing the sample and then obtaining the analyzed data output from the
detection system. Contemplated microorganisms to be detected and/or analyzed in such methods
include prokaryotes, eukaryotes, protozoans, filamentous fungi, and algae. The detection system
is also intended to distinguish different species and strains of a specific genus, for instance
different bacterial species from the genera Staphylococcus, Escherichia, Listeria, Salmonella,

Streptococcus, Klebsiella and Campylobacter.

DESCRIPTION OF THE DRAWINGS
[0022] The following figures, which are described below and which are incorporated in and
constitute a part of the specification, illustrate exemplary embodiments according to the
disclosure and are not to be considered limiting of the scope of the invention, for the invention
may admit to other equally effective embodiments. The figures are not necessarily to scale, and
certain features and certain views of the figures may be shown exaggerated in scale or in
schematic in the interest of clarity and conciseness.
[0023] Fig. 1 is a schematic showing the major components of the integrated detection and
identification system and their functions.
[0024] Fig. 2 is an example of a plot of infrared absorbance versus wavelength for a particular
species of bacteria.
[0025] Fig. 3 is a schematic showing another embodiment of the integrated detection and

identification system.
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DETAILED DESCRIPTION
[0026] There are several highly important features desired in rapid bacterial diagnostics —
speed to result, the ability to identify a broad range of pathogens accurately, and
simple/inexpensive operation. Historically, diagnosis of bacteria has relied on growth-based
technologies in order to expand the population of bacteria to detectable levels. Most of the rapid
~ diagnostic approaches used to-date have focused on reducing the time-to-result (TTR) post-
culturing and/or through the use of proprietary media, which accelerate the growth of selected
bacterial species. The reductions in TTR therefore have largely been incremental since the time
needed for the bacteria to grow is the rate-limiting step.
[0027] Infrared and Raman spectroscopy have been widely studied and used for detection of
various analytes, including bacteria. The spectroscopy relies on the unique patterns generated by
the vibrational energies of the bonds that exist between atoms (for example, C-O, C-H, etc.).
Helm et al. [1] '
[0028] In the above studies, the identification of bacteria using Fourier transform infrared
spectroscopy (FTIR) has been performed on cultured and isolated bacteria. Additionally, large
quantities of bacteria (50 —- 100 micrograms) are utilized in the analysis, which also uses complex
procedures for instance, drying of bacteria on the surface of a reflective element to form a
Biofilm. The analysis is performed in well-equipped laboratories involving highly skilled
analysts and takes up to one week. El-Sayed et al. [2] report a method for analyzing three
common bacteria in otitis media while submerged in a biologic fluid. The three most common
bacteria studied were streptococcus penumoniae, haemophilus influenza, and Morazella
catarrhalis. ‘
[0029] In general, the present invention is useful in various applications and locations where
rapidly determining the presence and identity of bacteria and other very small unicellular and
multicellular organisms is of importance. These include, for example, medicine (to determine
bacterial infections), food safety, pharmaceutical quality control (including biotechnology
products), environmental monitoring, and biosurveillance. The invention thus enables, for
example, detection and identification of bacteria rapidly, at low cost, and at the point of need
permitting appropriate actions to be taken. These may include, for instance, rejecting a batch of
food or pharmaceutical, subjecting the batch to additional treatment, or determining the course of
treatment for a patient. The invention also relates to methods to detect the presence of bacteria

and other very small unicellular and multicellular organisms, and to identify different attributes,
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for example, of bacteria, such as the species and strain, in any sample matrix using an integrated
device.

[0030] In one preferred embodiment, the present invention offers the ability to use a portable
and integrated device to detect all bacteria from any sample matrix (as long as the matrix is a
liquid, suspension, gel, slurry, or is liquefied such as a solid that has been digested using
enzymes or put through a blender with some liquid) without the need for culturing, using tagging
or binding reagents such as antibodies or nucleic acid primers, requiring analysis at well-
equipped laboratories, or requiring the services of highly skilled technicians.

[0031] The microfluidic separation component according to the invention is capable of
separating intact bacteria (or other microorganisms) from the sample matrix, without a need for
organism-specific reagents such as antibodies or nucleic acid probes. Preferred sample matrices
are fluids such as water, whole blood, milk and juice. Other appropriate samples include plasma,
serum, saliva, urine, cerebrospinal fluid, food (such as meat, produce, processed food, dairy
products, and poultry products), pharmaceutical process streams, bulk drug substance, and final
drug product.

[0032] The detection component according to the invention preferably is an infrared
spectrometer that is capable of measuring the IR spectrum of intact bacteria (or other small
organisms), for example, in a microchannel or filter.

[0033] For instance, in clinical use the diagnosis is achieved by placing a disposable
microfluidic chip (Fig. 3) in the appropriate slot of a device according to the present invention,
inserting a tube containing the clinical sample in the sample port, and initiating the analysis by
pressing a start button. The identity of the bacteria will be displayed on an LCD screen on the
instrument. '

[0034] The results can also be communicated and stored in any of several digital and hard
copy formats. The clinical sample (for example, blood) is prepared for infrared measurement by
first separating blood cells from intact bacteria, then selectively lysing the non-bacterial cells,
then separating the lysis debris from intact bacteria, and finally concentrating the intact bacteria
on a small IR-compatible surface. The infrared spectra of the bacteria on the surface is measured
using a spectrometer, which may be aided by beam condensers, objective lenses, and apertures.
These spectra are then compared against those in a reference database to enable identification.
[0035]  The invention relates, in part, to the discovery that bacteria in a sample can be

concentrated sufficiently, for reliable identification by infrared spectroscopy, without culturing
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and that the infrared spectrum of a bacteria provides a unique fingerprint of the bacteria that aids
in specifically identifying it. Furtherimore, the embodiments described in this specification
substantially minimize the need for handling and processing a sample compared with the
purification and concentration techniques in conventional detection systems.

[0036] The above benefits arise from the unique sequence of unit operations and their
integrations as described in this application. For instance, use of mechanical forces to lyse non-
bacterial cells by itself would not lend itself towards simple sample preparation. However, by
combining it with a separation step before and after, it enables simple and effectively reagentless
sample preparation. Also, most methods focus on lysing bacteria in order access their DNA or
other bacterial biomarkers. The operational steps therefore not only have to clean up non-
bacterial components but also separate the targeted biomarker from other bacterial components.
[0037] By focusing on isolating intact bacteria, not only is the operation simplified, but also
the intact bacteria can be concentrated to levels suitable for detection and identification easily
without requiring culturing. While the microfluidic chip containing concentrated intact bacteria
could be used with various measurements (for example, colony cultivation, mass spectrometry,
PCR, etc.), the preferred embodiment uses a technique such as infrared spectroscopy. This
ensures measurement in a few minutes, enables label-free identification, and provides the ability
to identify multiple pathogens from a single measurement.

[0038] The preferred detection device is portable for use in the field. Identification routinely
can be made in well less than one hour because the sample does not require culturing and related
manual intervention steps, which is required for conventional identification devices. For example,
where a conventional device might require 1-5 days to culture the sample, the system of the
present invention might require only as much time as to process the sample volume using the
microfluidic component. Similarly, the time to generate a result, for example, an identification of
the bacterial component will generally be on the order of minutes rather than tens of minutes or
of hours.

[0039] Preferred detection devices also include an identification module that provides
reference spectra for the bacteria in a sample and can generate a local identification.
Alternatively, IR spectral information may be processed at a central location and reference
spectra may be utilized through the internet, telephone, radio or other data transmission
technologies. The detection is expected to be capable of detecting about 10 colony forming

units/mL or better. The false positive rates are expected to be less than about 5% with the
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accuracy of identification being greater about 90%, 95%, 98% and 99% or better. These false
positive and accuracy rates are comparable to those of conventional devices without the effort,
training, and time needed to generate a result using these devices. Examples of bacteria that can
be detected using this device include members of the Staphylococcus, Escherichia, Listeria,
Salmonella, Streptococcus, and Campylobacter genera.

[0040] In one embodiment, the invention provides an integrated device for detecting bacteria
in various matrices, where the device comprises: (a) a microfluidic separation stage to separate
bacteria from the rest of the sample matrix, thereby enriching their concentrations, (b) a
measurement preparation stage to serve as the interface with the measurement stage (or to
transfer the bacteria into an IR-compatible solvent) (c) a measurement stage that measures the
infrared signature of the bacteria in transmission mode, including other measurement modes
known to persons skilled in the art such as attenuated total reflection (ATR), diffuse reflection
infrared Fourier transform (DRIFT), and other modes which consists of the spectrometer (source
and detector), flow cell or detection window, interface to provide digitized data for analysis, and
a waste collection stage, (d) a microprocessor or similar computer system to collect and digitize
the acquired data, (€) an analysis sfage which comprises software to perform background and
sample assessment, background subtraction, deconvolution and other conventional techniques to
determine attributes of the bacteria and a database (or access to a database) consisting of the
spectra of bacteria reference material, (f) a reporting stage which enables transmission of results
into the desired format for comparison with databases, permits onscreen display, text messaging,
and transmission and sharing onto other peripheral devices such as a printer or hand-held device,
and (g) a control stage that comprises software to controls the timing of the different steps,
power requirements, and parameters required at each step and phase of the present invention
(such as fluid speed, centripetal force generated, scan speed, data acquisition rate, etc.).

[0041] In another embodiment, the microfluidic separation stage comprises a disposable mini-
centrifuge or a spiral path and a fluid flow control system (which is non-disposable). It is
contemplated that the fluid flow control system may be a vacuum pump or actuators for active
and passive flow control. It is also contemplated that the mini-centrifuge or a spiral path is
capable of generating sufficient centripetal force to separate the components of the sample
matrix from the bacteria such that the bacteria are maintained intact. And the bacteria and the
matrix (separated from the bacteria) are moved by the fluid flow control system through all the

other stages of a device according to the present invention.
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[0042] In some embodiments, the mini-centrifuge or a spiral path further comprise a sub-
system to lyse the components of the matrix. Other embodiments comprise a component and
means to mix the stream(s) from the microfluidic separation stage with a carrier solvent.

[0043] Yet other embodiments comprise an interface with the measurement preparation stage
that helps transfer fluid from the microfluidic separation stage to the measurement stage.
Typically, the diameter of the channel in such an interface would be in the range of about 0.1x to
10x relative to the diameter of the channel in the microfluidic separation stage. The measurement
preparation stage optionally comprises a filter with a molecular size cut-off of about 0.45
microns or smaller and may be made of silicon, silicon nitride, poyethylene, polyvinyldifluoride,
or Teflon ® or other compositions known to persons skilled in the art.

[0044] It is contemplated that a carrier solvent or solution, when utilized, will be infrared (IR)
compatible such as formaldehyde, n-hexane, ethanol, acetone. And the carrier solvent may
contain some water in the range from about 0 to 90% by volume. |
[0045] In other embodiments, the measurement stage comprises an infrared source,
beamsplitter, mirrors, beam condenser, objective, and detector. And it may further comprise a
flow cell or a detection window to enable measurement. Preferably, the source is capable of
emitting radiation in the range from about 300 to 5000 cm-1, and may deliver coherent or
incoherent light. It also may utilize a frequency comb in situations where a coherent beam
containing a continuum of frequencies over one or several octaves are needed. The spectrum and
power of these pulses are optimized to improve signal-to-noise ratio and to enhance resolution.
Applications utilizing such frequency combs include classical and ultra-high resolution near-field
microscopies. The infrared beam may be focused with the help of lenses and objective so that the
beam width optimally ranges from about 1 micron to about 1 mm, as is commonly done using an
FTIR microscope accessory. Preferably, the beam width approximates the dimensions of the
microorganism being analyzed, for example, bacteria. '

[0046] In yet another embodiment, the detector is capable of detecting infrared absorbance in
the range from about 300 to 5000 cm-1. In a preferred embodiment, the detector comprises an
array from about 1x1 to about 256x256. Additionally, the detection window comprises a variable
path length, and is made using IR-transparent material (such as silicon, calcium fluoride,
potassium bromide, or zinc selenide).

[0047] Persons skilled in the art will understand that the measurement stage may comprise

various accessories that permit measurement in transmission, attenuated total reflection, and
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other reflection modes. Additionally, the detector preferably is located between 0.1 to 10000
wavelengths. Detectors located within one wavelength can be used to monitor the evanescent
waves enabling inspection of the sample with \}ery high spatial and spectral resolution. This
location of the detector would typically be utilized in near-field infrared microscopy applications.
Detectors located further away represent the more classical approach to infrared speétroscopy. ,
[0048] Other preferred embodiments comprise an analysis stage that utilizes fourier or fast
Fourier transforms to convert the acquired data to a spectral signature. The analysis stage further
utilizes the signal from the fluid flowing through the detection window over time to identify the
baseline signal or to determine changes to the initial signal. This signal may be, for example, at
the frequency ranges where water, protein, peptidoglycan, or phospholipids absorb. Systems

_ according to the invention will distinguish between the baseline signal and the sample signal, and
are capable of subtracting the baseline signals from the sample signals. Preferably the analysis
stage utilizes second derivatives and other techniques such as Gaussian deconvolution, auto-
correlation, and Savitzky-Golay smoothing, which are well known to a person skilled in the art
of analyzing and interpreting spectral data.

[0049] In another aspect of the invention, the analysis stage evaluates the spectral profile
obtained from each sample signal to determine if it could potentially be from a bacteria and
labels such profiles or signals within a profile as bacterial signals. And the system determines
whether a detected bacterial signal is attributable to, for example, a gram positive, gram negative,
or gram variable bacteria. In preferred embodiments, fhe analysis stage determines the
confidence (probability) of the determination. In certain embodiments, the analysis stage
compares the bacterial signals with spectra in a database to establish the identity of the bacteria.
[0050] In other preferred embodiments, the reporting stage transmits the result from the
analysis stage to an output device of choice (for example, on a screen, printer, USB stick,) or
transmits it, for example, via Wi-Fi, wired, Bluetooth or cellular modes to the destination of
choice.

[0051] Inyet another aspect of the invention, the measurement stage comprises a waste
collection receptacle that is sealed and will be disposed according to procedures determined by
the user of the system. Optionally, the measurement stage comprises wash solvents and a wash
step that washes the non-disposable surfaces that contacted the sample. The wash solvents may
consist of a mixture of ethanol and water, water and detergent, and pure water may be used to

reduce or prevent sample carryover from one measurement to the next. Optionally, the
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measurement stage may consist of the channel being overlaid on an accessory such as an ATR or
a transmission cell or a channel consisting of pores (about 10 nm to 1000 nm), which would
enable filtrate smaller than these pores to be separated from intact bacteria by filtration.

[0052] Briefly described, in a preferred embodiment, the present invention provides a means
to detect and identify bacteria in any liquid sample matrix using a combination of microfluidic-
based separation and spectrometry. The sample matrix in this embodiment is any matrix that
contains bacteria.

[0053] The integrated device consists of a stage that separates the bacteria, for example, from
the rest of the sample matrix and prepares it for the measurement stage, which obtains the
infrared spectrum of the bacteria and the background. The spectra is analyzed to determine if
characteristic features associated with a bacteria are present and whether the features provide
additional features that permit classification of the bacteria, for example, as gram positive, gram
negative, or gram variable, or on the basis of their genus, species, strain, or antibiotic resistance.
[0054] Preferably, Fourier transform infrared spectroscopy (FTIR) is utilized to detect and
identify the bacteria but other spectroscopic techniques (for example, Raman spectroscopy or
mass spectrometry) can be utilized as well. FTIR is a well-known analytical technique. The
present invention enables microorganism identification and also diagnosis at the point of need
and without a need for culturing a sample. It also enables disease diagnosis through identiﬁcation
of pathological bacteria at low cost without utilizing antibody or nucleic acid sequence based
identification. |

[0055] Using this method, any sample matrix can be analyzed for the presence and identity of
the bacteria, if present, without the need for culturing. This dramatically reduces the time needed
for analysis. By not using any antibody or nucleic acid primer for recognition, the device is low-
cost, portable, and does not need additional laboratory infrastructure to support and enable its use
at the point of need.

[0056] The present invention, in a preferred embodiment, is an integrated device that is
capable of separating bacteria from a sample matrix, enriching the bacteria, obtaining the
infrared spectrum of the background and the bacteria, subtracting the background spectrum from
the bacteria spectrum, analyzing the resulting spectrum through known deconvolution techniques
and reporting the results using peripheral devices that are appropriate for the particular intended
analytical purpose. The analysis of the spectrum may also involve comparing the spectrum of

bacteria to that of a reference, which is stored in a database,
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[0057] 'Fig. 1 provides a schematic that identifies the major components of the device
according to the present invention, and identifies the major functions of these components. In
general, a sample 101 is obtained for analysis. This sample is prepared by dilution or other steps
as indicated by the sample dilution stage 103. Some of the components of the sample matrix 105
are lysed and intact bacteria are separated from the matrix components using a microfluidic
separation stage.

[0058] Next, intact bacteria are provided to the infrared signal measurement stage 107. Data
from this measurement are communicated to a spectral analysis unit 109. And results of the
analysis are reported via reporting stage 111. The entire process is designed to be a continuous
process without any interruptions to the separation and measurement or requiring any manual
intervention.

[0059] All liquid flow is controlled and managed by micropumps or capillary action. The
pump can use any of the commonly utilized driving forces for pumping fluid — piezoelectric,
pneumatic, electroosmotic, etc. Following the treatment in the sample dilution stage 103, the
entire sample is transferred to the sample matrix lysis stage 105 and the microfluidic separation
stage 105. The movement from one stage to the other is continuous and not performed in batch
mode. The separation of the intact bacteria occurs as the fluid (containing intact bacteria and
components of the sample matrix) moves through the microfluidic separation stage resulting in
two outlet streams (shown in Fig. 1). The sample component stream is collected in a waste
receptacle and is normally discarded while the stream containing intact bacteria moves to the
measurement stage 107. ‘

[0060] The fluid containing largely intact bacteria moves through the measurement stage
where the IR signal is measured and produces a quantified digital signal. The fluid is collected in
a waste receptacle, which is discarded. In certain applications, the analyte of interest (for
example, cholesterol, glucose, etc.) may be present in the waste stream from the measurement or
separation stage. In such situations, the waste stream may also be routed to the measurement
stage to measure these analytes utilizing the same detection apparatus (FTIR).

[0061] The digitized data from the measurement stage is then transmitted to the spectral
analysis stage 109. The transmission can be internal to the device, to a local computer or server
and can be accomplished using wires (for example, an RS232 connection) or wireless (Bluetooth
or Wi-Fi).
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[0062] Following analysis of the digitized data (as described in the spectral analysis stage 109),
the results are transmitted to the same or other appropriate peripheral device 111, again using a
wired or a wireless connection, as needed.

[0063] Stages 103 & 105 are disposable and are discarded following analysis of each sample.
The stages can handle either a single sample at a time or multiple samples simultaneously. In the
latter case, multiple channels are utilized to move the fluid until the measurement stage. At this
stage however, the different channels are opened based on a timing sequence controlled by a
conventional microprocessor so that the IR spectrum of one sample at a time is measured. All of

the streams go to the same waste receptacle in the end.

Sample Matrix 101:

[0064] The sample itself can be whole blood, or a food matrix as described. In the case of
solid samples, a preparatory stage involving “liquefying” the solid sample, such as food, is
needed. This can be accomplished using practices that are well known and practiced by food
safety testers. They typically involve blending or mixing in a Waring® blender or a Stomacher®
blender, such as the Stomacher® 400, and the Stomacher® 3500.

[0065]° Any container that is capable of holding liquids can be used as a sample
container/receptacle such as test tube, microcentrifuge tube, or a simple plastic container. The
container is normally glass or polypropylene though any biocompatible material that does not
adsorb bacteria or the analyte of interest (such as other organisms, cholesterol, glucose, urea,
etc.) can be used. The container size depends on the nature and volume of the sample and can
range from 10 uL to 500 mL. The requirements of the container used are that: (i) it should be
capable of being sealed (to prevent contamination) and (ii) it should have an outlet port that is
compatible with the sample dilution stage 103. In its preferred embodiment, the sample container
is a venous blood collection tube such as, for example, a Vacutainer® tube. These typically and
preferably consist of a test tube with a tube top that can be pierced and may contain agents such
as EDTA to prevent blood clotting.

[0066] The tube top is placed against the first stage (Sample Dilution Stage 103) that contains
a needle to pierce the tube top. The needle may be made of stainless steel or other similar
materials. In the case of other containers, an outlet from the sample container that forms a tight

seal with the sample dilution stage is needed. This connector can be made of polypropylene,
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polyvinyldifluoride, silicone, Teflon®, or any biocompatible material that does not adsorb
bacteria or the analyte of interest. The diameter of the connector can be varied depending on the
volume of the sample. In its preferred form, the diameter is greater than about 1 cm. Though
smaller diameters can be used, the diameter cannot be smaller than 200 microns. The length can
be varied depending on the conditions of the measurement. A key requirement is that the hold-up
volume in the connector tube should be approximately one-tenth the sample volume or less.
[0067] A fluid control device (such as a micropump) preferably will be used to move the
sample through the different stages. This can be positioned either beside the sample receptacle
(preferred) so that it pushes the liquid through the intended flow path or beside the waste
receptacle so that it pulls the liquid through the intended flow path.

[0068] Gravity may be used to assist the fluid flow and prevent air bubbles from entering the
fluid flow path. To achieve this the sample receptacle may be placed at a higher elevation

relative to the next stage.

Sample Dilution Stage 103:

[0069] The sample enters this stage via the connector/needle. From this point until the waste
receptacle, the system is sealed to prevent/reduce chances of external contamination. A one-way
vent optionally may be provided to ensure that a vacuum does not form within the system. In
addition, a degasser component optionally may be added to ensure a smooth flow.

[0070] Sample components refer to different elements of the matrix depending on the sample.
For example, in the case of identifying the bacteria present in blood, the sample components
include red blood cells, white blood cells, plasma proteins, platelets, and other blood factors. In
the case of food, the components include elements that constitute pafticles of food or its
constituents (such as fatty acids, fats, lipids, proteins, etc.).

[0071] In this stage the sample is diluted to ensure that the viscosity of the fluid is similar to
that of water and filtered to exclude very large components in the sample matrix.

[0072] A diluent preferably water (but which can also be phosphate buffered saline or other
biologically acceptable buffer) ié utilized for dilution. The volume of diluent added is to ensure
that the viscosity is reduced to be similar to that of water (1 centipoise). For example, the typical
viscosity of blood is approximately 10 centipoise at 20°C. The high viscosity of blood is largely
due to the presence of hematocrit and the relationship between hematocrit and viscosity is well

known. [3] Diluting blood in the range of about 5 to 50-fold (preferred target is about 10-fold)
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will reduce the viscosity to the desired level ensuring that the flow of the sample through the
system is not affected due to increased viscosity.

[0073] The diluent is typically stored in a bottle or bag made of glass or plastic (polyethylene)
with a seal that can be pierced or with an outlet tube. The bottle, in its preferred form, is stored
inverted and the diluent is added to the stage via the needle/connector. The material of
construction and considerations are similar to those described for the sample receptacle. The
addition of the diluent may occur due to gravity (preferred) or via a fluid control device.
Optionally, a device according to the present invention may include a hook or other element to
hold a fluid reservoir. Optionally, the sample is filtered following dilution.

[0074] A sequence of filters with varying pore sizes may be used to prevent cloggihg
downstream. These filters will all possess a pore size greater than the size of the bacteria
(generally 2-10 microns) when bacteria are the intended organism or analyte to be identified, but
are preferably greater than about 100 microns, which should permit passage of the analytes and |
restrict matrix material. The filters can be constructed of commonly used materials such as
polyethylene, polyvinyldifluoride, or Teflon®, though other materials may also be considered as
will be known to persons skilled in the art. The diameter of the filter can vary from 1 cm to 15
cm. Large volumes of sample (for example, greater than about 25 mL) will require a larger
diameter filter. The size of the filter can be determined by one of the three traditional methods
used to size filters — Volume endpoint (V mak), Pressure endpoint (Pmax), and turbidity endpoint
(Tmax). The preferred method is the Vmax method. The sample flow direction can be tangential
to the filter surface or longitudinal to the filter surface. The former is the preferred embodiment
to reduce the chances of filter clogging due to the components of the sample matrix.

[0075] Fluid flow to the next stage occurs via a manifold (preferred embodiment). While a
connector of short length (less than about 10 cm) could be utilized, a tightly sealed manifold
connecting the two stages is preferred. The diameter of the manifold optimally will range from
about 100 microns to about 10 cm. The manifold, in its preferred form, is made from a
thermosetting plastic that is analyte-compatible (that is does not adsorb or interact significantly

with the analyte, such as bacteria).

Microfluidic Separation Stage 105:

[0076] The separation stage is a disposable component that is intended to be single-use. The

separation stage can accommodate analysis of a single sample or multiple samples. A number of
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methods and approaches are known and utilized for making microfluidic devices such as [4-6].
The separation stage consists of two sections — a sample lysis 105A section and a separation
section 105B. While the presence of the lysis section is optional, the preferred embodiment
includes both sections. The purpose of the separation stage is to isolate and concentrate intact
bacteria for infrared analysis.

[0077] Fig. 3 shows the schematic of the preferred embodiment of the separation stage 105. In
the preferred embodiment, large non-bacterial cells (such as red blood cells) are first separated
from intact bacteria using inertial focusing. This is followed by selective lysis of the remaining
non-bacterial cells (in the preferred embodiment, by the use of porous monoliths) resulting in
fluid containing intact bacteria and non-bacterial cell debris. The debris is then separated from
intact bacteria using differences in hydrodynamic size. In the preferred embodiment, this is
achieved by deterministic lateral displacement. This stage also reduces the total volume of the
fluid that moves to the filtration stage. In the preferred embodiment, the intact bacteria is readied
for infrared analysis by filtering the fluid using ultrathin silicon membrane filters, which
eliminates water and any remaining lysis debris leaving intact bacteria on the surface of the filter,
which can be analyzed by any appropriate technique. In the preferred embodiment, this
technique is infrared spectroscopy. The entire separation and concentration is accomplished
without the use of reagents such as DNA sequences or antibodies.

[0078] The separation stage can be connected to the stages preceding (103) and following
(107) using connectors or manifolds (preferred). These can be fabricated using any thermoplastic
material that is corhpatible with the analyte or glass. The preferred materials of construction are
polycarbonate and cyclic olefins. Examples of the choice of materials and methods for forming
the manifolds and connectors have been described in the literature, for example [7]. The inner
diameter of these tubing can be in the range of about 0.001 mm to about 10 mm with a length

ranging from about 0.1 mm (manifold) to about 1 m. A shorter length is always preferred.

Lysis section 105A:

[0079] Following filtration and before reaching the separation stage, another procedure, as
discussed below, is applied to disrupt non-bacterial cells. This is likely to be needed when
dealing with whole blood, which contains red blood cells, white blood cells, and platelets.
[0080] The disruption of the non-bacterial cells can occur through mechanical means

(preferred) relying on shear stress to lyse the cells or by chemical means. For disruption by shear
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stress, a sample is typically forced through microporous surfaces that contain pores with a
diameter of about 1-10 microns (for instance resins used in chromatography). The movement of
cells such as white blood cells, red blood cells, and platelets through these pores creates a high
shear force, which in turn, causes these cells to be lysed. However, bacterial lysis to a significant
degree will not occur due to the more robust nature of the bacterial cell. Alternatively, chemicals
such as polysorbates, triton X-100, sodium cholate, or tri(n-butyl)phosphate, may be used to
disrupt cell walls by chemical means.

[0081] In the preferred embodiment, the lysis section 105A consists of microchannels packed
with resins of the desired pore size and the sample is forced through these pores at a flow rate
ranging from about 20 microliters per minute to up to 1 milliliter per minute (preferred is about
0.5 milliliter per minute). The channel width, height, and length are greater than about 100
microns, about 50 microns, and about 5 mm respectively. While a straight channel with the
above dimensions is preferred, curved channels or channels that double back among themselves
(to increase length of the channel without increasing the overall length of the stage) can also be
utilized.

[0082] The materials of construction and fabrication of the channels are similar to those
utilized for the separation section 105B described below.

[0083] In cases with a large load of non-bacterial components that are of similar sizes bacteria
(for example, blood), an additional step prior to the lysis step may be added. The function of this
step is to reduce the non-bacterial cells load prior to lysis in order to improve lysis efficiency and
reduce the potential for clogging. Reduction of blood cells in the samples will be accomplished
using inertial focusing taking advantage of the size difference between bacteria (1-5 pm) and
red/white blood cells (7-15 pm). Of the various inertial focusing approaches, the use of spiral
microchannels has been demonstrated as a uniquely efficient method to separate cells that are
similar in size with high throughput and separation eﬂiciency;[S] Spiral channels fabricated
using thermoplastics will selectively reduce the concentration of non-bacterial cells such as
red/white blood cells. The design and fabrication of the spiral channels are similar to those
described in Separation Section 105B (Spiral path embodiment).

[0084] Fluid exiting the lysis stage is now a largely aqueous system, which consists of intact
bacteria and multiple components, such as proteins, nucleic acids, fragments of cell walls and
cell organelles. These fragments are typically smaller in size than the intact bacteria. This stage

minimizes or eliminates non-bacterial components that are larger than the bacteria with an
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efficiency greater than about 80%. The same continuous channel without any resin serves as the

inlet channel for the separation section 105B.

Separation section 105B:

[0085] A preferred configuration for the separation section 105B is to flow a sample via a
microchannel that traces a spiral path (“Spiral path” embodiment described below). Separation
may also be achieved using deterministic lateral displacement (DLD), [9], [10] in which a linear
array of microposts will serve to focus and direct larger rigid bacteria particles to an outlet
channel while shunting smaller énd flexible cell debris to a waste outlet. This separation method
will also provide the added advantage of significantly reducing the total collected fluid volume.
While the this section can be constructed using many different materials, the preferred material is
a thermoset plastic, which can be easily fabricated at low cost and is generally compatible with
food and biological matrices. The channels (spiral path, described below) can be manufactured
using molding, photolithography, or micro-machining methods as are well known to those
skilled in the art of microfluidic device fabrication. Any of these approaches can be adapted for
producing the separation section described in this invention.

[0086] While microfluidic devices have reduced the volume of reagent needed and increased
the speed of the analysis, they are usually able to handle only small volumes of sample. Thus, if
the concentration of the analyte (for example, bacteria) is low, the signal from the analyte may be
too low to be detected reliably, let alone used for identification. One way to improve the
concentration has been to use a technique like PCR to amplify the analyte (nucleic acid) or to
immobilize antibodies in order to concentrate the analyte.

[0087] In the present invention, by way of contrast, the separation and cohcentration is
accomplished using physical forces, for example, inertial or centrifugal forces. Thus, there are no
zones where the analyte has to contact a reagent in order to enable concentration or detection and
relatively faster flow rates can therefore be utilized. This approach also enables processing of a
large volume of sample which, in turn, decreases the lower limit of detection compared to other
microfluidic devices.

[0088] The objective of the separation section to separate intact bacteria from the rest of the
sample matrix and enrich it. The section relies largely on inertial/centrifugal forces to accomplish

this task.
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[0089] The inertial/centrifugal force can be generated by forcing the liquid through channels
that describe a spiral fluid path, DLD, as discussed below in a preferred embodiment, or by a
mini-centrifuge. The spiral microchannels & DLD microposts are fabricated on a microfluidic
chip.

[0090] The magnitude of centripetal force or acceleration is related to the mass of the
different components of the sample matrix. Thus, components that are smaller in mass compared
to the bacteria will experience a smaller force relative to the bacteria.

[0091] The fluid flow is introduced to the spiral using the outer arm of the spiral (preferred
embodiment). Alternatively, the fluid can also be introduced at the center of the spiral. Ifa

mini-centrifuge is used, the fluid is normally introduced at the bottom of the centrifuge.

The Spiral path embodiment:

[0092] The path preferably is fabricated on a glass, PDMS, cyclic olefins, polycarbonate, or
similar surface that has been used for preparing microfluidic chips. The process for fabricating
such a path may be a lithographic technique. However, other processes are well known,
understood, and utilized in the fabrication of microfluidic devices, as described before, and can
also be employed. |

[0093] The spiral may be a two-dimensional or three-dimensional spiral and can be any of the
different types of spirals that have been mathematically defined (such as Archimedes spiral,
Fermat Spiral, logarithmic spiral, etc.). A preferred spiral path is the Archimedes spiral.

[0094] The parameters of the spiral (usually radius and aﬁgle) can be further optimized to
improve the efficiency of the separation as can routinely be accomplished by persons skilled in
the art. 4

[0095] The fluid entering the spiral path is preferably discharged into the outlet (where the
bacteria are being directed) or a discharge channel (to collect the sample matrix components).
[0096] The outer edge of the channel optimally will have openings that lead to a separate
discharge channel. The openings can be rectangular, circular or any shape with an effective
diameter range from about 10 microns to about 250 microns. The channel too can be of any
shape (rectangular is preferred) with a width greater than about 50 microns and a height between
about 10 to about 500 microns.

[0097] The sample from the lysis section 105A enters the separation section at the outer arm

of the spiral with a fixed velocity. The spiral shape of the flow channel causes the components
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that possess a lower mass than the bacteria to be directed to the discharge channel while the
bacteria stay in the spiral fluid path until it they reach the exit of the spiral.

[0098] At the time of exit, the bacteria have largely been separated from most, if not all, of the
other sample components. A reduction in the level of the sample components of greater than
about 80% is achieved. The bacteria are in a largely aqueous medium.

[0099] This section has an interface that enables it to be locked in place against the
measurement stage enabling a continuous fluid flow path between the separation and
measurement stages as well synchronization of the steps (sequence and timing) taking place in

the two stages.

Deterministic Lateral Displacement (DLD):

[0100] DLD uses flow through an organized array of “obstacles” (microposts) to separate
particles based on their hydrodynamic size. It does this by selectively influencing the trajectory
of particles above a certain size. The fundamental principles explaining this phenomenon have
been known for close to a decade and have been modeled by several research groups [11-13].
These devices can be fabricated using standard lithographic techniques. Typical materials used to
fabricate DLD devices include silicon and PDMS. The array of microposts can also be directly
embossed onto thermoplastic devices.

[0101] The key variables that influence the separation include the size of the microposts, gap
between microposts, and offset between two rows of the array (sometimes referred to as tilt angle
relative to the fluid direction). In the preferred embodiment, the diameter of the cylindrical
microposts may range from about 10 — 500 microns, the gap between the microposts can range
from about 1 — 200 microns, and the offset can range from about 0.1 to 5 microns. The total
length of the array ranges from 3 mm to 20 cm. Multiple arrays may be arranged in sequence to
provide high resolution separation of the bacteria from the lysis debris. Other geometries for the
micropost, such as I-shape, can also be used to accomplish the separation as described by
Zeming et al. [14]

[0102] The inlet to the DLD is the same as the outlet from the previous stage. An additional
input that permits addition of carrier solvent (such as water) may also be utilized. The design of
the DLD ensures that the intact bacteria are pushed away from the main fluid stream (which
carries the lysis debris). This “side stream” carrying the intact bacteria is the outlet that is

directed to the next stage (infrared signal measurement stage 107). The main stream containing
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the lysis debris in the preferred embodiment is discarded. But this stream may also be utilized for
further analysis. Reduction in lysis debris levels greater than about 95% is expected. The volume
of the bacteria-containing stream is expected to be approximately one-hundredth of the initial
volume entering this stage.

[0103] The use of DLD to separate RBCs from whole blood has been reported, for example by
Zeming.[14] However, their application of DLD is effective because the size difference is large
between RBCs and other blood cells. When it comes to separating bacteria from RBCs, white
blood cells (WBCs), and platelets, the size differences are not as large. Inefﬁcient separation of
bacteria from other cells will increase the uncertainty in identification accuracy. This is because
these other cells would contribute infrared signals of their own, if present, thus interfering with
accurate identification.

[0104] The present invention optionally includes a selective lysis step, which has been found
to provide a major advantage in the rapid detection of microorganisms, because it now "creates"
a large size difference by lysing all cells other than bacterial cells. Following lysis of the blood
cells, when applicable to a particular sample, the bacteria becomes the largest entity and so can

be separated appropriately from the rest of the fluid.

Mini-centrifuge:

[0105] The centrifuge preferably is constructed using a polymer suéh as polypropylene,
polycarbonate, or Teflon®. The design and principles underlying centrifugation and its use for
separating cells and organisms from various matrices is well known. Examples of such
information include Industrial centrifugation by Leung [15] Centrifugation in Biology and
Medicine [16], and Continuous centrifugation in virus processing [17]. The maximum capacity
of the designed centrifuge is intended to be less than about-500 mL. It is a single-use component
and is discarded following sample preparation.

[0106] The mini-centrifuge has an inlet channel that for introducing the sample into the
centrifuge (that is, the channel from the lysis section 105A), an outlet channel for transporting
the intact bacteria to the measurement stage 107, and a discharge channel for the rest of the
components.

[0107] The key variables influencing the efficiency of separation have been described in
various well-known texts describing centrifugation processes. The speed of rotation, height of

the mini-centrifuge, angle of the walls of the centrifuge from the vertical, and duration of the
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centrifugation are some of the key variables. These variables can be adjusted routinely by
persons skilled in the art to optimize the separation of analyte (such as bacteria) from matrix
(such as blood or environmental sample sources).

[0108] The centrifuge preferably is rotated by a spindle, which is attached to a motor. The
motor in turn is powered by electricity (AC/DC) or by a battery. The preferred power source is a
battery.

Infrared signal Measurement stage 107:

[0109] The spectral region of interest where bacteria have been known to generate
characteristic infrared signatures is in the mid-infrared region (about 4000 cm-1 to about 400 cm-
\1). Spectroscopic methods of analysis generally are known to be rapid and can be automated to
test multiple samples at a time. This aspect of spectrometry preferably is utilized in combination
with a microfluidic separation stage to enable the detection of bacteria from any sample matrix.
The bacteria could be any species of interest. Some samples of bacterial species include
salmonella species, Listeria species, and streptococcus species.

[0110] The primary basis for the detection of the bacteria by the preferred method of detection,
FTIR, is the characteristic infrared spectrum of bacteria in general and the difference between
species and strains, specifically. The specificity in identification by the devices and associated
methods of the present invention is due to the nature of the constituents of the bacterial cell wall
— proteins, polysaccharides, nucleic acids, and phospholipids. It is also postulated that other
components of the bact_eria (such as DNA) and organelles of microorganisms may also

contribute to the infrared signature. The composition of the cell wall, for example, affects the
intensity and frequencies of the IR absorbance pattern and thus yields characteristic infrared
signatures that enable both detection and identification of the different bacteria. In principle, any
intact organisms can be distinguished from each other on the basis of their IR signature, provided
a satisfactory separation from other components has taken place prior to the measurement and
the organism has been sufficiently concentrated as to be above the limit of detection.

[0111] The analyte enters the measurement stage107 via a manifold similar to that described
before. At this stage, the analyte largely contains diluent and bacteria. The concentration of the
bacteria in the fluid entering the measurement stage 107 preferably is greater than or equal to10-
fold higher than that in the original sample, the volume of the fluid of the original sample is also

reduced by an equal or larger amount, and most of the components of the original sample matrix,
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especially the relatively larger-sized components, are lower (less than about 10-fold) than in the
original sample. For example, an initial sample volume of 1 mL may go through the various
steps described in the previous sections resulting in bacteria-containing fluid that is concentrated
and/or filtered within an area ranging from about 0.01 - 0.3 mm?. The ability to process a large
volume of sample and reduce it to a small area of measurement while recovering most of the
bacteria enables detection and identification of the bacteria without culturing. The separation
stage (105) plays an important role in isolating the intact bacteria and removing most, if not all,
of the substances that might interfere with the infrared signal acquisition. Additional
concentration of the bacteria (by the methods described below) in the measurement stage (107)
aids in improving the sensitivity of the measurement.

[0112] In the preferred embodiment, the intact bacteria following separation as described in
105B flow along a channel (made of the same materials of construction and dimensions as
described in section 105A and 105B) until it reaches a zone (referred to as IR measurement zone)
where the infrared measurement is made. This zone is constructed using an IR transparent
material such as silicon and is positioned so as to be in the infrared beam path.

[0113] This zone preferably is a filtration channel fabricated using ultrathin polycrystalline
silicon such as the one described by Striemer et al.. [18] The aspect ratio of the filter (diameter of
pores to thickness of the filter) is approximately 1.0 (the aspect ratio preferably can range from
about 0.001 to 100). Flow through this channel enables any remaining small-sized debris and
diluent to be filtered leaving the intact bacteria on the surface of the filter. The filtration channel
width can range from about 0.1 to 1 mm, while the length can vary from about 0.5 to 5 mm. The
pore diameter can range from about 20 nm to 2 microns, though diameters less than about 1
micron are preferred in order to retain a large percentage of bacteria. The use of the ultrathin
filter is a critical step since it permits measurement in transmission mode at a good s/n ratio,
which improves sensitivity. Conventional filters are too thick and generally have a broad pore
distribution. The ultrathin filters have a narrow pore distribution. Together the two features also
enable a higher filtration rate, a lower pressure drop, and lower loss of intact bacteria.

[0114] Other options, such as an infrared flow cell or an ATR (Attenuated total reflectance)
accessory, can also be utilized, as described below.

[0115] The measurement stage detects and measures the infrared signature of the bacteria in

transmission, attenuated total reflection, reflection, and other modes and consists of the
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spectrometer (source and detector), flow cell or detection window, interface to provide digitized
data for analysis, and a waste collection stage.

[01016] The measurement itself is made in a manner similar to that used for infrared
measurements for different applications such as analytical

and forensics (for example, trace residues, environmental contaminants, etc.). The instrument
relies on interferometry to acquire an interferogram, which is then subjected to Fourier
transformation to yield the spectrum in the frequency domain. This type of data acquisition has
been well described in many textbooks on the subject of infrared spectroscopy such as Griffiths
[19].

[0117] The source and detector and interface to provide digitized data for analysis is similar to
that utilized in other infrared spectrometers. The detector may also be a detector array (described
below). The source may be a regular thermal source or a laser-based source and may utilize
coherent or incoherent radiation that is capable of emitting radiation over the range from about
400 to 4000 cm-1.

[0118] The fluid from the separation stage may be diluted using a non-aqueous infrared
transparent solvent. This could be performed to reduce the effect of the infrared signal due to
water depending on the desired signal-to-noise (sn) ratio. When the ultrathin filter is used, this
step can be avoided since most, if not all, of the signal due to water is eliminated due to removal
of water by the filter.

[0119] The bacteria-containing fluid (bacfluid) can be readied for measurement in multiple
ways —filtration followed by measurement of the bacteria retained on the surface of the filter
(preferred option), flow past the IR sensing zone (IR sensing zone option), flow through a flow
cell (flow cell option), or use of an ATR (ATR option). In all cases, there is either spatial or
temporal (or both) resolution of the sample enabling discrimination between signals from
different bacteria as well as between bacteria and the background. Previous attempts, such as
Helm et al. [1], [20], to measure IR spectra of bacteria did not possess any of the components
described in this invention and consequently measured the weighted average of all signals. This
resulted in the need for large amounts of highly purified bacteria (greater than about10*
CFU/mL). The approach described in this invention does not require such a large quantity of
bacteria as in prior approaches and devices, and also provides a higher sensitivity. Various

different options for alternative embodiments are described below.
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[0120] In the case of filtration, the bacteria-containing fluid (referred to as bacfluid) is passed
through an IR-compatible filter (such as ultrathin silicon / silicon nitride filters from SimPore or
polyethylene filters from Millipore) that has a pore size less than about 0.5 microns (preferred
size is about 0.2 microns or less). The bacteria are retained by the filter while those components
that were smaller than the bacteria and not eliminated by the separation stage will pass through
the filter. This filter is referred to as the bacteria filter.

[0121] The filter may be of any shape (rectangular, circular, etc.) covering an area ranging
from about 100 micron squared to about 10 centimeters squared.

[0122] The bacteria on the filter are illuminated by the IR light source (for example, by globar,
tungsten filaments, or lasers from Block Engineering or Lasnix) while the readout is performed
using a single point detector or an array detector. The single-point detector provides the weighted
- average of the infrared signals in the measurement area (e.g. about 100 X 100 micron). The
detector array is arranged such that it covers the entire surface of the filter. Infrared radiation
from specific locations of the filter surface is gathered by the array providing spatial resolution
and a spectroscopic image of the filter surface. This, in turn, enables better discrimination of the
bacteria from the filter surface and other moieties that may be on the filter surface. The array can
be about 1 X 1 to about 1024 X 1024. The detection can measure either the near-field far-field
infrared signals. |

[0123] A reference filter may be utilized in order to obtain a background spectrum. This
reference filter is placed after the first filter and is identical with respect to size, dimension, and
material of construction. The fluid that passed through the bacteria filter passes through the
reference filter as well.

[0124] The IR sensing zone preferably is made of silicon and integrated with the exit channel
from the separation section 105B. The measurement preferably is made in transmission mode.
The silicon may be coated with anti-reflective coating to improve the transmission percentage.
Alternatively, silicon crystals to enable ATR measurements may also be utilized as will be
known to persons skilled in the art. The methods of integrating the IR sensing zone to perform
FTIR measurements is well known and has been described earlier for monitoring reactions in
microreactors. [21-23] |

[0125] The exiting fluid can flow through the IR sensing zone (Flow through measurements)
or may be analyzed in batch mode. In batch mode measurements, the fluid is typically introduced

as tiny droplets (volume ranging from about 1 nanoliter to about 100 microliters). These droplets
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are dried either by flowing a drying gas such as nitrogen or by allowing for environmental
conditions to permit drying. The result is that the bacteria form a thin film (ideally a monolayer)
on the surface of the IR sensing zone with little to no contribution from water in the IR spectrum.
Such a thin film can be analyzed in transmission mode or using alternative measurement modes
such as ATR, DRIFT, etc. Such methods of spotting or microprinting of bacteria is well known
[24]. However, earlier approaches utilized pure culture for such spotting, whereas this invention
seeks to eliminate the need for pure culture.

[0126] The sensing zone area ranges from about 2-50 millimeters in length, about 10 to 500

microns in width, and about 6 to 1000 microns in height.

Flow-through measurements:

[0127] In this case the bacfluid flows through a channel at a fixed velocity while transiting the
detection window. The channel can be etched onto a sample accessory (such as ATR) or may be
constructed using known IR-transparent materials (such as zinc selenide or silicon). The means
to construct an ATR accessory and obtain infrared measurements using this accessory is well
known ([25] and [26]). The difference in this invention is that microchannels are imprinted on
the surface of the ATR using IR-transparent materials so that the fluid moves along a fixed path.
The ATR itself is constructed using established methods and techniques. The microchannel path
on the surface of the ATR can be a straight channel, a curved path, a sawtooth pattern, or any
pattern. Methods of preparing such imprinted microchannels have been described previously [27]
and [28]. The width of the channel must be greater than 50 microns to enable the bacteria to
move through the channels. Data acquisition is not affected by this change.

[0128] In another embodiment, the channel is manufactured by microboring a path in an IR
transparent material such as calcium fluoride and from a single piece. The latter requirement is to
ensure that the interior surface is continuous without any cracks or deformities. The fluid flow
path is a straight path through the IR cell though other forms such as curved or saw tooth patterns
are possible. An example of the construction of the flow cell and its use in acquiring data is '
provided by US Patents Number 5,521,384 [29] and 4,618,769 [30].

[0129] The IR measurement can occur either at a fixed location in the flow channel or may
cover a region of the flow channel. In either case, the bacfluid is illuminated by the IR light
source while the readout is performed using a detector array. The array can be about 1 X 1 to
about 1024 X 1024. The detection can measure either the near-field or the far-field infrared
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signals. This approach also enables background signal measurement, resolution between

background and sample signals as well as signals from different bacteria.

Spectral Analysis Stage 109:

[0130] The spectral analysis is performed using a processor (or multiple processors) along
with associated software. The software, in the preferred embodiment, subtracts the background
spectrum, compensates for the presence of atmospheric carbon dioxide and water vapor. The
intensities at each wavelength are used to create a matrix of values from which various attributes
are identified and utilized in the analysis described below. The attributes include peak maxima
positions, peak widths at specific wavelengths, peak minima positions, and positions of
minimum peak intensity. These attributes are also used in the comparison against spectra in the
reference database to determine the closest match to the acquired spectra. Such spectral analysis
and comparisons are being commonly utilized in various applications such as biometric
identification, peptide map comparisons, vegetation mapping, etc. In the preferred embodiment,
this analysis is performed automatically without any manual intervention. However, the option to
conduct a manual verification of the analysis and conduct other assessments is provided.

[0131] Appropriate data technology is discussed below and in various reference materials that
are identified in this specification. It is contemplated that the processor may be part of a discrete
computer device or system or may be part of the device hardware, or is a combination of both, or
is otherwise dccessible for purposes of the present invention. The software consists of a set of
computer-executable instructions and may also include data structures capable of storing spectral
information. The software may be part of a computer, part of the device hardware, or a
combination of both. These components are quite well known and commonly utilized in
acquiring data from various instruments. Examples describing such systems can be found in [31],
[32], and [33].

[0132] The data structure for a spectrum typically consists of the interferogram and its Fourier
transformed version. The Fourier transformed data set normally consists of intensity measured at
each wavelength and enables one to trace the spectrum similar to the spectrum shown in Fig. 2.
Additional attributes of the spectrum such as baseline noise, width of peaks, second derivative,
and other mathematical transformations may also be stored as part of the data structure for a

sample. Normally the data structure is an “m X n” matrix where the “m” rows represent the
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number of wavelengths where measurements were made and the “n” columns represent the
different attributes of interest.

[0133] The data structures can also be part of a database management system with the option
to search, query, and retrieve spectral information. The database management systems can be any
of the well-known systems such as MySQL, Oracle, Microsoft Access, etc. The information
stored in the data structures normally contains spectral information of different bacterial species
in different matrices. |

[0134]4 - Preferably, two (or more) databases are utilized. One of the databases is a reference
database, which contains spectral information of bacterial reference standards acquired under
controlled conditions. The information in this database is used as a training set for validating the
model as well as for comparison purposes. Databases available at sources such as the Institute for
Microbiology at Munich Technical University are utilized and may be augmented with new
information gathered by the user for the above purpose. The information in these databases
identifies factors that contribute towards predictive modeling for determining the identity of the
bacteria. Predictive models are based on data cluster investigation techniques such as principal
component analysis (PCA), and hierarchical cluster analysis (HCA) and on classification
algorithms such as K-nearest neighbors (KNN) and soft independent modeling of class analogy
(SIMCA). Such techniques are routinely utilized by commercially available software such as
PIROUETTE and JMP. Following training using known bacteria, the predictive model is
validated using additional known bacteria before utilizing the model for analyzing samples
where the presence of bacteria and their identity, if present, are not known. In the preferred
embodiment, the reference database is provided along with the instrument. In addition, the
validation using the reference database and a predictive model are also provided. The user has
the option to update or modify the reference database and validation model. It is expected that
this might generally be done as the user obtains the spectra of additional bacterial species and
strains or if the user has bacterial standards that may not be part of the original reference
database.

[0135] The second database is typically a sample database that can vary from user to user and
contains spectral information of all samples analyzed along with information such as date and
time of acquisition, location, sample ID, analyst, and any sample other tracking information
desired by the user. This database is utilized for trend analysis, review of results and preferably

be maintained, backed up, and updated by the user. The user may choose to maintain different

29



WO 2014/193481 PCT/US2014/000137

databases for the different departments, divisions, or laboratories. Thus, multiple sample
databases may exist at a user site or on the device itself.

[0136] If the carrier solvent that is not water is utilized, one means to rapidly screen for the
presence of bacteria is to screen for the presence of a characteristic “water” peak spikes in the
sample. The water peak arises owing the presence of water within the bacteria and because this
concentration of water is different from that of the surrounding solvent.

[0137] The first step in the analysis is the subtraction of the background spectrum. In the case
of the detector array, this will be a region without any absorbance in the regions where bacteria
might absorb or a spectrum obtained from the reference filter. In the case of the flow through
measurement, this will be a region without any substantial absorbance in the regions where
bacteria might absorb.

[0138] Following identification and subtraction of the background spectrum from the sample
spectrum, the analysis (performed by the software) determines if the spectrum possesses features
that are common to all bacteria. These include possessing absorbance in the five major
absorbance regions in an IR spectrum. These are about 3000 — 2800 cm-1 (region 1), about 1700
— 1500 cm-1 (region 2), about 1500 — 1200 cm-1 (region 3), about 1200 - 900 cm-1 (region 4),
and about 900 — 700 cm-1 (region 5). Region 5 is the fingerprint region that contains weak but
very unique absorbances that are characteristic to specific bacteria.

[0139] If the levels of bacteria in the sample are low, the absorbance intensities will be low
(despite the separation and enrichment). Therefore, each result determination made be the
software may be accompanied with a probability estimate that the result is accurate. The
probability estimates are based on the predictive modeling software (the classification
algorithms), which assess the similarity of the spectral parameters of the unknown sample to that
of the known samples. Some of the approaches utilized for predictive modeling were described
earlier. Typically the algorithms used for such modeling compute an index that measure the
similarity of the data for the unknown sample to a benchmark. Examples of such indices include
the Rand measure, F-measure, and Jaccard index. The indices normally serve as a measure of the
percentage of correct decisions made by the algorithm. In the preferred embodiment, the index
reports the measure of the correct decisions made balanced by the contribution of false negatives
during the validation of the model. The estimate may be a number or represented by a color code,
or graph. Typically, the expected probability for reporting a positive result is greater than about
60%, while greater than about 90% is preferred.
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[0140] Once bacterial presence in the sample is ascertained, the software proceeds to the next
step in the analysis. If no bacteria are determined to be present, the analysis terminates and the
result is provided to the user.
[0141] The next step in the analysis is the determination if the bacteria are gram positive or
gram negative. Gram-positive bacteria possess a higher level of peptidoglycan (greater than
about 50%) compared to gram-negative bacteria. In addition, they also possess teichoic acids and
lower lipid, protein, and lipopolysaccharide content. These differences result in an infrared
signature that is different from the gram-negative bacteria. If needed, the spectrum may also be
compared against a reference spectrum of gram positive and gram-negative bacteria. The
reference spectrum is normally stored as a data structure, which could be part of the device
hardware, a local computer, or stored on a server. During the comparison, the software queries
the database and searches the data structures containing the spectra of bacteria (or other analyte)
looking for the closest match to the spectrum of the sample. The comparisons are based on the
intensity, frequency, and width of the infrared absorption bands typically. Ifa match is found,
the reference spectrum that matches the sample spectrum is tempofarily flagged in case a review
by the user is needed. The recently acquired sample spectrum is added to the sample database
and utilized in various analyses such as trend analysis at the user’s discretion.
[0142] As before, the determination regarding gram positive or gram negative may be
accompanied with a probability estimate concerning the accuracy of the result. In case a suitable
distinction between gram positive and gram negative cannot be made, the result being reported
as being potentially gram variable or indeterminate. The expected probability for classification as
gram positive or negative is greater than about 60% while greater than about 90% is preferred.
[0143] Following this stage of analysis, the next stage is the identification of the species. In
this case, spectral information is evaluated using the predictive modeling described earlier. In
addition, the spectrum will be compared against the individual species that are in the database.
An efficient search algorithm that enables comparison of the sample spectrum against the
reference spectra is utilized to determine the identity. If a suitably high degree of match (greater
than about 70%, while greater than about 90% is preferred) with a reference spectrum is
achieved, the probable identity of the bacteria is reported along with the estimated probability of
result accuracy.
[0144] Sample can be compared directly against the spectrum of a reference bacteria sample

through visual examination or compared after standard deconvolution techniques that are well
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known and frequently utilized in FTIR data analysis (such as Gaussian deconvolution or second
derivative analysis) and which have been described by reports and books such as [19], [34], [35].
Second derivative analysis for instance, is used to determine the position (for example,
wavenumber) of peaks (usually poorly resolved peaks). The positions of these peaks are
compared against the reference to determine the closeness of match. The comparison of the
sample spectrum against the reference spectrum is performed as described earlier. To ensure

reproducibility in identification, combinations of the above approaches may be utilized.

Result Reporting Stage 111:

[0145] The results (presence of bacteria, gram staining classification, and identity) are
transmitted to the desired output format — on screen, USB, text message, and/or other peripheral
devices such as a printer. The parameters involved in the analysis along with the original data
and estimations are stored on the local hard drive or transmitted to a secure location of the user’s
choosing. In industries where needed, a feature that tracks edits, analyst, and other pertinent

information (referred to as “audit track™) is also provided.

Computer Systems:

[0146] Implementations of the various techniques described herein may be implemented in
digital electronic circuitry, or in computer hardware, firmware, software, or in combinations of
them. Implementations may implemented as a computer program product, for example, a
computer program tangibly embodied in an information carrier, for example, in a machine-
readable storage device or in a propagated signal, for execution by, or to control the operation of,
data processing apparatus, for example, a programmable processor, a computer, or multiple
computers. A computer program, such as the computer program(s) described above, can be
written 1n any form of programming language, including compiled or interpreted languages, and
can be deployed in any form, including as a stand-alone program or as a module, component,
subroutine, or other unit suitable for use in a computing environment. A computer program can
be deployed to be executed on one computer or on multiple computers at one site or distributed
across multiple sites and interconnected by a communication network.

[0147] Method steps may be performed by one or more programmable processors executing a
computer program to perform functions by operating on input data and generating output.

Method steps also may be performed by, and an apparatus may be implemented as, special
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purpose logic circuitry, for example, an FPGA (field programmable gate array) or an ASIC
(application-specific integrated circuit).

[0148] Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any one or more processors of
any kind of digital computer. Generally, a processor will receive instructions and data from a
read-only memory or a random access memory or both. Elements of a computer may include at
least one processor for executing instructions and one or more memory devices for storing
instructions and data. Generally, a computer also may include, or be operatively coupled to
receive data from or transfer data to, or both, one or more mass storage devices for storing data,
for example, magnetic, magneto-optical disks, or optical disks. Information carriers suitable for
embodying computer program instructions and data include all forms of non-yolatile memory,
including by way of example semiconductor memory devices, for example, EPROM, EEPROM,
and flash memory devices; magnetic disks, for example, internal hard disks or removable disks;
magneto-optical disks; and CD-ROM and DVD-ROM disks. The processor and the memory may
be supplemented by, or incorporated in special purpose logic circuitry.

[0149] To provide for interaction with a user, implementations may be implemented on a
computer having a display device, for example, a cathode ray tube (CRT) or liquid crystal
display (LCD) monitor, for displaying information to the user and a keyboard and a pointing
device, for example, a mouse or a trackball, by which the user can provide input to the computer.
Other kinds of devices can be used to provide for interaction with a user as well; for example,
feedback provided to the user can be any form of sensory feedback, for example, visual feedback,
auditory feedback, or tactile feedback; and input from the user can be received in any form,
including acoustic, speech, or tactile input.

[0150] Implementations may be implemented in a computing system that includes a back-end
component, for example, as a data server, or that includes a middleware component, for example,
an application server, or that includes a front-end component, for example, a client computer
having a graphical user interface or a Web browser through which a user can interact with an
implementation, or any combination of such back-end, middleware, or front-end components.
Components may be interconnected by any form or medium of digital data communication, for
example, a communication network. Examples of communication networks include a local area

network (LAN) and a wide area network (WAN), for example, the Internet.
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Example 1:

[0151] In one embodiment of the device to determine the identity of a pathogenic bacteria in
blood, the microfluidic separation stage is as described in Fig. 3. Whole blood is diluted using
water about ten-fold and enters the microfluidic chip. The amout of blood cells (white blood cells,
red blood cells, and platelets) is reduced using the blood cell reducer using the inertial forces
generated by the spiral flow path. While most of the blood cells are eliminated as a waste stream,
the intact bacteria, some blood cells, other non-bacterial cells of similar size to the intact bacteria,
and plasma move to the next sub-stage — the porous polymer monoliths. The blood cells entering
this stage and other non-bacterial cells are selectively lysed taking advantage of their higher
sensitivity to mechanical stresses yielding a fluid stream that consists of intact bacteria, lysis
debris, and plasma. This fluid stream moves to the DLD sub-stage where the intact bacteria are
separated from the rest of the components on the basis of the difference in their hydrodynamic
size. The volume of the fluid containing the intact bacteria is reduced by about 10 — 10000-fold
during this sub-stage. This small volume of fluid containing intact bacteria and plasma proteins
next moves to the nanofilter. The plasma proteins pass through the pores of the filter along with
water and other small molecules (for example, glucose, cholesterol, and the like) leaving the
intact bacteria on the surface of this nanofilter. The surface area of the filter is about 0.01 — 0.3
mm’. Processing a 1 mL sample volume at 10 CFU/mL in the manner described above leads to
an effective concentration of 10° CFU/mL at time of measurement aséuming 100% recovery of
intact bacteria, measurement area of 0.01 mm?, and a film thickness of 1 micron.

[0152] By processing a relatively large Volume (1 mL) of blood, the probability (and the
amount of) bacterial presence in the sample is increased. Since bacteria are not distributed
homogeneously throughout the clinical sample, a 0.1 mL sample of blood is not assured of
containing 1 CFU of bacteria. The concentration of the intact bacteria enables identification
without requiring culturing and isolation.

[0153] The infrared spectrum is collected using an FTIR spectrometer such as the Vertex 80 ®
from Bruker equipped with a microscope accessory such as the Hyperion® (Bruker). This is
typically performed at about a 4 cm™ resolution. The background spectrum is first collected
using nanofilter before bacterial concentration as the background. The spectrum of the bacteria
on the nanofilter Surface (sample spectrum) is acquired. The background spectrum and
atmospheric contributions (such as those due to carbon dioxide and water vapor) are then

subtracted from this sample spectrum. The second derivative of the resulting spectrum is then
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acquired to determine the position of the peaks over the range from about 400 to 4000 cm™. The
position of the peaks is represented by the local minima of the second derivative of the spectrum.
These positions are compared against those in the reference database. In addition, the matrix of
the sample spectrum (after subtraction of the background and atmospheric contributions) consists
of the wavenumber and intensity of absorbance at each wavenumber. These spectral profiles are
also further smoothed using a 9-point Savitzky-Golay algorithm.

[0154] Cluster analysis is conducted according to Ward’s algorithm [36]. In this method, the
criterion for choosing the pair of clusters to merge at each step is based on the optimal value of
an objective function, such as the error of the sum of squares. At each step of the analysis,
clusters of data with the minimum inter-cluster distance are merged. This assessment is used to
classify the different pathogens and the resulting method was stored in a database. The sample
spectrum is analyzed against this database to determine which of the pathogenic spectra it most

closely resembles. This is reported as the identity of the bacteria.

Example 2:
[0155]  The presence and identification of bacteria in a pharmaceutical-containing solution

such as a monoclonal antibody biopharmaceutical preparation is determined by the detection
system as generally described above. The microfluidic separation stage resembles the one shown
in Fig. 3. However, the blood cell reducer sub-stage is removed from the microfluidic chip. Very
few non-bacterial cells are expected in such a sample. Despite this, the sample stream is made to
flow through the lysis stage. Any non-bacterial cells present would be selectively lysed yielding
intact bacteria, lysis debris, and pharmaceutical-containing solution.

[0156] This fluid stream moves to the lysis-debris remover sub-stage where the intact bacteria
are separated from the rest of the components on the basis of the difference in their
hydrodynamic size. Most of the pharmaceutical product is separated from the intact bacteria
along with any lysis debris. The volume of the fluid containing the intact bacteria is reduced by
about 10 — 10000-fold during this sub-stage. This small volume of fluid containing intact
bacteria moves to the nanofilter. Any residual component (for instance, formulation components
such as buffering agent) is filtered, leaving the intact bacteria on the surface of this nanofilter.

The bacteria on the surface of this nanofilter are identified as described in Example 1.

35



WO 2014/193481 PCT/US2014/000137

Example 3:
[0157] Bacterial contamination of milk is ascertained by the detection system. In this case,

milk is diluted using water about 10-fold and enters the microfluidic chip. The concentration of
the proteins, fats, and other components of milk is reduced by dilution and by passage through a
spiral path. This configuration is the similar to the one shown in Fig. 3. Inertial forces are used to
reduce the level of components smaller than the bacteria; the bacteria-containing stream is
directed towards the lysis sub-stage while the rest of the stream is directed to a waste receptacle.
The lysis sub-stage is used to lyse any non-bacterial cells (for instance, epithelial cells from a
cow) leaving intact bacteria to pass onto the lysis debris removal stage. In this embodiment, the
lysis debris removal stage is also a spiral flow péth that separates the lysis debris from bacteria
on the basis of their hydrodynamic size. The intact bacteria-containing solution is collected on
the surface of an IR-compatible surface, such as zinc selenide, and allowed to dry. The surface of
the zinc selenide is then mapped using an array detector. Areas, containing distinctive bacterial
absorbénce patterns are identified and the bacterial signature compared against the reference
database as described before. If no bacterial absorbance patterns are identified, the absence of

bacteria in the sample is reported as the result.

[0158] The invention described in this specification generally relates to devices and associated
methods of detecting and identifying microorganisms such as bacteria and other small and very
small multicellular microorganisms. While certain exemplary embodiments have been described
above in detail and shown in the accompanying drawing figures, it is to be understood that such
embodiments and examples are merely illustrative of and not restrictive of the broad invention.
In particular, it should be recognized that the teachings of the invention apply to variations of the
preferred embodiments that are specifically discussed.

[0159] While certain features of the described implementations have been illustréted as
described herein, many modifications, substitutions, changes and equivalents will now occur to
those skilled in the art. Thus, it will be understood that the invention is not limited to the
particular embodiments or arrangements disclosed, but is rather intended to cover any changes,
adaptations or modiﬁcatiohs which are within the scope and spirit of the invention as defined by

the appended claims.
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CLAIMS
1. A detection system for intact microorganisms in a sample, comprising:
a microfluidic separation stage,
an infrared spectrometric stage, and

an identification stage.

2. The detection system of Claim i, wherein the microorganisms are selected from the group

consisting of bacteria, fungi, and small unicellular and multicellular organisms.

3. The detection system of Claim 1, wherein the sample is a liquid selected from the group
consisting of whole blood, plasma, serum, saliva, urine, cerebrospinal fluid, water, and fruit and

vegetable juices.

4. The detection system of Claim 1, wherein the sample is selected from the group consisting of
meat, produce, processed food, dairy products, poultry products, pharmaceutical process streams,

bulk drug substance, and final drug product.

5. The detection system of Claim 1, wherein the volume of the sample ranges from about 0.1 mL

to about 10 mL.

6. The detection system of Claim 1, wherein the microfluidic separation stage preferentially

selects intact microorganisms.

7. The detection system of Claim 1, wherein the microfluidic separation stage selectively lyses

non-microbial cells.
8. The detection system of Claim 1, wherein the microfluidic separation stage concentrates the

microorganisms in the sample by a process selected from the group consisting of reduction in

total sample volume and filtration.
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9. The detection system of Claim 1, wherein the infrared spectrometric stage further comprises

beam condensers to reduce beam width.

10. The detection system of Claim 1, wherein the infrared spectrometric stage further comprises

a measurement stage that measures the signatures of the microorganisms in transmission mode.

11. The detection system of Claim 10, wherein the measurement stage further comprising a flow

cell or detection window.

12. The detection system of Claim 10, wherein the measurement stage comprises ultrathin

polycrystalline silicon.
13. The detection system of Claim 1, further comprising a waste collection stage.

14. The detection system of Claim 1, wherein the identification stage further comprises a

computer system.

15. The detection system of Claim 1, wherein the identification stage further comprises a

reporting stage.
16. The detection system of Claim 1, further comprising a control stage.

17. A microfluidic separation device, comprising

a first separation stage to separate components that are relatively larger in size than the
microbial cells of interest for detection,

a lysis stage to selectively lyse non-microbial cells, and

a second separation stage to separate lysed cells and cellular debris from the microbial.
18. A method of identifying microorganisms in a sample, comprising

introducing the sample for processing into the detection system of claim 1

obtaining the analyzed data output from the detection system.
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19. The method of claim 18, wherein the microorganisms are selected from the group of genera

consisting of Staphylococcu&, Escherichia, Listeria, Salmonella, Streptococcus, Klebsiella and

Campylobacter.

20. A portable detection device comprising the detection system of Claim 1.
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Figure 1. Schematic of the device
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Figure 2. A representative FT-IR absorbance spectrum of a Gram-negative bacterium

Salmonella enterica
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Figure 3. Schematic of the proposed microfluidic separation stage
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