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SYSTEM FOR IDENTIFYING AND SORTING LIVING CELLS 
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BACKGROUND OF THE INVENTION 

[0009] Field: This document relates generally to cellular measurements based on mid-

infrared absorption measurements and particularly, but not by way of limitation, 

cellular measurements based on mid-infrared absorption measurements using 

quantum cascade lasers (QCLs)-based architecture for infrared activated cell sorting 

(IRACS). 

 

[0010] Identification, classification and sorting of cells, in particular live cells, is a 

subject of considerable research and commercial interest.  Most recently systems for 

sorting stem cells have been an area of particular focus.  For example, methods for 

separating cancerous from non-cancerous cells have been demonstrated.  For another 
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example, there is an established market for cell sorting for gender offspring selection 

by identification and selection of X- or Y-bearing spermatozoa. 

 
[0011] There is currently no safe and accurate method for cell sorting.  The most 

advanced technology uses fluorescence-activated cell sorting (FACS), where living 

cells are incubated in a fluorescent DNA-attaching dye, exposed to a high-intensity, 

high-energy UV laser beam, and sorted according to observed fluorescence.  There 

are two major disadvantages to this method applied to certain cells, including low 

accuracy and safety concerns.  For example, in sperm cell sorting, the FACS process 

is able to achieve 88% X-enrichment and only 72% Y-enrichment, even at very low 

sort rates (20-30 per second output).  High scattering at UV and visible wavelengths is 

a major factor. 

In sperm cell sorting, the FACS process has been shown to cause chromosomal 

damage in sperm cells as a result of the dyes used, and as a result of exposure to high 

intensity 355nm laser light. 

 

[0012] The use of optical methods to identify and classify cells has many potential 

advantages such as speed, selectivity/specificity, and their non-invasive nature.  As a 

result, a number of methods have been demonstrated in which light is used to 

interrogate cells and determine critical information.  One such method is the use of 

fluorescent markers, which are chemicals that bind to specific structures or 

compounds within the target cells and are introduced into the mixture of cells. The 

mixture is subsequently rinsed to remove excess fluorescent markers and the cells are 

exposed to intense UV or other short-wavelength radiation in order to “read out” 

relevant quantities and classify the cell.  The chemical markers provide good 

specificity.  However, these chemical markers may damage or later the function of the 

target cells, which is particularly disadvantageous for live cell sorting.  In testing, 

dyes used as markers for DNA, for example, have resulted in chromosomal damage.  

Further, the intense UV or visible light used to read the level of marker in the cell may 

damage the cell, in particular, DNA damage results from exposure to high-energy UV 

or visible photons.  Also, because of the wavelengths used in so called fluorescence 

activated cell sorting (FACS) systems, quantitative measurements (rather than yes/no 

measurements for a particular antibody) are made very difficult, because both the 

illuminating wavelength and the emitted fluorescence are scattered and absorbed by 
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cellular components.  This means that cell orientation becomes an important factor in 

accurate measurement, and can dramatically reduce the effectiveness of the system.  

For example, sperm cell sorts for X- and Y-carrying sperm, which measure the 

differential in DNA between cells, require very specific orientation (only 10% of cells 

typically meet the orientation criteria), and still provide accuracy only in the 70-90% 

range for humans. 

 

[0013] Another method to interrogate cells and determine critical information is 

Raman spectroscopy. In Raman Spectroscopy, cells are exposed to intense visible or 

near infrared (NIR) light.  This light is absorbed as a result of molecular bond 

vibrations within the cellular structure.  Secondary emission of photons at slightly 

different wavelengths occurs, according to Stokes and anti-Stokes energy shifts.  

Measurement of these wavelengths allows the chemical composition of the cell to be 

measured.  With Raman spectroscopy, the individual photon energy is generally lower 

than that used for fluorescent markers, however, the net energy absorbed can be very 

high and unsafe for live cells. Raman scattering is an extremely weak process: 

typically only 1 in 10^10 incident photons give rise to a Raman-shifted photon, thus 

requiring long exposure times to generate sufficient shifted protons for accurate 

measurement.  While Raman may not be suitable for high-volume live cell sorting, it 

can be use din conjunction with other methodologies described herein.  Higher 

sensitivity methods such as coherent anti-Stokes Raman scattering (CARS) are being 

developed which may enable high-throughput screening. 

 

[0014] One significant drawback of mid-IR spectroscopy is the strong absorption by 

water over much of the “chemical fingerprint” range.  This has strongly limited the 

application of Fourier Transform Infrared Spectroscopy (FTIR) techniques to 

applications involving liquid (and therefore most live cell applications) where long 

integration times are allowable—so sufficient light may be gathered to increase 

signal-to-noise ratio and therefore the accuracy of the measurement.  The lack of 

availability of high-intensity, low etendue sources limit the combination of optical 

path lengths and short integration times that may be applied.  In addition, because of 

the extended nature of the traditional sources used in FTIR, sampling small areas (on 
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the order of the size of a single cell) using apertures further decimates the amount of 

optical power available to the system. 

[0015] One approach to enabling liquid or solid-state measurements in the mid-IR is 

to use surface techniques.  A popular method is the use of an attenuated total 

reflection (ATR) prism that is positioned directly in contact with the substance of 

interest (sometimes using high pressure in the case of solid samples).  Mid-IR light 

penetrates from the prism up to several microns into the sample, and attenuates the 

internal reflection according to its wavelength-dependent absorption characteristics. 

 
[0016] Another method which was more recently developed is the use of plasmonic 

surfaces which typically consist of conductive layers patterned to produce resonances 

at specific wavelengths; at these resonances, there is coupling into substances places 

on top of the layer, and again, absorption at a specific wavelength may be measured 

with good signal.  Again, however, the coupling into the substance of interest is very 

shallow, typically restricted to microns. 

 
[0017] Furthermore, one of the problems raised in mid-IR microspectroscopy is that 

of scattering.  Mie scattering is dominant when the particles in the path are on the 

order of the interrogating wavelength.  The magnitude and angle of scattering is 

determined by size of particles and index of particles relative to the medium.  

Problems encountered center about the measurement of high-index cells using FTIR.  

Scattered light that is not captured by the instrument is misinterpreted as absorption, 

and results in artefacts in the Fourier-inverted spectrum.  Some of the causes or 

promoters of this scattering loss include: 1) Measurement of cells in air, rather than in 

a water solution.  This causes additional index mismatch between the medium and 

cells, dramatically raising scattering efficiency and angles; 2) Measurement of 

absorption peaks at high wavenumbers (short wavelengths) where scattering 

efficiency is higher; 3) Insufficient capture angle on the instrument.  Typically the 

capture angle on these instruments is identical to the input angle, not allowing for 

light scattered outside of the delivered IR beam angle; and 4) Transflection or other 

surface-based measurements.  These configurations may lead to additional artefacts in 

conjunction with Mie scattering effects. 
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SUMMARY OF THE INVENTION 

[0018] In embodiments of the present invention, a system and method of cytometry 

may include presenting a single sperm cell to at least one laser source configured to 

deliver light to the sperm cell in order to induce bond vibrations in the sperm cell 

DNA, and detecting the signature of the bond vibrations.  The bond vibration 

signature is used to calculate a DNA content carried by the sperm cell which is used 

to identify the sperm cell as carrying an X-chromosome or Y-chromosome.  Another 

system and method may include flowing cells past at least one QCL source one-by-

one using a fluid handling system, delivering QCL light to a single cell to induce 

resonant mid-IR absorption by one or more analytes of the cell, and detecting, using a 

mid-infrared detection facility, the transmitted mid-infrared wavelength light, wherein 

the transmitted mid-infrared wavelength light is used to identify a cell characteristic. 

[0019] These and other systems, methods, objects, features, and advantages of the 

present invention will be apparent to those skilled in the art from the following 

detailed description of the preferred embodiment and the drawings. All documents 

mentioned herein are hereby incorporated in their entirety by reference. 

BRIEF DESCRIPTION OF THE FIGURES 

[0020] The invention and the following detailed description of certain embodiments 

thereof may be understood by reference to the following figures: 

[0021] FIG. 1 illustrates the present invention built in a form similar to a flow 

cytometer. 

[0022] FIG. 2 shows a potential configuration of laser source to interrogate a sample 

stream, in either flow cytometer configuration as shown in FIG. 1. 

[0023] FIG. 3 illustrates a simplified example of mid-infrared spectra for a flow such 

as those described in FIG. 1 and FIG. 2. 

[0024] FIG. 4 shows an example configuration of a system interrogating cells in a 

flow, which is shown in cross-section. 

[0025] FIG. 5 shows an embodiment of the present invention, in which the flow and 

cells 120 and 122 are measured from multiple angles.   

[0026] FIG. 6 illustrates simplified detector signal, corresponding to the sample 

spectra shown in FIG. 3.   
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[0027] FIG. 7 shows another embodiment of the present invention, where cells are 

measured in a dry state.   

[0028] FIG. 8 shows the application of the present invention embodied using a 

microfluidic-type cell sorting system.   

[0029] FIG.9 shows a portion of a very basic embodiment of the present invention 

which is a microfluidic system for live cell measurements. 

[0030] FIG.10a shows detail of an embodiment of a measurement region in a 

microfluidic channel.   

[0031] FIG.10b shows the same example as 10a in cross-section. 

[0032] FIG.10c shows a cross-section of an alternative embodiment that may use a 

reflective measurement for the mid-IR light.   

[0033] FIG.11 shows an embodiment of the invention where the microfluidics and 

QCL-based spectral measurement system may be combined with a more conventional 

fluorescence-based measurement system. 

[0034] FIG.12 shows an exemplary embodiment of the present invention where the 

microfluidic subsystem includes a cell-sorting fluidic switch.   

[0035] FIG.13a shows an alternative microfluidic-based embodiment of the present 

invention, where a series of microwells may be integrated into a microfluidic flow 

channel/chamber. 

[0036] FIG.13b shows how the wells may be then scanned using mid-IR light from 

one or more QCLs, the scanning may be accomplished by translating the microfluidic 

chip, or the laser leading mechanism.  

[0037] FIG.14 depicts another embodiment in which the microfluidic chamber may 

be 2-dimensional.    

[0038] FIG.15 shows an alternate embodiment of the mid-IR optics combined with a 

microfluidic channel. 

[0039] FIG.16 shows a system for the growth and purification of cells based on the 

present invention. 

[0040] FIG.17a and 17b shows two potential configurations for QCLs and mid-IR 

detectors in the present invention. 

[0041] FIG.18 shows an embodiment of the present invention where it may be used to 

sort live sperm cells for the purpose of pre-fertilization sex selection.   
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[0042]   FIG. 19a shows a cross-section of a fluid stream oriented to carry cells 

through a measurement volume such that flow is into or out of plane of paper in this 

case.   

[0043] FIG. 19b shows the same configuration with two example cells in the flow.   

[0044] FIG. 20a illustrates one configuration of the present invention that minimizes 

the effect of cell position in the flow that results from water absorption.   

[0045] FIG. 20b illustrates the rectangular channel with two hypothetical cell 

positions in the measurement volume, a well-centered cell and an off-axis cell.   

[0046] FIG. 21 shows an embodiment of the present invention implemented in a 

standard flow cytometry system, in this case fitted for mid-IR cell measurements 

based on QCLs. 

[0047] FIG. 22 shows the present invention embodied in an architecture that allows 

cell position in a flow to be measured accurately, in order to compensate for position-

dependent variations in mid-IR absorption signal.   

[0048] FIG. 23a shows a sheath flow surrounding the core flow being illuminated 

using mid-IR light from QCL(s).   

[0049] FIG. 23b shows the same flow with a cell in the measurement volume.   

[0050] FIG. 24 depicts another embodiment of the present invention in which 

multiple mid-IR beams may be used to interrogate the measurement volume. 

[0051] FIG. 25a shows a tool that may accept microfluidic chips that may be pre-

loaded by user with the cell sample to be measured and/or sorted.  

[0052] FIG. 25b shows another configuration of the tool described herein. 

[0053] FIG. 26 shows example displays of DNA content shown to the user of the tool.   

[0054] FIG. 27 shows an example of a single-unit disposable measurement unit, 

consisting of a microfluidic chip with plastic carrier that may be used in a system. 

[0055] FIG. 28 shows an alternative configuration, where a potentially plastic carrier 

may be used together with one or more microfluidic chips, where the chip may be a 

separate piece from the carrier.   

[0056] FIG. 29 shows some example formats for microfluidic chips that may be used 

in the present invention. 

[0057] FIG. 30 shows additional example configurations of microfluidic chips for use 

in the present invention. 
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[0058] FIG. 31 shows the example construction of a microfluidic chip for use in the 

present invention.   

[0059] FIG. 32 shows the detail of an example embodiment of a microfluidic channel 

including a measurement volume and a pressure-actuated cell switch. 

[0060] FIG. 33 illustrates an embodiment of the optical interrogation system used in 

the present invention.   

[0061] FIG. 34 shows an example of the present invention using coherent anti-stokes 

Raman spectroscopy (CARS) to measure vibrational bond fingerprints in cells at high 

speed.   

[0062] FIG. 35 shows a configuration of a QCL with components to reduce coherence 

length, so as to minimize spatial dependence in the readout of cell spectral 

measurements.   

[0063] FIG. 36 shows an example of the display/user interface when the tool may be 

used for cell sorting. 

[0064] FIG. 37 shows a sample embodiment of the present invention that may include 

elements to minimize spot size on the sample, and to reject scattered light from the 

sample. 

[0065] FIG.38 shows several sample configurations used by others that may suffer 

from surface effects that the present invention is specifically designed to avoid.   

[0066] FIG.39 shows an example embodiment of a microfluidic channel described in 

the present invention.   

[0067] FIG. 40 shows how a microfluidic cavity may be optimized to reduce resonant 

optical effects, such that as much position dependence as possible is taken out of the 

QCL-based fluidic measurement system. 

[0068] FIG. 41 shows an embodiment of the present invention based on a Vernier-

tuned external cavity quantum cascade laser.   

[0069] FIG. 42 further illustrates the Vernier tuning mechanism proposed for high-

speed mid-IR liquid spectroscopy as part of the present invention.   

[0070] FIG. 43 shows the examples of multiple wavelengths used in the present 

invention.   

[0071] FIG. 44 shows another example embodiment of the present invention. 

[0072] FIG.45 shows a schematic example of a molecular absorption peak in the mid-

IR. 



   

9 

[0073] FIG.46 shows a generalized system diagram for measurement of mid-IR 

absorption of a particle of cell, including but not limited to living cells.   

[0074] FIG.47 shows one approach to remedying the scattering problem. 

[0075] FIG.48 shows an alternative architecture where scattered light is measured 

directly.   

[0076] FIG.49 shows an embodiment that has the potential to use QCLs to measure 

particle size and chemical concentration through scattered light only. 

[0077] Fig. 50a depicts shows a simple flow architecture where the fluid to be 

measured flows through a channel. 

[0078] Fig. 50b depicts a fluid-within-fluid flow. 

[0079] Fig. 50c depicts an example of a flow where the core has been broken into 

droplets. 

[0080] FIG. 51a shows an example of scattering efficiency (Qs) of a volume such as a 

droplet, as a function of wavelength (lambda).  

[0081] FIG. 51b shows scattering efficiency as a function of wavelength  

[0082] FIG. 52a shows a fluidic configuration where a droplet or flow is confined 

within a 2D channel or manifold. 

[0083] FIG. 52b shows a fluidic system where droplets or a core flow is centered 

within a larger, 3D core flow.  

[0084] FIGS. 53a-c show a representative example of a system measuring droplets or 

flows using QCL-originated mid-IR beams.  

[0085] FIG. 54a shows a case where a biological cell (inner circle) is contained within 

a droplet, which is contained within an emulsion. 

[0086] FIG. 54b shows a different technique, illustrate here through the use of a 

droplet in an emulsion. 

[0087] FIG. 55 shows an example of a droplet-based system where droplets contain 

biological cells.  

[0088] FIG. 56 shows a configuration where a solid sample with very sparse particles 

of interest.   

[0089] FIGS. 57a-c show flow and particle configurations that could be used to 

enhance resonant optical interference measurements in the mid-IR.   

[0090] FIG. 58 shows one method by which cells or particles could be measured and 

sorted. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S) 

 

[0091] The invention described herein presents a novel approach to cellular 

measurements based on mid-infrared absorption measurements. Mid-IR quantum 

cascade lasers (QCLs) have the potential to focus sufficient energy onto a single cell to 

make an accurate, high-speed measurement.  QCLs have recently been commercialized 

by multiple vendors.  They are built using the same processes and packaging as high-

volume telecom lasers.  QCLs offer several advantages over traditional mid-IR sources 

such as delivering very high spectral power density, delivering very high spatial or 

angular power density, among other advantages.  This allows QCLs to put 10,000,000x 

more effective mid-IR power onto a single cell than traditional mid-IR sources. This 

disclosure seeks to describe certain applications enabled by QCLs, such as label-free 

detection without dyes or labels that can alter or damage cells, measurements using 

mid-IR illumination 25x less energetic than that used in FACS, eliminating photon 

damage, and high-throughput (>1000 cells/second) capability. 

[0092] Embodiments of the present disclosure include an Infrared-Activated Cell 

Sorting (IRACS).  The steps in an IRACS system may include prepare the cell sample 

(such as by centrifugation, etc.); for each cell flowing through: illuminating the cell 

with mid-IR laser(s), measuring the transmission of mid-IR wavelength(s), and sorting 

cells by transmission levels.  The key “input” parameters of the IRACS system model 

may be: cells per second entering the measurement volume; and spacing between cells 

(“duty cycle”).  The input parameters may determine the measurement duration or 

integration time. 

[0093] Most of the risks at the micro optical level may be addressed by careful design 

using existing techniques and materials.   In this manner many of the mid-IR 

measurement issues may be avoided.  The IRACS system may include a microfluidic 

channel architecture with one or more of the following features.  One feature may be 

top and bottom mid-IR transmitting windows forming a channel.  Potential materials 

include: Si, Ge, ZnSe, certain polymers.  Si, ZnSe (or similar), polymers may be 

compatible with visible, NIR, or SWIR (500-1600nm) optical interrogation or 

manipulation, if desired.  ZnSe or similar may be used to permit visible light viewing, 

interrogation and possible manipulation (laser tweezers, laser-based cell 

disabling/destruction).  Another feature may be antireflection coatings applied to both 

sides of each window, such as AR coatings designed for air externally, water internally.  
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Another feature may be a channel depth tuned to be a gap that is out of resonance at the 

mid-IR wavelength(s).  For example, a channel depth of of approximately 20 microns 

may be used..  Another feature may be tilting, or wedge-shaped windows to further 

reduce effects of reflections.  Another feature may be a channel width that exceeds the 

spot size of the QCL may be so small shifts in the channel with respect to the beam to 

prevent creation of false signals. 

[0094] Further, in the present disclosure, several aspects of particular measurements 

which greatly mitigate the effect of Mie scattering by the interrogated cell may be: 1) 

The cell is measured in a water medium (as opposed to a dried cell on a window, in air).  

This may significantly reduce the index contrast between the medium and cell.  The 

estimated real cellular refractive index may be in the range of ncell= 1.27-1.30 vs 

nH2O=1.25 at 1100cm-1, for a cell/medium ratio of 1.02 – 1.04, and a nuclear refractive 

index higher than that; 2) DNA signatures are at the low-wavenumber (long 

wavelength) end of the vibrational fingerprint region.  Scattering falls off with longer 

wavelength, so relatively less effect is experienced; and 3) Light is captured over a large 

angle using a high NA lens; this means even light scattered over moderate angles (10 

degrees) may be captured and relayed to the detector. 

[0095] Regarding the issue of cell orientation, scattering is estimated based on an 

equivalent spherical volume, and the computer scattering efficiency is multiplied by the 

actual cell cross-section that is dependent on cell presentation angle.  This may ignore 

the fact that when cell cross-section is large, path length is relatively short, which would 

in turn reduce scattering effects (since scattering is a result of the phase shift and 

extinction on passage through the sample vs. surrounding medium). To further reduce 

the effect of cell orientation, the present invention may consider the following 

approaches: 1) Removing outliers from the distribution (which may be caused in large 

part by the orientation issues); 2) Using a measurement wavelength that may not be at 

the peak absorption level for DNA, or using a less strongly-absorbing DNA band.  A 

high absorption coefficient results in both larger scattering, and also in more 

orientation/shape dependence in straight-through absorption.  At low absorption, path 

length may better compensate for cross-section changes.  At high absorption this may 

be less true; and 3) Using a shorter wavelength (possibly NIR) to more precisely 

determine cell cross-section/orientation, and compensating for or rejecting certain 

orientations.   
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[0096] Further, to reduce or compensate for the effects of scattering, the present 

disclosure may employ a plurality of solutions such as wavelength optimization, beam 

angle and capture angle optimization, scatter detection and compensation, scatter based 

measurement, and the like. 

a. Note such a scattering detector may also be used to  

[0097] In an embodiment, the invention uses quantum cascade laser (QCL) components 

to directly measure absorption spectra of living cells for classification.  Some areas 

where QCLs are used may include differentiating gender in sperm cells based on 

differences in X- and Y-chromosome mass, separation of stem cells from differentiated 

cells based on DNA/RNA mass change, differentiation of healthy and diseased cells, 

identification of cell phase of life, and the like.  

[0098] In an embodiment of a DNA measurement system, the system utilizes optical 

absorption into molecular vibration modes specific to the DNA backbone to accurately 

measure DNA content of cells as they pass an optical illumination and readout system 

in a fluid stream.  The system requires no staining or labels, or associated incubation 

process.  The system may present a histogram showing cell count vs. DNA quantity per 

cell, and may optionally allow the user to sort out cells with certain quantities of DNA.  

The system may include reference measures to establish cell size (such as a Coulter-

type electrical impedance measurement, or an optical scattering measurement), or other 

cellular components (such as protein content), which may further help distinguish cell 

types, and allow identification of cell agglomerates so as to remove them from the data 

or the sorted stream. 

[0099] In various embodiments, one or more QCL may be used to measure 

transmission at one or more wavelengths through a living cell.  An absorption by a cell 

of the one or more wavelengths may indicate concentrations or mass of constituent 

components within the cell.  Further an absolute or relative level of absorption may be 

used to classify or identify the cell type or state.  The absorption lines may correspond 

to vibrational modes of molecular bonds in target molecules.   

 

[00100] QCLs may be able to directly emit coherent radiation in the mid-infrared 

range, covering at least the 3-15 micron wavelength range, such as 3-4 microns.  The 

wavelength may coincide with the regions for infrared spectroscopy, and with the 

wavelengths used in many of the previous spectroscopic work on cells.  The potential 

advantages of using mid-infrared light to interrogate cells for classification or sorting 
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are numerous, however.  They include very specific signatures, low photon energy, and 

direct measurement that potentially allow combinations of low optical power, fast 

measurement, and/or high precision measurement.  Mid-infrared is an important range, 

since in this range, molecular vibrations may be measured directly through the use of 

absorption measurements.  Essentially the same vibration signals that are measured 

using Raman spectroscopy are measured.  Some major advantages of the mid-infrared 

range include that the absorption rate is much higher than in Raman, resulting in a 

significantly higher signal per input photon.  Additionally, the photon energy used is 

extremely low compared to visible-light or even near-infrared measurements; this 

means no damage to cells or their components from ionization or two-photon 

absorption processes.  Finally, molecular fingerprints in this range have been 

extensively characterized for decades using Fourier transform infrared (FTIR) 

spectroscopy.  As opposed to FTIR, which typically uses a “globar” (glowing filament) 

source which provides very low spectral and areal power density, QCLs provide much 

more power on target and on wavelength, allowing much higher signal-to-noise (SNR) 

ratio and/or throughput.   

 

[00101] QCLs may be manufactured in a number of varieties, including Fabry-Perot 

and Distributed Feedback (DFB) designs, as well as external cavity (EC) designs where 

wavelength may be set using external devices, and may be broadly tunable.  Advantages 

of QCLs as a source for mid-infrared light for use in microspectroscopy of living cells 

may include ability to deliver a large amount of optical power in a narrow spectral band, 

ability to focus mid-infrared light onto a small spot, ability to produce significant power 

levels, ability to source QCLs in small packages, and the like.  

 

[00102] In an embodiment, mid-infrared QCLs that may be used in the present 

invention generally target but are not restricted to the molecular “fingerprint region” of 

6-12 microns.  In some embodiments, the present invention may be applied to the 

problem of sorting living cells at high speed in a label-free manner, using relatively 

small amounts of optical power, and using very low-energy photons such as 

wavelengths around the 1000cm^-1 range. In various other embodiments, multiple 

QCL wavelengths may be used to measure relative concentrations of one or more 

substances within cells, and establish a baseline measurement for the main 
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measurement being performed.  The QCL wavelengths may be supplemented by 

visible, near-infrared or other wavelength measurements to provide reference 

information such as cell location, shape, orientation, scattering, etc. In an embodiment, 

multiple QCL wavelengths may be generated through the use of multiple discrete 

components, single components generating multiple discrete wavelengths, broadband 

QCLs in addition to a filtering technique, tunable QCL components and the like.  A 

mid-infrared source, such as the quantum cascade laser (QCL)— may be integrated 

with microfluidic systems for cell transport, presentation to the measurement system, 

and optionally, sorting into specific populations. 

 

[00103] Microfluidic systems are in broad use in biomedical applications, including 

high-volume commercial applications.  Their fabrication and use may be well-known.  

Microfluidics may be used to combine, measure, sort, and filter biochemical samples. 

In some embodiments, the combination of microfluidics with QCLs and mid-IR 

detectors to achieve accurate measurements of live cells may be described.  

Microfluidics may enable higher accuracy in such a system.  Mid-IR light may be 

absorbed very strongly by water.  Such a system with small path length (through liquid) 

may be highly desirable for systems requiring high throughput, low integration time, or 

very high signal-to-noise ratio.   Furthermore, it makes a repeatable, constant path 

length desirable in order to eliminate fluctuations due to water stream diameter.  

Microfluidic devices or circuits, which are fabricated using semiconductor-like 

processes, may have the potential to provide such repeatability. 

 

[00104] In addition, microfluidic devices enable closed-loop, compact systems that 

may be more appropriate for systems produced and used in high volume, which may be 

one goal of the present invention.  Microfluidic components may be fabricated at low 

cost, and may therefore be disposable or recyclable and may offer a low-cost way of 

maintaining a clean system without run-to-run or patient-to-patient contamination. 

 

[00105] In some embodiments, the combination of a label-free cell characterization 

system based on mid-IR QCLs may enable systems-on-a-chip with cell culturing, 

filtering, detecting, and sorting on a single chip, thereby minimizing inputs and outputs.  

The ability to use QCLs rather than fluorescent, magnetic or other labels (that must be 
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attached to cells through specific, sometimes laborious procedures that may ultimately 

affect cell viability) multiplies the number of operations that may be performed on-chip 

for specific biomedical or even industrial biological applications. 

 

[00106] Microfluidic systems of multiple configurations may be used as described 

below.  Importantly, there is a wide range of prior art in microfluidics that can be used 

in conjunction with this system as a whole (QCLs + microfluidics + mid-IR detectors 

to measure individual cell properties).  Most of these must be modified to be applicable 

to the present invention through the use of substrates (such as top and bottom caps or 

wafers that confine the fluid in the microfluidic structures) that transmit mid-IR light 

generated by the QCLs. 

 

[00107] Multiple embodiments of QCL(s) in the system and mid-IR detectors are 

possible, and may depend on the application.  In an example, one or more broadly-

tunable QCLs may be used to cover a wide mid-IR spectrum corresponding to multiple 

molecular fingerprints for research applications.  Beams may be combined by use of 

half-mirrors (with accompanying loss), thin film interference filters or diffraction 

gratings.  Such a configuration may be used to gather a complete spectral signature for 

a cell, for instance, where a new QCL-based measurement is being developed.  Once 

useful spectral features may have been identified, such a system based on tunable QCLs 

may be set up with each tunable QCL tuned to a peak, and then cells may be interrogated 

at higher speed, such as speed that may be used in a clinical system. 

 

[00108] Narrowly tunable lasers may be used to interrogate a specific spectral 

feature, where derivative with wavelength information is important.  For instance, rapid 

scanning over a small range corresponding to peak absorption of a cell constituent may 

significantly improve accuracy in some cases where absolute absorption is highly 

variable due to other factors. 

 

[00109] Lower-cost, fixed QCL lasers such as distributed feedback, or DFB-QCLs 

may be used in systems where the sought-after spectral features are well known.  In the 

simplest configuration, a single QCL and detector may be used to measure a chemical 

concentration within a cell.  In the case where multiple constituents absorb at the signal 
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wavelength, additional fixed QCLs may be added to the system to make reference 

measurements and “back out” the effect of those non-target constituents.  For example, 

RNA and DNA share several absorption peaks, and to make an RNA concentration 

measurements in a cell, it is most likely necessary to measure two wavelengths and look 

at the relative absorption levels rather than measure a single absorption peak 

corresponding to RNA. 

 

[00110] A number of configurations may be possible for the mid-IR detectors 

corresponding to the QCLs.   In other embodiments, a plurality of detector types may 

be used, including mercury cadmium telluride (MCT) photovoltaic detectors, which 

may be liquid nitrogen cooled, thermoelectric cooler (TEC) cooled, or room 

temperature.  Pyroelectric and other thermal detectors may also be used where cost is 

an issue.  One or more detectors may be used in the system.  For example, a system 

with two QCLs may use a single detector by using modulation on the QCLs which are 

often used in pulsed mode.  The signals corresponding to the two QCLs, combined with 

the absorption of the sample, may be then measured by the detector, and may be 

separated electronically based on the modulation patterns of the QCLs.  Alternatively, 

thin film interference filters may be used to separate the two wavelengths and send them 

to individual detectors.  In any case, the detectors may have passband filters mounted 

in front of them to reject out-of-band mid-IR light blackbody radiation from the system 

components, or broadband signals relating to the heating or cooling of the cell as it 

passes through the QCL and possibly visible/N ear Infra Red (NIR) beams. 

 

[00111] In another embodiment, multiple QCLs may use completely distinct optical 

paths, either passing through the same sample volume at different angles, or using 

altogether separate measurement volumes where a cell passes through them 

sequentially.  This simplifies the multiplexing of wavelengths from QCLs, but does not 

ensure the same measurement is being made. 

 

[00112] Another detection method that may be used in an embodiment of the present 

invention is photoacoustic detection.  Photoacoustic measurements may be used with 

mid-IR including QCL measurements of gas concentrations, even at very small 

concentrations.  In this method, a mid-IR pulse may illuminate a sample.  Owing to 
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absorption by specific chemical species, there is some local heating and expansion.  

This expansion results in a shockwave which may be picked up by acoustic sensors.  

Because the present invention uses closed liquid channels, there is the potential to use 

“microphones” to pick up absorption signals as a cell is interrogated with one or more 

QCLs.  Such microphones may be integrated into one of the wafers forming the top or 

bottom “cap” of the microfluidic device, or may be attached externally to the 

microfluidic structure. 

 

 

[00113] Another potential detection method that may be implemented in 

embodiments of the present invention is one that may involve measurement of passive 

(blackbody) emissions from the cell components, as they are stimulated (heated) using 

a QCL.  For example, the cell may be illuminated with one wavelength corresponding 

to the absorption peaks of several molecules, one of which is of interest, therefore a 

simple absorption measurement would not provide an accurate answer for the molecule 

of interest.  Mid-IR radiation from the cell is then collected, and filtered using a narrow 

passband mid-IR filter around another absorption (emission) peak for the molecule of 

interest (or another molecule/bond vibration that is tightly coupled, but not directly 

addressed by the input QCL wavelength).  The vibrations induced by the probe QCL 

wavelength may translate to an increase in temperature/vibrations, and these may be 

observed at this secondary mid-IR wavelength.  This signal will of course be quite 

small, but may be electronically filtered with well-known lock-in techniques. 

 

[00114] A number of architectures are presented which may be used in the present 

invention to minimize the effect of water absorption and provide accurate 

measurements of cellular biochemical components.  This is not an exhaustive list, and 

the present invention will be applicable to other architecture as well.  In an embodiment, 

the present invention consists of a flow cytometer in which one or more quantum 

cascade lasers may be used to measure vibrational absorption characteristics of single 

cells in the mid-infrared wavelength range. 

 

[00115] Living cells may be interrogated at high speed using preparations such as 

traditional flow cytometer-type instruments retrofitted with QCL and mid-infrared 

transparent liquid handling microfluidics components built for cell classification and 
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sorting that have been built with mid-infrared transparent components, substrates such 

as sheets, tapes or discs where live cells are distributed over a surface in a thin film and 

interrogated by scanning, and the like. In an embodiment, the present invention may be 

used in conjunction with certain chemical or other operations in advance of the 

measurement that accentuate differences between the cells to be sorted.  For example, 

cells may be stimulated with temperature, light, fuel, or other stimulant to enhance 

biochemical concentrations that differentiate cells, for example, by differentially 

changing cell metabolism and therefore input or output products. 

 

[00116] In an embodiment, the present invention may enable high-speed sperm 

sorting in a label-free manner, and without exposing cells to high-energy UV photons. 

For example, the separation of sperm by X- and Y-type is possible using the fact that 

the X chromosome has significantly more DNA content than the Y-chromosome, 

thereby enlarging the overall DNA mass of the sperm cell by 2% or more in mammalian 

species.  At least one QCL may be used to probe at least one absorption band specific 

to DNA.  In other embodiments, a plurality of QCL wavelengths may be used to 

measure other potentially interfering constituents.  The measurements may be made 

from more than one orientation to normalize for the asymmetric shape of the sperm cell 

head.  In various other embodiments, the measurement process may be supplemented 

using other lasers in the visible or near-infrared bands to measure cell orientation, size, 

position, density and the like, as well as additional mid-IR based lasers, such as 

alternately tuned QCL’s..  The amount of mid-infrared light transmitted in the DNA 

band, as normalized by the other measurements, may be used to compute total mass of 

DNA in the sperm cell.  As the amount of DNA for X- or Y-bearing cells for a given 

species is very consistent, sperm cells may be sorted into X- and Y-bearing populations 

with one or more mechanisms known in the art such as flow cytometry-type equipment, 

microfluidics, methods where cells are spread onto larger substrates, cell cuvettes, and 

the like. 

 

[00117] In an embodiment, the present invention may be a system consisting of 

fluidics for delivering live cells one by one to a measurement volume, laser sources 

which generate beam(s) that may preferentially act on DNA molecules within the 

cells, based on specific molecular vibration frequencies, detectors which measure the 
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interaction of the sources with the DNA as the cell passes the measurement volume 

and signal processing equipment to capture these signals and process them in order to 

generate an estimate for DNA quantity in a single cell. 

 

[00118] In an embodiment, the system may include an interface that displays a 

histogram of cell count vs. DNA quantity, a common plot used to analyze a sample of 

cells. 

 

[00119] In an embodiment, the system may include other measurements made on 

the individual cells that may further characterize the cell.  These may include, but are 

not limited to electrical impedance measurements in the fluid channel which may 

allow the system to estimate size or cross-section of the cell, and detect cell 

agglomerates which may produce false DNA readings, optical measurements in the 

visible or near infrared range of scattering or shape which may help determine cell 

type, and also measure agglomerates or vibrational optical measurements which may 

serve to quantify other biochemical constituents of the cell under inspection, including 

but not limited to measuring protein or lipid concentrations to determine the rough 

size and type of the cell, and detect cell agglomerates. 

 

[00120] In an embodiment, the system may include a method of sorting the cells 

individually based on the DNA content calculated, as well as any reference signals 

including those described above.  This sorting may be done in one of a number of 

ways well known to those skilled in the art of cytometry, fluorescence-activated cell 

sorting, and microfluidics, including but not limited to electrostatic diversion of 

droplets, fluid pressure diversion of a stream in microfluidics, mechanical actuation of 

measurement vs. output channels, and laser-based cell trapping/steering. 

[00121] In an embodiment, the system may use a microfluidic chip on which at 

least a source reservoir, output reservoir and measurement channel have been 

patterned.  The chip may be a consumable component that is used once per sample 

and then disposed or recycled.  The core chip may be fabricated from a material that is 

both biocompatible and compatible optically with the wavelengths used for the optical 

vibrational DNA measurement.  The core chip may be mounted in a plastic carrier 

with large reservoir capacity, the plastic carrier itself may be used with multiple core 
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chips, where clogging occurs on the core chip and it is desirable to dispose of these 

chips instead of performing an automated unclogging procedure. 

 
[00122] In an embodiment, the present invention may be used, and may be 

specialized for the purpose of measuring rate of cell division such as culture growth in 

a sample in accordance with the characteristic that DNA per cell doubles in the 

process of division.  This disclosure may provide for separating X- from Y-bearing 

sperm cells in accordance with the characteristic that X-bearing sperm cells may carry 

more DNA than Y-bearing cells.   This disclosure may provide for measuring 

occurrence of aneuploidy in a sample of cells, such as for the purpose of detecting 

cancerous cells or other cells indicative of a genetic disorder.  This disclosure may 

provide for repeatedly measuring samples for the purpose of assessing effects of 

potential drugs on cells, such as cancer cells.  This disclosure may provide for 

measuring the cell division rate simultaneously with assessing drug effect. This 

disclosure may provide for separating potential cancer cells based on an aneuploidy 

measurement from a larger cell culture, where these cells may be rare.  This 

disclosure may provide for identifying and isolating cancer stem cells from tumor 

tissue for the purpose of characterizing the stem cells.  Such characterization may 

enable further pharmacological study of the stem cells.  This disclosure may provide 

for other applications where cellular DNA is a marker or potential marker for cell 

type, activity, or pathology. 

 
[00123] Further, the present invention also describes a system for measuring the 

chemical composition/content of particles in the mid-IR using QCLs.  In an 

embodiment, the present system describes optical system architectures to mitigate or 

harness scattering effects for the purpose of making these measurements. The optical 

system architectures minimize, compensate or harness these scattering effects with a 

minimum number of wavelengths, allowing high-speed measurements.  

 
[00124] In an embodiment, the cell sorting system described in the present 

disclosure may use a QCL wavelength which corresponds to particular bond vibration 

frequencies.  The QCL illuminates the particle/cell, and if that molecule is present, the 

cell and/or analytes within the cell may absorb light at that resonant frequency.  The 

remaining light passing through the cell may be measured to determine the amount of 
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light that was absorbed and therefore the concentration of analyte.  For example, 

DNA quantity may be measured by illuminating the cell with one or more 

wavelengths, one or more of which are at/near resonant vibration frequencies for the 

DNA molecule.  For sperm cells, measuring DNA may enable determining whether 

the sperm cell is carrying X or Y chromosomes because of the differential in DNA 

between X and Y (which is one of 23 chromosomes). The cell sorting system may 

comprise two or more QCLs.  At least one QCL may correspond to the resonant 

absorption (signal wavelength) for a target analyte.  At least one other QCL may 

correspond to a nearby wavelength to cancel out background noise from other 

analytes and system artifacts. 

 

[00125] The other applications of the present invention may include, but not by the 

way of limitation, high-speed cell sorting in the separation of stem cells from other 

cells, including their differentiated derivatives, sorting live from dead cells, DNA 

content analysis for tumor biology, isolation of key cell populations in tumors, 

characterization of lymphoma cells, immune cell sorting, and the like. 

[00126] A processor architecture may use the transmitted or scattered light detected 

by the detection facility to perform a calculation, such as to calculate a DNA content of 

a cell.  The processor may implement software resident on an associated memory or 

server. 

[00127] Throughout this Specification, UV light may be in the range of 10 nm to 

400 nm, NIR light may be in the range of 0.75-1.7 µm, and visible light may be in the 

range of 390 to 750 nm. 

[00128] Sorting of sperm cells according to the chromosomes they are carrying 

may enable a safe, accurate, label- and stain-free pre-fertilization gender selection 

method.  Certain of the cytometry systems described below enable such a gender 

selection method.   

[00129] In an embodiment, a minimally invasive cytometry system may use 

vibrational spectroscopy for gender selection.  The cytometry system may include a 

handling system that enables presentation of single sperm cells to at least one laser 

source.    The at least one laser source may be configured to deliver light to the sperm 

cell in order to induce bond vibrations in the sperm cell DNA.  The at least one laser 

source emits at a wavelength corresponding to the resonant absorption for DNA and 

http://en.wikipedia.org/wiki/Nanometer
http://en.wikipedia.org/wiki/1_E-7_m
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at least one laser source emits at a wavelength used to cancel out a background signal 

from other analytes and from system artifacts.  The wavelength of the light delivered 

by the laser source may be greater than one third of the diameter of the sperm cell.  A 

detection facility may detect the signature of the bond vibrations, which may be used 

by an associated or integrated processor to calculate a DNA content carried by the 

cell.  The calculated DNA content may be used to identify the sperm cell as carrying 

an X-chromosome or Y-chromosome.  This identification may be done by the 

associated or integrated processor.  The minimally invasive cytometry system may 

also include a sort facility for sorting the sperm cell according to the identified 

chromosomes.  The cytometry system may further include a second light source 

configured to deliver light to a sperm cell within the sperm cells in order to induce a 

scattering signature, wherein the scattering signature is used to identify a sperm cell 

characteristic and wherein the characteristic comprises one or more of size, cell type, 

cell density, and cell orientation.  The second light source may be one or more of a 

VIS, UV, and NIR laser source and measurements made by the second light source 

may be used in gating the QCL-based vibrational measurements, in this embodiment 

and others described herein.  The cytometry system may further include a cell 

destruction or immobilization facility, such as a laser emitting at 1.5 microns, that 

selectively destroys or immobilizes sperm cells based on the chromosome they are 

carrying.  In this embodiment and others described herein, the second light source can 

be used to supplement the calculation of the content of the cell that is done primarily 

by the QCL signal (a second signal that can be used in a scatter plot). 

[00130] In an embodiment, a cytometry method may include presenting a single 

sperm cell, using a handling system, to at least one laser source, the at least one laser 

source configured to deliver light to the sperm cell in order to induce bond vibrations 

in the sperm cell DNA, and detecting the signature of the bond vibrations, wherein the 

bond vibration signature is used to calculate a DNA content carried by the sperm cell, 

wherein the calculated DNA content is used to identify the sperm cell as carrying an 

X-chromosome or Y-chromosome. 

[00131] In another embodiment of a minimally invasive cytometry system for 

gender selection, the cytometry system may include a handling system that presents 

single sperm cells to at least one quantum cascade laser (QCL) source, the at least one 

QCL laser source configured to deliver light to the single sperm cell in order to induce 
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vibrational absorption by DNA molecules of the sperm cell.  A detection facility may 

detect the transmitted mid-IR wavelength light, wherein the transmitted mid-IR 

wavelength light is used to calculate a DNA content carried by the sperm cell.  The 

calculation may be done using an associated or integrated processor.  In this 

embodiment as well as others described herein, the handling system may be a 

manifold/2D array.  In this embodiment as well as others described herein, the 

handling system may include a carrier substrate upon which the cells are disposed and 

the carrier and/or the QCL laser source/detection facility translate with respect to one 

another.  In this embodiment as well as others described herein, the handling system 

may be a microfluidic flow architecture.  The microfluidic flow architecture may 

include multiple microfluidic channels such that multiple single cell flows may be 

measured simultaneously by the same light source(s).  The calculated DNA content 

may be used to identify the sperm cell as carrying X-chromosomes or Y-

chromosomes.  The calculated DNA content may be used to identify an aneuploidy 

characteristic, such as an extra or missing chromosome or a low DNA count.  The 

cytometry system may further include a second light source configured to deliver light 

to the sperm cell in order to induce a scattering signature, wherein the scattering 

signature is used to identify a sperm cell characteristic, and wherein the characteristic 

comprises one or more of size, cell type, cell density, and cell orientation.  The second 

light source may be one or more of a VIS, UV, and NIR laser source and 

measurements made by the second light source may be used in gating the QCL-based 

vibrational measurements.  The at least one QCL laser source emits at a wavelength 

corresponding to the resonant absorption for DNA and at least one QCL laser source 

emits at a wavelength used to cancel out a background signal from other analytes and 

from system artifacts.  In this embodiment as well as others described herein, the 

cytometry system may further include a sort facility for sorting the sperm cell 

according to the identified chromosomes.  In this embodiment as well as others 

described herein, when the system comprises more than one QCL laser source, the 

QCL laser sources may be pulsed such that they result in discrete measurements on 

the detector, such as alternately pulsed.  Indeed, in any of the embodiments described 

herein, the at least one QCL laser source may be pulsed.  In this embodiment as well 

as others described herein, a facility for electronically separating the transmitted light 

by wavelength may be included and/or a facility for optically separating the 
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transmitted light by wavelength, such as with a dichroic filter and/or a grating.  In any 

of the embodiments described herein, multiple detectors may be used to detect each 

wavelength.  The cytometry system may further include a cell destruction or 

immobilization facility, such as a laser emitting at 1.5 microns, that selectively 

terminates or destroys sperm cells based on the chromosome they are carrying. 

[00132] In an embodiment of a system using microfluidic architecture for gender 

selection, a microfluidic architecture may include a fluid handling system that enables 

a flow of sperm cells past at least one quantum cascade laser (QCL) source, wherein 

the fluid handling system comprises a facility to enable a single cell flow in a 

measurement volume of the microfluidic architecture. The at least one QCL laser 

source may be configured to deliver light to a sperm cell in the measurement volume 

of the fluid handling system in order to induce resonant absorption by DNA at one or 

more mid-IR wavelengths.  A detection facility detects the transmitted mid-IR 

wavelength light, wherein the transmitted mid-IR wavelength light is used to calculate 

a DNA content of the sperm cells that identifies the sperm cell as carrying X-

chromosomes or Y-chromosomes.  At least one QCL laser source emits at a 

wavelength corresponding to the resonant absorption for a target analyte and at least 

one QCL laser source emits at a wavelength used to cancel out a background signal 

from other analytes and from system artifacts.  The architecture may further include a 

sort facility for sorting the sperm cell according to the identified chromosomes.  The 

architecture may further include a second light source configured to deliver light to a 

sperm cell within the sperm cells in order to induce a scattering signature, wherein the 

scattering signature is used to identify a sperm cell characteristic, wherein the 

characteristic comprises one or more of size, cell type, cell density, and cell 

orientation.  The second light source may be one or more of a VIS, UV, and NIR laser 

source.  Gating the QCL-based vibrational measurements may be based on the second 

light source measurement.  The architecture may further include a cell destruction or 

immobilization facility, such as a laser emitting at 1.5 microns, that selectively 

terminates or immobilizes sperm cells based on the chromosomes they are carrying. 

[00133] In an embodiment, a cytometry method may include flowing cells past at 

least one quantum cascade laser (QCL) source using a fluid handling system, wherein 

the fluid handling system comprises a facility to enable a single cell flow in a 

measurement volume, delivering QCL light to the single cell in the measurement 



   

25 

volume in order to induce resonant mid-infrared absorption by one or more analytes 

of the cell, and detecting, using a mid-infrared detection facility, the transmitted mid-

infrared wavelength light, wherein the transmitted mid-infrared wavelength light is 

used to identify a cell characteristic. 

[00134] In an embodiment, a label- and stain-free cytometry system for pre-

fertilization gender selection may include a handling system that presents a single 

unlabeled and unstained sperm cell to at least one laser source, the at least one laser 

source configured to deliver light to the sperm cell in order to induce a resonant 

absorption by DNA within the sperm cell at one or mid-IR wavelengths.  The 

wavelength of the light delivered by the laser source is greater than one third of the 

diameter of the sperm cell.  A detection facility may detect the transmitted mid-IR 

wavelength light, wherein the transmitted mid-IR wavelength light is used to identify 

the sperm cell as carrying X-chromosomes or Y-chromosomes.  The system may 

further include a sort facility for sorting the sperm cell according to the identified 

chromosomes.  At least one laser source emits at a wavelength corresponding to the 

resonant absorption for a target analyte and at least one laser source emits at a 

wavelength used to cancel out a background signal from other analytes and from 

system artifacts.  The system may further include a second light source configured to 

deliver light to the sperm cell in order to induce a scattering signature, wherein the 

scattering signature is used to identify a sperm cell characteristic, wherein the 

characteristic comprises one or more of size, cell type, cell density, and cell 

orientation.  The second light source may be one or more of a VIS, UV, and NIR laser 

source.  The system may further include a cell destruction or immobilization facility, 

such as a laser emitting at 1.5 microns, that selectively terminates or immobilizes 

sperm cells based on the chromosomes they are carrying. 

[00135] In embodiments, cytometry systems for pre-fertilization gender selection 

may use substantially orientation-independent spectroscopy. 

[00136] In an embodiment, a high yield cytometry system for pre-fertilization 

gender selection using mid-IR spectroscopy may include a handling system that 

presents a single sperm cell to at least one QCL laser source, the at least one QCL 

laser source configured to deliver light to the sperm cell in order to induce resonant 

absorption by the sperm cell DNA at one or more mid-IR wavelengths.  A detection 

facility may detect the transmitted mid-infrared wavelength light, wherein the 
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transmitted mid-infrared wavelength light is used to identify the sperm cell as 

carrying X-chromosomes or Y-chromosomes.  A sort facility for sorting the sperm 

cell according to the identified chromosomes may achieve purities on the order of at 

least 75%, greater than 90%, or at least 99%.  For example, the purity of Y-

chromosome carrying sperm cells may be at least 75%.  In another example, the 

purity of X-chromosome carrying sperm cells may be at least 90%.  At least one QCL 

laser source emits at a wavelength corresponding to the resonant absorption for a 

target analyte and at least one QCL laser source emits at a wavelength used to cancel 

out a background signal from other analytes and from system artifacts.  A second light 

source may be configured to deliver light to the sperm cell in order to induce a 

scattering signature, wherein the scattering signature is used to identify a sperm cell 

characteristic, wherein the characteristic comprises one or more of size, cell type, cell 

density, and cell orientation.  The second light source may be one or more of a VIS, 

UV, and NIR laser source.  Gating the QCL-based vibrational measurements may be 

based on the second light source measurement.  The system may further include a cell 

destruction facility, such as a laser emitting at 1.5 microns, that selectively terminates 

sperm cells based on the chromosomes they are carrying. 

[00137] In an embodiment, a low energy cytometry system for pre-fertilization 

gender selection with diminished risk of cell damage may include a handling system 

that presents a single sperm cell to at least one laser source, the at least one laser 

source configured to deliver photons with an energy of less than 1 eV to the sperm 

cell in order to induce a bond vibration in DNA of the sperm cell.  A detection facility 

may detect the transmitted photon energy, wherein the transmitted photon energy is 

used to identify the sperm cell as carrying X-chromosomes or Y-chromosomes.  The 

system may further include a sort facility for sorting the sperm cell according to the 

identified chromosomes.  At least one laser source emits at a wavelength 

corresponding to the resonant absorption for DNA and at least one laser source emits 

at a wavelength used to cancel out a background signal from other analytes and from 

system artifacts. 

[00138] Cytometry systems also described herein enable single cell study and 

inspection.  Such systems may include light sources that induce resonant absorption in 

the mid-IR wavelength region, such as a QCL laser.  However, these systems may 
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also include other light sources and other technologies, such as fluorescence-activated 

spectroscopy systems and microfluidic architectures. 

[00139] in an embodiment, a minimally invasive cytometry system with QCL 

inspection of single cells for cancer detection may include a handling system that 

presents a single cell to at least one QCL laser source, the at least one QCL laser 

source configured to deliver light to the cell in order to induce vibrational bond 

absorption in one or more analytes within the cell and a detection facility that detects 

the mid-infrared wavelength light transmitted by the cell and identifies the cell as 

either cancerous or non-cancerous.  The system may further include a sort facility for 

sorting the cell according to its status.  At least one QCL laser source emits at a 

wavelength corresponding to the resonant absorption for a target analyte and at least 

one QCL laser source emits at a wavelength used to cancel out a background signal 

from other analytes and from system artifacts.  The system may further include a 

second light source configured to deliver light to the cell in order to induce a 

scattering signature, wherein the scattering signature is used to identify a cell 

characteristic, wherein the characteristic comprises one or more of size, cell type, cell 

density, and cell orientation. The second light source may be one or more of a VIS, 

UV, and NIR laser source and measurement with the second light source may be used 

in gating the QCL-based vibrational measurements.  The system may further include a 

cell destruction or immobilization facility, such as a laser emitting at 1.5 microns, that 

selectively terminates or immobilizes cells based on the identification. 

[00140] In an embodiment, a cytometry system with a QCL laser source, acoustic 

detection facility, and micro-fluidic cell handling system may be configured for 

inspection of individual cells.  The cytometry system may include a micro-fluidic cell 

handling system that enables a flow of cells past at least one quantum cascade laser 

(QCL) source, wherein the handling system comprises a facility to enable a single cell 

flow in a measurement volume of the microfluidic architecture, the at least one QCL 

laser source configured to deliver light to a single cell in the measurement volume in 

order to induce resonant mid-IR vibrational absorption by one or more analytes, 

leading to local heating that results in thermal expansion and an associated 

shockwave.  An acoustic detection facility detects the shockwave emitted by the 

single cell.  The magnitude of the shockwave is indicative of a cell characteristic.  The 

characteristic may be a quantity of a nucleic acid, a protein, a lipid, a nutrient, and a 
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metabolic product.  The micro-fluidic cell handling system further comprises a filter 

that excludes cells based on at least one of a shape, a size, and a membrane integrity. 

The cytometry system may further include a sort facility for sorting the single cell 

according to the identified characteristic.  At least one QCL laser source emits at a 

wavelength corresponding to the resonant absorption for a target analyte and at least 

one QCL laser source emits at a wavelength used to cancel out a background signal 

from other analytes and from system artifacts. 

[00141] In an embodiment, a minimally invasive inspection system may use mid-

IR vibrational spectroscopy for high throughput, high accuracy cytometry.  The 

system may include a handling system that enables high throughput presentation of 

single live cells to at least one light source, the at least one light source configured to 

deliver light to the live cell in order to induce vibrational bond absorption in one or 

more analytes within the cell at one or more mid-IR wavelengths.  A mid-infrared 

detection facility may detect the transmitted mid-infrared wavelength light, wherein 

the transmitted mid-infrared wavelength light is used to determine a cell characteristic 

comprising one or more of chemical composition, size, shape, and density.  The 

throughput of live cells may be at least 1 cell per second, at least 10 cells/sec, at least 

100 cells/sec, at least 1,000 cells/sec, at least 4,000 cells/sec or at least 10,000 

cells/sec.  In this embodiment and in other embodiments described herein, at least one 

light source emits at a wavelength corresponding to the resonant absorption for a 

target analyte and at least one light source emits at a wavelength used to cancel out a 

background signal from other analytes and from system artifacts.  In this embodiment 

and in other embodiments described herein, the system may further include a second 

light source configured to deliver light to the cell in order to induce a scattering 

signature, wherein the scattering signature is used to identify a cell characteristic, 

wherein the characteristic comprises one or more of size, cell type, cell density, and 

cell orientation.  The second light source may be one or more of a VIS, UV, and NIR 

laser source.  The wavelength of the light delivered by the light source may be greater 

than one third of the diameter of the cell.  In this embodiment and in other 

embodiments described herein, the system may further include a cell destruction 

facility, such as a laser emitting at 1.5 microns, that selectively terminates cells based 

on the characteristic. 
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[00142] In an embodiment, a low energy cytometry system with diminished risk of 

cell damage may include a handling system that presents a cell to at least one laser 

source, the at least one laser source configured to deliver photons with an energy of 

less than 1 eV to the cell in order to induce a bond vibration in DNA of the cell. A 

detection facility may detect the transmitted photon energy, wherein the transmitted 

photon energy is used to identify a DNA characteristic of the cell. 

[00143] In an embodiment, a minimally invasive cytometry system using QCL 

vibrational spectroscopy for differentiation of pluripotent stem cells from functionally 

differentiated cells based on inspection of single cells may include a handling system 

that presents a single cell to at least one QCL laser source, the at least one QCL laser 

source configured to deliver light to the single cell in order to induce vibrational bond 

absorption in one or more analytes within the cell.  A detection facility may detect the 

transmitted mid-infrared wavelength light, wherein the transmitted mid-infrared 

wavelength light is used to identify the differentiation status of the cell as either 

pluripotent or functionally differentiated.  The system may further include a sort 

facility for sorting the cell according to its differentiation status.  At least one QCL 

laser source may emit at a wavelength corresponding to the resonant absorption for a 

target analyte and at least one QCL laser source emits at a wavelength used to cancel 

out a background signal from other analytes and from system artifacts.  The system 

may further include a second light source configured to deliver light to the cell in 

order to induce a scattering signature, wherein the scattering signature is used to 

identify a cell characteristic, wherein the characteristic comprises one or more of size, 

cell type, cell density, and cell orientation.  The second light source may be one or 

more of a VIS, UV, and NIR laser source.  The system may further include gating the 

QCL-based vibrational measurements based on the second light source measurement.  

The system may further include a cell destruction or immobilization facility, such as a 

laser emitting at 1.5 microns, that selectively terminates or immobilizes cells based on 

the differentiation status. 

[00144] In an embodiment, a cytometry system with a QCL source, mid-infrared 

detector, and micro-fluidic cell handling system configured for inspection of 

individual cells may include a fluid handling system that enables a flow of cells past 

at least one quantum cascade laser (QCL) source, wherein the fluid handling system 

comprises a facility to enable a single cell flow in a measurement volume.  The at 
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least one QCL laser source may be configured to deliver light to the single cell in the 

measurement volume in order to induce resonant mid-infrared absorption by one or 

more analytes of the cell.  A mid-infrared detection facility may detect the transmitted 

mid-infrared wavelength light, wherein the transmitted mid-infrared wavelength light 

is used to identify a cell characteristic.  The characteristic may be a quantity of at least 

one of a nucleic acid,  a protein, a lipid, a metabolic product, a dissolved gas, and a 

nutrient.  The fluid handling system may comprise a microfluidic architecture.  At 

least one QCL laser source emits at a wavelength corresponding to the resonant 

absorption for a target analyte and at least one QCL laser source emits at a 

wavelength used to cancel out a background signal from other analytes and from 

system artifacts.  The system may further include a sort facility for sorting the single 

cell according to the identified characteristic.  The fluid handling system may further 

include a filter that excludes cells based on at least one of a shape, a size, and 

membrane integrity. The system further includes a cell destruction or immobilization 

facility, such as a laser emitting at 1.5 microns, that selectively terminates or 

immobilizes cells based on the identified characteristic.  A second light source may be 

configured to deliver light to the cell in order to induce a scattering signature, wherein 

the scattering signature is used to identify a cell characteristic, wherein the 

characteristic comprises one or more of size, cell type, cell density, and cell 

orientation.  The second light source may be one or more of a VIS, UV, and NIR laser 

source.  The system may further include gating the QCL-based vibrational 

measurements based on the second light source measurement. 

[00145] In an embodiment, a mid-IR spectroscopy cytometry system with selective 

cell destruction capability may include a handling system that presents a live cell to at 

least one laser source, the at least one laser source configured to deliver light to the 

live cell in order to induce resonant mid-infrared absorption by at least one analyte 

within the cell.  A mid-infrared detection facility may detect the transmitted mid-

infrared wavelength light, wherein the transmitted mid-infrared wavelength light is 

used to determine a cell characteristic.  A cell destruction facility may selectively 

terminate cells based on the characteristic.  The cell characteristic may include one or 

more of a nucleic acid quantity, a nucleic acid type, a chemical composition, a size, a 

shape, and a density.  The cell destruction facility may be a laser emitting at 1.5 

microns.  At least one laser source emits at a wavelength corresponding to the 
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resonant absorption for a target analyte and at least one laser source emits at a 

wavelength used to cancel out a background signal from other analytes and from 

system artifacts.  The system may further include a second light source configured to 

deliver light to the live cell in order to induce a scattering signature, wherein the 

scattering signature is used to identify a live cell characteristic, wherein the 

characteristic comprises one or more of size, cell type, cell density, and cell 

orientation.  The second light source may be one or more of a VIS, UV, and NIR laser 

source.  The wavelength of the light delivered by the laser source may be greater than 

one third of the diameter of the sperm cell.  

[00146] In an embodiment, a mid-IR spectroscopy system may include laser 

tweezers for moving cells into position for measurement with a light source that 

induces resonant absorption in an analyte within the cell. 

[00147] In an embodiment, a mid-IR spectroscopy system with fluidic features that 

pre-filter cells to obtain cells of appropriate size may include a fluid handling system 

that enables a flow of cells past at least one laser source, wherein the fluid handling 

system comprises a filter that excludes cells from a measurement volume of the fluid 

handling system based on size and/or shape, the at least one laser source configured to 

deliver light to a single cell in the measurement volume in order to induce resonant 

absorption in at least one analyte within the cell.  A mid-infrared detection facility 

may detect the transmitted mid-infrared wavelength light.  At least one laser source 

emits at a wavelength corresponding to the resonant absorption for a target analyte 

and at least one laser source emits at a wavelength used to cancel out a background 

signal from other analytes and from system artifacts.  The system may further include 

a second light source configured to deliver light to the cell in order to induce a 

scattering signature, wherein the scattering signature is used to identify a cell 

characteristic, wherein the characteristic comprises one or more of size, cell type, cell 

density, and cell orientation.  The second light source may be one or more of a VIS, 

UV, and NIR laser source.  The wavelength of the light delivered by the laser source 

may be greater than one third of the diameter of the sperm cell.   The system may 

further include a cell destruction or immobilization facility, such as a laser emitting at 

1.5 microns, that selectively terminates or immobilizes cells based on the transmitted 

mid-infrared wavelength light. 
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[00148] In an embodiment, a cellular DNA measurement system may include a 

handling system that presents a single cell to at least one laser source, the at least one 

laser source configured to deliver light to the cell in a measurement volume of the 

handling system in order to induce resonant absorption in the DNA within the cell.  A 

mid-infrared detection facility may detect transmitted mid-infrared wavelength light, 

wherein the transmitted mid-infrared wavelength light is used to calculate the cellular 

DNA content.  The DNA content may be used to identify cell cycle status in a 

plurality of cells and the cell cycle status for a plurality of cells is used to determine a 

growth rate of the cells.  The DNA content may be used to determine aneuploidy, 

wherein the aneuploidy characteristic is identified by a low DNA count, an extra 

chromosome, and/or a missing chromosome.  The system may further include a sort 

facility for sorting the cells according to the aneuploidy characteristic.  The handling 

system may further include a filter that excludes cells based on a characteristic.  At 

least one laser source emits at a wavelength corresponding to the resonant absorption 

for a target analyte and at least one laser source emits at a wavelength used to cancel 

out a background signal from other analytes and from system artifacts. 

[00149] In an embodiment, a cellular DNA measurement system may include a 

handling system that presents a fluorescently labeled single cell to one or more of a 

visible or UV laser source and a handling system that presents the fluorescently 

labeled single cell to at least one QCL laser source.  The at least one QCL laser source 

may be configured to deliver light to the cell in order to induce resonant absorption in 

the DNA within the cell.  A mid-infrared detection facility may detect transmitted 

mid-infrared wavelength light, wherein the transmitted mid-infrared wavelength light 

is used to calculate cellular DNA content.  A visible light detection facility may detect 

the fluorescing label. 

[00150] Mid-IR based systems described herein enable single particle study and 

inspection.  Such systems may include light sources that induce resonant absorption in 

the mid-IR wavelength region, such as a QCL laser.  However, these systems may 

also include other light sources and other technologies, such as fluorescence-activated 

spectroscopy systems, microfluidic architectures, additional optics, scattering 

analysis, and the like. 

[00151] In an embodiment, a single particle QCL-based mid-IR spectroscopy 

system with differential numerical aperture optics for emitted and scattered light may 
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include a handling system that presents a single particle to at least one quantum 

cascade laser (QCL) source, the at least one QCL laser source configured to deliver 

light to the single particle in order to induce resonant mid-infrared absorption in one 

of the particle or at least one analyte within the particle.  The system may also include 

an optic to capture mid-IR wavelength light transmitted through the cell, wherein the 

optic has a smaller numerical aperture than a focusing optic focusing the QCL laser 

emission on the cell.  A mid-infrared detection facility may detect the transmitted 

mid-IR wavelength light and scattered mid-IR wavelength light.  The particle may be 

a cell.  The handling system may further include a filter that excludes particles based 

on at least one of a shape, a size, and a membrane integrity. The system may further 

include a sort facility for sorting the single particle according to one of the transmitted 

light and scattered light.  At least one QCL laser source emits at a wavelength 

corresponding to the resonant absorption for a target analyte and at least one QCL 

laser source emits at a wavelength used to cancel out a background signal from other 

analytes and from system artifacts. 

[00152] In an embodiment, a single particle QCL-based mid-IR spectroscopy 

system using resonant scattering for measurement may include a handling system that 

presents a single particle to at least one quantum cascade laser (QCL) source, the at 

least one QCL laser source configured to deliver light to the single particle in order to 

induce resonant optical scattering based on wavelength-specific refractive index shifts 

resulting from resonant bond vibration of one or more target analytes.  A mid-infrared 

detection facility may detect the mid-infrared wavelength light scattered by the single 

particle.  The particle may be a cell.  The handling system may further include a filter 

that excludes particles based on at least one of a shape, a size, and a membrane 

integrity. The system may further include a sort facility for sorting the single particle 

according to the scattered light.  At least one QCL laser source emits at a wavelength 

corresponding to the resonant absorption for a target analyte and at least one QCL 

laser source emits at a wavelength used to cancel out a background signal from other 

analytes and from system artifacts.  The mid-infrared detection facility may include a 

plurality of mid-infrared detectors deployed at multiple angles that detect the mid-

infrared wavelength light scattered by the single particle. 

[00153] In an embodiment, a single particle QCL-based mid-IR spectroscopy 

system with in-droplet microfluidic system may include a handling system that 
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suspends particles in or as a droplet within another liquid, wherein the handling 

system presents individual droplets to the at least one quantum cascade laser (QCL) 

source, the at least one QCL laser source configured to deliver light to a single droplet 

in the measurement volume of the microfluidic system in order to induce resonant 

mid-infrared absorption in at least one analyte within the droplet.  A mid-infrared 

detection facility may detect the mid-infrared wavelength light transmitted by the 

droplet.  The droplet and the another liquid may be immiscible.  The particle may be a 

cell.  When the particle is a cell, the mid-infrared wavelength light transmitted may be 

used to measure byproducts of cell metabolism in the fluid surrounding the cell.  The 

particle may undergo a chemical reaction with the surrounding fluid in the droplet and 

the mid-infrared wavelength light transmitted may be used to measure the level of 

reactants or the products of this reaction.  At least one QCL laser source emits at a 

wavelength corresponding to the resonant absorption for a target analyte and at least 

one QCL laser source emits at a wavelength used to cancel out a background signal 

from other analytes and from system artifacts. 

[00154] In an embodiment, a single particle QCL-based mid-IR spectroscopy 

system with analysis of scattering includes a handling system that presents a single 

particle tagged with a mid-IR active tag to at least one quantum cascade laser (QCL) 

source, the at least one QCL laser source configured to deliver light to the single 

particle in order to induce resonant mid-infrared absorption in the particle or an 

analyte within the particle.  A mid-infrared detection facility may detect the mid-

infrared wavelength light scattered by the single particle.  A wavelength and angle 

analysis of the scattered mid-IR wavelength light may be used to determine analyte-

specific structural and concentration information. The particle may be a cell.  The 

mid-IR active tag may be a quantum dot.  The handling system may further include a 

filter that excludes particles based on at least one of a shape, a size, and a membrane 

integrity.  The system may further include a sort facility for sorting the single particle 

according to one or more of a transmitted mid-IR wavelength light and the scattered 

mid-IR wavelength light.  At least one QCL laser source emits at a wavelength 

corresponding to the resonant absorption for a target analyte and at least one QCL 

laser source emits at a wavelength used to cancel out a background signal from other 

analytes and from system artifacts.  In embodiments, mid-IR active tags may be used 
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in a direct transmission measurement as well, such as with any of the embodiments 

described herein. 

[00155] In an embodiment, a handling system may present a single particle labeled 

with a mid-IR active label to at least one quantum cascade laser (QCL) source, the at 

least one QCL laser source configured to deliver light to the single particle in order to 

induce resonant mid-infrared absorption by the mid-IR active label of the particle.  A 

mid-infrared detection facility may detect the transmitted mid-infrared wavelength 

light. 

[00156] In embodiments of the present invention, the wavelength for inspection 

may include wavelengths in the mid-IR band, wavelength specific to peaks 

corresponding to DNA vibrational modes, and the like.  Wavelength selection may be 

optimized such as to inhibit scattering, and the like.   

[00157] In embodiments, optical architecture and system components for the 

present invention may include facilities associated with reducing optoelectronic noise, 

confirming and/or modifying cell angle or position in a measurement volume, 

controlling cell rate spacing, accounting for nuclear volume in analysis, and reducing 

and accounting for QCL supply noise.  Laser sources may include tunable QCLs, 

multiple tunable lasers, broadband lasers, scanning lasers, THz QCLs, QCL-on-a-

chip, Vernier-tuned QCLs, single pulsed QCL, multiple pulsed QCLs, parametric 

oscillators, and the like.  The architecture may also enable measurements from various 

angles of capture and using beams from multiple angles.  A phase scrambling device 

may be used to get rid of coherent artifacts.  As described herein, differential aperture 

optics for input and output may be used to focus the emitted light and then capture 

transmitted light in a wider area. 

[00158] Systems with QCL sources may have a facility for separating wavelengths 

electronically based on timing of pulses and relaying them to separate detection 

facilities.  Filters, such as dichroic filters and gratings, may be used to optically filter 

wavelengths.  A prism or beam splitter may be used to separate wavelengths.  The 

output from multiple sources may be combined in one detector.  An array of lasers 

may cross the channel at different points – these can be combined and directed to a 

single detector. 

[00159] Reference detection facilities may also be located at an angle outside the 

main angle of capture to detect scattered light.  Use of resonant scattering may be 
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made to obtain shape and position information.  Scattered light may serve a gating 

signal or calibration for the primary measurement, such as the QCL-based 

measurement.  Use of mid-IR active tags and reagents with QCL interrogation may 

enable an analysis of scattering (e.g. for angle, wavelength).  The architecture may 

enable polarization-based measurements of particles in flow.   

[00160] In embodiments, form factors for the present invention may include a 

cassette, a chip, a 2D manifold, 2D array, microfluidic architecture, flow cuvette, flow 

cytometer, cell-on-tape/substrate and the like.  Handling systems may include laser 

tweezers, micro-fluidic handling system (e.g. for circulating cells, micro-fluidic flow 

system components, charge applied to cell for selection), fluid flow components, with 

tracers, with additives, with anti-reflective coating, with labels (e.g. quantum dot 

labels), pre-sorting particles based on size, a scanner system where the source moves 

relative to the detected item rather than moving the item, a microfluidic manifold 

(cells move relative to each other) and the like.  The scanner system may include 

formats such as Cell on tape, Cell on substrate, Cells on a 2D carrier that is read out 

by translating at least one of the (i) carrier or (ii) the source and the detector.  Flow 

architecture may be a species of a microfluidic manifold.  Multiple channels of flow 

and multiple detection points may be present in a single system  

[00161] Vibrational spectroscopy may include direct, indirect, Raman, coherent, 

anti-Stokes Raman, and the like.  Functional benefits may include a minimally 

invasive system, with no labels, with no dyes, using no UV laser, with increased 

accuracy, increased throughput (e.g. orientation independent), low coefficient of 

variation, and the like.  Two systems may be put end-to-end to sort for one thing in 

the a first system, then take the output and do a task, such as a measurement or a 

second sort. 

[00162] In embodiments, the present invention may provide facilities associated 

with scattering, such as measuring scattering, mitigating the effects of scattering, 

correcting for scattering, utilizing resonant Mie scattering, and the like. The present 

invention may provide for cell destruction through the use of a laser.   

[00163] In embodiments, the present invention may be applied to a variety of 

applications, including gender selection (e.g. sperm DNA assessment, such as with 

humans, horses, cattle, pets), motility detection (e.g. sorting for motility, integrated 

onto the chip), cancer detection, stem cell study and manipulation (e.g. for monitoring 
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differentiation of pluripotent cells into functionally differentiated cells, in harvesting 

stem cells, in the purification of stem cells before transfer to patients), aneuploidy 

detection, in the measuring of cell growth rate in a sample, measuring RNA 

characteristics, measuring sugars characteristics, measuring protein characteristics, as 

a DNA statistics tool, in the measurement of other particles in liquids, in reaction 

monitoring, in measuring circulating tumor cells, for embryo scoring, in determining 

blood count, in semen analysis, in gas monitoring, in solid-in-liquid measurement, in 

blood diagnostics (e.g. for malaria, parasites), in food and water contamination 

analysis (e.g. measuring the IR footprint for E Coli, in emulsions (e.g. using a in-

droplet micro-fluidic system), and the like. 

[00164] This disclosure provides a cytometry platform for measuring 

characteristics of particles in a flow using a mid-IR based measurement system and 

vibrational spectroscopy. The mid-IR based measurement system may be based on a 

quantum cascade laser (QCL) source delivering mid-IR wavelengths in the range of 3 

to 15 microns.  The QCL laser has a narrow wavelength emission comprising an 

easily tailored center wavelength and a low entendue, enabling measurement of a 

small area and narrow angle and measurements on the order of microseconds.   For 

example, the power of the QCL may be ≤10mW and a conduction band offset of 

about 0.1eV.   QCL variations include multiple tunable lasers, broadband, and 

scanning. 

[00165] The cytometry platform may include a microfluidic architecture.  The 

cytometry platform enables direct measurement of the chemical content of the cell 

using vibrational spectroscopy.  Two types of vibrational spectroscopy may be used:  

(a) direct absorption where the particle is exposed to a wavelength in the mid-IR 

fingerprint region of about 5-12 microns, which corresponds to the frequency of a 

bond vibration and (b) Raman spectroscopy which is an indirect way of making 

measurements.  Coherent anti-stokes Raman spectroscopy (CARS) may also be used 

to measure vibrational bond fingerprints in cells.  

[00166] The cytometry platform enables a stain- and label-free process that is safe 

to cells and is orientation independent, high throughput, high accuracy, and high 

yield.  The advantages of the cytometry platform include the ability to directly 

measure an absorption line without labels or dyes/stains.   Another advantage is use of 

light that is 20-25 times less energetic light than UV light that is used in conventional 
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systems and thus much less likely to damage cell.  Because of the wavelength being 

relatively long (six times longer than UV laser), there is less scattering and the 

scattering is much better behaved compared to other light sources, such as visible 

light.  Another advantage is that as opposed to traditional FTIR that requires cells to 

be dried, the cytometry platform can measure cells in a liquid medium where 

refractive index differential is much lower, so scattering index is lower. 

[00167] In some instances of the cytometry platform, an additional scattering 

measurement may be made specifically to see how big and dense a cell is.  For 

example, a blood count can be done in this fashion.  With mid-IR light and in 

particular light whose angle can be controlled well (with a very collimated beam), 

chemical composition and size information may be obtained by measuring scattering 

off of particles.     

[00168] In embodiments of the cytometry platform, a conventional fluorescence-

activated sorting (FACS) system may be used in parallel in order to obtain a simple 

binary measurement for a cell then get an accurate numerical measurement for 

chemical content using the mid-IR based measurement system. 

[00169] The cytometry platform enables measurement of cellular content, such as 

protein bonds and nucleic acid bonds.  For example, three characteristic DNA peaks, 

an asymmetric PO2
- stretch (DNA) at 1236cm-1, a symmetric PO2

- stretch (DNA) at 

1087cm-1, and a C-C deoxyribose stretch (DNA) at 968cm-1. 

[00170] The cytometry platform is engineered to reduce the QCL supply noise, the 

RIN noise associated with emission of the QCL, shot noise associated with the 

transmitted mid-IR energy, detector noise, and pre-amp noise.  For example, at 

bandwidths up to 10,000 cells/second, the optoelectronic system noise is 3.7 ppm.  

Other elements of the cytometry platform were also designed to reduce system noise, 

such as the selection of the channel height, the input angle, the collection angle, the 

flow rate, and cell spacing. 

[00171] One design of the system includes 2 or more fixed wavelength QCLs 

where at least one is at a “signal” wavelength (corresponding to the resonant 

absorption for a target analyte) and at least one is at a “reference” wavelength (a 

nearby wavelength used to cancel out background from other analytes, and from 

system artifacts).  The QCLs may be in a cooling housing and may be driven by a 

pulsed driver or some other kind of driver.  A grating-based QCL tuning system may 
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be included to tune the QCLs.  Before reaching the sample, the QCLs may first 

traverse a pellicle beamsplitter and adjustable aperture.  Transmitted mid-IR energy is 

detected by a signal detector and a reference detector.   A detector may measure 

scattering and compensate for it in the main measurements.  For such a system, the 

predicted collection rate is >4,000/sec and the predicted purity is  >99%.  The QCLs 

may have carrier frequencies so that a single detector may be used and the signal is 

separated by modulation frequencies. 

[00172] With wide variations in nuclear volume and cell orientation, there is 

variability in the absorption peak.  Selecting a wavelength that is at top of the curve 

where the strongest absorption exists may not be ideal as strong absorption may make 

measurements more variable with cell orientation.   

[00173] The cytometry platform is designed to reduce cell nucleus heating.  

Heating, due to DNA absorption of mid-IR energy, may be reduced and may have a 

narrow distribution even with wide nuclear volume/orientation distribution.  For 

example, heating may be kept to under 1K. 

[00174] In the cytometry platform, a QCL laser source may be configured to emit 

energy to a single cell in a measurement volume of the platform in order to induce 

resonant mid-IR vibrational absorption by one or more analytes, leading to local 

heating that results in thermal expansion and an associated shockwave.  The 

cytometry platform may include an acoustic detector that detects the shockwave 

transmitted by the single cell, wherein the shockwave is indicative of a cell 

characteristic. 

[00175] In the cytometry platform, a cell destruction facility may be included to 

selectively terminate cells based on a characteristic.  In the example of pre-

fertilization gender selection, those sperm not exhibiting the desired chromosomal 

type may be targeted for motility cessation using a laser emitting at 1.5 microns which 

may be used to immobilize cells without damaging DNA contents.  In other cases 

complete destruction of cells through membrane destruction or other means may be 

effected, through the use of a laser or other means. 

[00176] The cytometry platform may take many forms.  The cytometry platform 

may be embodied in a mid-IR cuvette for a standard flow cytometer where cell 

selection is based on an applied charge.  The cytometry platform may be embodied in 

a 2D manifold/array for immobilizing a plurality of cells and then measuring them 
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individually using the present invention, potentially repeatedly.  The cytometry 

platform may be embodied in a system with laser tweezers that traps cells with a 

visible laser and moves the cell into position for measurement.  The cytometry 

platform may be embodied in a microfluidic chip with a waveguide to capture IR light 

that crosses the channel.  The microfluidic chip may include fluidic features that pre-

filter cells by size.  The cytometry platform may be embodied in a circulating cell 

culture system. 

[00177] The height of the channel may be optimized so that a resonant optical field 

is not obtained even if the AR coatings are not robust.  

[00178] The mid-IR wavelength used in various embodiments herein may be 

optimized for low scattering.  

[00179] The mid-IR based inspection and measurement system may further include 

a facility for a polarization-based measurement of particles in a flow, such as of DNA 

especially.  Even with measurement of phosphate bonds, if left hand or right hand 

polarized light is emitted, because the DNA is in a helix, an improved separation of a 

DNA-specific signal may be obtained by using circularly polarized light.  

[00180] Now that we have described particular embodiments of the present 

disclosure, we turn to describing a set of figures that will illustrate these and other 

embodiments. 

[00181] FIG. 1 illustrates the present invention configured in a flow architecture 100.  

The flow architecture 100 may be a minimally invasive cytometry system, a 

microfluidic architecture, a cell inspection system, a label free cytometry system, a dye 

free cytometry system, a high yield cytometry system, a low energy cytometry system, 

an aneuploidy measurement system, a growth rate measurement system, an in-droplet 

microfluidic system, and the like.  The flow architecture 100 comprises a laser source 

102, a detector 104, a pre-filter 108, a single cell flow 110, a sort facility 112, one or 

more sort destinations 114, and a handling system 118.  The laser source 102 may be a 

QCL, a QCL array, a QCL array of multiple angles, multiple QCLs with distinct carrier 

frequencies, a Vernier tuned QCL, a dual QCL/UV array, a QCL with phase scrambling 

facility, a mid-IR laser, a tunable QCL, a broadband QCL, a scanning QCL, a THz 

QCL, or any combination thereof.  The detector 104, also known as a detection facility, 

may be one or more of a mid-IR detector, visible/NIR scattered light detector, 

fluorescence detector, quantum dot label detector, detector with differential numerical 
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aperture, reference detector for calibration, photo-acoustic detector, or a combination 

thereof, and may be selected in accordance with the laser or light source.  The handling 

system 118 may be a microfluidic handling system, a chip/cassette with or without anti-

reflective coating, a 2D manifold/array, a laser tweezers, and the like.   The handling 

system 118 may comprise a facility to enable single particle or cell presentation to the 

one or more laser sources 102.  In an embodiment, handling system 118 may be a fluid 

handling system in a microfluidic architecture.  Various cytometric analyses, 

characterizations, measurements, diagnoses and identification may be possible using 

the present disclosure such as pre-fertilization gender selection, cancer detection, 

reproductive cell/embryo viability detection, high throughput live cell studies 

(optionally in combination with FACS), stem cell studies, selective cell destruction, 

measurement of aneuploidy, measurement of growth rate, measurement of DNA, RNA, 

proteins, sugars, lipids, nutrients, metabolic products, etc, gas monitoring, determining 

food/water contamination, and the like.  A sample fluid may be encased in a sheath 

fluid that may allow droplets to be charged.  The fluid stream may be streamed out of 

a nozzle.  The present invention uses flow architecture 100 of a path length such as 50 

microns or less to reduce water absorption of infrared signal.  In an embodiment, the 

stream may be passed through an optical measurement zone, where infrared light 

emitted by laser source 102 passes through the stream including at lest one first cell 

type 120 and at least one second cell type 122.  The optical interrogation may occur 

either after the fluid exits the nozzle, as shown in FIG. 1, or when it is still within the 

nozzle.  In the in-nozzle case, the nozzle may be made of at least one infrared-

transparent material such as Germanium, very pure Silicon, chalcogenide glasses, 

Calcium Flouride, Zinc Selenide and the like.  The beam from QCL 102 passes through 

the fluid stream and may be detected on the opposite side with one or more mid-infrared 

detectors 104.  When a living cell is detected in the stream, the absorption of analytes 

within the living cell at one or more mid-IR wavelengths may be measured as the cell 

moves through the beam by studying the transmitted mid-IR wavelength light.  The 

signal from detector 104 may be processed to yield an estimate of certain biochemical 

constituents in the cell.  The absolute or relative level of these constituents may be used 

to classify the first cell type 120 and/or the second cell type 122. 
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[00182] According to methods well known in flow cytometry, the stream is actuated 

in a manner, such as with a piezoelectric actuator that may cause it to break quickly into 

discrete droplets.  These droplets may be given an electrical charge according to the 

cell classification determined using the QCL system.  In an embodiment, the system 

may apply a single charge for desirable cells, and route all other droplets to a waste bin.  

However, in other embodiments, various systems may set multiple levels of charge in 

order to allow sorting in to sort destination 114.  Once assigned a charge, the droplet 

may be attracted / repelled by charged plates in the system.  The negatively charged 

droplets may be attracted by the +Ve plate, and sorted into one output container; the 

positively charged droplets may be attracted by the -Ve plate.  The droplets whose 

readings may be inconclusive (where the droplet contains no cell, or where the droplet 

contains more than one cell) may be sorted into a waste container. 

 

[00183] In an embodiment, the configuration in FIG. 1 may be applied to pre-

fertilization sperm cell sorting for gender, for example.  Sperm cells would be 

interrogated by QCL 102 that may be tuned to the absorption of DNA, possibly QCL 

102 tuned to other cellular matter, and possibly a visible laser to measure scatter from 

the cell.  The visible laser and cellular matter QCL wavelengths may be used to 

determine if a single sperm cell was present, and possibly the orientation of the cell.  

The absorption of the wavelength tuned to QCL 102, and the associated detector 104, 

may be integrated and processed together with the other readings to determine the total 

mass of DNA in the cell.  The 2-5% differential in DNA mass between cells carrying 

the X- and Y-chromosomes would be used to sort cells into X-bearing and Y-bearing 

samples.  Inconclusive measurements, multi-cell droplets, and droplets without cells 

may be sent to a waste container.  In other embodiments, the system may be further 

simplified for this application by having only “selected cells” and “waste” outputs.  In 

some embodiments, spectral measurements of sperm cells may have been used to 

measure the extent of any chromosomal/DNA damage in a cell.  Cells that may have 

unusual spectra in their DNA fingerprint may therefore be discarded.  Similarly, cells 

showing unusual ratios of other cellular matter compared to DNA matter may indicate 

lack of viability or damage to the cell, and these may be used to reject the cell. 
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[00184] FIG. 2 shows a potential configuration of laser source 102 to interrogate a 

sample stream, in either a flow cytometer 100 configuration as shown in FIG. 1, or in 

another configuration where cells are presented in a fluid channel such as in a 

microfluidic chip system.  In this embodiment, a visible laser 202 may be used to detect 

the arrival of a cell in the stream by its scattering signature.  The scattering signal may 

encode other information about the cell including size, features that may help indicate 

the cell type, or orientation.   

 

[00185] The visible scattering signal may then be used to trigger QCL 204 operation 

where one or more pulsed QCLs are used.  The advantage of pulsed QCLs running at a 

low duty cycle is that they may produce significantly higher power for the short period 

in which the cell is in the measurement location, allowing for a higher signal-to-noise 

ratio in the measurement. 

 

[00186] The visible laser 202 measurement may be configured such that it detects 

cells ahead of the QCL 204 volume for a number of reasons as it may allow the QCL 

204 to be turned on and stabilize in terms of power and wavelength before the spectral 

measurement commences, it may also be desirable that the QCL-based measurement 

begins before the cell arrives, and coincidentally with the visble laser, in the 

measurement volume, in order to have baseline infrared measurements before and after 

the cell is measured.  However, in other embodiments, a separate detector may be used 

on the output of the QCL 204 to normalize out laser power.  In other configurations, 

the “visible” and mid-infrared measurement volumes may be the same, and beams may 

be combined into a single beam.  The visible beam may be enlarged along the flow axis 

to produce a signal that is longer than the QCL-based measurement. The visible 

measurement may measure scatter to one or more detectors 206, and may even be used 

to produce an image or pseudo-image of the cell in order to measure size or orientation.  

Cell orientation may be critical information for the sort based on QCLs 204.  For 

example, sperm cells, which pack DNA very tightly into their body, may be 

asymmetric.  Transmission measurement through the long axis of the cell may result in 

a significantly different absorption measurement than through the short axis.  With the 

aid of one or more visible beams and their scattered signals, cell orientation may be 

determined to process the QCL-based measurement more accurately. 
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[00187] FIG. 3 illustrates a simplified example of mid-infrared spectra for a flow 

such as those described in Figs. 1 and 2.  The example shows infrared transmission of 

three constituent materials in the flow of water which may have many absorption 

features in the mid-infrared, cellular components other than DNA, and DNA. 

 

[00188] In an embodiment, three QCL wavelengths may be used: one to measure 

water absorption through the stream, one to measure cellular components other than 

DNA, and one to measure the DNA signal.  The three absorption spectra may be 

overlapping, in which case a 3-QCL approach is desirable in order to strip out the DNA 

signal.  In an embodiment, the outputs of the 3 QCLs may be combined into a single 

beam that is sent through the sample, and then broken into separate wavelengths using 

thin film filters and the like, and detected by 3 mid-infrared detectors such as cooled 

Mercury-Cadmium-Telluride (MCT) detectors.  The absorption of the water is 

calculated first, to normalize the measurement of the non-DNA cellular constituents; in 

the case where the cellular constituent absorption overlaps with the DNA absorption 

spectrum, this signal is then used to normalize the signal received from the DNA-

specific wavelength detector. In an embodiment, the signal corresponding to non-DNA 

components may be used separately to classify the cell type, orientation, and the like.  

In other embodiments, a broadband QCL source may be used to produce mid-infrared 

light covering all the relevant features, and a similar 3-detector configuration may be 

used.  Another configuration may use a scanning tunable QCL that rapidly scans the 

wavelength range of interest, in addition to a single detector.  Another configuration 

may be the use of a broadband QCL source plus a tunable detector system. 

 

[00189] FIG. 4 shows an example configuration of a system interrogating cells in a 

flow, which is shown in cross-section.  In this embodiment, multiple QCL-originated 

infrared wavelengths may be combined with a visible wavelength to interrogate cells.  

The wavelengths may be combined, and then separated, using dichroic thin film filters.  

The QCL wavelengths may be used in this case to normalize for water, or to measure 

relative constituents within the cell.  The visible wavelength may be used to detect the 

cell, and in other ways described earlier. 
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[00190] FIG. 5 shows an embodiment of the present invention, in which the flow 

and cells 120 and 122 are measured from multiple angles.  Again, this system may use 

one or more QCL wavelengths and visible/near infrared wavelength(s).  Measurements 

using one or more paths through the flow may be used to calculate or normalize for cell 

orientation or precise position within the fluid flow.  Such multi-angle measurements 

may result in significantly higher precision measurements of cellular components.  In 

other embodiments, visible beams where laser sources and detectors are significantly 

less expensive may be used from multiple angles to precisely localize the cell in the 

flow and/or measure its orientation to normalize measurements made using the QCL 

source(s) and associated mid-infrared detector(s).  The embodiment shown in FIG. 5 

may be extended to multiple angles through the sample.  If additional power is needed 

to provide high enough (signal-to-noise) SNR, multiple QCL sources may be used.  As 

described above, this may be supplemented with visible/near infrared measurements 

from multiple orientations, which may use the same beam paths, or a separate set of 

beam paths. 

 

[00191] FIG. 6 illustrates a simplified detector signal, corresponding to the sample 

spectra shown in FIG. 3.  A visible detector measures scatter from a cell entering the 

measurement volume, with the dip in signal indicating the presence of a cell. For 

example, one QCL is used to measure water absorption through the stream (essentially 

measuring the path length through the stream).  Another QCL is used to measure 

general cellular components.  Yet another QCL is tuned specifically to the absorption 

band for DNA (for example the O-P-O stretch band at 1095cm^-1 DNA/RNA).  In the 

manner described above, the signals are normalized to isolate the signal of interest 

(which may be the DNA content of the cell). 

 

[00192] FIG. 7 shows another embodiment of the present disclosure, where cells are 

measured in a dry state.  In this embodiment, a continuous tape is used as a substrate 

for the cells for measurement and separation.  The tape may be metal-coated to provide 

high reflectivity in the mid-infrared.  This example may be shown for sperm cells, 

which may withstand some level of desiccation.  Sperm cells may be spread onto the 

tape from a liquid reservoir -- a “squeegee” type nozzle may be used, potentially with 

features that may provide the sperm cells with a common orientation on the 
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measurement tape.  The sample may be air-dried rapidly but done carefully, so that it 

does not destroy the cells to a point where very little extraneous fluid is left around the 

cells.  A sensor head containing QCL lasers, detectors, and visible/near infrared 

lasers/detectors may be then scanned over the tape.  Absorption of the QCL 

wavelengths may be measured to determine, in a manner described above, the absolute 

amount of DNA contained in the cells and potentially other information regarding the 

cells. 

 

[00193] In an embodiment, cells or regions that may be rejected are then covered, 

with an ink-jet type device capable of a high output rate, with a substance that fixes the 

rejected cells to the substrate.  Optionally, the tape may be rehydrated to preserve the 

selected cells.  The tape then runs into an output reservoir, where the free (selected) 

cells may be extracted into a liquid.  The tape with the rejected cells fixed to it goes into 

a waste container.  The advantage of this configuration may be that the resulting piece 

of equipment may be very small, and take advantage of components already developed 

for low-cost, high-speed scanner and printer systems.  As the cost of QCL components 

may be reduced, this makes possible the use of low-cost, compact systems for clinics 

or even home use. 

 

[00194] In addition, the removal of liquids from the “sample stream” greatly 

increases the transmission of mid-infrared signal and potentially improves the SNR of 

the system.  The basic system illustrated in FIG. 7 may be configured in alternate 

manners in line with the present invention.  Other embodiments may include use of 

freezing rather than drying to fix the cells in place and prepare for measurement; use of 

selective unfreezing and removal in order to accomplish the selection process; and no 

use of drying or freezing but allowing a thin layer of liquid or gel to remain on the 

surface of the tape by hardening of the liquid/gel by any means in order to fix certain 

cells to the tape while others are extracted, including selective drying, exposure to 

radiation that hardens a gel, and the like.  Another embodiment may include use of a 

laser or other mechanism to destroy or disable cells that may be determined by use of 

the present invention to be of a type not desired by the sort. Potential subsequent 

filtering to separate dead from live cells may also be included. 
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[00195] FIG. 8 shows the application of the present invention embodied using a 

microfluidic-type cell sorting system.  Such devices have been demonstrated for cell 

sorting using conventional dye plus UV-activated fluorescence classification of cells. 

In an embodiment, the microfluidic device is configured in a basic manner, with an 

input well and two output wells.  Sorting at the junction is accomplished in one of the 

several ways known to those in the field, including but not limited to electrical fields, 

lasers, magnetic means (in conjunction with magnetic beads), or fluidic pressure ports.  

In an embodiment, the system may be configured to allow interrogation using one or 

more QCLs from the top, and simultaneous interrogation using a visible laser from the 

bottom.  This may be achieved, for example, by using a glass substrate as the lower half 

of the device (transmissive in the visible) and high-purity silicon as the upper “lid” for 

the device (transmissive in the mid-infrared).  The lids may be coated to improve optical 

performance; for example, the glass in the channel may be coated with a (visible light) 

transparent conductive layer that strongly reflects mid-infrared radiation to maximize 

the mid-IR signal returned to the mid-IR detector(s).   As described above, the visible 

laser may be used to detect a cell in the detection volume, and trigger pulsed QCL 

operation.  The mid-infrared light from one or more QCLs passes through the cell, is 

reflected by the bottom of the microfluidic channel, and into the mid-infrared detectors.  

The integrated signal as the cell passes through the detection volume may be used to 

classify the cell type, and to control the sorting mechanism at the junction. 

 

[00196] FIG.9 shows a portion of a very basic embodiment of the present invention 

which is a microfluidic system for live cell measurements.  A microfluidic chip with 

input 900 and output 902 wells may be constructed, in manners well known in the 

market, here with three layers: a top cap 912 in which the input 900 and output 902 

wells are etched, a bottom cap 910, and a patterned layer 914 in which microfluidic 

features are patterned.  This layer may consist of any of a number of materials, for 

example Polydimethylsiloxane (PDMS), which is readily patternable (by imprinting, 

for example) and biocompatible.  A well may be formed in this material corresponding 

to those patterned in the top cover.  One or more channels 904, which may be tapered 

to prevent clogging, may be patterned to connect the input 900 and output 902 wells.  

A portion of the channel constitutes the measurement region 908 where a mid-infrared 

beam produced by one or more quantum cascade lasers (QCLs) may be focused on the 



   

48 

channel 904 and transmitted or reflected to one or more mid-infrared detector(s), such 

as a mercury cadmium telluride (MCT) photodetector.  Cells passing through or 

positioned in the measurement area 908 may cause absorption of specific wavelengths 

of mid-infrared light corresponding to molecular vibration modes.  The absorption 

measured by the system at these wavelengths may be used to chemically and therefore 

biologically characterize the cells. 

 

[00197] One or both of the caps 910 and 912 and may be a material that transmits 

the mid-infrared wavelength(s) of interest.  Standard glasses used in microfluidics may 

absorb these wavelengths.  To build this architecture for use with QCLs in the molecular 

“fingerprint region” (2-20 microns wavelength, where molecules have their 

fundamental vibration modes), an infrared-transmissive material, for example ZnSe, 

may be used.  Other materials which may be used may include at least one of Ge, Si, 

BaF2, ZnS, CaF2, and KCl.  Certain materials such as BaF2 or ZnSe may be transparent 

in at least portions of the visible light range, which may be advantageous for systems 

where visible light guidance, observation, measurements or manipulation may be 

desired.  The visible light may include short wavelength light such as ultra-violet, 

visible, NIR of upto 2 microns. In certain embodiments of the present invention, 1.5 

microns light may be used to ensure compatibility with the infrared-transmissive 

materials.  

 
[00198] If the system may be built for transmission measurements through the 

channel 904 in the measurement area 908, then both top and bottom caps 910 and 912 

must be IR-transparent.  An alternative configuration may be reflective, where the mid-

IR light from the QCL(s) passes through one cap, passes through the measurement 

volume, reflects off the opposite cap, passes through the measurement volume a second 

time, and then exits the cap and is collected by a mid-IR detector.  In this case, only 

mid-IR entry/exit cap may be required to transmit mid-IR light.  For example Silicon 

may be used depending on the precise wavelengths being measured.  High-purity 

Silicon such as float-zone Silicon may be desirable to reduce absorption losses in 

certain ranges.  The opposite cap may use a standard microfluidic material, such as 

glass.  In this architecture, it may be desirable to coat the glass with a mid-IR reflective 

layer at least in the measurement region 908.  For example, even a thin layer of metal 

may be highly reflective in the mid-IR.  Alternatively, a conductive oxide such as 
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indium tin oxide (ITO) may be used in order to reflect mid-IR but be transparent in the 

visible range, in order to allow visible or near-infrared (NIR) access to the measurement 

volume from the opposite side.  The flow of cells through the channel 904 and 

measurement area 908 may be controlled in a number of manners well known in 

microfluidic systems, including pressure differentials between wells and, or an 

electrical potential over these wells.  The system may be configured to provide a 

continuous throughput of cells through the measurement area 908 for applications such 

as cell type counting or population statistics, or to allow precise positioning and 

stationary measurements of cells in this area for high-resolution spectral and other 

inspection of cells for R&D applications.   The structure illustrated may be replicated 

or multiplexed using multiple fluidic channels, which may be interrogated in parallel 

or sequentially by QCL-generated mid-IR light.  Parallel channels may allow for higher 

system throughput, and/or redundancy in case of clogging. 

 

[00199] In an embodiment, the present invention may be useful to integrate a method 

for disabling or destroying cells in the system.  For example, a laser with sufficient 

power to destroy key portions of the cell may be used to disable the cell.  The disabled 

cell then flows into the output, where it may be separated using filtering or other means, 

or left in the sample if it does not disrupt the function of the live cells.  An example of 

such an application may be characterization and selection of sperm cells.  Those cells 

which meet the selection criteria (for gender, for instance) may be allowed to flow 

through the channel unchanged, those that do not may be irradiated with a pulse of 

visible or infrared light which damages their cell membrane or propulsion mechanisms.  

Subsequently, a “swim-up” filtering which selects for motile sperm may be used to 

extract the live sperm cells.  Alternatively, the entire sample may be used and only the 

live cells are able to fertilize the egg.  A system based on the present disclosure would 

flow a suspension of sperm cells through one or more microfluidic channels.  In the 

measurement volume of a channel, one or more QCL beams would be used to determine 

the volume of DNA present in the sperm cell, and determine whether the cell is carrying 

X or Y chromosomes (a 2.5-3% difference in DNA volume may be seen), and 

optionally whether there are mid-infrared spectral indicators for other problems. The 

mid-IR measurement may be triggered and/or supplemented by a low-power 

visible/NIR beam which may measure cell scattering or size, based on the X/Y 
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characterization in the mid-IR and other markers in the mid-IR and/or visible/NIR.  

Those sperm which are desirable may flow through to the output without further 

intervention.  Those that are not may be illuminated within the measurement area, or 

immediately after it with a pulse of light which immobilizes it.  In an embodiment, the 

present invention may utilize light in the near or short-wave infrared range to 

immobilize sperm.    In an embodiment, a mechanism for separating motile from non-

motile sperm may be built directly into the microfluidic device in this system. 

 

[00200] Another example where such a selective-kill mechanism may be employed 

is in stem cell therapies.  For example, when a suspension of differentiated cells grown 

from pluripotent stem cells may be prepared for delivery into the subject, it is important 

to remove or disable residual stem cells, which may grow into tumors within the target 

organ.  In this case, a filtering system based on the present invention would inspect a 

flow of cells in one or more microfluidic channels, and interrogate these cells with mid-

IR beams from one or more QCLs.  Based on the observed spectral characteristics, and 

the calculated biochemical makeup of the cells, certain cells that may be identified as 

stem cells or cells that are not the type of differentiated tissue required, may be 

destroyed using a laser pulse.  In this manner, differentiated cells receive minimal 

handling and only very low-energy mid-IR radiation exposure, while cells which could 

cause abnormal growths if delivered intact to the target tissue are rendered non-

functional. 

 
 

[00201] A similar system may be used if a closed-circuit culturing, growth and 

filtering system may be built for stem cell or other applications.  Cells may be 

continuously run through a filtering system that inspects cellular biochemical 

fingerprints and terminates cells that do not meet the application requirements.  Again, 

applications of such systems may include regenerative medicine based on stem cells.  

Another potential application of such a system may be in high-throughput 

“evolutionary” processes where specific cell function is being targeted, and this 

function or its byproducts may be observed using mid-IR spectroscopic techniques.  For 

example, synthesis of specific chemicals may be the functional target, in this case a 

system based on the present invention may flow, with high throughput, cells through 

microfluidic channels where they are interrogated using QCL(s) and mid-IR detectors.  
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Cells showing promise may be recirculated into the system without change, those that 

do not may be destroyed using a laser or other potential tools such as ultrasound, RF, 

mechanical punches, liquid jets and the like, so they do not contribute to future 

populations in the system. 

 

[00202] FIG.10a shows detail of an embodiment of a measurement region in a 

microfluidic channel 1002.  Cells 1004 flow through the channel 1002 and pass a region 

illuminated by a mid-IR beam 1008 originating from one or more QCLs.  As the cell 

passes through the beam, mid-IR light is absorbed in a spectrally-dependent manner 

according to the molecular constituents of the cell.  In many cases, the beam area may 

be larger than the cell itself, and the extracted signal will correspond to an average over 

the cell and surrounding areas.  QCLs, as opposed to traditional mid-IR sources such as 

hot filaments, may be able to focus significant power into small areas, which provides 

a strong advantage for this system.  In many cases it may be desirable to mask 

surrounding areas in order to reduce the signal background.  In this case a masking layer 

1012 may be patterned on to one of the caps in order to create an aperture 1010 through 

which mid-IR light may pass.  This may maximize contrast as the cell passes through 

the measurement volume, and reduces contributions from other materials such as the 

PDMS or other material used to create the fluidic channels. 

 

[00203] FIG.10b shows the same example as 10a in cross-section.  Specifically it 

shows how a mask is used to ensure only a subset of the incoming mid-IR light from 

the QCL(s) is transmitted to the mid-IR detectors.  In this example, both top and bottom 

caps 912 and 910 must be made out of a mid-IR transmissive material.  If visual-range 

observation or measurements are also desired, at least one of these must be transmissive 

in both the mid-IR and visible ranges. 

 

[00204] FIG.10c shows a cross-section of an alternative embodiment that may use a 

reflective measurement for the mid-IR light 1008.  In this example, the measurement 

volume is illuminated with mid-IR light 1008 through the bottom cap 910 that is made 

of IR-transmissive material.  A portion of this light passes through the measurement 

volume, where it may pass through a cell 1002, and is then reflected by a patterned 

reflective layer.  The reflective layer may be a metal layer, or a conductive oxide as 
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described earlier in order to allow visible light access into the volume from the top.  

Reflected mid-IR makes an additional pass through any cells in the measurement 

volume, and then passes out through the bottom cap 910 where it may be captured by a 

mid-IR detector system.  The mid-IR light 1008 that is not reflected passes into the top 

cap 912 and is absorbed.  The advantage of this architecture may be the ability to use 

two different wafer materials for the top and bottom caps 912 and 910.  For example, 

the top cap 912 could be made of glass, which is low cost, transparent for visible 

observation or measurements, and can be readily patterned to form fluid cells/ports.  

The bottom cap 910 may be made of IR-transmissive material but not necessarily 

require visible transmission.  For example, silicon may be used for certain wavelength 

ranges. 

 

[00205] FIG.11 shows an embodiment of the invention where the microfluidics and 

QCL-based spectral measurement system may be combined with a more conventional 

fluorescence-based measurement system.  A microfluidic device 1100 may include 

channels to hold live cells 1008 as illuminated with one or more QCLs, which may 

include one or more tunable QCLs 1102.  The mid-IR radiation emitted by the QCL 

passes through the measurement volume and any cells 1008.  The transmitted light may 

be measured by one or more mid-IR detectors 1104.  This may be done in either 

transmission (as illustrated here) or reflection (as described earlier) modes.  Here the 

system may be shown to be complemented by a laser in the UV or visible range 1108 

which may emit light 1110 that is also directed at the measurement volume, where it 

excites fluorescent probes or dyes attached to specific cellular features.  The resulting 

fluorescence may be measured using one or more bandpass filters 1114 and detectors 

1118.  Such a system configuration may allow correlation of conventional label-based 

techniques with mid-IR spectroscopic measurements.  It may also enable combined-

mode systems where labels may be used to identify specific cell types/features, and 

mid-IR spectral measurements using QCL(s) supplement this information with spectral 

measurements, such as possibly for biochemical variations not possible to measure with 

known labels/dyes.  Note this system may be configured, as discussed earlier, as a two-

sided reflective system where IR and visible systems are positioned on opposite 

surfaces of the microfluidic system and operate in reflection. 
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[00206] FIG.12 shows an exemplary embodiment of the present invention where the 

microfluidic subsystem includes a cell-sorting fluidic switch 1208.  An input channel 

1202 delivers cells to the measurement volume 1204 where it may pass through a QCL-

derived mid-IR beam from one or more QCLs, with one or more wavelengths probing 

the cell.  The microfluidics may have been configured, in manners known in the 

industry, to center the cells in the flow channel.  Based on absorption at these mid-IR 

wavelengths, the cell may be classified into one of two categories.  In some 

embodiments, two pressure ports 1210 may be used to displace each cell to one side of 

the microfluidic channel, so as to cause it to flow into one of two output channels 1212.  

Such a system may be used to accumulate one type of cell out of a general flow of cells, 

or to forward one or two populations for further inspection and/or processing.  An 

example application of such a configuration may include gender selection, where sperm 

cells carrying X or Y DNA may be sorted into groups and one type may be retained for 

fertilization. In an example of a stem cell applicaiton, pluripotent stem cells may be 

separated from differentiated cells during extraction, or before reintroduction to a 

subject.  Other applications include refinement processes where cells are cultured, 

possibly mutated and repeatedly measured, with certain cells re-introduced to the 

culture based on their chemical “fingerprint”.  For example, those cells which produce 

and therefore contain a specific product may be selected for, on a cell-by-cell basis.  

The switching function in the microfluidic channel may be performed using any of a 

number of techniques known to the art, including electrostatic forces, acoustic forces, 

optical pressure/heating of a portion of the channel, containment of cells in bubbles that 

may be transported within another medium, and the like. 

 

[00207] FIG.13a shows an alternative microfluidic-based embodiment of the present 

invention, where a series of microwells 1304 may be integrated into a microfluidic flow 

channel/chamber 1302.  This structure may be 1-dimensional along a single channel or 

2-dimensional along an open plane.  Multiple parallel channels may be used as well.  

These wells serve to trap individual live cells in well-defined spaces where they may 

be measured using mid-IR techniques.  For example, a suspension of cells may be 

flowed through the channel 1302, and stopped momentarily to drop cells into the wells 

1304.  The suspension and stoppage time must be coordinated such that the majority of 

wells contain a single cell.   
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[00208] FIG.13b shows how the wells may be then scanned using mid-IR light from 

one or more QCLs.  Scanning may be accomplished by translating the microfluidic 

chip, or the laser leading mechanism.  As described herein, this may be accomplished 

in either reflective or transmissive mode.  This scan may be repeated multiple times in 

the case where a time series of measurements is being established to monitor changes 

in cells, with conditions such as temperature or chemical inputs through the channel 

possibly being varied.  Such time series may be used, for example, to monitor cell 

differentiation (such as for stem cell applications), cell metabolism for drug studies, and 

the like. 

 

[00209] Using this design, cells may also be separated using optical or electrical or 

combined techniques.  For example, a visible or NIR beam may be used to address a 

well, and the pressure and heating from this radiation displaces the cell resident in it 

back into the flow layer, where it may be flowed out of the cell.  Electrical heaters in 

the well may do the same, or electrostatic forces may be used to separate the cell from 

the well.  These operations may be performed in parallel.  For example, a projector-

type system may be used to project light into multiple selected wells simultaneously, 

causing the cells contained within them to be pushed up into the flow region, and 

transported out of the device.  This may open the potential for higher throughput 

processing using large arrays. 

 

[00210] FIG.14 depicts another embodiment in which the microfluidic chamber may 

be 2-dimensional.  A 2-dimensional fluid chamber 1402 may be formed between the 

upper and lower caps.  Optionally, if the area is very large, spacers 1404 may be inserted 

to maintain consistent spacing between the caps.  Cells flow into this area where they 

may be measured using one or more QCL(s) 1102 and mid-IR detector(s) 1104.  

Measurements may be performed either by translating the microfluidic chamber 

relative to the beam 1008, or moving the beam itself from cell to cell.  This may be 

controlled by a human operator, or an image processing system may locate cells and 

steer the QCL-derived beam onto them for spectral interrogation.   
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[00211] Alternatively, an “optical tweezer” beam where a laser spot 1408 (such as 

visible or near infrared) or annular pattern may be used to trap and move cells within 

the chamber 1402.  This method, which is well documented elsewhere, may be used to 

immobilize moving cells, such as sperm cells, or mobile microorganisms for 

interrogation by mid-IR.  It may also be used to move cells to a specific measurement 

volume 1410.  In this case, the mid-IR interrogation region may be stationary, and the 

cells may be translated in and out of the measurement volume using the optical 

tweezers.  The optical tweezers may be used to immobilize the cell temporarily, or at 

least confine it to the measurement volume for sperm cell inspection, for instance during 

the mid-IR measurement.  In some cases, such a visible or NIR beam may also be used 

to manipulate the cell optically, by heating it, and puncturing its membrane, with the 

entire process observed by the mid-IR spectral system based on QCLs. 

 

[00212] In an embodiment, the optical tweezer may be used to translate a cell in a 

scanning motion over the measurement region, in order to build up an “image” of the 

cell at a sub-cellular level.  This method may be used together with special optical 

features patterned on one of the caps, such as plasmonic or negative index structures 

that focus mid-IR light to a subwavelength spot for high resolution interrogation of the 

cell. 

 
[00213] FIG.15 shows an alternate embodiment of the mid-IR optics combined with 

a microfluidic channel 1502 in a top view.  In this embodiment, optical waveguides 

capable of carrying mid-IR light without high losses may be used to deliver light from 

one or more QCLs to the measurement volume within the microchannel.  These 

waveguides may be fabricated from a range of mid-IR transmissive materials.  For 

example, silicon may be bonded to a glass wafer and patterned into waveguides using 

standard photolithographic techniques.  In this example, an input waveguide 1508 

delivers the mid-IR light to the measurement volume containing a single cell 1504, 

where it is absorbed according to its wavelength(s) and the concentration of various 

chemical constituents in the measurement volume, including the cell.  The transmitted 

light may be collected by the output waveguide 1510 and delivered to a mid-IR detector.  

Alternatively, a reflective design may be used to get two or more passes through the 

cell (with output to waveguide 1512) -- more than one reflection may also be used. 
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[00214] The potential advantage of a waveguide-based system may be a very 

consistent alignment of the light source and output relative to the measurement 

volume, and the beam shape (and therefore illumination) relative to the volume.  

Changes in beam location and profile relative to measurement volumes in the present 

invention may be calibrated initially, before use, or periodically, such as through the 

use of calibrated particles, for example, tiny plastic spheres of known diameter flowed 

through the microfluidic measurement cell.  In addition, the strong absorption of 

water and other liquids in the mid-IR range may allow the system to be calibrated 

more easily using a liquid-only approach. 

 

[00215] FIG.16 shows a system for the growth and purification of cells based on the 

present disclosure.  A unique aspect of the disclosure may be that it allows repeated 

interrogation of live cells without labels and UV light or other methods, meaning the 

preparation steps (such as labeling) may not be required, cell function may not altered, 

DNA may not be damaged such as that caused by some chemical stains and UV light, 

and no processing may be required to remove labels.  For the aforementioned reason, 

this makes the disclosed approaches ideal for use in systems where cells or their 

descendants may be repeatedly interrogated for the purpose of “guiding” growth or 

purifying a cell culture. 

 

[00216] In an embodiment, an integrated bioreactor 1602 may form the center of the 

system, where cells may be incubated and may multiply, differentiate (such as for stem 

cell cultures), or produce biochemical compounds of interest.  Cells may be introduced 

to the system through a cell input 1604.  On the way into the reactor, the cells may pass 

through the measurement volume 1608 which may be interrogated by one or more 

QCLs, and optionally visible/NIR lasers.  During input, the cells may undergo 

purification, time permitting, through the use of a cell sorting switch 1610.  Cells that 

do not meet certain criteria may be sent to the output well 1612 for disposal.  Those 

cells that do meet the criteria may move through the reactor input 1614 into the 

bioreactor chamber.  The reactor chamber may take multiple forms.  For example, the 

bioreactor may either be integrated into the microfluidic chip, or be implemented in 

macroscopic form.  Multiple mid-IR measurement/sorting microfluidic devices may be 

attached to a single bioreactor in order to achieve higher throughput.  The reactor may 
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function in ways well known to those skilled in the art, with cell culture media/growth 

promoters, etc, and potentially surfaces or structures that may allow temporary 

attachment of cell structures.  Media to feed cells and promote growth, differentiation 

or mutation or, to stress cells with particular compounds may be introduced to the 

bioreactor through an input 1620, and waste products may be removed through an 

output or exhaust 1622.  In addition, temperature and other conditions in the chamber 

may be controlled.  In one embodiment, the control is through a feedback loop based 

on system-integrated sensors. 

 

[00217] After a specified interval or operations, cells may be extracted through 

reactor output 1618 and may be flowed through the measurement volume 1608 and cell 

sorting switch 1610.  This process may eliminate cells not meeting the criteria, such as 

by ejecting them into output 1612, and flowing the remainder back into the chamber.  

At the end of the cycle, a final sort outputs 1612 the desired, purified cells into the 

output 1612 for collection.  This final output may be different from the one in which 

the ejected cells was flowed.  An example application is in the use of pluripotent stem 

cells to grow specific cells for implant into an organ.  Initially, the input cells may be 

sorted to place only pluripotent stem cells into the bioreactor.  These cells may then be 

cultured in order to multiply, with continuous purification to remove any cells which 

differentiate prematurely.  Next, chemicals/media may be introduced into the reactor 

and conditions changed that may promote differentiation into the target tissue type.  At 

this stage, the QCL-based sorter may serve to continuously remove cells that may have 

been differentiated into the wrong type of cell.  Finally, at the output step, only properly-

differentiated cells may be sent to the output 1612, with any pluripotent cells removed 

to avoid potential tumor growths in the target organ. 

 

[00218] Another example where such a system is of interest may be in guiding 

evolution of cells or even small multicellular organisms with specific chemical 

properties.  For example, there may be used to evolve algae that may be efficient in 

producing precursors to biofuels.  In this example, a system based on the present 

disclosure, which may be used to characterize and measure intracellular chemical 

constituents with high throughput, and without damaging the cells, may be of interest 

in performing high-throughput “guided evolution” of optimized algae cells.  In this 
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case, the bioreactor serves to multiply successful cells, to introduce a certain number of 

mutations, and the QCL-based single-cell chemical measurement system and sorter 

may serve to measure levels of desirable products being produced by live cells (without 

puncturing them), and removing those cells which do not meet criteria.  Such a system 

has the potential to eliminate slow, tedious work with macroscopic samples, and 

significantly accelerate development of optimized cell cultures.  Similar methods may 

be used to “breed” cell cultures for use in other applications, including pharmaceuticals, 

“green” chemicals, nutritional supplements such as omega-3 fatty acids, and other 

substances that may be produced by microorganisms. 

 

[00219] FIG.17a and 17b shows two potential configurations for QCLs and mid-IR 

detectors in the present disclosure.  In FIG.17a, multiple QCLs 1702 may be combined 

into a single beam by mirrors, such as half mirrors, or thin film interference filters 1704.  

The use of wavelength-specific filters reduces the losses associated with combining 

multiple beams, but may reduce the flexibility of the system if multiple tunable QCLs 

may be used with overlapping wavelength ranges.  The beams may pass through the 

microfluidic measurement volume 1708 and may be collected by a single mid-IR 

detector 1710.  In this configuration, the QCLs may be modulated in a manner that 

allows their signals minus absorption in the measurement volume to be easily separated 

by electronic means in the detector output, by methods well known to those skilled in 

the art.  For example, where pulsed QCLs may be used, they may be alternately pulsed 

such that they result in discrete measurements on the detector.  Alternately, they may 

be modulated at characteristic (and potentially different frequencies), and the signals 

separated at the output through the use of analog or digital frequency filters. 

 

[00220] FIG.17b shows a configuration where the QCLs are arranged in the same 

manner, but there may be separate detectors 1714 corresponding to each wavelength, 

as filtered by filters 1712.  The potential advantage of this configuration may be higher 

system bandwidth, and the use of narrow passbands in filters 1712 to further reduce 

background signals in the mid-IR. 

 
 

[00221] FIG.18 shows an embodiment of the present invention where it may be used 

to sort live sperm cells for the purpose of pre-fertilization sex selection.  A sample 1802 
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may be provided to the system through an input 1804.  A filtering mechanism 1808, 

which may for example be a dense medium through which only sperm cells may travel 

(possibly including a centrifuge or pressure function, and possibly selecting for motile 

sperm) is used to separate sperm cells from other constituents of the semen.  The 

filtering mechanism may optionally include a centrifuge or pressure function.  The 

filtering mechanism may optionally select for motile sperm.  This step may be done 

externally from the system through methods well known to those skilled in the art.  Such 

a filter could consist of microfluidic features itself.  

 

[00222] The filtered sperm cells possibly with the addition of a medium which 

promotes flow and viability may be transported to a sorter input chamber 1810.  From 

this chamber, they may flow into the measurement volume of a microfluidic channel 

1812, such as through microfluidic features which orient cells and prevent clogging.  

Multiple microfluidic channels and measurement systems may be used where higher 

throughput is required.  When a sperm cell arrives in the measurement volume1814, it 

may be detected through the use of a visible or NIR laser 1818 and a scattering detector 

1820.  The scattered signal may be used to determine whether the cell entering the 

measurement volume is indeed a sperm cell, and whether it is oriented correctly, and/or 

visibly malformed.  The signal may also trigger the use of QCLs 1822.  In an 

embodiment, two QCLs may be used.  One QCL may be used to measure the 

asymmetric phosphate bond vibration at approximately 1087cm-1 which is 

characteristic of the DNA backbone.  Another QCL may be used to establish a reference 

level, which may be done with a wavelength just off the primary QCL, or at a known 

reference wavelength that establishes a reliable baseline for the measurement.  One or 

both of the primary and reference QCLs may be rapidly scanned in wavelengths over a 

narrow range in order to facilitate measurement of a second derivative, a common signal 

used in infrared spectroscopy.  The QCLs may be used in pulsed mode to achieve higher 

peak power, and to allow use of a single mid-IR detector 1828. 

[00223] The reference wavelength may not be strongly absorbed by DNA or any 

other target analyte.  A subtraction or other analytical procedure may be done, such as 

by a processor, of the reference signal in relationship to the primary signal.  

Measurement of the signal itself may involve measuring an amplitude of absorption, 

standard deviation from the peak of the signal and/or reference curves, 
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AUC/integration of the signal, and the like.  In some embodiments, the reference 

signal may be just the signal measured prior to an absorption curve. 

[00224] A pre-filter may enable sorting cells by size, a surface property such as an 

antigen or a cell surface protein, a chemical composition, a characteristic determined 

by embodiments described herein, and the like. 

 

[00225] Mid-IR light from the QCLs passes through the measurement volume 1814 

and any cells contained within it, and transmitted light may be measured by mid-IR 

detector 1828.  The calculated absorption in the DNA band, as normalized by the 

reference QCL wavelength and measurements before and/or after the cell passes 

through the volume may be used to calculate total DNA contained within the sperm 

cell.  This calculated concentration may be used to determine whether the cell is 

carrying X, Y or unknown chromosomes.  Depending on the desired sex of the 

offspring, the cell is then either let through unchanged, or disabled/destroyed through 

the use of an infrared laser 1830.  To disable a sperm cell, the infrared source may be 

pulsed at high power, focused on the cell or preferably, the tail of the sperm cell which 

may immobilize the sperm cell.  The use of a wavelength in the NIR (800nm or higher) 

may minimize the possibility of chromosomal damage, should a sperm cell treated in 

such a manner still result in fertilization.  Multiple, lower-power pulses may be used.  

Subsequently, the sperm cells, both viable and immobilized, may be transported to the 

microfluidic output 1832, where they may be then filtered using a filter 1834.  This 

filter should ideally select for motile sperm cells through a method such as the “swim-

up” method, where sperm swim through a thick cultured medium, thereby enabling 

collection of only motile cells.  As mentioned hereinabove, microfluidic, or well-known 

macroscopic methods may be used to achieve this filtering.  The output 1838 is then 

placed into a delivery mechanism 1840.   

 

[00226] In various embodiments, the sperm cells may be cryogenically preserved 

before use.  In this case it would be desirable to preserve them immediately after sorting, 

and then run a motility-based filter after unfreezing, since the freezing process itself 

may render a portion of cells immobile.  The present disclosure thereby enables a sperm 

selection system that does not expose sperm cells to harmful dyes or to UV radiation, 

that may achieve high specificity in terms of gender selection, and that may be 
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implemented in a closed system, which eventually makes it viable for small clinic or 

even home or farm use.   

 

[00227] FIG. 19a shows a cross-section of a fluid stream 1902 oriented to carry cells 

through a measurement volume such that flow is into or out of the plane of paper in this 

case.  The flow is illuminated using one or more QCLs, with a hypothetical illumination 

profile 1908 shown.  Note that this may be an unlikely illumination profile and is shown 

to illustrate the invention only.  Various beam shaping optics may be used to shape the 

beam relative to the flow and to the region where cells are expected to flow through the 

detection volume.  The mid-IR illumination is shown as 1904, illustrated in this 

example to be wider than the liquid flow.  It should be noted that a beam narrower than 

the flow may be used as well, and may be preferable from an optical power and contrast 

standpoint.  The mid-IR light is strongly absorbed by water in the stream 1902 and 

therefore, a characteristic absorption pattern 1910 is seen in the transmitted radiation 

even in the absence of a cell in the measurement volume.  The light may be more 

strongly absorbed in the center since the stream in this case is circular.  Ultimately, it 

will be highly desirable to measure the transmitted mid-IR radiation using a single 

detector; however, this only resolves the total power transmitted and not the beam 

profile. 

 

[00228] FIG. 19b shows the same configuration with two example cells in the flow.  

The positions may be exaggerated for illustration, and two cells may be shown 

simultaneously only to show positional variation over time.  One cell 1912 may be well-

centered in the flow, while another 1914 is off-axis.  The transmitted intensity profile 

1918 shows how this positional variation results in different power levels observed by 

the detector.  Each cell in this example may cause the same incremental fractional 

absorption of IR light.  For the on-center cell 1912, the fractional absorption 1920 may 

be of a smaller total amount of power reaching the detector and therefore causes a 

smaller change in total power detected 1924.  More mid-IR light arriving at the detector 

has passed through the off-axis cell 1914 and therefore the fractional absorption 1922 

may have a larger effect on total power change 1928. 
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[00229] As a result of this position-dependence, depending on the position variation 

of cells in the flow, and on the signal ultimately being measured, it may be desirable to 

either minimize effect of position by design, or compensate effectively for cell position 

as it flows through the measurement volume. 

 

[00230] FIG. 20a illustrates one configuration of the present invention that 

minimizes the effect of cell position in the flow that results from water absorption.  In 

this case, a rectangular or square flow 2002 may be used to force equal path lengths 

through liquid for all parts of the mid-IR beam.  A rectangular channel 2004 may be 

formed in material that is transparent to mid-IR at least on the optical input and output 

sides.  These surfaces may be antireflection (AR) coated for water to minimize stray 

reflections from surfaces and any resonant effects.  The input beam profile 2008 may 

be used to illuminate the channel.  In this example, the portions of the beam outside of 

the sampling volume may be blocked, either by material choice or by making a mask 

that rejects this light (which would reduce contrast ratio in the measurements).  As a 

result, the transmitted radiation 2010 may have a very consistent power profile spatially 

(limited by the input beam profile and diffraction effects). 

 
 

[00231] FIG. 20b illustrates the rectangular channel with two hypothetical cell 

positions in the measurement volume, a well-centered cell 2012 and an off-axis cell 

2014.  In this configuration, the fractional absorption caused by the cells at different 

positions may be of the same amount of light (same path length), as is illustrated by 

these absorptions 2020 and 2022 on the output intensity profile 2018.  As a result the 

power changes 2024 and 2028 that may be detected on the detector may be the same 

for these positions. 

 

[00232] A square or rectangular flow cell may be implemented in a number of ways.  

Such a nozzle could be drawn using standard glass-forming techniques and made out 

of IR-transmitting glassy materials such as chalcogenides glasses.  However, probably 

the most proven way to build such a channel may be by building a 2- or 3-layer structure 

with one layer patterned to form a channel.  For example, two wafers of IR-transmitting 

material could be AR-coated (for AR in water on one side, and air on the other), a 

material that may be readily patterned deposited on one of them, channels patterned 
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into this material, and then the wafers bonded together and diced to produce multiple 

measurement channels suitable for the present invention.  Multiple methods for forming 

such microfluidic channels are known in the industry and may be used to implement 

the present disclsoure.  Of course, the materials on optical input and output sides must 

be IR-transmissive.  For example, Si, Ge, ZnSe and other materials with good mid-IR 

transmission may be used to form the channel that acts as the measurement volume.  

Optionally the material may also be chosen to transmit UV, visible or near-infrared 

(NIR) light in order to make other measurements of the flow and cells including 

scattering, such as measurement of cell presence, size, density and the like, and 

fluorescence, where a combination of traditional fluorescent label-based measurements 

and Mid-IR measurements are desired. 

 

[00233] FIG. 21 shows an embodiment of the present invention implemented in a 

standard flow cytometry system, in this case fitted for mid-IR cell measurements based 

on QCLs.  The flow cytometric nozzle uses a sample injector 2102 to provide a steady 

flow of cells in a “core” flow, which is combined with a sheath flow 2104 that surrounds 

it and merges with it in a laminar flow, which then narrows 2108 as it reaches the 

measurement volume and ejection nozzle.  An alternative to the core/sheath architecture 

that is most commonly used may be the use of acoustic focusing of the cells into the 

center of a single flow.  In many traditional flow cytometers, the stream is interrogated 

using UV and visible lasers while it is a continuous flow in air 2110.  In some 

embodiments, such lasers may also be used to measure cell properties, both through 

scattering and optionally through standard fluorescent labels.  Due to pressure waves 

applied to the nozzle liquid, the stream then breaks into individual droplets 2112, which 

may be important for cases where cells are sorted into populations.  In an embodiment, 

a cell sorter case, charge may be applied to the sheath fluid just before each droplet 

breaks off, based on the measurements that have been done on its volume and any cell 

it contains.  However, in other embodiments, a plurality of cells could be used.  

Electrostatic fields are then used to guide these droplets into two or more output 

positions, where they may be collected or discarded.  Such systems are in wide use, and 

well-understood by those familiar with the field of cell sorting. 
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[00234] In an embodiment, the present invention adds use of one or more QCLs 2118 

and mid-infrared detectors 2124 to the cell measurements, for direct chemical 

measurements through vibrational spectroscopy.  Rather than measure the flow in air, 

where it should be circular to facilitate smooth flow and break into droplets, the mid-

IR measurement may be done in an enclosed measurement volume using a mid-IR 

transparent flow cell 2114.  This flow cell is made of mid-IR transparent material and 

AR-coated in order to reduce reflection losses and artifacts (AR coated for water 

internally, and for air externally).  The QCL-generated 2120 light may originate from 

one or more QCLs, each of which may be tunable at either high or low speed.  Low 

speed tuning would be used for cytometer setup for different tasks, whereas high-speed 

wavelength scans tuning, for example through the use of drive current, may be used to 

scan over a particular absorption peak of interest.  The light transmitted 2122 through 

the flow measurement cell and any cells contained within it may be then sent to one or 

more mid-IR detectors 2124.  Multiple detectors may be used to enhance the speed 

and/or signal-to-noise ratio (SNR) of the system through the use of one detector per 

wavelength range that is emitted by multiple QCLs.  For example, a simple system 

would employ two QCLs, one for the signal of interest, and one for reference level.  

The light from the QCLs may be combined using a dichroic thin film filter or other 

wavelength-dependent component, such as a grating, into a single input beam; the 

transmitted mid-IR light 2122 may be split using a thin film filter into two mid-IR 

detectors, such as MCT detectors, one measuring the signal wavelength and the other 

measuring the reference wavelength.  An enhancement to this base system may rapidly 

scan one or both of these lasers of narrow ranges, allowing a local derivative and second 

derivative in absorption to be measured, which can greatly enhance accuracy against a 

varying absorption baseline.   

 

The measurement cell 2114 may be fabricated with a square or rectangular cross-section 

to eliminate optical effects due to varying path lengths, as described hereinabove, as 

well as lensing and other optical effects that result from light impinging on surfaces 

non-perpendicularly.  Both the external air-facing and internal liquid-facing surfaces 

may be AR-coated to reduce light loss and stray reflections, and minimize any 

interference effects.  In this architecture and in the other architectures described herein, 

the present invention may be combined with traditional optical measurements using 
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UV, visible or NIR lasers or other sources to interrogate cells in the flow.  For example, 

fluorescent labels attached to the cells may be read using UV and/or visible lasers.  The 

combination of traditional fluorescent label readout and mid-IR vibrational 

measurements may open up new possibilities for research and clinical applications.  For 

example, fluorescent antibody labels may establish a “yes/no” measurement for a 

particular type of cell, and mid-IR measurements may then be used to establish 

quantitative measurements of biochemical concentrations of materials such as DNA, 

RNA and the like.  Such a combined-mode measurement system may further be used 

to research and develop mid-IR measurement techniques that offer higher accuracy, 

lower cell damage and/or easier processes with better applicability to clinical or field 

devices than their fluorescent label equivalents. 

[00235] Another example of combined modes may be the use of scattering 

measurements to determine cell size and shape.  Screening cells by size and shape, such 

as to determine type of cell, may be combined with mid-IR measurements of chemical 

constituents to provide measurements of a particular cell population, or to provide 

higher accuracy measurement. 

 

[00236] On the output side of the cytometer, there may be various options other than 

breaking into droplets and sorting as shown in Fig. 21.  The cells and fluid may flow 

directly into a waste container, keeping the system closed, wherever measurement may 

be the objective.  Where sorting may be required, but a closed system is desirable, a 

number of alternative sorting techniques have been developed, including mechanical 

sorters where two or more channels are placed into the flow. 

 
[00237] Another technique that may be combined with the present invention to 

produce a closed, “all-optical” cell sorting system is photodamage cell selection.  In 

this architecture, after measurement may have been done using mid-IR absorption 

measurements possibly in combination with more conventional techniques, those cells 

that may not be desired in the population are subjected to pulses of light, typically from 

a laser, sufficient in power to damage or destroy them.  One example is the use of pulses 

of light to immobilize sperm cells with laser pulses in the 1000-2000nm range and 

therefore prevent them from fertilizing an egg, without damaging DNA.  In other cases, 

destruction of the cell membrane using a laser pulse may be used to remove the cell 
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from a population.  Other non-optical techniques such as acoustic, mechanical, and RF 

have also been described and may be used in embodiments of the present disclosure. 

 

[00238] FIG. 22 shows the present disclosure embodied in an architecture that allows 

cell position in a flow to be measured accurately, in order to compensate for position-

dependent variations in mid-IR absorption signal.  The flow 2202 directed in or out of 

the plane of the page contains cells 2204 to be measured using mid-IR light 2210 from 

one or more QCLs 2208, the transmitted portion of which may be measured by one or 

more mid-IR detectors 2212.  In some embodiments, the mid-IR beam is combined with 

one or more visible/NIR beams 2218, from light source(s) 2214 which may be used to 

accurately determine cell position and, potentially, size and shape.  Dichroic filters 2220 

and 2222 may be used to combine and separate, respectively, the visible/NIR and mid-

IR beams.  When the visible/NIR light strikes the cell 2204, it may be partially scattered.  

This scattering is detected by visible/NIR detector(s) 2228.  This configuration shows 

only forward scatter detectors, detectors may be used at other angles to measure wider-

angle scattering.  If an array of light sources and/or detectors is used, they may be placed 

in a manner as to enhance the accuracy of the position measurement, for example, they 

may be placed in a diagonal line across the flow in order to add a time component to 

the measurement, as cells flow by the light sources/detectors. 

 

[00239] The ability to accurately determine cell position in this manner may allow 

the mid-IR absorption signal to be compensated for cell position.  In some 

embodiments, if the flow 2202 is circular in cross-section and the cell 2204 is displaced 

from the center, the fact that more mid-IR light signal is originating from the path 

containing the cell relative to when the cell is centered in the flow may be used to 

compensate the apparent absorption signal.  In addition, visible/NIR sensors may be 

used to monitor the position and shape of the overall flow relative to the mid-IR laser 

light path.  The flow itself lenses the visible/NIR light based on its position, diameter, 

and shape.   

 

[00240] In all of the embodiments in this invention, it may be useful to compare mid-

IR transmission signals before and after cells pass through the measurement volume 

with measurements during cell residence in the volume.  This may give a baseline that 

may show the water absorption effect that may be very strong in the mid-IR. 
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[00241] FIG. 23 shows an embodiment of the present invention that may use 

additives to the core or sheath fluid in a flow to create a “tracer” which may be measured 

directly by the mid-IR subsystem, and therefore allows accurate real-time 

calibration/compensation for core flow position, and variations in flow shape and 

position. 

 

[00242] FIG. 23a shows a sheath flow 2302 surrounding the core flow 2304 being 

illuminated using mid-IR light  2308 from QCL(s).  In this example, a tracer may be 

added to the core flow at a known concentration.  The tracer may be selected to absorb 

at the wavelength of one of the QCL sources in the system.  If the core flow diameter 

may be controlled accurately, such as through accurate core/sheath pressure control, its 

absorption may then be used to track mid-IR absorption effects, such as water 

absorption, on the core flow-related signal by using readings before and after cells pass 

through the measurement volume.  

 

[00243] FIG. 23b shows the same flow with a cell 2310 in the measurement 

volume.  In an embodiment, a configuration of this system may employ at least 2 

QCLs, or 1 QCL that may rapidly tune over an absorption peak shared by the tracer 

and the target cell component.  The method to determine concentration of the target 

compound in the cell may be then to measure the absorption at the target mid-IR 

wavelength relative to water absorption without (FIG.23a) and with (FIG.23b) the cell 

present.  This may give a signal relative to a known concentration, with flow- 

position-related factors removed. 

 
[00244] FIG. 24 depicts another embodiment of the present invention in which 

multiple mid-IR beams may be used to interrogate the measurement volume.  The use 

of multiple beams allows the position as well as the absorption of a cell 2404 to be 

measured more accurately, akin to computed tomography methods used in medical 

imaging.  One or more QCLs 2408 emit mid-IR light that may then split into three 

beams by partially-reflecting mirrors 2412.  These beams, with the help of fully-

reflective mirrors 2414 may be then directed at 3 different angles through the flow 

2402, which flows in or out of the plane of the page, and any cells contained within it 

2404.  The beams may then detect using three mid-IR detectors 2410.  Measurements 
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made before or after a cell may pass through the measurement volume in this example 

may be used to normalize the measurement, as they reflect the position and shape of 

the water flow.  Measurements of the cell made as it passes through the volume may 

be from three angles.  Using three measurements, plus the measurements of the flow 

without the cell present, it may be possible to determine both position and absorption 

of the cell within the flow according to algorithms well known in computed 

tomography. 

 

[00245] In an embodiment, the system may be embodied as a microfluidic chip.  

An example of operation of the chip may include procuring a sample of cells in 

suspension from patient or culture, with any necessary protocol to individuate cells in 

the suspension; placing the entire sample into an input port of a one-time-use plastic 

carrier; and placing the sample carrier into a tool.  Then, a cassette of microfluidic 

measurement/sort chips may be inserted into the tool.  Multiple chips may be used for 

a single sample in the case of clogging or degradation.  Chips may be built from 

materials that are optically compatible with the spectral cell measurement being 

performed.  In the case of mid-infrared (QCL) based measurement, the chip may be 

made of mid-IR transparent materials including but not limited to Si, Ge, ZnSe, CaF2, 

BaF2 or salts with protective coatings.  Chips may have coatings that protect them 

from fluid, are hydrophilic (to promote flow of liquid through measurement channel) 

and provide anti-reflective (AR) functionality.  AR coatings may be applied to 

external surfaces to minimize reflections, and to the top and bottom of microfluidic 

channels in the measurement zone in order to prevent reflections, maximize signal, 

and minimize resonant optical effects (in this case the AR coatings are designed to 

minimize reflection at the interface with water).  These internal (channel surface) AR 

coatings are particularly important where a high-index material is used to construct 

the chip, in which case a resonant optical field could be created within the channel; 

this would lead to a situation where optical field intensity, and therefore interaction 

with biochemical components of a cell being measured, would be dependent on the 

vertical position of the cell within the channel, introducing variability that may not be 

acceptable.  This may be remedied with appropriate optical coatings that minimize 

reflections at these interfaces, and therefore minimize these resonance-created 

variations.  Chips may be pre-loaded with liquid in the input and output volumes, as 
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well as the measurement channel, to eliminate issues with starting fluid flow through 

the measurement volume.  Chips may include sealing layers/tapes on the input and 

output reservoirs to maintain sterility, and prevent evaporation of priming liquid; the 

fluid in the input volume may be pre-seeded with particles used for calibration of the 

chip.  Chips may be charged with additional liquid which is used to create a “sheath” 

flow around the core flow containing the cells; this same fluid may be used to apply 

pressure to the system and maintain flow of cells through the measurement volume.   

[00246] Known microfluidic configurations for creating 2D or 3D sheath/core 

flows may be used. Sheath/pump fluid may be sealed in wells on the chip that are 

opened for the purpose of pumping, or may reside below flexible membranes that can 

be addressed with an external pressure source, thereby maintaining fluid isolation. 

[00247] The tool opens the input chamber of a chip, positions the chip onto the 

sample carrier, and moves a specific volume of sample onto the chip input reservoir; 

the system may be configured to provide continuous flow from the sample carrier to 

the chip, or charge the chip in specific increments, either one-time or in multiple 

batches.  One potential architecture opens a tape on input reservoir of the microfluidic 

chip, loads a small volume of the cell sample, re-seals the tape, and then moves the 

chip to the optical measurement system, where it remains sealed until the sample has 

been analyzed/sorted or until the chip clogs; then moves the chip back to the carrier, 

unseals the output reservoir, and transfers the sorted sample to the output reservoir of 

the carrier; the chip is then disposed of (in the case where it is a measurement only, 

the chip may be disposed of directly, without the transfer to carrier step). 

[00248] At startup on a specific sample, the tool runs a small but statistically 

significant sample of cells through the measurement channel of the chip, and into the 

non-selected (disposed) output reservoir.  Each cell is measured using the vibrational 

spectroscopy system described herein.  For example, it is probed at three wavelengths 

corresponding to DNA absorption, absorption of an interfering substance (which also 

absorbs at the DNA absorption wavelength; as an example certain proteins), and a 

third reference wavelength (to measure general absorption level due to water and 

other wide spectral features, for example).   From these three measurements, a single 

DNA content number is calculated.  The system also measures average throughput 

rate of cells.   
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[00249] A histogram of cell counts vs. DNA content is generated and displayed to 

the user.   This gives the user an immediate sense for the distribution of DNA content 

in cells, and whether there are distinguishable populations.  It may give the user an 

immediate sense, for example, of whether a population of cells is multiplying (at this 

point some cells have twice the normal amount of DNA).  Optionally, the tool may 

“fit” Gaussian or other distribution curves to the observed population.  These curves 

may be application-specific (where a certain distribution of DNA content is assumed).  

Such curves serve to calculate expected purity in a sort of the cell population by DNA 

content. 

[00250] The user may then select, through the user interface of the tool (which may 

be either on a built-in control panel, or on an attached devices such as a personal 

computer, laptop computer, tablet, smartphone, etc) at least two parameters of a sort, 

in the case where a sort is to be performed:  The range of DNA contents to select for 

in the “selected” output sample and the number of cells required in the output sample.   

[00251] With respect to the range of DNA contents to select for in the “selected” 

output sample, this could correspond, depending on the application, to significant cell 

populations including but not limited to: cells with X or Y chromosomes, where 

gender selection is being performed; cells with an abnormal number of chromosomes, 

where cancer cells are being separated from a sample; cells that are in the process of 

dividing, where a cell study is being performed which involves looking at viability or 

growth rates (the inverse—those that are not dividing, may also be selected for); DNA 

content-based sorting may also be used in the process of separating differentiated 

from undifferentiated cells in stem cell related processes.  If curves have been fitted to 

the populations, the tool will indicate the expected purity of the resulting sample as 

the user moves the selection “window.”  It will also adjust the expected sort time for a 

desired number of cells in the output. 

[00252] With respect to the number of cells required in the output sample, the user 

may adjust this number, up to a limit set by the expected number of cells in the total 

sample, or by a maximum sort time.   

[00253] The user then initiates the sort.  In the case of pure measurement, rather 

than sort, the preceding steps are modified accordingly—the number of cells to be 

measured are selected; optionally the number of cells sorted may be set by requiring a 
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certain sample size within a specific DNA content window, in order to obtain a 

statistically significant sample size. 

[00254] The tool then initiates the sort.  Cells are flowed through the measurement 

channel on the specialized optical chip, at a rate and dilution that allows sufficient 

measurement time in the optical measurement volume, and allows them to be 

accurately sorted with the on-chip sorting mechanism.  For example the following 

steps may be performed by the system based on mid-Infrared quantum cascade lasers 

measuring mid-IR vibrational absorption features in the cells of interest. 

[00255] Prior to a cell entering the measurement volume, the system continuously 

measures the absorption of the (for example) three mid-IR wavelengths being used; 

the signals are generated by three QCLs that are modulated in a manner such that their 

signals may be separated after detection by a single detector, such as a 

thermoelectrically (TE)-cooled mercury cadmium telluride (MCT) photodetector.  

The signals observed at the detector before (and after) the cell passes through the 

volume are used as a baseline for the measurement, in order to cancel out, in large 

part, slow-speed variations in the system, including variations in relative laser power, 

changes in background absorption in the flow channel, and slow-speed changes in 

optical effects in the system and chip (for example, mechanical changes or index of 

refraction changes due to temperature).  Modulations applied to these lasers may be of 

various types.  Pulsed modes may be used to generate short, distinct peaks, where 

individual wavelengths are pulsed in rapid succession.  In continuous wave (CW) 

operation, the lasers may be modulated with specific carrier frequencies that may then 

be separated using analog or digital filters at the detector.  Aside from power level 

modulation, the lasers may be modulated in terms of wavelength.  For example, 

wavelength may “chirp” as lasers are pulsed or modulated, because of current and 

temperature effects.  This may effectively broaden the range of wavelengths at which 

absorption is measured.  This “averaging” effect may be beneficial since absorption 

features in liquid phase are typically quite broad.  External wavelength-modulation 

components may be used within the QCLs to more broadly sweep wavelength.  For 

example, external cavity Fabry-Perot configurations may be used with wavelength-

setting elements such as diffraction gratings or tunable etalons.  In one case, very 

rapid tuning over a broad range could enable measurement of both baseline (“valley” 

in the absorption spectrum) and signal (“peak” in spectrum) using a single laser for a 
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particular analyte.  Center wavelength of the QCLs (or slave lasers, in the case of a 

CARS system), which may be set using external tuning mechanisms or simply 

operating temperature (effected by a TE cooler on which the QCL is mounted) may be 

set to match the absorption peaks (or valleys) observed in the cell sample.  This 

process is performed during the setup of the system, and may be repeated at specific 

intervals (during which all cells are sent to the “discard” output), or when the system 

senses recalibration is required.  This process may be performed by sweeping the 

wavelength slowly as cells are measured, accumulating a distribution of signal points 

vs. wavelength, and then determining where the minimum or maximum signal 

occurred, and using this as the wavelength set point. 

[00256] As a cell enters the measurement volume, it is detected using a 

visible/NIR/SWIR beam that is scattered by the cellular material.  This beam is 

separate from the mid-IR beam and is used to detect cell presence, flow speed (along 

with other sensors, possibly), and unusual scattering signatures that could signal cell 

agglomerates.   The “presence” signal generated by this beam may also be used to 

trigger integration of the mid-IR signals measured by the system.  In the case where 

the system is built with mid-IR lasers, the material of the chip must primarily be 

transparent to mid-IR wavelengths.  Some materials options such as silicon are 

transparent in much of the mid-IR, but not transparent in the visible regime.  In this 

case, a SWIR laser (1.5 microns, for example) and detector combination – such as 

those developed for telecom applications – may be used to measure this cell presence 

and scattering.  Cell presence and scattering may be measured in transmission, 

reflection, or both.    

[00257] Within the measurement volume, mid-IR light is transmitted through the 

cell, where it is absorbed according to its wavelengths and the chemical constituents 

(chemical bonds) within the cell.  For example, where three wavelengths are used to 

make an accurate DNA measurement:  There may be a rise in the signal (i.e. lower 

absorption of) corresponding to the background, which is dominated by water, 

because other materials making up the cell, such as proteins, lipids, and DNA displace 

water; when adjusted for this change in background, a signal corresponding to 

proteins will show higher absorption; and when adjusted for the change in 

background, and after subtracting a known interference from protein (calculated by 

the previous measurement), the DNA absorption signature rises. 
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[00258] The measurements may be integrated over the time that the cell resides 

within the measurement volume, and the integrated signals may be used to quantify 

cellular DNA.  Other quantities (such as protein content, or cell size based on 

scattering) may also be measured, and may optionally be presented to characterize the 

cell sample, or refine sort parameters.  Combinations of DNA and protein content, 

DNA and lipid content, and other 2-axis or multi-axis analyses and sorts may be 

performed by appropriate extensions of the present invention, using appropriate 

measurement wavelengths for specific molecular bond vibrations. 

[00259] Based on the measurement and the setpoint(s) for sorting (when 

performing a sort), a decision is made either to allow the cell to proceed to the 

“discard” output reservoir of the chip, or be diverted to the “collection” output 

reservoir.  The microfluidic channels may be configured so as to make the default 

route to the “discard” reservoir, and only when the switch is actuated will cells be able 

to reach the “collection” or “select” reservoir. 

[00260] At a time interval after measurement, determined by the flow velocity in 

the channel, a microfluidic switch may be actuated in order to push the cell into the 

appropriate output channel.  At the position of this switch, or somewhere along the 

microfluidic channel preceding it, there may be another measurement point 

illuminated by visible/NIR/SWIR light where cell presence is measured by scattering.  

This allows realtime measurement of flow/cell velocity in the channel, and allows the 

system to recalibrate timing of fluidic switch activation. 

[00261] The cell, which may have had its position in the flow laterally perturbed, is 

then routed into one of two or more output channels based on the switch action.  

There may be additional optical measurement points in these output channels; these 

serve primarily that the switch actuation is functional and timing is correct, and 

observe any sorting errors that occur.  Should errors occur, the system may adjust 

timing or magnitude of switch actuation, or simply discard the current chip and use a 

new chip. 

[00262] Cells are accumulated in at least two output reservoirs, the “discard” 

reservoir and the “select” reservoir. 

[00263] The tool may detect one of a number of problem/failure conditions during 

the sort, including but not limited to:  sample out, or front-end clogging, flow rate 

variation, switching failure and cell density variation. 
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[00264] With respect to sample out, or front-end clogging, no additional cells 

appearing in the measurement channel may signal that the input sample on the chip 

has been exhausted, or that the input of the channel is clogged.  The system may: 

Perform anti-clogging procedures, which could include rapid pressure pulses on the 

input or back flushing of the system and/or move to unload and discard the current 

chip, and load a new one to match up to the sample carrier. 

[00265] With respect to flow rate variation, through the use of optical measurement 

points, the system may detect that the sample flow rate is out of bounds.  In this case, 

the system regulates the pressure in the system to adjust the speed of cells in the 

measurement channel.  The flow rate may be estimated from a single sensor at the 

measurement point (by measuring how long the cell is present in the beam) or by 2 or 

more optical sensors along the measurement channel (by measuring time a cell takes 

to travel between points).  If the cell speed is out of bounds—which may cause DNA 

measurement SNR problems, or switching inaccuracy problems, the system may send 

all cells to the default “discard” reservoir until the speed is properly regulated. 

[00266] With respect to switching failure, through the use of optical measurement 

points on the output channels, the system may detect that cells are improperly 

switched to one of the output channels.  In such a case, the system may be paused 

immediately (if a very high purity sort is being performed).  Switch timing relative to 

measurement may be adjusted, as well as magnitude of signal being used on the cell 

switch mechanism. 

[00267] With respect to cell density variation, the system may detect that cells are 

arriving with spacing that is either too dense—not allowing cells to be switched 

reliably—or too sparse—prolonging the sort operation for a given number of cells.  

The system may have provisions for adjusting this density (such as dilution or 

concentration steps), or it may simply update the user as to the change in anticipated 

purity or sort time.  Dilution of cells may be performed during the transfer of sample 

from the sample carrier to the measurement chip; if this is the case, dilution may be 

adjusted from chip to chip until an optimum is found.  If dilution is far off, a chip may 

be discarded, and another loaded onto the sample carrier. 

[00268] When the sample loaded into a particular chip has been sorted completely, 

the chip’s “select” output reservoir is opened by the system, and its contents are 
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transferred to the output reservoir of the sample carrier.  This may be done with a 

liquid purge run through the chip or pipette action. 

[00269] Once the chip’s reservoir has been emptied, it is sealed, removed from the 

carrier, and discarded, potentially into a sealed compartment attached to the 

disposable sample carrier. 

[00270] This process continues until the sort is complete.  At this point, the user is 

signaled, and the sample carrier is prepared for unloading.  The sample carrier is 

removed from the tool, with the sorted sample ready for use in the output reservoir.  

The sorted sample may subsequently be removed by pipette or other method and used 

in subsequent lab or clinical procedures.  

 

[00271] FIG. 25 shows two example configurations of the microfluidic chip 

system.  FIG. 25a shows a tool that may accept microfluidic chips that may be pre-

loaded by a user with the cell sample to be measured and/or sorted.  This may be 

generally a configuration for relatively small-volume samples that may be contained 

on and sorted with a single microfluidic chip.  A slot 2502 may accept the chip into 

the measurement/sorting system.  A display 2504 shows histograms and other 

indicators regarding cellular DNA content.  The display may be a touchscreen display 

that may allows the user to make sort set points, set the graphical display of data, and 

start and stop operation.  The tool may include other interfaces, such as a USB 

interface to allow transfer of data to (or control by) a computer, or transfer or backup 

of data onto a USB memory stick.  Wireless networking interfaces may be included as 

well. 

 
 

[00272] FIG. 25b shows another configuration of the tool described herein.  Again, 

a display 2504 may allow the user to make setpoints and review data from the cell 

measurements and/or sort.  In this configuration, however, the cell sample may be 

loaded onto a larger carrier into the sample slot 2508.  Separately, a cassette of 

measurement chips, one or more of which may be used to sort/measure a single 

sample loaded in a carrier, may be inserted into chip cassette storage 2510.  In this 

manner, multiple chips may be used, if needed, to sort a single larger sample loaded 

into the machine. 
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[00273] FIG. 26 shows example displays of DNA content shown to the user of the 

tool.  FIG. 26a shows a configuration where DNA vs. cell count may be displayed in a 

histogram format.  The x-axis 2602 in this example may represent the DNA content of 

the cell.  The y-axis 2604 represents the cumulative cell count in the sample.  The 

distribution of cells measured may be indicated by 2608 (here showing a distribution 

representative of cells that are actively dividing, and with some number of cells 

showing an abnormally low DNA count which could indicate aneuploidy indicated by 

the small peak to the very left).  This histogram in itself may be valuable to the user 

for a rapid assessment of the cell sample.  In addition, curve-fitting algorithms may be 

applied manually or automatically, either in real time or offline after the measurement 

to estimate the percentage of cells in each state. 

 
[00274] FIG. 26b shows a configuration where an additional parameter besides 

DNA may be used to classify cells.  In this case, the x-axis 2610 again represents the 

cellular DNA content.  The y-axis 2612, however, represents another parameter 

measured by the system.  Examples of this parameter may include, but are not limited 

to, secondary vibrational spectral measurement of the cell using the same technique 

but different wavelengths to determine for example, protein content, lipid content, 

sugar content, RNA content.  Examples of this parameter may also include 

visible/NIR/SWIR light scattering from the cell, possibly indicating size and/or 

morphology. Examples of this parameter may include shape, size and density 

parameters calculated from imagery of the cell in visible/NIR/SWIR wavelengths.  

Examples of this parameter may include fluorescence signal from dyes or labels, such 

labels could include but are not limited to dye for assessing cell viability through 

membrane integrity, membrane-staining dye to measure overall membrane, antibodies 

attaching to specific cell types, and the like.  Examples of this parameter may include  

quantum dot and other labels which function in a similar manner to fluorescent labels, 

though readout method is different. Examples of this parameter may include multiple 

other cell measurement methods known to those in the field.  It should be noted that 

this is not restricted to one additional parameter.  Multi-dimensional cell classification 

may be supported by the present disclsoure. 
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[00275] The density plot 2614 shows the cumulative density of cell counts in the 

sample.  This may be represented by a simple scatter (dot) plot, and supplemented 

with color or iso density lines to indicate statistical density.  In this example, there are 

two levels of DNA (for example a dividing population of cells), and then two levels 

along the other parameter.  For example, if the other parameter here measured 

membrane lipids as measured by a secondary vibrational signature, the plot may 

indicate that there are two sizes of cell or cell agglomerates where two cells are 

adhered to one another while passing through the measurement volume (and therefore 

should be rejected from the data, or sorted out of the sample). 

 

[00276] FIG. 27 shows an example of a single-unit disposable measurement unit, 

consisting of a microfluidic chip 2704 with plastic carrier 2702 that may be used in a 

system such as the one shown in FIG.27a.  The microfluidic chip may be embedded in 

a plastic carrier, including input port/reservoir 2708 and output port/reservoir 2710.  

For measurement-only applications, the output port may be optional -- the sample in 

this case would be disposed with the carrier.  Likewise, in sort applications, a single 

output port (the configuration shown here) may be applicable if the rejected cells are 

disposed of together with the carrier.  The input port 2708 may be a well into which a 

cell sample is pipetted, alternatively it could take the form of a pipette head itself, so 

that it may be used to draw a sample out of a well. 

 

[00277] Where the optical measurement of the cells is made along the microfluidic 

channel, a window 2712 may be formed in the plastic carrier.  This eliminates the 

effect of the plastic on optical transmission and provides a clear optical port.  This is 

critical in particular in the infrared, where plastic may have very low transmission.  

For example, the microfluidic chip may be manufactured of Silicon or Germanium, 

which may be transmissive in portions of the mid-infrared, and antireflection (AR) 

coated to minimize losses and fringe effects. 

 

[00278] The carrier 2702 may be charged with the sample in the input port 2708, 

and then inserted into the tool.  In an embodiment, tubes to control pressure could 

then be matched to the input port 2708 and output port 2710 in order to control the 

pressure differential and therefore the sample flow rate through the measurement 
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channel.  The plastic carrier may have features to provide rapid rough alignment 

within the system.  Alignment of the chip with the optical readout system may further 

be refined by passive or active means.  For example, the microfluidic chip may have 

photolithographically-defined mechanical features which allows passive alignment of 

the chip with the optical readout system, the microfluidic chip may have 

photolithographically-defined features which may be optically interrogated in order to 

actively align the chip to the optics or the optics to the chip, or the optical system may 

perform a “search” in which it uses the inherent absorption signals of the 

measurement channel, the water in the channel, and any cells flowing through the 

channel in order to optimize focusing and x-y position of the beam relative to the 

channel. 

 

[00279] After the measurement or sort is performed, the carrier may be ejected 

from the tool.  If this is a measurement-only process and tool, the carrier may be 

rejected directly into a built-in disposal bin appropriate for biohazardous samples.  If 

the tool is being used for a sort process, the carrier may be ejected or placed in an 

output bin for the user to remove.  The user may then remove the sorted sample from 

the output port/reservoir 2710 and proceed with the appropriate protocol. 

 

[00280] FIG. 28 shows an alternative configuration, where a carrier 2802 may be 

used together with one or more microfluidic chips 2804, where the chip may be a 

separate piece from the carrier.  This enables the use of multiple microfluidic devices 

for a single larger sample, where clogging or other chip problems are an issue, where 

precise calibration of dilution is an issue, or where it may be desirable to run multiple 

measurements on multiple chips in parallel. In this case, multiple chips may be loaded 

with sample from the carrier, and run in parallel. 

 

[00281] The carrier may have an input reservoir 2808 and zero or more output 

reservoirs 2810.  In this case where DNA measurements are done, there may be no 

accessible output ports, and the sample is discarded with the carrier.  One or more 

output ports may be used in cases where a sort is performed.  This example shows a 

single-output carrier used for measurement applications (the sample is available to the 

user after measurement). 
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[00282] A microfluidic chip 2804 may be matched up to the carrier, as shown, and 

a portion of sample may be pushed from the input reservoir of the carrier 2808 to the 

input port of the chip 2812.  The carrier may have compliant gaskets to allow efficient 

matching with the chip, and a good seal around the transfer locations.  In this 

example, the measurement is then done in place (on top of the carrier).  A pressure 

differential may be applied directly to the carrier ports to transport liquid sample 

containing cells through the measurement channel on the chip.  The sample may flow 

through the measurement volume 2818 where it is interrogated using the vibrational 

spectroscopy system.  A window 2820 in the plastic carrier may be provided for clear 

optical access to the chip microfluidic channel.  Following measurement, the sample 

may be pushed/pulled through the chip output port 2814 and into the carrier output 

reservoir 2810. 

 

[00283] If clogging or other problems associated with the microfluidic chip may be 

detected, the microfluidic chip may be removed and disposed of, and a new chip is 

matched to the carrier.  This disposal may be done at a regular interval to preempt 

clogging or other issues, and/or to effectively charge a “fee” per incremental sample 

measured or sorted.In an embodiment, the carrier may include a disposal chamber for 

the microfluidic chips, so that the system remains as closed as possible, and 

consumables may be disposed of after each sample run.  Similarly, the microfluidic 

chips may be included in the carrier itself, and removed from an internal magazine in 

the carrier as needed.  In this configuration, all consumables related to the process are 

delivered in a single carrier or cartridge. 

 

[00284] FIG. 29 shows some example formats for microfluidic chips that may be 

used in the present invention. 

 

[00285] FIG. 29a shows a chip that could be used in a measurement-only 

application.  An input port 2902 may be used to introduce the liquid sample with 

cells.  A microfluidic channel 2910 transports this sample through the measurement 

volume 2908 to the output port 2904.  Features may be built into the chip to prevent 

clogging at the entrance to the channel from the input port.  Features in this region, 
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and within the channel itself, may also be used to orient the cells in a specific manner, 

such as to prevent clogging, or to promote better measurement.  For example, a 

pattern of posts of specific size and shape may be used to break up agglomerates of 

cells, or to block large agglomerations of cells or other substances from reaching the 

channel.  Certain configurations of posts may in fact be used to pre-select cells of a 

certain size for measurement in the channel. 

 

[00286] The chip may have photolithographically-defined mechanical or optical 

features which assist in aligning the chip to the optical interrogation system.  For 

example, an etch process which may be aligned photolithgraphically to the 

measurement channel (possibly the same etch process step as the one used to create 

the input and output ports), may be used to create features for passive alignment of the 

chip to the optical system.  Alternatively, these may be optical features (reflective 

metal, or windows in a metal film) that allow the system to actively align the chip to 

the optics.  Fine alignment may be done with features in the measurement volume 

itself, using the optical system itself to optimally align for measurement. 

[00287] FIG. 29b shows a similar chip, this one for use in sorting cells.  A sample 

may be introduced into the input port 2914 and flows through a microfluidic channel 

through the measurement volume 2922 and microfluidic cell 2924 switch and then 

into the output ports 2918  and 2920.  After measurement in the volume, DNA and 

other parameters for an individual cell may be calculated.  Based on these 

measurements, and sorting parameters entered into the system, the cell may be routed 

either to the “discard” port or “select” port.  Routing may be performed using a 

microfluidic switch configuration well known to those working in microfluidics, two 

pressure ports 2928 may be used to shift the flow in the channel to one side, causing 

cells to move into one branch or another of the output junction, the mechanism is 

described in more detail in FIG. 32 below.  There may be an asymmetric 

configuration such as the one shown in FIG.29b where it is important to maintain 

purity in the select output 2918 .  Thereby, in some embodiments, a “default” route is 

to the discard output 2920, and only when an actuation is performed are cells routed 

to 2918.  
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[00288] FIG. 30 shows additional example configurations of microfluidic chips for 

use in the present invention. 

 
 

[00289] FIG. 30a shows a configuration where a diluting/sheath fluid may be used 

together with the sample in order to provide a centered flow in the measurement 

channels.  The sample may be introduced into input port 3002.  A diluting fluid may 

be introduced, or pre-charged, in port/reservoir 3004.  This fluid may be used to apply 

pressure via duct on the input port 3002 to drive sample through the measurement 

channel.  In addition, side channels 3010 may be used to form a sheath fluid around 

the core/sample flow at junction 3012.  This centers the cells in the flow as they pass 

through measurement volume 3014.  The output port 3018 then receives the sample as 

well as the sheath fluid.  This configuration potentially provides a number of 

advantages, in that cell flow rate and spacing may be better controlled, and cells are 

centered within a wider channel, where they can be measured with better 

repeatability.  In addition, background signals from the sample fluid are reduced in 

this configuration, as the core fluid flow may be typically very narrow compared to 

the sheath flow. 

 

[00290] FIG. 30b shows a configuration where cells may be switched, based on the 

vibrational spectroscopy measurement, using an electric field at the switch point 

3032.  Cells flow from the input port 3024 through the measurement volume 3028 

where they may be measured as previously described.  Based on individual cell 

characteristics, a voltage is applied to contacts 3030 which perturb the path of the cell, 

and causes it to flow to a selected output reservoir 3034rec.   

 

[00291] FIG. 31 shows an example construction of a microfluidic chip.  In this 

example, a chip may be constructed for use in a mid-infrared spectroscopic cellular 

DNA measurement system utilizing quantum cascade lasers as the optical source(s).  

A top wafer 3114 and bottom wafer 3102 may be used.  These wafers may be made 

from materials that are transmissive at the QCL wavelengths to be used for cellular 

interrogation.  For example, float-zone Silicon, which has high transmission in the 

infrared, and which is readily obtained and machined, may be used.  Other materials 
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that may be applicable include Germanium, ZnSe, CaF2, BaF2, and other materials 

well known in infrared optics. 

 

[00292] The bottom wafer 3102 may be first antireflection (AR) coated.  This is 

important for a number of reasons, such as to minimize losses of IR light in the 

system and thereby maximize signal-to-noise ratio, or minimize QCL power required, 

reduce fringing artifacts from interface reflections which may distort the transmission 

spectrum of the sample and therefore distort apparent sample absorption and, 

importantly, minimize any resonant optical cavity effects in the channel 3112. If the 

channel becomes a resonant optical cavity, the field intensity may vary significantly 

with vertical position in the channel.  In this case, the system may become sensitive to 

cellular position, because the cell may be in a position to absorb more infrared 

radiation at field maxima, and less at minima.  This may result in higher and lower 

apparent infrared absorption based on cell position, which should be avoided. 

 

[00293] An alternative or complementary solution may be to create a flow in which 

cells are confined to a specific layer, and therefore are subjected to the same optical 

field from cell to cell.  A good AR coating may be a more robust and simple solution, 

and design of mid-infrared AR coatings may be well known to those skilled in the art.  

It may also be important in such a coherent system to reduce coherent optical effects 

from the source itself, which cause position-dependence within the measurement 

channel.  This may be described in more detail elsewhere in this disclosure. 

 

[00294] In an embodiment, internal AR coating 3108 may be designed so as to 

prevent reflection between the lower substrate material 3102 (usually relatively high 

index) and the liquid sample in the channel (approximately the index of water, which 

is relatively low).  The external AR coating 3104 should be designed for the 

atmosphere of the tool, which may be most likely air.  The coatings must be designed 

to withstand subsequent processing and exposure to the sample and associated fluids, 

without toxicity to the sample.  For this purpose, very thin terminal layers may be 

provided on the internal AR coatings 3108 and 3120. 

 
[00295] The microfluidic features such as channel 3112 may be fabricated either 

by etching the substrate material 3108 to form a channel of specified depth (before 
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AR coating), or, as shown here, formed through addition of another material 3110.  

For example, SU-8, a UV-crosslinked photoresist that may be etched with high aspect 

ratio, and is known to be biocompatible, may be spun on the bottom wafer 3102, and 

then patterned with microfluidic features.  The top wafer 3114 is first patterned and 

etched to provide ports/reservoirs and any mechanical alignment features indicated 

here by 3122.  For this purpose it is desirable to use a wafer material where etch 

processes are well known, such as silicon.  Internal and external AR coatings 3120 

and 3118 , and respectively, may be deposited after this etch step or, if deposited 

beforehand, removed during the etch process. 

 
[00296] The top and bottom wafers may be made from different materials 

according to processing and operating requirements.  For example, the top wafer may 

be made from silicon, which may be readily etched using well-established processes, 

and may be a low-cost material in the mid-IR.  Silicon, however, suffers from a 

number of drawbacks for mid-IR spectroscopy.  First, it may have some absorption in 

the mid-IR which may be mitigated by using high-purity float zone Silicon.   It may 

also not allow for visible or NIR light transmission, which may be desirable where 

visible light measurements may complement the infrared cellular DNA measurement.  

For example, visible imaging, fluorescent label measurement, or other techniques may 

require a material with visible-light transmission.  In such a case, it may be desirable 

to use a material such as ZnSe, BaF2, CaF2 or other known visible/mid-IR window as 

the bottom wafer, and Silicon as a top wafer. 

 

[00297] The top wafer 3114 and bottom wafer 3102 may then be aligned and 

bonded.  SU-8 itself may be used to establish a bond between wafers at the 

appropriate temperature and pressure, usually under vacuum.  This may be done with 

a supplemental layer or pattern of SU-8 on the top wafer, but some groups have been 

successful with one-sided SU-8 bonding.  The wafer may be subsequently diced into 

multiple microfluidic chip components.  These may be individually packed into 

plastic carriers, or matched with carriers in the tool, as described earlier. 

 

[00298] FIG. 32 shows the detail of an example embodiment of a microfluidic 

channel in a top view, including a measurement volume and a pressure-actuated cell 

switch.  The example may be illustrated for the case where a mid-infrared, QCL-
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based optical system may be used for cell interrogation.  An incoming channel 3202 

carries a core stream with cells 3208 within a sheath fluid 3204 into the measurement 

zone 3210.  The measurement zone may be delineated using a metal mask that allows 

the infrared beam (indicated by solid line in 3212) to pass only through the aperture.  

In this embodiment, the aperture may be larger than the beam, so that mechanical 

movements do not translate into large optical variations.  The aperture, patterned 

photolithographically onto the microfluidic chip, may serve to allow alignment of the 

measurement beam with the center of the channel. 

 

[00299] As the cell passes through the measurement volume, it breaks the 

visible/NIR/SWIR beam (dotted within 3212), indicating cell presence, and possibly 

giving some data on cell size/density.  The mid-IR beam (solid line within 3212) may 

be absorbed by the cell according to its chemical bond constituents.  The mid-IR 

beam may have one, two or more individual wavelengths acting as reference levels, or 

to measure constituents other than DNA.  For DNA measurement, vibrational 

fingerprint regions such as the 1234cm-1 or 1087cm-1 phosphate bond vibration lines 

may be used to measure absorption and therefore amount of DNA present. 

 

[00300] Based on the calculated DNA quantity, and optionally other parameters, a 

sort destination for the cell may be determined.  By default, the cell continues straight 

along the channel to the waste output (left branch).  If the cell is determined to be of 

the sought-after type destined to the “selected” output, as it passes through the 

detection point 3218, the pressure actuating channels 3214 may be used to slightly 

offset the core flow to the right.  A visible/NIR/SWIR beam 3220 may be used in this 

location to accurately assess cell speed in the channel (from the delay between the 

measurement point and the switch actuator point).  This speed may be used to regulate 

the overall pressure in the system to maintain flow rates within a window, and may 

also be used to adjust the timing of switch activation relative to the cell passing 

through the measurement point. 

 
[00301] By default the core flow may go straight 3228 into the “discard” channel.  

Where the switch has been actuated to select a cell, the core flow may go to the left of 

the branch point 3222 and selected cells 3224 may go to the “selected” out 

port/reservoir.  Two additional optional detection points 3230 may be used with 
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visible/NIR/SWIR interrogation to monitor cells flowing into channels, so that errors 

may be detected and corrected.  For example, if sort failures are detected, the timing 

of the switch actuation or the pressure on the system (and therefore cell velocity) may 

be adjusted to provide accurate switching. 

 

[00302] As is illustrated in the FIG. 32, cell agglomerates may be detected either 

by the visible/NIR/SWIR scattering or imaging patterns, or by the infrared 

quantification.  These may be sent through to the “discard” channel.  Likewise, cells 

that may be spaced too closely within the channel, and as a result where accurate 

switching may not occur, may be let flow through to the discard, depending on the 

system parameters.  There are of course situations where very rare cells are being 

collected, in which case it is better to err on the side of switching cells into the 

collection reservoir. 

 

[00303] Through a combination of flow speed monitoring and cell timing 

measurements provided by the aforementioned optical measurement points, the 

dilution of the cells may be monitored.  If the cells are insufficiently diluted, core vs. 

sheath pressure may be varied to space cells, or the sample itself may be diluted 

differently by the tool, sometimes necessitating use of a new microfluidic chip. 

 

[00304] FIG. 33 illustrates an embodiment of the optical interrogation system of 

the present disclosure.  This example may be based on two QCLs 3308 at different 

wavelengths.  For example, one QCL may be centered at the 1234cm-1 symmetric 

phosphate bond vibration absorption peak typical of the DNA backbone.  The other 

may be at a nearby reference wavelength measuring water absorption within the 

channel.  In this manner, water displacement by the cell may be referenced out of the 

overall measurement.  The mid-IR beam from the first laser here is turned by a plain 

mirror 3310 and then combined with the beam of the second mirror by a dichroic 

filter 3312.  A lens 3314, which may be a reflective or refractive element, focuses the 

infrared beams onto the measurement volume 3304 on the microfluidic chip 3302.  

The transmitted infrared radiation (the input beam minus the absorption of the sample 

in the channel) may be transmitted via a fold mirror 3322 to a mercury cadmium 

telluride (MCT) detector 3324 that measures intensity. 
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[00305] The different wavelength QCLs are modulated/pulsed so their signals may 

be separated in the electrical output of the MCT detector.  Optionally, an additional 

dichroic filter and MCT may be used to separately measure a particular IR 

wavelength.  The MCT detector may be uncooled, TE-cooled, or even liquid nitrogen 

cooled to achieve maximum signal-to-noise ratio.  Optionally, thermal infrared 

detectors such as pyroelectric or bolometric detectors may be used, generally with 

inferior signal-to-noise characteristics. 

 

[00306] In an embodiment, a reference detector, placed on the laser side of the 

sample, may be used to measure laser output powers in the case where there are 

significant fluctuations in laser power.  In this case, a small fraction of the beam may 

be sampled with a partially-reflective mirror, and a MCT or other detector used to 

measure power before the sample and chip absorption.  This signal may be then used 

as a baseline for measurements. 

 

[00307] As described earlier, multiple signal processing techniques may be used to 

establish baselines in this system and accurately measure DNA content in cells.  Most 

of these may be well known in the fields of cytometry and time-series infrared 

absorption measurements. 

 
 

[00308] A visible, NIR, or SWIR laser 3328 may be integrated into the system for 

the purpose of detecting cell presence, and possibly size and density.  The visible 

beam may be combined with the infrared beam using a dichroic filter 3318 , focused 

through the measurement volume, and then sent via another dichroic filter 3320 to a 

visible detector.  Additional optics, such as masks, may be added into the system 

ahead of the detector in order to remove the unscattered light from the measurement 

(achieved by blocking the zero-order light). 

 

[00309] The chip may be constructed in a method described above so as to 

maximally transmit infrared light, and reduce any optical cavity effects. 

 

[00310] The infrared light may also be pre-treated by devices to reduce coherence 

length, and further minimize coherent optical effects that could introduce spatial 
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dependence in the measurement channel.  One such device may be described in more 

detail below. 

 

[00311] FIG. 34 shows an example of the present invention using coherent anti-

stokes Raman spectroscopy (CARS) to measure vibrational bond fingerprints in cells 

at high speed.  The system consists of a pump laser 3402 that may be combined with 

one or more slave lasers 3404 to excite one or more bond vibrations in the cells being 

measured.  The combination of pump wavelength and specific slave wavelengths may 

serve to resonantly excite specific molecules so as to emit coherent light at an anti-

Stokes frequency. 

 

[00312]  In the example shown in FIG. 34, the pump 3402 may be folded by mirror 

3408 and combined with two slave wavelengths from lasers 3404 using dichroic 

filters 3410.  The pump may be typically pulsed in synch with the slave (one slave at a 

time) to maximize signal.  The pump and slave wavelengths may be focused on the 

measurement volume 3414 and any cells contained within it.  The forward coherent 

Raman signal (“F-CARS”) may be separated using a wavelength-selective filter 3418 

and focused on the detection system 3420 that may typically consist of a 

photomultiplier tube (PMT) and associated electronics. 

 

[00313] In addition, an epi-detected CARS (“E-CARS”) signal may be measured 

by separating backward emission from the sample with a dichroic filter 3422 and 

focusing it on a detection system 3424.  Additional optical detectors may be used to 

detect the pump beam as a direct measurement of scattering by the cells in the 

volume.  In one example, pump beam may be pulsed alternately with each of the two 

slave wavelength lasers, each corresponding to a different vibration band or, one to a 

vibration band corresponding to DNA, and another to a reference band.  Coherent 

Raman signal generated by these pulses from the sample may be read out by the 

detectors, and processed by the system to calculate cellular DNA as described 

previously. 

 

[00314] Although the laser wavelengths differ, and the readout mechanism may be 

different, the fundamental “molecular bond fingerprint” being measured may be the 
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same as when QCLs may be used to interrogate the cells.  Similarly, many of the 

same issues come to bear in the system.  For example, good AR coatings on the 

microfluidic channels may be required to minimize variation as a result of mechanical 

or temperature variations, and to minimize the position-dependence of the laser 

intensity received by the cell (and the emitted signal intensity).   

 
[00315] FIG. 35 shows a configuration of a QCL with components to reduce 

coherence length, so as to minimize spatial dependence in the readout of cell spectral 

measurements.  The QCL 3502 may be collimated by optics 3504 and then passed 

through a diversity of phase shifts introduced by phase plate 3508.  This plate may be 

spun or translated mechanically so as to provide rapid changes in phase to each part of 

the beam, with a time constant shorter than the integration time of the system.  

Additional optics 3510 then focus the beam onto the chip 3512 with the measurement 

volume, and the transmitted beam 3514 is relayed to detector systems.  The 

“decoherence” device may be applied to multiple overlapping beams from multiple 

QCLs (at different wavelengths) simultaneously.  Such a device reduces coherence 

length, and reduces coherent effects near the focus of the system. 

 

[00316] FIG. 36 shows an example of the display/user interface when the tool may 

be used for cell sorting.  The x-axis 3602 of the graph displayed indicates cellular 

DNA content.  The y-axis 3604 may indicate cumulative cell count.  The histogram 

3608 may then generate from multiple cellular measurements.  The tool may run a 

small sample of cells in order to build up a distribution for display to the user or for 

fitting curves to the distribution automatically.   

 
[00317] In this example, a fitted distribution curve 3610 may be superimposed onto 

the histogram in order to indicate the spread of a particular population of cells.  For 

single-purpose tools, or for repeated protocols performed with a general-purpose tool, 

these curves may be generated and applied automatically.  For example, in a tool 

based on the present invention meant to enrich sperm cells to either X-carrying or Y-

carrying populations, two such curves may be fit automatically onto the data, and the 

user then simply selects enrichment fraction and number of cells.  A selection range 

3612 indicates which range of measured DNA content may be selected using the 
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sorting function of the tool.  This window may be manipulated directly by the user for 

some applications. 

 

[00318] Alternatively, the user may use the panel 3614 to simply specify the 

number of cells required, and the enrichment percentage desired.  The tool may then 

automatically calculate the optimal position for the selection window 3612 and 

calculate the estimated run time for the sort. 

 

[00319] In an embodiment, where the present invention may be used for gender 

selection purposes, the user interface may be simplified further: a) select X- or Y-

enrichment, b) select desired enrichment level, and c) select number of cells desired.  

The system then displays estimated run time, and if this is within an acceptable range, 

the user may initiate sorting.  As the sort proceeds, the projected sort time may be 

updated based on how many cells are being selected.  In addition, the system may 

automatically alter the sort window 3612 in order to achieve the targeted enrichment. 

 

[00320] Other examples of single-purpose tools or protocols enabled by the present 

invention may include but are not limited to tools to separate out dividing cells those 

with double, or at least excess DNA which may indicate cell division is in progress 

only or only non-dividing cells, tools to separate out cells exhibiting aneuploidy 

(abnormal DNA content) or only cells with “normal” DNA content. 

 

[00321] A system may include one or more of a liquid flow cell which is 

specifically designed for high-speed measurements using a mid-IR QCL, an element 

for creating phase diversity in the mid-IR laser light, an optical subsystem that ensures 

a narrow, focused spot is sampled in the liquid sample, an element minimizing the 

scattered or reflected light that reaches the detector, and a QCL with a rapid, low-cost, 

coarse tuning mechanism specifically suited to liquid- or solid-phase measurements.  

Rather than making a surface measurement of a liquid such as that performed by 

existing mid-IR sampling architectures, this system makes a transmission 

measurement through the entire sample, in which mid-IR light is transmitted directly 

through the sample.  The system minimizes reflections of any type, and methods may 

be used with the system to reduce contributions from scattered or reflected light.  
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[00322] Depending on the speed at which the absorption spectrum of the liquid 

must be measured, and the QCL power available, the path through the flow channel 

must likely be designed to be short because mid-IR absorption of liquids (water, in 

particular) is often very high.  Typically, a path length on the order of microns is 

required— for very high-speed measurements, 25 microns or less.  A limiting factor, 

even in the case where laser power is not, is the total power absorbed by the liquid, 

and any temperature constraints (for example, it could complicate matters 

significantly if the liquid starts boiling in the channel).  

[00323] Such a flow channel may be fabricated in one of a number of ways known 

to those skilled in the art.  For example, channels may be fabricated by bonding 

together two wafers which are transparent in the mid-IR, at least one of which has 

been patterned with flow channels, either by etching into the wafer, or by adding and 

then patterning another material on top of the wafer.  For example, SU-8, a 

photopatternable polymer, may be used to pattern flow channel walls on one of the 

wafers, and then may be used as an adhesive to bond another wafer on top of it; 

finally, these wafers are diced into individual devices.  Wafers may additionally be 

patterned and etched to form inlets and outlets for liquids.  Channels may be narrow, 

or may in fact be large areas. 

[00324] In some cases, the “channel” may in fact be a large liquid volume between 

two windows, and rather than the liquid flowing past the detection point, the sample 

holder may be translated past a measurement system—with the sample holder 

(windows and interposing liquid space) designed as described below. 

[00325] For the purpose of consistent measurements of the liquid and any contents 

therein, it is important to take into account coherent and resonant optical effects that 

may occur in such a measurement system.  Such effects may include: laser (QCL) 

coherence effects which cause a varied field strength and therefore absorption over 

the sample volume, causing position dependence within the measurement, either 

along the axis of the laser (depth dependence) or laterally (x-y dependence or 

“speckle”); reflective or semi-reflective surfaces adjacent to the sample, which result 

in a spatial variation in EM field strength near the surface (physically, a mirror will 

have a field minimum at its surface); and reflective or semi-reflective surfaces which 

interact to form a resonant cavity, resulting in: wavelength-dependence in absorption 

due only to resonance or lack or resonance (effectively, some wavelengths will have 
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more average passes through the liquid sample than others); and again, at fixed 

wavelength, result in a static distribution of field strength within the sample, making it 

unevenly sampled and position-dependent. 

[00326] The present disclosure includes a number of specific design parameters for 

the liquid channel / sample holder and the optical delivery system to minimize these 

issues and assure higher accuracy in absolute measurements of the sample.  These 

may be applied singly, or in combination, to minimize position-dependent absorption 

within the flow channel of the mid-IR beam(s). 

[00327] One specific design parameter may be fabricating the sample holder with 

well-designed antireflection (AR) coatings on both external (air-facing) and internal 

(liquid-facing) surfaces.  These coatings prevent reflections at the interfaces, which is 

important both for eliminating local field minima/maxima near the interfaces (which 

may cause non-uniform “sampling” of the liquid), and reducing resonant optical 

effects within the system.  AR coatings for air interfaces are well known for mid-IR 

wavelengths.  If the index of the liquid sample is close to that of air, these may be 

sufficient for internal (liquid-facing) surfaces as well.  However, they may require 

special design, including: matching of the AR coating to minimize reflection between 

the window (which is a material transparent to mid-IR radiation, for example Zinc 

Selenide, Silicon, Germanium, Barium Fluoride, Calcium Fluoride, and certain 

plastics with high IR transmission) and the liquid analyte (water, for example); 

designing the AR coating for the specific wavelength, or range of wavelengths, to be 

used in the spectral analysis system; designing the AR coating for the (range of) 

angles of incidence of light that will be seen by the surface, wherein the angle is a 

combination of the beam cone angle (most systems will be focused down to the 

channel) and the angle at which the sample holder is placed relative to the beam (see 

discussion below); designing the AR coating for compatibility with the liquid analyte 

-- since many mid-IR coatings are comprised of materials that absorb water— either 

alternate materials must be used, or capping layers that resist water penetration must 

be used; and/or terminating the AR coating with layers, or post-treating the AR 

coatings in order to make the surface with the appropriate hydrophilic properties 

required to move fluid into the channel or cavity; possibly coating or treating the 

surface in order to minimize (or, in rare cases, maximize) adherence of biological or 

other particles to the surface; for example, in a flow cytometry application, ensuring 
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that cells do not adhere to the channel walls in the measurement volume (or 

elsewhere);  these terminal layers or treatments must of course not significantly 

reduce the effectiveness of the AR coating itself. 

[00328] Another specific design parameter may be angling the surfaces of the 

sample holder such that any reflections are rejected from the system and not delivered 

to the detector, or reflected back to the laser source.  The cone angle of the light 

focused onto the sample holder should be taken into account in this case.  In addition, 

AR coating designs may be modified to take into account this angle of incidence.  

Angling the entire channel may effectively increase the path length through the 

analyte.  This may be beneficial in some cases but needs to be constrained in others 

where the liquid analyte (or liquid carrying particles of interest) is highly absorptive at 

the target wavelength(s).  The beam may be asymmetric in order to achieve higher 

uniformity in measurements – for example, in a flow application it may be desirable 

to have a short axis parallel to the flow, and long axis across it in order to have the 

most uniform illumination across the center of the flow – the resulting cone angles 

should be taken into account.  In this case it would usually be desirable to tilt around 

the short axis, since the cone angle along the long axis will be narrower, and therefore 

less tilt will be required to ensure no reflected light is sent to the detector or laser 

subsystem. 

[00329] Another specific design parameter may be using nonparallel surfaces in 

order to minimize resonant effects.  However, the optical path through the liquid 

should be consistent in cases where particles in the liquid are to be measured, so that 

the attenuation due to liquid absorption is identical regardless of particle position 

within the sample volume. 

[00330] Another specific design parameter may be employing specific gap 

distances through the channel, tuned to the interrogating wavelength(s) and the 

average index of the liquid analyte or liquid carrier plus sample particles.  A channel 

thickness (or gap) may be specifically non-resonant at the wavelength of interest, 

meaning that the gap times the index of the liquid contained in it are a non-quarter 

wave multiple of the interrogating wavelength.  This prevents constructive or 

destructive interference effects to the maximum extent possible, reducing buildup of 

resonances in the cavity, and in this manner minimizing spatially dependent 

absorption in the system. 
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[00331] The system is focused on enabling high-speed liquid-phase (or solid 

particles/cells within a liquid medium) spectral measurements.  Liquid- and solid-

phase absorption lines in the mid-IR are far broader (several wavenumbers at a 

minimum) than gas-phase absorption features.  As a result, it is acceptable to have 

broad linewidth, but at the same time, it is necessary, to effectively have a wide tuning 

range in order to reach one or more absorption peaks of interest, as well as reference 

points in the spectrum which are used to establish a baseline.  For the sake of speed, 

this tuning must be performed very rapidly over this broad range.  So the 

requirements on the QCL subsystem are very different than for gas-phase 

spectroscopy.  The system is described as separated elements in a system, as some 

applications will benefit from the simplicity of having a separate microfluidic 

element—that may be disposed of after use in some applications, or at least swapped 

out periodically.    

[00332] One of several designs for the QCL subsystem may be used in the present 

disclosure.  One design is discrete fixed-wavelength QCLs that are optically 

multiplexed. In this design, individually packaged QCLs are used.  They may be 

either distributed feedback (DFB) or external cavity Fabry-Perot (FP) type (where 

wavelength is set in the external cavity).  The outputs of the lasers are collimated, and 

are combined with one another, typically using either dichroic or bandpass filters 

(which, for example, reflect one wavelength and transmit others).  If power is not an 

issue, semi-transmissive mirrors may be used to multiplex the beams.  These lasers 

may then be pulsed in rapid succession to measure absorption at different peak and 

reference wavelengths of the liquid in the microchannel.  Alternatively, if the QCLs 

are operated in continuous wave (CW) mode, they may be modulated with different 

frequencies and their signals demultiplexed electronically after detection by a mid-IR 

detector (after passing through the liquid sample).  Optical demultiplexing to multiple 

detectors is also a possibility, where the highest signal-to-noise ratio is absolutely 

necessary.  The advantage of multiple discrete QCLs in the present invention is that 

they are more readily available from suppliers today, and that they may be changed 

relatively easily (for example, if systems with different chemical targets are being 

built).  In addition, they may span very broad wavelength ranges, whereas the tunable 

solutions described hereafter will cover a relatively narrow range of wavelengths (and 
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therefore may require the use of several tunable QCL subsystems within the present 

invention).  

[00333] Another design is the QCL array-on-chip.  This design consists of an array 

of DFB lasers fabricated on a single chip.  This means a single growth design is used, 

but gratings that set laser wavelength are individually patterned to result in different 

center wavelengths.  The potential advantage of this architecture is the lower cost of 

packaging, cooling elements, and associated elements.  It also opens the potential for 

a very compact system that may be rapidly switched from one wavelength to another 

simply by electronically switching between lasers in the array.  The array may be 

produced with regular-spaced wavelength over the interval of interest (which covers 

one or more absorption peaks in the liquid sample, and perhaps one or more reference 

absorption measurements). Wavelengths may be spaced apart at wider intervals, and 

even at irregular intervals.  For example, the array could contain 4 discrete and 

unevenly-space wavelengths over a frequency interval of 200cm-1, corresponding to 

peaks and references.  For example, if cellular DNA in live cells flowing through the 

liquid channel is to be quantified, and therefore the characteristic symmetric 

phosphate bond peak at 1087cm-1 is to be measured (phosphate is an element of the 

DNA backbone), three closely-spaced wavelengths at 1075cm-1, 1087cm-1 and 

1099cm-1 could be employed to measure absorption peak absolute height and 

“shape,” and another wavelength at 1055cm-1, corresponding to a nearby absorption 

minimum (and therefore potentially good reference level) could be added.  In this 

manner, a single chip containing all relevant wavelengths may be fabricated and 

packaged with minimum size and cost.  The beams from the lasers on the common 

chip may be delivered in at least two ways to the microfluidic channel: 1) A grating 

may be used to redirect individual wavelengths in a manner such that a single, 

overlapping collimated beam is formed.  The coincident beams may then be focused 

onto the microfluidic channel where they are absorbed by the analyte, and then 

relayed to a detector.  Note that for irregularly spaced wavelengths, laser diodes may 

have to be spaced accordingly on the chip in order to have a diffraction grating 

accurately redirect the beams into a single overlapping beam. Or 2) The plurality of 

lasers may be imaged directly onto the microfluidic channel using appropriate optics.  

In this case, an array of points corresponding to the array of lasers will be projected 

onto the microfluidic channel.  In a 1:1 imaging setup, for example, if the DFBs are 
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patterned 20 microns apart on the chip, a series of spots 20 microns apart will be 

sampled in the liquid channel.  For example, these could be oriented along the 

direction of flow of a microchannel, and the liquid and anything being carried by the 

liquid would be sampled sequentially by the beams emanating from the series of 

lasers on the chip.  The wavelengths of the lasers could in this case be in any pattern; 

for example they could simply be an alternating array of two wavelengths (signal and 

reference wavelengths).  In other configurations a larger number of wavelengths could 

be used to build up a rough spectrum.  If configured in this way in a system where 

particles such as cells are run through the liquid channel, appropriately spaced, the 

lasers could in theory be run in CW mode, and signal processing could be used to 

extract the absorption levels.  In most cases, however, individual lasers will still be 

pulsed in rapid succession, or modulated at different frequencies to provide for easy 

electronic separation after detection by a mid-IR detector.  The spots from the array 

may be imaged such that they are not entirely parallel to the microfluidic channel.  

They could be oriented in a diagonal manner in order to give some lateral resolution 

to the system.  Such lateral resolution within the flow channel could be used for 

example to measure position of cells within the channel as they flow by (to 

compensate for any known / calibrated spatially-dependent detection 

nonuniformities), or, for example, to measure concentrations across a flow with non-

uniformities, from either differential velocities (center vs. edge), or because two 

liquids are mixed upstream in a largely laminar flow. 

[00334] Another design may a QCL that rapidly tunes to discrete wavelengths.  As 

discussed earlier, continuous or fine-stepped tuning is not required for the liquid 

spectroscopy application.  High speed is a requirement.  A rapid tuning mechanism 

that samples sparse wavelengths would be ideal.  One tuning mechanism that lends 

itself to potentially rapid, discrete, controllable, low-cost tuning is a Vernier tuning 

arrangement in the external cavity of a FP QCL.  In such an architecture, thermal 

tuning (for example) can be used to achieve much faster, broader tuning than would 

otherwise be possible.  Such architectures are well known and have been used to build 

telecommunications lasers in the 1.5 micron range.  We propose that such an external 

cavity architecture for a mid-IR (or eventually THz) QCL, integrated into a system 

with a fluid microchannel in which absorption is measured, would be a potentially 

ideal solution for high-speed liquid spectroscopy.  In the Vernier filter configuration, 
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two Fabry-Perot resonant elements are used in the external cavity, designed with free 

spectral ranges (FSR) that are close but not equal.  By slightly tuning one or both of 

these elements, different transmission peaks will coincide.  In this manner, the portion 

of the gain spectrum of the QCL that is amplified is selected.  The advantage is that 

with relatively little input signal to the Fabry-Perot cavities (in the form of 

temperature in thermo-optically tuned systems, or voltage in electrostatically-tuned 

systems), large hops in wavelength may be achieved.  Furthermore, the wavelength 

settings themselves are relatively well controlled since the modes of the Fabry-Perot 

cavities are known.  The spacing and centers of these wavelengths may in fact be 

optimized within the present invention to provide the most efficient measurement of 

the liquid or liquid-suspended analyte.  For example, the spacing of emission peaks 

could be configured to fall on the absorption peak of interest and on a reference point 

only for maximum efficiency.  With the addition of a third filter to the external cavity 

of the QCL, one could sample a few wavelengths around the absorption peak, then a 

few wavelengths at one or two reference points. 

[00335] More conventional tunable QCLs (such as those tuned by piezo-actuated 

external gratings) may also be used in the context of the present invention, in 

conjunction with other elements described herein, so long as they provide the required 

tuning speed. 

[00336] Unlike with hot filament blackbody (“globar”) sources used in FTIR 

instruments, QCLs are inherently coherent optical devices, and a number of potential 

complexities arise as a result.  Coherent effects in imaging systems are well known 

(“laser speckle”) and arise from constructive or destructive interference of the laser 

light returning from various points in the sample.  We wish to avoid such effects, to 

the extent possible.  A few elements described below may be employed to ensure that 

coherent effects—particularly spatially-dependent effects—are minimized.  One 

element involves optical apertures – optical apertures through which the interrogating 

beam is focused may serve to reduce optical effects from the laser, and provide higher 

consistency in measurements.  An aperture on the QCL side of the system (before the 

sample) may be used to “clean up” the beam from the QCL, and therefore deliver the 

minimum spot size onto the sample in the microfluidic channel or cavity.  In this 

configuration, lenses are used at the output of the QCL to focus mid-IR light through 

an aperture of roughly 20 microns or less (approximately the desired spot size on the 
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sample).  This aperture will be imaged onto the sample, and ensure that a “clean,” 

small spot is sampling the liquid.  An aperture on the detector side of the system (after 

the beam passes through the sample) may be used again to “clean up” the beam – this 

time also removing any scattered light from the measurement.  Combinations of 

scattered and directly transmitted light in a coherent system could cause unwanted 

effects.  In addition, elimination of scattered light from the measurement ensures that 

only light that has passed more or less directly though the sample (and therefore 

reflective of Beers law absorption) will be measured in the system. 

[00337] Another element involves phase scramblers.  Phase scramblers may be 

used on the input (QCL) side of the system in order to de-cohere the light impinging 

on the sample.  Scramblers typically rapidly change optical phase across a beam, on a 

time scale some multiple shorter than the measurement time (for a single event).  In 

this manner, coherent effects such as those described above are effectively “averaged 

out” over a number of states.  One example of a phase scambler is a transmissive disc 

that has been etched with a pseudo-random pattern of fields with differing phase 

delays (by virtue of material index and thickness differences).  This disc is the spun at 

an angular rate sufficient to “scramble” phases over a single measurement, and the 

beam from the laser is sent through the disc before it is focused onto the sample.  We 

propose such a phase scrambler, designed for the mid-IR, combined with a mid-IR 

QCL, for microscopic spectroscopy applications in the mid-IR such as the ones 

described herein.   

[00338] The present disclosure may be applied to, and form the core of, multiple 

types of systems that rely on rapid liquid-phase spectral measurements.   

[00339] One such system is a fast reaction monitoring system.  In such systems, 

very small volumes of reagent are used in a microchannel or microcavity, and the 

ensuing reaction is measured.  The advantage of the present system is its capability to 

measure chemical concentrations, or even changes in chemical configuration (shape, 

folding, etc.) at high speed in liquid phase, and producing accurate results on an 

absolute scale (rather than just a time series of relative measurements).  Such 

capability could be used for medical diagnostics, environmental tests, or 

combinatorial chemistry done at large scale on a chip.   

[00340] Another such system is a high-throughput screening system.  Many 

technologies have been devised to measure changes in cellular behavior in response to 
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potential drugs.  Most of these sample the cell superficially (for example, with 

surface-oriented optical techniques), and/or do not have the ability to directly measure 

key biochemical concentrations within the cell.  The present invention enables such 

measurements to be made, consistently, in the native liquid environment, and at high 

speed.  High speed may enable either very rapid successive measurements in a single 

cell, or will allow the system to step rapidly over a large number of wells in which 

cells have been placed with compounds.  The ability to sample small volumes of 

liquid, containing cells, in a manner not dependent on cell position within the 

volume—and to do so accurately and quickly—is an advantage of the present 

disclosure.   

[00341] Another such system is for high-speed cell classification.  Emerging 

technologies that trap cells in a microfluidic cavity using structured and/or coated 

surfaces often require follow-up measurement and screening of cells to classify them.  

Often extremely rare cell events are of interest.  For example, circulating tumor cells, 

or embryonic cells within the mother’s bloodstream are typically 1 in a billion or less 

in frequency.  Microfluidic structures may serve to enrich these to 1 in 1,000 or 1 in 

10,000 in frequency.  Subsequently, the trapped cells (which include many white 

blood cells, for example), must be screened in order to find true occurrences of the 

rare cells.  The cells identified may then be extracted for further analysis.  The present 

invention may be used to build a system for performing these screens rapidly on a 

population of cells that are trapped within a microfluidic cavity.  Known biochemical 

markers established with FTIR or Raman spectroscopy in research studies may be 

interrogated using the present invention to accurately and rapidly screen and classify 

cells.  Stem cell cultures may be measured in a similar manner to determine state of 

differentiation, while in a microfluidic cavity. 

[00342] Another such system may be rapid cell counting/classification in a flow 

system.  The present disclosure may be embodied in a format where a suspension of 

cells, or bodily fluid containing cells, flows through a microfluidic channel, and cells 

are interrogated as they pass through the mid-IR beam.  The absorption of one or 

more wavelengths is measured by the system, and the cell is classified, or 

measurements are directly displayed to the user as a histogram.  For example, cellular 

DNA measurement for cell cycle characterization may be done.  Distribution of DNA 

quantity in a cell sample is indicative of how quickly cells in the sample are dividing 
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and therefore multiplying.  Cells with twice the “normal” DNA are in the process of 

dividing.  In another example, cellular DNA measurement for aneuploidy detection 

may be done.  Unusual levels of DNA are often an indicator for cancer.  Detection of 

an unusual distribution of DNA within a sample can be a strong indicator that a 

sample is cancerous.  In another example, blood cell counts may be measured.  A 

complete blood count, including counts of all white blood cell types, may be possible 

using embodiments of the present disclosure, without the use of fluorescent labeling 

or other preparation.  Cells would be classified using a combination of mid-IR 

wavelengths, potentially in combination with visible-light detection schemes.  Besides 

individual cell measurements and counts, the liquid content of the blood plasma itself 

could be analyzed using the same system.  In another example, an analysis of semen 

could be performed using embodiments of the present disclosure.  Sperm cells could 

be counted and potentially characterized (for proper DNA packaging and 

chromosome count, gender); other cell counts could be determined (white blood 

cells); seminal fluid characteristics measured. 

[00343] Another such system may be a cell sorting system.  Well-known sorting 

mechanisms may be added to the cell measurement systems above in order to sort 

cells into distinct populations based on the measurements described.  For example, 

sperm cells may be sorted for gender, cells exhibiting abnormal DNA count (potential 

marker for cancer) may be selected for analysis, cells that are actively dividing may 

be selected to create a sample with high viability, and cells may be sorted based on 

other biochemical markers; for instance in development of biofuels, cells that are 

determined to be producing a large amount of the target chemical may be identified 

spectroscopically without destroying the cell, and cycled back into the cell culture, 

while “less successful” cells are disposed. 

[00344] Another such system may be for embryo scoring.  In in-vitro fertilization 

procedures, it is strongly desirable to implant the minimum number of embryos 

required for a successful pregnancy.  To this end, there is significant research ongoing 

into “scoring” embryos for viability, based on biochemical and/or morphological 

changes in early development.  There is research that indicates biochemical 

concentrations could be a key indicator for viability.  Embodiments of the present 

disclosure could be used to interrogate and score embryos, in a liquid environment, 

without the use of dyes or labels, and using only very low photon energy light.  The 
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ability to rapidly measure spectra, and potentially track spectra over early 

development, could be a significant advance in the ability to score and select embryos 

for implantation. 

[00345] Another such system includes a gas monitoring system.  In some cases, 

monitoring gas flows directly (sometimes done using mid-IR spectroscopy) is not 

practical.  In such cases, it may be possible to flow gas over or through a liquid stream 

that reacts with the target compound in the gas.  The liquid stream flows through a 

microfluidic channel where it is in turn interrogated using the present invention.  We 

propose this system as a whole as an effective, compact, rapid manner of monitoring 

some gas compositions – for example, detecting trace impurities in gases, or detecting 

biological or chemical agents in air.  Similarly, a liquid surface may be exposed to air 

or another gas flow for a specified duration, and then the liquid, together with any 

particles trapped over that duration, analyzed using the present invention. 

[00346] Another such system may be a solid sampling system.  Sampling of solids 

by infrared spectroscopy is a long-standing challenge.  There is very little optical 

penetration into most solids by mid-IR.  As a result, surface techniques such as ATR 

must be used, which are often limited by surface layers or texture.  The liquid 

spectroscopy system described herein may be used in an embodiment where a solid is 

sampled by mechanically fracturing/grinding it into very small particles, filtering 

these particles to ensure a reasonable range of diameters/shapes, and then suspending 

them in liquid for subsequent measurement.  Measurement could be performed in a 

cavity where the solid particles are dispersed across an area (or a line), or with liquid 

that flows through a channel through a small measurement volume.  According to the 

designs laid out above, the liquid and suspended solids are the measured using mid-IR 

transmission.  In one embodiment, one mid-IR wavelength may be used to measure 

water absorption, in a range where the solid of interest does not absorb strongly in the 

mid-IR.  As a particle moves through the optical detection area, its volume may be 

estimated by the decrease in water-line absorption.  At the same time (or in rapid 

succession), the absorption of the solid particle at the target wavelength is measured.  

It may then be normalized for particle volume in order to calculate the chemical 

composition of the particle.  An example embodiment is an environmental sampling 

tool.  A tool with a small drill is constructed to drill into a layer suspected of being 

asbestos.  A small amount of liquid is injected, and then a capillary-type tube is used 
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to sample this liquid with any suspended solid.  This liquid is then interrogated at the 

appropriate wavelengths to determined chemical composition and structure to signal 

whether the substance is asbestos.  Pharmaceutical purity inspection is another 

example.   

[00347] Another such system may be an emulsion measurement system (oil in 

water; water in oil). 

[00348] FIG. 37 shows a sample embodiment of the present invention that may 

include elements to minimize spot size on the sample, and to reject scattered light 

from the sample.  A QCL subsystem 3702 which may consist of one or more mixed or 

tunable QCLs in the mid-IR or THz range may be collimated and then refocused by 

lenses 3704 and 3708 into an aperture 3710 that serves to “clean” the beam from the 

QCL and ensure a minimum-size, Gaussian beam profile at the sample.  Lenses 3712 

and 3714 and may be then used to refocus the beam with minimum spot size onto the 

fluid microchannel in the sample holder 3718.  The sample chamber may be shown 

here at an angle to ensure any stray reflections are not propagated to the detector, and 

to reduce any resonant optical effects.  The flow of the liquid shown here by arrows 

may be a sample that may be transported through a channel, through the measurement 

volume onto which the QCL-originated beam is focused.  Lenses 3720 and 3722 

collect the light that may be transmitted through the liquid in the sample holder, and 

refocus it onto another aperture 3724 which may serve to block scattered light from 

the sample or sample holder, and restrict, to the extent possible, light reaching the 

detector to directly-transmitted radiation, thereby giving the best possible absorption 

measurement for the liquid sample and any suspended particles/cells.  Lenses 3728 

and 3730 deliver the light to a detector 3732, for example a mercury cadmium 

telluride (MCT) detector for the mid-IR (which may be cooled by thermoelectric 

elements or liquid nitrogen). 

 

[00349] FIG.38 shows several sample configurations used by others that may 

suffer from surface effects that the present invention is specifically designed to avoid.  

FIG. 38a shows an attenuated total reflectance ATR configuration often used to 

measure liquids or solids using Fourier Transform Infrared (FTIR) spectroscopy in the 

mid-IR.  Here it is shown in contact with a liquid micro channel showing flow 

velocity in the cross-section.  As is usually the case in such systems, velocity near the 
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interface may be very low.  Also shown is the limited penetration of the evanescent 

field from the ATR prism into the liquid flow.  The advantage of using ATR in 

conventional FTIR systems is that even when liquid absorption is very high, very little 

light may be absorbed in this configuration.  The strong disadvantage obvious from 

this figure may be the limited depth of penetration into the core of the flow.  FIG 38b 

shows a more recent configuration used by a number of groups, which may be similar 

but uses plasmonic layers (patterned metal conductive layers) to enhance absorption.  

This may strongly enhance absorption signatures of samples in direct contact with the 

plasmonic filter.  Again, however, the mid-IR field may have very limited penetration 

into the liquid.  For measurements of stationary cells adhered to the substrate as 

shown by one of the biological cells in this example, this may allow time series 

measurements.  However, for high-speed interrogation of cells passing through a 

liquid microchannel, this may not be an appropriate architecture, because of the strong 

depth dependence and limited depth of the absorption.  FIG 38c shows a true 

transmission architecture that may have been used for mid-IR measurements by 

several groups.  In this “transflection” architecture, mid-IR light passes through the 

sample, may be reflected by a mid-IR reflective substrate (which may be transmissive 

in the visible), and then makes a second pass through the sample before proceeding to 

the detector.  Holman et al described an “open channel” measurement based on this 

architecture, where there is no top window rather it is open and liquid flows for a 

limited distance over the reflective substrate.  The advantage of this may be improved 

transmission and more simple construction.  The strong disadvantage may be that any 

variability in liquid layer thickness may result in large apparent changes in sample 

absorption.  A more substantial problem with the transflection architecture, however, 

derives from interference effects resulting from the reflective substrate.  For example, 

a cell very close to the reflective surface, where the electric field must necessarily fall 

to a low level, may absorb relatively little mid-IR light.  Conversely, a cell at a certain 

distance from the substrate will absorb a maximum amount of light.  This dependence 

on depth will cause variations in signal that will be difficult to compensate.  In 

addition, in this architecture it may be difficult to distinguish which light may be 

reflected by the sample, scattered by the sample, or transmitted through the sample.  

The present invention may seek to remove most of the issues with these architectures. 
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[00350] FIG.39 shows an example embodiment of a microfluidic channel described 

in the present invention.  A fluidic channel 3902 may carry fluid and, in this example, 

biological cells 3904.  The channel may be fabricated between two mid-IR transparent 

windows 3908, whose thickness may not shown to scale (typically, the channel will 

have a thickness on the order of 10’s of microns, and the windows will have thickness 

on the order of 100’s of microns).  The windows may be fabricated from mid-IR 

compatible materials such as Germanium, Silicon, ZnSe, CaF2, and the like.  The 

windows may be antireflection coated, with a coating to prevent reflection at the air 

interface 3910, and another coating on the internal surface 3912 tuned to prevent 

reflection at the liquid interface.  A mid-IR beam carrying one or more mid-IR 

wavelengths 3918 may be then focused onto a sample volume in the fluidic channel.  

Indicated here may be the average path length 3914 which may also be tuned to 

minimize any resonant effects in the fluidic cavity.  In this example, the beam may be 

brought in at an angle to guide any stray reflections away from the detector, and to 

minimize any resonant effects in the fluidic channel.  As cells pass through the 

measurement volume, absorption changes at one or more mid-IR wavelength (which 

may be used serially).  The system may detect the signals corresponding to the 

absorption levels, remove background levels, and calculate the chemical concentration 

of one or more cellular constituents.  For example, DNA levels may be interrogated 

using the present system.  The microfluidic channel may be fabricated on a disposable 

microfluidic chip and carrier so as to prevent contamination.  An alternative 

configuration does not use a flowing channel, but rather a 2-dimensional planar cavity 

in which many cells are immobilized.  The chip may then be translated in x- and y- 

directions, possibly guided by a visible-light system that identifies candidate cell 

locations, and mid-IR is used to interrogate cells.  For example, in circulating tumor 

cell (CTC) applications, a 2D microfluidic pattern may be used to trap rare CTCs in 

blood.  The present invention may be used to scan the trapped cells, and detect actual 

CTCs among white blood cells and other particles trapped in the array. 

 

[00351] FIG. 40 shows how a microfluidic cavity may be optimized to reduce 

resonant optical effects, such that as much position dependence as possible is taken 

out of the QCL-based fluidic measurement system.  FIG. 40a shows a microfluidic 

gap which may be an even quarter wave multiple of the interrogating wavelength, 
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which may be a peak resonance.  The diagram on the left shows electric field, the 

optical intensity may be shown to the right.  As may be seen, there may be a strong 

peak near the center of the fluidic gap.  In general it may be desired to avoid such 

strong spatial dependence, and have more uniform sampling of the absorption in the 

liquid (this may be particularly important when a suspension is being measured, 

where particles may be positioned at various heights within the channel).  FIG. 40b 

shows the preferred configuration, where a gap may be used that may not be resonant 

at the interrogating wavelength(s), and ensures more uniform sampling of the contents 

of the fluidic channel.  This configuration may of course be used in conjunction with 

AR coatings and angling as described. 

 
 

[00352] FIG. 41 shows an embodiment of the present invention based on a 

Vernier-tuned external cavity quantum cascade laser.  This type of laser, which may 

be a well known architecture, may be ideal for certain liquid spectroscopy 

applications, because these applications require only rough but fast tuning to a 

relatively small number of emission peaks within a particular wavelength range.  

Several of these lasers may be used to interrogate a liquid and/or suspended solids 

within a particular system.  A gain medium 4102 emits mid-IR light on its rear (low-

reflectivity) facet, which may be collimated by lens 4104, and then passes through 

two etalons 4108 and 4110.  The free spectral ranges of these etalons may be slightly 

different, so that only one set of transmission peaks coincides over the gain range of 

the gain block.  The etalon wavelengths may be tuned by thermal or mechanical 

means.  Importantly, only slight tuning may be required to tune rapidly over a wide 

range, in large steps particularly compatible with liquid measurements where 

absorption peaks may be broad.  A rear mirror 4112 returns the beam back through 

the etalons to the gain medium.  Light emitted through the high-reflective front facet 

may be collimated and refocused by lenses 4114 and 4118.  Note a subsystem for 

“cleanup” of the beam employing additional lenses and a small aperture may be used 

to achieve minimal spot size.  The beam may be then focused onto the liquid sample 

holder 4120 including a microchannel or microcavity.  The transmitted light may be 

then focused onto a mid-IR detector 4124 using lens(es) 4122. 
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[00353] FIG. 42, taken from US Patent 6,853,654, further illustrates the Vernier 

tuning mechanism proposed for high-speed mid-IR liquid spectroscopy as part of the 

present invention.  It shows the transmission spectra of two etalons used to tune the 

laser, their different FSRs, and how they coincide on a single peak. 

 

[00354] FIG. 43 shows the examples of multiple wavelengths used in the present 

invention.  The individual wavelengths may be produced by a tunable QCL (for 

example, the Vernier configuration specifically described herein), individually-

packaged fixed-wavelength QCLs, or a monolithic QCL array on a chip, delivered 

either as individual beams, or combined into a single spot.  For the purposes of this 

figure, the horizontal axis represents mid-IR frequency, and vertical axis represents 

absorbance.  FIG 43a shows a configuration where an absorption spectrum may be 

measured at an absorption peak of interest 4302, with three points being measured on 

the peak.  This allows the shape derivative, or second derivative to be measured as 

well as absolute absorption.  Second derivative may be often used to measure an 

absorption peak in the presence of broad background signals.  In addition, a local 

absorption minima 4304 may be interrogated by one of the system wavelengths.  This 

may allow a measurement of the background absorption level, for instance, of the 

liquid medium delivering cells or particulates into the measurement volume.  FIG 43b 

shows a more minimal configuration, wherein only a peak absorption wavelength 

4308 and a reference wavelength 4310 may be sampled. 

 

[00355] FIG. 44 shows another example embodiment of the present invention.  A 

single-chip QCL array 4402 may contain multiple QCLs at multiple wavelengths.  

These may be collimated by lens 4404 and then treated using a rapidly-moving phase 

delay element 4408 in order to reduce coherence in the system, as described earlier.  

Another lens 4410 may focus the beams onto the microfluidic channel 4412.  In this 

example, the laser array may be imaged onto the microchannel such that a series of 

volumes may be illuminated along the axis of flow.  The transmitted portions of the 

beams may be then delivered to a mid-IR detector 4418 via one or more lenses 4414.  

In this configuration, different points along the channel may be sampled by each 

wavelength/laser.  For example, in a cytometry system for measuring biological cells, 

a cell will pass through one beam after the next, causing different signals on the mid-
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IR detector.  The changes in signal as the cell passes may then be processed, and 

chemical concentrations calculated.  The individual lasers may be pulsed sequentially 

such that individual signals are easily resolved, they may be modulated with different 

frequencies or they may be used in continuous mode, and location of the cell inferred 

from the pattern of signals experienced as it may move through the channel.  In a 

system using CW lasers, analog or digital differentiation may be used to isolate 

signals corresponding to absorption by a cell moving through the volume.  The 

potential advantage of CW lasers, besides total optical power, is stability.  CW lasers 

may be sufficiently stable to make a series of fast, referenced measurements as one 

cell passes through the measurement volume with reference power levels read out 

before and after the cell is in the volume whereas pulsed lasers may vary from pulse 

to pulse and require an additional detector in the system to reference QCL power. 

[00356] One of the problems raised in mid-IR microspectroscopy is that of 

scattering.  Mie scattering is dominant when the particles in the path are on the order 

of the interrogating wavelength.  The magnitude and angle of scattering is determined 

by size of particles and index of particles relative to the medium.  Described is a high 

speed particle measurement system for measuring the chemical composition/content 

of particles in the mid-IR using QCLs emitting at a few discrete wavelengths and 

optical system architectures to mitigate or harness scattering effects for the purpose of 

making these measurements. 

[00357] Scattering is generally quite large in the visible regime, as the probe 

wavelengths used are small relative to the cellular dimensions.  In addition, 

measurements made in this regime are generally dependent on wavelength only 

insofar as scattering is dependent on wavelengths vs. feature size; refractive indices 

are relatively constant over wide ranges within the visible. 

[00358] In the mid-IR, refractive indices of cellular components may vary quite 

rapidly: in the “fingerprint region” for compounds, molecular bonds vibrate at 

frequencies corresponding to the mid-IR.  At these frequencies, molecules absorb 

light, resulting in absorption bands.  In gases, these absorption lines are generally 

extremely narrow.  In liquid and solid substances, these bands are broadened. 

[00359] Because there are localized absorption bands, corresponding to raised 

imaginary components in the complex refractive index, there is necessarily a local 

fluctuation in the real refractive index of the compound, as may be demonstrated or 
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calculated from the Kramers-Kronig relation between the real and imaginary 

components of refractive index. 

[00360] As a result, when designing systems for measuring particle spectroscopic 

properties in the mid-IR, these local refractive index fluctuations should be 

considered, and their effect on scattering as a function of wavelength.  In some cases, 

system design may be optimized to minimize effects of this scattering.  In others, 

references may be used to characterize the scattering intensity and compensate for it 

in an absorption measurement.  Finally, in certain instances, scattering and its strong 

wavelength dependence near absorption peaks may be harnessed to perform a 

measurement.  

 

[00361] FIG.45 shows a schematic example of a molecular absorption peak in the 

mid-IR.  FIG.45a shows the absorption of the particle (composed in part of the target 

molecule) and the medium in which it is measured, both as a function of optical 

frequency. FIG.45b shows the derived real refractive index of the particle and the 

medium.  As shown in FIG. 45b, there is a fluctuation in particle refractive index 

around the center of the absorption peak.  The particle has a baseline refractive index 

(“index at infinity”) that may be different than that of the medium.  For certain 

applications it may be desirable to change the medium to have a refractive index 

closer (less scatter) or further (more scatter) from the particle.  If a straight absorption 

measurement is desired, it is desirable to reduce index mismatch so as to minimize the 

effect of scatter.  On the other hand, if a scattering-based measurement of particle 

size, for example, is desired, then it may be helpful to lower the medium index 

relative to the particle index. 

 
[00362] FIG.45b also indicates three frequencies, the center frequency for the 

absorption band 0, a high index point -, and low index point +.  The maximum 

and minimum scattering may occur roughly around these points (scattering will 

generally rise with frequency).  In building a discrete-wavelength measurement 

system for particles or cells, it may be crucial to select signal and reference 

wavelengths while taking into account wavelength-related scattering.  Further, in 

order to minimize scattering losses, it may be desirable to shift these measurements 

towards low-scatter (low index differential) regions of the spectrum. 
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[00363] Another factor to optimize in wavelength selection is complex index 

(absorption) of the target.  In an embodiment where absorption is very weak, local 

resonant scattering is also weak.  Therefore, it may be optimal to probe the particle at 

the absorption peak.  Even if there are changes in shape or orientation of the particle, 

the effects on measurement may be weak, as there is minimal self-shading.  However, 

if absorption is very strong, not only will there be strong resonant scattering effects as 

a function of wavelength; there is also the potential for strong orientation dependence 

in the measurement.  This is partly as a result of scattering dependence on orientation 

(not accounted for in Mie scattering models, which assume spherical particles) a short 

path through a large cross-section may be different than long path through small 

cross-section.  However, ignoring scattering, the pure absorption signal of a non-

spherical particle becomes orientation-dependent when absorption is high.  This is a 

result of the exponential decay of light intensity on the path through the particle vs. 

the linear change with cross-sectional area.  For large exponent factors (absorptivities) 

there may be a stronger mismatch as the particle rotates relative to the interrogating 

beam.  Therefore, it may be desirable in many cases to select off-peak wavelengths 

for absorption measurements. 

 

[00364] FIG.46 shows a generalized system diagram for measurement of mid-IR 

absorption of a particle of cell, including but not limited to living cells.  A QCL 4602 

is the optical source for the system.  In the context of the present invention, QCL may 

be mid-IR or THz-emitting quantum cascade laser, or multiplicity of lasers.  The 

QCLs may be fixed in wavelength or tunable with one of a number of known tuning 

mechanisms.  In the case where a multiplicity of QCLs are used, they may be focused 

onto the same measurement volume, or different volumes, and then the particle may 

translate across volumes (or vice versa, with the system translating across particles) 

and absorption/scattering from different QCL sources measured sequentially. 

 
[00365] As shown in FIG.46, light emitted from the QCL 4604 is delivered to the 

particle being measured 4608.  Light passing directly through the particle 4610, with 

some fraction absorbed according to the wavelength and the molecular composition of 

the particle, may be relayed to an appropriate detector 4612.  In this embodiment of 

absorption measurement, where gas or uniform mixtures are being measured, it may 

sufficient.  However, in other embodiments where particles are measured (such as 
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cells in a suspension, an emulsion, solid particles in a liquid stream, or indeed liquid 

droplets in air), it may be insufficient.  In such embodiments, particularly where the 

particles size approaches the wavelength, significant scattering may occur in an angle-

dependent manner, depicted here by scattered rays 4614.  Unless the system is 

designed to capture or compensate for this scattered light, it may obtain misleading 

absorption measurements for the particle or particles. 

 
[00366] FIG.47 shows one approach to remedying the scattering problem.  QCL(s) 

4702 are focused using optics 4704 to form an input beam 4708 with a specific angle, 

focused onto a measurement volume containing particle(s) 4710.  On the output side, 

both directly-transmitted (and shallow scatter) light 4712 as well as scattered light 

within a certain angle 4714 are collected using a high NA lens as part of the collection 

optics 4718.  With a sufficiently large differential between the input beam maximum 

angle and the output collection angle, scattering losses may be reduced.  For a system 

with a small enough refractive index differential and particle volumes vs. wavelength, 

this may be sufficient to remove most scattering effects from the absorption 

measurement.  As described earlier, probe wavelengths may be optimized as well to 

ensure no excess scattering losses (at least to the level required by the accuracy 

required in the system). 

 
[00367] FIG.48 shows an alternative architecture where scattered light is measured 

directly.  Scattered light measurement may then be used in a number of ways.  First, it 

may be used to estimate the total amount of scattered light in the system, including 

lost light, to correct for this loss in the output of the system.  Second, it may be used 

to estimate particle parameters including index and volume, together with the direct 

absorption measurement(s).  Third, it may provide a gating signal for absorption 

measurements, because it provides a positive signal on a zero background, while the 

absorption measurement may be a small delta on a bright background. 

 
[00368] The components of this embodiment include: QCL(s) 4802 are focused 

using input optics 4804 into an input beam 4808 with a smaller angle than the output 

collection angle, onto particle(s) 4810 in the measurement volume.  A high NA 

collection lens 4812 is used to collect both the transmitted light, as well as scattered 

light within a given angle.  Some scattered light at high angles 4814 will be lost in the 
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system.  After the collection lens, an annular mirror 4818 is used to divert the 

scattered light portion through a focusing lens 4820 onto one detector 4822.  This 

“scattered light” detector 4822 measures primarily scattering from the particle(s).  The 

signal from this detector may be used as described above.  The directly-transmitted or 

small angle scattered light is focused by a focusing lens 4824 onto the direct 

transmission detector 4828 which may be the primary absorption detector. 

 
[00369] In this embodiment, the system may operate with a multiplicity of 

wavelengths to determine chemical concentrations and other particle attributes (size).  

With multiple QCL wavelengths in this architecture, both absorption and scattering 

may be measured at multiple points on the curves shown in example form in FIG. 45.  

By measuring scattering at a known angle at multiple wavelengths, when refractive 

index varies locally with wavelength as it does in resonant mid-IR measurements, it 

may be possible to accurately determine particle properties from known-angle, multi-

wavelength measurements—while determining specific chemical concentration as 

well.  This is a novel capability that is not present in visible or near-visible light 

conventional flow cytometers, and has not been explored in mid-IR or THz systems 

because of the lack of powerful, wavelength-matched, brilliant sources.  QCLs fill this 

gap for measurement of cells and other particles in liquid streams. 

 
[00370] Furthermore, the present invention may be used in a system that is 

differentiating populations of particles, such as cells, the outputs of the scattered light 

detector 4822 and direct-transmission detector 4828 at multiple wavelengths may be 

used with existing algorithms that optimize separation between populations.  In a 

sorting-type system, the parameters may be refined continuously to maximize 

separability of populations.  The QCL-based, absorption resonance-tuned infrared 

forward transmission and scattering system offers multiple capabilities in a variety of 

applications, and may be tuned accordingly. 

 
[00371] FIG.49 shows an embodiment that has the potential to use QCLs to 

measure particle size and chemical concentration through scattered light only.  In this 

embodiment, the system works even when particles are strongly absorbing at certain 

resonant wavelengths (for example, when DNA is very densely packed in the nucleus 

of a cell).  It may also have the potential advantage that all signals are zero-based; in 
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other words, when no particle is based, sensor readings are close to zero (even with 

the QCL sources powered up); particles entering the volume cause positive readings 

on the scatter detectors.  The absolute and relative readings on scattered light 

detectors 4924 at one or more wavelengths may be used to determine both particle 

size and chemical composition (or at least concentration of one target compound 

within the particle).   

[00372] In FIG.49, the components of the embodiment include two QCL sources 

4902 and 4910 to illustrate schematically how their signals are combined using 

collimating optics 4904 and 4912, and a beam combiner 4908 which is optimally a 

dichroic thin film interference filter.  The combined beams are focused using lens 

4914 onto the particle(s) 4918 in the measurement volume.  Light is scattered in a 

wavelength- and angle-dependent manner, some of which is captured by collection 

lens 4920.  A series of spatial filters 4922(in this case annular mirrors) are then used 

to select ranges of scattering angles for detection by detectors 4924 .  There are a 

number of ways to achieve this configuration, including detectors that are segmented, 

blocking or reflecting filters, etc.  Optionally, direct transmission is measured with 

another detector 4928. 

 
[00373] While this example is shown to have symmetry around the output beam 

(all 360 degrees around an annular section is diverted into a single scatter detector), 

the system may be further refined to have horizontal and vertical scatter detectors, or 

more detectors arranged in a circular manner around the beam.  This would allow 

more complex cell shapes to be accounted for and measured, if desired.  Using the 

scattered light detectors to measure scattered light at two angle ranges, and at one or 

more wavelengths near absorption resonance for the target compound, one may 

estimate both particle size and concentration.  This may be done either through Mie 

scattering models which iteratively calculate these quantities by achieving best fits to 

the data (lookup tables may be generated in advance in high-throughput systems), or 

particles may be classified empirically, either using independent measurements, or by 

tweaking parameters until known statistical populations are well separated in the 

output of the system.  For example, in a system where sperm cells are being separated 

by DNA content in order to select X- or Y-carrying populations, it is known that 

roughly 50% of the sample carries each.  Consequently, the outputs of the detectors in 

the system (at different angles, wavelengths) may be weighted to achieve separation 
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between two populations, without reference to a quantitative model to describe 

scattering. 

 

[00374] In a system where QCL sources are tunable, the measurement wavelengths 

may be optimized empirically as well.  In the case of application-specific tools, this 

may be done in the product development stage.  In the case of more flexible 

instruments, or where the analyte (particles, and medium) may vary substantially, the 

sources may be tunable in operation, and may either sweep through the course of a 

measurement, or find an optimal measurement wavelength with a subset of particles 

and then perform the main measurement or sorting operation.  The generalized 

function of the scattering-based system is described here: one or more frequencies at 

resonant and optionally non-resonant bands are used, and one or more angle ranges of 

scattered light are measured.  The resulting signals may be used to calculate particle 

volume and one or more chemical concentrations (or, in some cases, molecular 

conformations/configurations, which also cause changes in absorption/refractive 

index profiles in the mid-IR). 

 

[00375] The present invention may be applied to a wide range of applications 

where infrared vibrational absorption resonances are an indicator of interest.  One 

application may be in measurements of biological cells.  The label-free measurement 

of biochemical content in cells is of strong interest.  The present invention has the 

potential to significantly improve accuracy of systems previously described by the 

inventor.  In addition, it has the potential to simultaneously measure cellular or 

cellular component (i.e. nuclear) dimensions and chemical contents.  With 

embodiments of this disclosure, effective volume and concentration for multiple 

cellular components could be measured simultaneously using multiple wavelengths.  

For each cellular constituent (protein, DNA, lipid, etc.) a concentration and a spatial 

distribution figure could be calculated using resonant absorption and/or scattering 

signals at resonant peaks for each.  For example, the invention may be applied to 

diagnostic applications, such as applications where a large number of cells are 

measured in a high-throughput cytometry tool.  Cellular dimensions are measured 

using scattering, and contents such as DNA, RNA, proteins, and/or metabolic 

products are measured using resonant IR absorption.  Cell population statistics are 
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accumulated and outliers identified in order to detect abnormalities to diseases.  For 

example, a tool which detects malaria from a raw blood sample could isolate DNA 

measurements from red blood cells, where DNA readings over a threshold could 

indicate presence of parasites (sizing capability of the system used to separate 

readings from red blood cells from other blood components).  In another example, a 

system based on the present disclosure could refine samples from circulating tumor 

cell (CTC) capture devices; cells may be characterized by DNA and other content as 

well as size.   

[00376] In another example, embodiments of the disclosure may be applied to 

assisted reproductive applications.  A system based on the present invention could 

accurately determine the DNA content of sperm cells for human or animal 

applications, even as the nuclear volume of the cells varies within a patient sample.  

The ability to measure DNA level allows separation of X- and Y-bearing sperm cell 

for gender selection applications.  Similar systems could screen out cells with 

chromosomal abnormalities, or abnormal DNA packing configurations for in vitro 

fertilization applications.  The invention could also be applied to scoring of embryos, 

where chemical content and byproducts is known to correlate with viability, and 

label-free, non-ionizing radiation-based techniques would be highly preferable.  The 

present invention could characterize chemical content of an embryo while 

compensating for scattering effects, or indeed harnessing resonant scattering to 

product a more accurate score. 

[00377] In another example, embodiments of the disclosure may be applied to 

regenerative medicine.  The present invention may be used to refine cell populations 

by both size/shape and chemical content in order to separate pluripotent stem cells 

from mixtures of cells, without attaching labels or interrogating the cells with 

potentially damaging radiation.  For differentiated cells generated from stem cells, the 

system may be applied to remove any residual pluripotent stem cells before insertion 

into patient tissues, in order to prevent tumor formation by non-differentiated cells. 

[00378] In another example, embodiments of the disclosure may be applied to 

industrial biology.  The present invention may be used to characterize and/or sort cells 

for industrial processes at high speed.  For example, it may be used to refine a culture 

of cells that produces a high number of lipids or other products under certain 
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conditions.  Such measurements of cellular products could be done by isolating cells 

in droplets which are in turn manipulated in an oil medium as an emulsion. 

[00379] In another example, embodiments of the disclosure may be applied to 

contamination monitoring.  Water and other substances may be monitored for 

infectious diseases without pre-processing using the present invention.  Some filtering 

for particle/cell size may be performed on the input, and then particles flowed through 

a measurement system.  The present invention’s ability to characterize cell size, 

general refractive index, and resonant absorption/scattering for particular compounds 

may allow it to identify specific pathogens.  Where pathogens are airborne, the system 

may capture a sample on an open liquid surface, then flow the liquid through an 

analysis system.  For solid samples such as food, well-known processes for blending 

the sample, then filtering them, may be used to separate potential pathogens before 

flowing them through a system based on the present invention. 

[00380] Another application may be measurement of emulsions.  In many cases it 

is useful to measure droplets within an emulsion.  This can facilitate handling in some 

cases.  In other cases the sample being measured is inherently an emulsion.  In a 

droplet-based measurement system, water droplets suspended in oil are used to 

manipulate cells and discrete volumes of chemicals in a microfluidic system.  The 

present invention could be used in conjunction with such systems in order to measure 

chemical concentrations within droplets optically, and at the same time potentially 

adjust for the size of droplet.  In some cases, the droplet size measurement may be 

done at shorter wavelengths.  In other cases, a combined measurement around mid-IR 

resonances is helpful to measure overall chemical content.  In some cases the analyte 

of interest is an emulson of chemicals.  The present invention can serve to 

characterize such mixtures both by chemical content and by particle size.  This may 

be useful in a number of industrial and food processes. 

[00381] Another application is in the measurement of solid particles in suspension.  

With the present invention, it may in some cases be desirable to build a system that 

places solid particles into a liquid suspension in order to characterize them.  For 

example a system may include a capability that collects a solid sample from a surface 

through scraping, milling or vacuuming, then introduces these samples into a liquid 

medium, then runs these samples through one or more size filters to select particles 

that are appropriate for measurement and exclude unwanted substances (including, 
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potentially, size-sorting microfluidic devices such as those demonstrated by Robert 

Austin at Princeton University), then runs the particles through the an optical 

measurement system based on the present invention.  The liquid medium may be 

tuned to have specific refractive index relationship to the particles of interest, so that 

it in effect becomes a “reference” in the system.  Even if the particles are very dense 

and have high optical absorption at resonant wavelengths, the present scattering-

compensated/enhanced measurements system may provide volumetrically-

compensated chemical composition information, or both volume and chemical 

composition information.  Such systems may be of interest in applications where 

diffuse reflective or ATR-type spectroscopy are currently used, but signals are 

insufficiently accurate or sensitive.  This may include cases where there is a very thin 

layer of interest on an object (the described system serves to consolidate the layer into 

a flow), or where the underlying substances interfere with measurement. 

[00382] Emulsion-based microsystems for handling of small volumes of analyte or 

biological materials, including cells, are an area with growing activity.  One common 

challenge in such systems is measurement of droplet or flow contents, where 

individual volumes are tiny.  It would be highly desirable to be able to measure the 

contents of such an emulsion non-invasively, without adding additional chemicals that 

may disturb the chemical reaction or cellular metabolism, and without radiation that 

could disturb or harm the contents of the droplets, cells, emulsions, etc. 

[00383] The unique properties that a QCL-based system brings to an emulsion or 

droplet-based fluidic system include the ability to provide high spectral power density 

at specific wavelengths in the mid-IR and THz regime corresponding to molecular 

bond vibrations; and the ability to focus this light very tightly and efficiently onto a 

small spot for the purpose of interrogating individual particles, droplets, biological 

cells, etc. with micron resolution, thereby creating the ability to measure these at a 

high rate while resolving them individually.  Correspondingly, the low etendue of 

QCL light sources allows light to be very well and efficiently collimated in the case 

where it is desirable to have the angle distribution of the illuminating source to be 

very narrow. 

[00384] Unlike most Raman spectroscopy systems that probe the same molecular 

vibrations, mid-IR systems have very strong interaction with the target molecules.   In 

addition, mid-IR light, including light from QCLs, has the advantage that it is very 



   

116 

low energy (per photon), minimizing the chance of photon damage.  Finally, mid-IR 

light has the advantage of long wavelength vs. UV/Visible/NIR and Raman 

measurements; this long wavelength reduces scattering effects and makes them more 

easily manageable in a measurement system. 

[00385] The fluidics may be fabricated using materials appropriate for mid-IR light 

transmission   and designed optically to avoid fringing and resonances at the 

wavelengths employed. 

[00386] A number of configurations are described below.  Any of the 

configurations, techniques, architectures previously described using QCLs to 

interrogate particles, cells, droplets and sub-flows in fluids are applicable to these. 

[00387] One additional optical method that may be applied to the previous 

configurations disclosed herein adds polarization as a sensing modality to the QCL-

based interrogation of these particles in a flow.  If molecules being interrogated by 

mid-IR vibrational spectroscopy are arranged in specific manners within the particle 

being measured – for example, DNA in helical configuration – the measured 

absorption at the absorption band of the molecules will depend on the polarization of 

the mid-IR light.  One may alternately polarize the light in left and right circular 

polarization and measure the differential.  The observed differential, so called 

vibrational circular dichroism (VCD) may provide a particularly sensitive 

measurement of chiral or helical molecules, and/or provide information about the 

folding or configuration of a particular molecule within the analyzed 

particle/cell/droplet. 

[00388] QCL-VCD interrogation of particles in a fluid may be combined with 

other techniques described herein, such as scattering, or use of mid-IR active 

labels/dyes, to measure certain types of target molecules. 

[00389] One example of a target molecule measurement is DNA measurement.  

DNA is a helical molecule and therefore exhibits polarization-dependent absorption at 

resonant absorption bands of its constituents (phosphate and deoxyribose components 

on its backbone).  This property may be used to separate a DNA absorption signature 

from other analytes when measuring using one or more QCL wavelengths.  It may 

also be used to determine, with high accuracy, the folding or packing state of DNA 

within a cell nucleus. 
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[00390] FIG. 50a shows a simple flow architecture where the fluid to be measured 

flows through a channel, where it is interrogated using a mid-IR or THz QCL-derived 

beam (shown as dotted ellipse).  The transmission at one or more wavelengths 

through the channel is measured to determine chemical concentrations within the 

flow. 

[00391] FIG. 50b shows a fluid-within-fluid flow, also within a channel structure 

or manifold.  At small scales, as is well known, fluids tend to remain in a laminar 

(non-turbulent/non-mixing).  This enables a “core” flow of analyte to remain centered 

and unmixed with a “sheath” flow, as is shown here.  This method of presenting an 

analyte (which may be a liquid, liquid with solid particles and/or biological matter, 

liquid with dissolved gases, emulsion, or suspension) gives some additional 

possibilities for QCL-based measurements.  First, it eliminates potential artifacts 

arising from the laser beam (dotted ellipse) crossing the edge of the fluid channel.  

Second, in this configuration it is more straightforward to make scattering-based 

measurements that accentuate differences between the core and sheath fluids.  

Refractive index (both real and imaginary) differences between the sheath and core 

flows will result in optical interference effects (often described as Mie scattering for 

particles), effectively changing the angle of some of the light transmitted through the 

flow.  As discussed earlier, in the mid-IR regime addressable by QCLs, there are 

relatively narrow, resonant refractive index variations (dispersion) around absorption 

peaks characteristic of molecular bond vibrations.  These may be exploited, with 

QCL-derived illumination whose angle is well controlled, to get very sensitive 

concentration measurements within the fluid flow.  Depending on the concentration of 

a particular molecule within the core flow, there will be characteristic variations in 

refractive index – and therefore in observed scattering/diffraction intensity and angle 

– as a function of mid-IR wavelength. 

[00392] The flow shown in FIG. 50b may simply be two fluids (core and sheath) 

flowing laminarly, but not otherwise separated.  Alternatively, the flow may be an 

emulsion, where the two fluids naturally remain separated.  For example, the sheath 

fluid could be oil, whereas the core flow could be an aqueous solution.  Several 

measurements could then be performed using the QCL-based architectures previously 

disclosed: the characteristics of the core flow (dimension, base index) could be 

measured at one wavelength where the molecule of interest is not resonant; then other 
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wavelengths could be used to measure specific chemical concentrations of interest, 

using either direct transmission/absorption measurements, or scattering-based 

measurements.  Knowledge of the core flow diameter derived from the initial 

measurement may then be used to compensate the target-specific signal, for example 

accurately calculating concentration of the chemical within the core flow.  Multiple 

angles (direct transmission, and multiple scatter angles) may be used to calculate 

dimensions and concentrations. 

[00393] With this as well as other architectures disclosed herein, multiple 

configurations for measuring scattering over multiples angles may be used.  Discrete 

detectors capturing light scattered at different angles may be used, for example.  In 

another configuration, a mid-IR focal plane array may be used to simultaneously 

measure light emerging at different angles from the measured fluid/cell/particle.  

Alternatively, mirror systems may be used to sample portions of the output beam.  

Mirror arrays such as the Texas Instruments digital micromirrors may be used to 

sample portions of the emerging beam and relay them to a single detector (such as a 

high-speed MCT).  Rotating mirrors may be used to scan the emerging beam over a 

detector with an aperture, either along 1 or 2 axes (useful where potentially 

asymmetric particles/droplets are being measured). 

[00394] These architectures, with two or more QCL wavelengths, one or more of 

which corresponds to wavelengths where a substance of interest has a resonant 

dispersion feature, may be used with multiple architectures that present particles, 

cells, fluids, droplets and the like to the mid-IR beams.  For example, this QCL-based 

resonant Mie scattering architecture may be used with cells that have been mounted 

on a mid-IR transparent substrate (or mid-IR reflective substrate). 

[00395] FIG. 50c shows an example of a flow where the core has been broken into 

droplets.  These droplets may be emulsed in the sheath flow.  The droplets pass 

through the QCL measurement beam (dotted line) and are measured using direct 

transmission and/or scattered light detection. 

[00396] All of these architectures based on mid-IR QCL light may be combined 

with other measurement techniques, including optical.  These include but are not 

limited to scattering measurements, fluorescence measurements, and others previously 

disclosed. 
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[00397] FIG. 51a shows an example of scattering efficiency (Qs) of a volume such 

as a droplet, as a function of wavelength (lambda).  Assuming relatively constant 

refractive index for the volume as well as the surrounding medium, scattering drops as 

a function of wavelength. 

[00398] FIG. 51b shows scattering efficiency as a function of wavelength where a 

chemical within the droplet has a vibrational absorption band in the wavelength range 

being displayed.  A local increase in absorption necessarily corresponds (as can be 

determined from the Kramers-Kronig relation) to a local resonant variation in real 

refractive index.  This variation in real index results in a local (wavelength) 

perturbation of the optical interference pattern (scattering) arising as the mid-IR beam 

passes through the droplet and surrounding medium.  The term “droplet” here is used 

to mean droplet, cell, particle within another liquid, including cases where the droplet 

is in an emulsion. 

[00399] It should be noted that several mid-IR (or other) wavelengths may be used 

to accurately determine chemical concentration within such a system.  The resonant 

dispersion (local index variation around the absorption band) measurements are done 

using mid-IR QCLs.  Other wavelengths in non-resonant regimes may be used to 

measure the overall droplet (size, shape, orientation) by scattering.  For this, visible, 

NIR, or mid-IR wavelengths may be used.  Visible wavelengths are already used to 

assess size and shape in systems such as blood count tools today.  They, however, do 

not have the capability of doing chemistry-specific measurements enabled by the mid-

IR resonant scattering architecture disclosed herein. 

[00400] FIG. 52a shows a fluidic configuration where a droplet or flow is confined 

within a 2D channel or manifold, such as those found in many microfluidic chip 

architectures.  Mid-IR light from one or more QCLs passes through the droplet and 

the surrounding medium.  Depending on the wavelength and chemical concentrations 

within the droplet and surrounding medium, light is absorbed and/or scattered. 

[00401] FIG. 52b shows a fluidic system where droplets or a core flow is centered 

within a larger, 3D core flow.  This is more typical of conventional flow cytometer 

cuvettes, for instance.  The QCL-based measurements described previously are then 

made of the droplet or flow, based on directly transmitted or scattered mid-IR light. 
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[00402] The fluidic architectures shown in cross section in FIGS. 52a-b may be 

used in cases where the “droplets” or “flows” are in emulsion; in other words, where 

the droplets shown here do not mix with the surrounding flow, even when stationary.    

[00403] FIGS. 53a-c show a representative example of a system measuring 

droplets or flows (within a sheath flow, which is not shown) using QCL-originated 

mid-IR beams.  They are used to illustrate scattering as a function of the flow/droplet 

content, and mid-IR wavelength, as described under FIG 53. 

[00404] FIG. 53a shows the system with the sheath flow only, or a baseline state.  

All mid-IR light is focused onto a single point, corresponding to traversal of the 

sheath fluid without angular perturbation resulting from refractive index differences. 

[00405] FIG. 53b shows the system as a droplet or core flow are introduced.  The 

droplet will cause some differential absorption of the directly-transmitted mid-IR light 

(this could be in some cases be negative, where the droplet absorbs less than the 

sheath flow).  As a function of refractive index and wavelength, the droplet will also 

diffract some of the mid-IR light so it exits the flow off-axis.  When imaged onto a 

plane, this light will appear away from the central spot.  As described earlier, this 

pattern will be wavelength-dependent, and around certain resonant absorption 

wavelengths, will have stronger wavelength dependence.  A combination of the 

directly-transmitted (central) signal and scattered signal as a function of mid-IR 

wavelength and scattering angle (position on the plane) may then be used to estimate 

both droplet dimensions and specific chemical concentrations within the droplet.  The 

droplet, here, could be a continuous flow of liquid (viewed in cross-section), either in 

laminar flow or emulsed in a sheath fluid; it could be a single droplet; it could be a 

biological cell; a solid particle; or other form of spectrally-measurable object in a 

liquid flow, as described earlier. 

[00406] FIG. 53c shows the same droplet or flow, now with another object inside 

of it.  For example, this could be a cell, a dense nucleus or other organelle.  It could be 

a droplet in an emulsion containing a single cell (or multiple cells).  The system may 

be used again, as described above, to characterize the droplet, and then to characterize 

the particle within the droplet using the same techniques, often using different mid-IR 

wavelengths that correspond to molecular bond vibrations of interest within the 

contained particle.  Again, this will result in absorption of the QCL-originated light 

passing through the contained particle, and scattering of the light based on refractive 



   

121 

index at those wavelengths, which may show resonant dispersion around 

characteristic absorption lines. 

[00407] In this architecture, a tunable QCL could be used to interrogate a series of 

wavelengths corresponding to non-resonant (reference) wavelengths, then resonant 

wavelengths corresponding to the droplet fluid and particle fluid, respectively. 

[00408] In some cases, the droplets may accumulate chemical species as a result of 

chemical reactions that have occurred inside of them, or biological processes 

occurring in a cell contained within them (possibly stimulated/inhibited with additives 

to the droplet). 

[00409] FIG. 54a shows a case where a biological cell (inner circle) is contained 

within a droplet, which is contained within an emulsion.  An advantage of such a 

system, described in detail in Boehm et al, is that the droplet acts as an independent 

volume, not mixing with the surrounding (transport/sheath) liquid.  As a result, 

chemical reactions can be performed at a tiny scale, and their results measured 

(assuming an appropriate measurement technique, such as ours).  Alternatively, as is 

shown in this representative example, a cell may be incubated in the droplet with 

nutrients, drugs, toxins and/or other substances, in parallel with thousands or millions 

of other cells in a microfluidic system.  At a fixed time, the present invention may be 

used to interrogate the droplet using QCL-derived light.  At this point, the contents of 

the cell may be measured directly using vibrational spectroscopy techniques described 

herein.  However, it may also be of interest to measure the contents of the droplets, 

which will contain the metabolic byproducts of the cell, accumulated in the course of 

incubation.  The byproducts and their concentration may be a powerful indicator of 

cell function.  The droplet contents may be measured using the QCL-based techniques 

described herein.  In some cases, only the contents of the emulsed droplet itself will 

be of interest, and the techniques described above may be used to “substract out” the 

optical signature of the cell from the transmitted and/or scattered mid-IR light. 

[00410] FIG. 54b shows a different technique, illustrated here through the use of a 

droplet in an emulsion.  Here the droplet is formed, containing a cell, but also 

containing a dye or label with a known and preferably distinct mid-IR vibrational 

signature.  As with fluorescent dyes/labels, and emerging quantum dot based tags, it is 

functionalized in order to bind to or localize in particular portions of the cell, possibly 

depending on the cell phenotype, surface antibodies, etc.   
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[00411] The advantage of using a mid-IR dye/label, with readout using QCL-based 

mid-IR interrogation (absorption and scattering) are multiple: (1) a high degree of 

chemical flexibility, since virtually all molecules have mid-IR fingerprints; (2) the 

potential for a large number of labels simultaneously present and measured, because 

of the complex fingerprints achievable; (3) well-behaved scattering at mid-IR 

wavelengths, at the scale of cells and organelles.  Moreover, scattering, as has been 

described, can be measured in a very chemical- and size-specific manner.  As a result, 

it is possible to measure chemical concentration and associated structural information 

using resonant Mie scattering and QCL-originated beams with well-controlled angular 

incidence. 

[00412] In this example, the droplet is filled with a mid-IR label, which over the 

course of incubation, binds to specific structures on the contained cell.  By 

interrogating the droplet using QCL beam(s) after this incubation, one may determine 

how much of the label has been concentrated on the surface of, in the nucleus of, or 

within another organelle of the cell. 

[00413] This technique of labeling using mid-IR active dyes/labels/particles may 

be applied with QCL-based vibrational absorption/scattering architectures previously 

disclosed by the inventor.  It is potentially a strong complement to the label-free 

techniques previously disclosed, and to UV/visible/NIR techniques in broad industry 

use today. 

[00414] FIG. 55 shows an example of the present invention used in a droplet-based 

system where droplets contain biological cells.  The droplets may also be seeded with 

growth media, nutrients, drugs, etc.  In general it may be desirable to have a set 

number of cells (often one) per droplet; generally the number of cells will follow a 

Poisson distribution as described by Boehm et al.  The cells may be incubated for a 

fixed period at specific conditions, and then run into a measurement volume as shown 

here, where microfluidic channels guide individual droplets into a flow channel with a 

sheath flow that centers the droplets. 

[00415] Alternatively, various focusing techniques, including acoustic, optical, and 

mechanical may be used to center the flow of droplets and space them appropriately 

for measurement, and in some cases, subsequent sorting. 

[00416] In this configuration, multiple wavelengths of QCL (or, tunable QCL(s)) 

may be used in conjunction with direct transmission and/or scattering detectors in 



   

123 

order to determine any one or combination of the following: (1) how many cells are 

present within a particular droplet, potentially eliminating from consideration those 

with the wrong number of cells, or compensating remaining measurements 

appropriately; (2) gathering spectral/scattering information regarding the cells to 

ascertain their contents or phenotype; (3) determine droplet volume; and (4) measure 

chemical contents of the droplets to measure, for example, the metabolic products of 

the cell(s) contained within.  The resulting measurements could include anything from 

simple characterization of what type of cell(s) are contained within droplets, of the 

purpose of sorting, diagnostics or statistical measurements; what the contents of the 

cells are, including contents such as DNA, RNA, protein, sugars, lipids, metabolic 

byproducts, etc.; what chemicals are produced by the cell.  The measurements may be 

recorded, or used to sort droplets in real time. 

[00417] In other configurations, the droplets may be immobilized in “pots” where 

they may be observed over time.  In this manner, time series (or at least before/after) 

measurements may be made of droplets maintained or processed under specific 

conditions.  The array of pots may either be translated across the QCL beam for one-

by-one measurement, or the pots may be unloaded sequentially past a QCL 

measurement point. 

[00418] FIG. 56 shows another configuration where a solid sample with very 

sparse (potential) particles of interest is to be analyzed.  The process of analyzing a 

bulk sample for trace chemical or biological components is often difficult because 

signal is low when the entire sample is measured, or highly variable if small points are 

measured (for example, by ATR prism using FTIR). 

[00419] According to the present invention, the solid may be milled into a fine 

powder (if it is not already in powder form), and then introduced into an appropriate 

liquid.  Depending on the material being analyzed, this could be water, alcohol, oils or 

other liquids.   The particles may then be sorted or filtered to achieve uniform size, 

potentially through the use of microfluidic structures.  The particles are then 

incorporated into droplets in an emulsion.  These droplets may, in some cases, contain 

not only the particles but also additive chemicals or tags that attach to / react with the 

molecules of interest in the solid, and may produce byproducts detectable by mid-IR 

vibration spectroscopy. 
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[00420] The droplets are then interrogated, possibly after some reaction time, using 

one or more QCL beams, in order to determine the content of the solid particle, by 

direct measurement of the particle, by measurement of complexes formed between 

additives and the particle, or byproducts of reactions between the particle and 

additives. 

[00421] Particles here could include minerals of interest, trace pollutants or 

contaminants, explosives or chemical/biological weapons traces, or microbes 

including food contaminants. 

[00422] FIGS. 57a-c show flow and particle configurations that could be used in 

the present invention to enhance resonant optical interference measurements in the 

mid-IR.  Here, rather than a single particle, droplet or stream producing an 

interference (scattering) pattern when QCL-originated mid-IR beams hits it, multiple 

parallel particles or streams are used to produce a periodic “grating” in order to 

enhance scattering effects and increase signal-to-noise for specific chemical bond 

detection. 

[00423] FIG. 57a shows parallel laminar flows which may be formed initially by 

relatively large microfluidic nozzles, and then narrowed to the appropriate 

dimensions, to form a liquid diffraction grating which may serve to measure the liquid 

content with very high specificity and accuracy in the mid-IR.  In such a 

configuration, the diffraction angles of light imparted by the grating as light passes 

through it (perpendicular to the page) depends on the phase difference imparted by the 

alternating fingers, and therefore on the relative refractive index between the flows.  

As noted, where there are chemicals present in one set of flows that have resonant 

absorption bands in the mid-IR, there are associated refractive index fluctuations 

(resonant dispersion) near the same wavelengths, and two or more QCL-based 

measurements at wavelengths in or around these resonant features made with 

detectors measuring off-angle transmission can result in precise chemical 

measurements.  Both resonant and non-resonant measurements may be made to 

accurately determine concentration and compensate for size and operating 

environment effects. 

[00424] FIG. 57b shows a series of droplets passing through an asymmetric beam 

at regular intervals to similarly form a liquid diffraction grating.  
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[00425] FIG. 57c shows an architecture where particles, cells or bubbles are 

focused using acoustic, fluidic or optical means into parallel streams for interrogation 

by QCL beam(s) according to the present invention. 

[00426] FIG. 58 shows one method by which cells or particles could be measured 

and sorted using QCL-based vibration spectroscopic techniques described herein, and 

droplet emulsions described by Boehm et al.  In this example, a double emulsion is 

used, where cells are contained in a water-based droplet, which is encased in an oil 

“shell” (a double, or triple emulsion), which itself is suspended in a water-based 

medium.  According to methods described above in the invention, QCL based 

beam(s) are used to interrogate the cell and/or surrounding liquid that (for example) 

contains metabolic byproducts from the cell.  Depending on the outcome of the 

measurement, the system may break open the oil shell and release the contained cell.  

This release step may be performed using one of a number of means, including but 

not limited to: acoustic forces that break up the droplet, optical pulses which force a 

hole into the shell (including but not limited to mid-IR radiation which may target 

specific absorption lines for the oil), or mechanical.  After release, cells still in oil 

cases may be separated passively by appropriate microfluidic structures from cells 

which have been released from their shells. 

[00427] The methods and systems described herein may be deployed in part or in 

whole through a machine that executes computer software, program codes, and/or 

instructions on a processor.  The processor may be part of a server, cloud server, 

client, network infrastructure, mobile computing platform, stationary computing 

platform, or other computing platform.  A processor may be any kind of 

computational or processing device capable of executing program instructions, codes, 

binary instructions and the like. The processor may be or include a signal processor, 

digital processor, embedded processor, microprocessor or any variant such as a co-

processor (math co-processor, graphic co-processor, communication co-processor and 

the like) and the like that may directly or indirectly facilitate execution of program 

code or program instructions stored thereon.  In addition, the processor may enable 

execution of multiple programs, threads, and codes. The threads may be executed 

simultaneously to enhance the performance of the processor and to facilitate 

simultaneous operations of the application. By way of implementation, methods, 

program codes, program instructions and the like described herein may be 
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implemented in one or more thread.  The thread may spawn other threads that may 

have assigned priorities associated with them; the processor may execute these 

threads based on priority or any other order based on instructions provided in the 

program code. The processor may include memory that stores methods, codes, 

instructions and programs as described herein and elsewhere. The processor may 

access a storage medium through an interface that may store methods, codes, and 

instructions as described herein and elsewhere. The storage medium associated with 

the processor for storing methods, programs, codes, program instructions or other type 

of instructions capable of being executed by the computing or processing device may 

include but may not be limited to one or more of a CD-ROM, DVD, memory, hard 

disk, flash drive, RAM, ROM, cache and the like. 

[00428] A processor may include one or more cores that may enhance speed and 

performance of a multiprocessor. In embodiments, the process may be a dual core 

processor, quad core processors, other chip-level multiprocessor and the like that 

combine two or more independent cores (called a die).  

[00429] The methods and systems described herein may be deployed in part or in 

whole through a machine that executes computer software on a server, client, firewall, 

gateway, hub, router, or other such computer and/or networking hardware.  The 

software program may be associated with a server that may include a file server, print 

server, domain server, internet server, intranet server and other variants such as 

secondary server, host server, distributed server and the like. The server may include 

one or more of memories, processors, computer readable media, storage media, ports 

(physical and virtual), communication devices, and interfaces capable of accessing 

other servers, clients, machines, and devices through a wired or a wireless medium, 

and the like. The methods, programs or codes as described herein and elsewhere may 

be executed by the server. In addition, other devices required for execution of 

methods as described in this application may be considered as a part of the 

infrastructure associated with the server. 

[00430] The server may provide an interface to other devices including, without 

limitation, clients, other servers, printers, database servers, print servers, file servers, 

communication servers, distributed servers, social networks, and the like. 

Additionally, this coupling and/or connection may facilitate remote execution of 

program across the network. The networking of some or all of these devices may 
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facilitate parallel processing of a program or method at one or more location without 

deviating from the scope of the invention. In addition, any of the devices attached to 

the server through an interface may include at least one storage medium capable of 

storing methods, programs, code and/or instructions. A central repository may provide 

program instructions to be executed on different devices. In this implementation, the 

remote repository may act as a storage medium for program code, instructions, and 

programs.  

[00431] The software program may be associated with a client that may include a 

file client, print client, domain client, internet client, intranet client and other variants 

such as secondary client, host client, distributed client and the like. The client may 

include one or more of memories, processors, computer readable media, storage 

media, ports (physical and virtual), communication devices, and interfaces capable of 

accessing other clients, servers, machines, and devices through a wired or a wireless 

medium, and the like. The methods, programs or codes as described herein and 

elsewhere may be executed by the client. In addition, other devices required for 

execution of methods as described in this application may be considered as a part of 

the infrastructure associated with the client. 

[00432] The client may provide an interface to other devices including, without 

limitation, servers, cloud servers, other clients, printers, database servers, print 

servers, file servers, communication servers, distributed servers and the like. 

Additionally, this coupling and/or connection may facilitate remote execution of 

program across the network. The networking of some or all of these devices may 

facilitate parallel processing of a program or method at one or more location without 

deviating from the scope of the invention. In addition, any of the devices attached to 

the client through an interface may include at least one storage medium capable of 

storing methods, programs, applications, code and/or instructions. A central 

repository may provide program instructions to be executed on different devices. In 

this implementation, the remote repository may act as a storage medium for program 

code, instructions, and programs.  

[00433] The methods and systems described herein may be deployed in part or in 

whole through network infrastructures.  The network infrastructure may include 

elements such as computing devices, servers, cloud servers, routers, hubs, firewalls, 

clients, personal computers, communication devices, routing devices and other active 
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and passive devices, modules and/or components as known in the art. The computing 

and/or non-computing device(s) associated with the network infrastructure may 

include, apart from other components, a storage medium such as flash memory, 

buffer, stack, RAM, ROM and the like. The processes, methods, program codes, 

instructions described herein and elsewhere may be executed by one or more of the 

network infrastructural elements. 

[00434] The methods, program codes, and instructions described herein and 

elsewhere may be implemented on a cellular network having multiple cells. The 

cellular network may either be frequency division multiple access (FDMA) network 

or code division multiple access (CDMA) network. The cellular network may include 

mobile devices, cell sites, base stations, repeaters, antennas, towers, and the like. The 

cell network may be a GSM, GPRS, 3G, EVDO, mesh, or other networks types. 

[00435] The methods, programs codes, and instructions described herein and 

elsewhere may be implemented on or through mobile devices.  The mobile devices 

may include navigation devices, cell phones, mobile phones, mobile personal digital 

assistants, laptops, palmtops, netbooks, pagers, electronic books readers, music 

players and the like. These devices may include, apart from other components, a 

storage medium such as a flash memory, buffer, RAM, ROM and one or more 

computing devices. The computing devices associated with mobile devices may be 

enabled to execute program codes, methods, and instructions stored thereon.  

Alternatively, the mobile devices may be configured to execute instructions in 

collaboration with other devices. The mobile devices may communicate with base 

stations interfaced with servers and configured to execute program codes.  The mobile 

devices may communicate on a peer to peer network, mesh network, or other 

communications network. The program code may be stored on the storage medium 

associated with the server and executed by a computing device embedded within the 

server. The base station may include a computing device and a storage medium. The 

storage device may store program codes and instructions executed by the computing 

devices associated with the base station. 

[00436] The computer software, program codes, and/or instructions may be stored 

and/or accessed on machine readable media that may include: computer components, 

devices, and recording media that retain digital data used for computing for some 

interval of time; semiconductor storage known as random access memory (RAM);  
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mass storage typically for more permanent storage, such as optical discs, forms of 

magnetic storage like hard disks, tapes, drums, cards and other types; processor 

registers, cache memory, volatile memory, non-volatile memory; optical storage such 

as CD, DVD; removable media such as flash memory (e.g. USB sticks or keys), 

floppy disks, magnetic tape, paper tape, punch cards, standalone RAM disks, Zip 

drives, removable mass storage, off-line, and the like; other computer memory such as 

dynamic memory, static memory, read/write storage, mutable storage, read only, 

random access, sequential access, location addressable, file addressable, content 

addressable, network attached storage, storage area network, bar codes, magnetic ink, 

and the like. 

[00437] The methods and systems described herein may transform physical and/or 

or intangible items from one state to another.  The methods and systems described 

herein may also transform data representing physical and/or intangible items from one 

state to another. 

[00438] The elements described and depicted herein, including in flow charts and 

block diagrams throughout the figures, imply logical boundaries between the 

elements.  However, according to software or hardware engineering practices, the 

depicted elements and the functions thereof may be implemented  on machines 

through computer executable media having a processor capable of executing program 

instructions stored thereon as a monolithic software structure, as standalone software 

modules, or as modules that employ external routines, code, services, and so forth, or 

any combination of these, and all such implementations may be within the scope of 

the present disclosure. Examples of such machines may include, but may not be 

limited to, personal digital assistants, laptops, personal computers, mobile phones, 

other handheld computing devices, medical equipment, wired or wireless 

communication devices, transducers, chips, calculators, satellites, tablet PCs, 

electronic books, gadgets, electronic devices, devices having artificial intelligence, 

computing devices, networking equipments, servers, routers and the like. 

Furthermore, the elements depicted in the flow chart and block diagrams or any other 

logical component may be implemented on a machine capable of executing program 

instructions. Thus, while the foregoing drawings and descriptions set forth functional 

aspects of the disclosed systems, no particular arrangement of software for 

implementing these functional aspects should be inferred from these descriptions 
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unless explicitly stated or otherwise clear from the context. Similarly, it will be 

appreciated that the various steps identified and described above may be varied, and 

that the order of steps may be adapted to particular applications of the techniques 

disclosed herein. All such variations and modifications are intended to fall within the 

scope of this disclosure. As such, the depiction and/or description of an order for 

various steps should not be understood to require a particular order of execution for 

those steps, unless required by a particular application, or explicitly stated or 

otherwise clear from the context.  

[00439] The methods and/or processes described above, and steps thereof, may be 

realized in hardware, software or any combination of hardware and software suitable 

for a particular application. The hardware may include a general purpose computer 

and/or dedicated computing device or specific computing device or particular aspect 

or component of a specific computing device.  The processes may be realized in one 

or more microprocessors, microcontrollers, embedded microcontrollers, 

programmable digital signal processors or other programmable device, along with 

internal and/or external memory. The processes may also, or instead, be embodied in 

an application specific integrated circuit, a programmable gate array, programmable 

array logic, or any other device or combination of devices that may be configured to 

process electronic signals. It will further be appreciated that one or more of the 

processes may be realized as a computer executable code capable of being executed 

on a machine readable medium.  

[00440] The computer executable code may be created using a structured 

programming language such as C, an object oriented programming language such as 

C++, or any other high-level or low-level programming language (including assembly 

languages, hardware description languages, and database programming languages and 

technologies) that may be stored, compiled or interpreted to run on one of the above 

devices, as well as heterogeneous combinations of processors, processor architectures, 

or combinations of different hardware and software, or any other machine capable of 

executing program instructions.     

[00441] Thus, in one aspect, each method described above and combinations 

thereof may be embodied in computer executable code that, when executing on one or 

more computing devices, performs the steps thereof.  In another aspect, the methods 

may be embodied in systems that perform the steps thereof, and may be distributed 
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across devices in a number of ways, or all of the functionality may be integrated into a 

dedicated, standalone device or other hardware. In another aspect, the means for 

performing the steps associated with the processes described above may include any 

of the hardware and/or software described above.  All such permutations and 

combinations are intended to fall within the scope of the present disclosure. 

[00442] While the invention has been disclosed in connection with the preferred 

embodiments shown and described in detail, various modifications and improvements 

thereon will become readily apparent to those skilled in the art.  Accordingly, the 

spirit and scope of the present invention is not to be limited by the foregoing 

examples, but is to be understood in the broadest sense allowable by law. 

[00443] All documents referenced herein are hereby incorporated by reference. 
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CLAIMS 

What is claimed is: 

1.  A cytometry system, comprising: 

 a handling system that enables presentation of single sperm cells to at least 

one laser source;  

the at least one laser source configured to deliver light to the sperm cell in order to 

induce bond vibrations in the sperm cell DNA; and 

a detection facility that detects the signature of the bond vibrations, wherein the bond 

vibration signature is used to calculate a DNA content carried by the sperm 

cell,  

wherein the calculated DNA content is used to identify the sperm cell as carrying an 

X-chromosome or Y-chromosome. 

 

2.  The cytometry system of claim 1, further comprising, a sort facility for sorting the 

sperm cell according to the identified chromosomes. 

 

3.  The cytometry system of claim 1, wherein at least one laser source emits at a 

wavelength corresponding to the resonant absorption for DNA and at least one 

laser source emits at a wavelength used to cancel out a background signal 

from other analytes and from system artifacts. 

 

4.  The cytometry system of claim 1, wherein the wavelength of the light delivered by 

the at least one laser source is greater than one third of the diameter of the 

sperm cell.    

 

5.  The cytometry system of claim 1, further comprising, a light source configured to 

deliver light to a sperm cell within the sperm cells in order to induce a 

scattering signature, wherein the scattering signature is used to identify a 

sperm cell characteristic, wherein the characteristic comprises one or more of 

size, cell type, cell density, and cell orientation.      

 



   

133 

6.  The cytometry system of claim 5, wherein the second light source is one or more 

of a VIS, UV, and NIR laser source. 

 

7.  The cytometry system of claim 1, further comprising, a cell destruction facility that 

selectively disables sperm cells based on the chromosome they are carrying. 

 

8.  The cytometry system of claim 7, wherein the cell destruction facility is a laser. 

 

9.  A cytometry system, comprising: 

a fluid handling system that enables a flow of cells past at least one quantum cascade 

laser (QCL) source, wherein the fluid handling system comprises a facility to 

enable a single cell flow in a measurement volume;  

the at least one QCL laser source configured to deliver light to the single cell in the 

measurement volume in order to induce resonant mid-infrared absorption by 

one or more analytes of the cell; and 

a mid-infrared detection facility that detects the transmitted mid-infrared wavelength 

light, wherein the transmitted mid-infrared wavelength light is used to identify 

a cell characteristic. 

 

10.  The cytometry system of claim 9, wherein the fluid handling system comprises a 

microfluidic architecture. 

 

11.  The cytometry system of claim 9, wherein at least one QCL laser source emits at 

a wavelength corresponding to the resonant absorption for a target analyte and 

at least one QCL laser source emits at a wavelength used to cancel out a 

background signal from other analytes and from system artifacts. 

 

12.  The cytometry system of claim 9, further comprising, a sort facility for sorting the 

single cell according to the identified characteristic. 

 

13.  The cytometry system of claim 9, wherein the fluid handling system further 

comprises a filter that excludes cells based on at least one of a shape, a size, a 

surface property, and a membrane integrity.  
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14.  The cytometry system of claim 9, wherein the characteristic is a quantity of at 

least one of a nucleic acid, a protein, a lipid, a metabolic product, a dissolved 

gas, a nutrient, and aggregates thereof. 

 

15.  The cytometry system of claim 9, further comprising, a cell destruction facility 

that selectively terminates cells based on the identified characteristic. 

 

16.  The cytometry system of claim 15, wherein the cell destruction facility is a laser. 

 

17.  The cytometry system of claim 9, further comprising, a second light source 

configured to deliver light to the cell in order to induce a scattering signature, 

wherein the scattering signature is used to identify a cell characteristic, 

wherein the characteristic comprises one or more of size, cell type, cell 

density, and cell orientation.  

 

18.  The cytometry system of claim 17, wherein the second light source is one or more 

of a VIS, UV, and NIR laser source. 

 

19.  A cytometry method, comprising: 

 presenting a single sperm cell, using a handling system, to at least one laser 

source, the at least one laser source configured to deliver light to the sperm 

cell in order to induce bond vibrations in the sperm cell DNA; and 

detecting the signature of the bond vibrations, wherein the bond vibration signature is 

used to calculate a DNA content carried by the sperm cell,  

wherein the calculated DNA content is used to identify the sperm cell as carrying an 

X-chromosome or Y-chromosome. 

 

20.  A cytometry method, comprising: 

flowing cells past at least one quantum cascade laser (QCL) source using a fluid 

handling system, wherein the fluid handling system comprises a facility to 

enable a single cell flow in a measurement volume;  
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delivering QCL light to the single cell in the measurement volume in order to induce 

resonant mid-infrared absorption by one or more analytes of the cell; and 

detecting, using a mid-infrared detection facility, the transmitted mid-infrared 

wavelength light, wherein the transmitted mid-infrared wavelength light is 

used to identify a cell characteristic. 

  

 


