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(57) Abstract: This patent document discloses techniques, systems, and devices for detecting a target substance using optical nonlin-
ear wave mixing for enhanced detection sensitivity and accuracy. In one aspect, a method for measuring a-synuclein in a body fluid
of a patient with high detection sensitivity and accuracy and providing early stage Parkinson's disease detection is provided. The
method may comprise: supplying to a capillary analyte cell a fluidic sample that includes a body fluid of a patient containing o-sy -
nuclein, wherein the capillary analyte cell is located in a nonlinear optical four-wave mixing device; directing laser light from the
nonlinear optical four-wave mixing device into the capillary analyte cell to cause nonlinear optical four- wave mixing in the fluidic
sample to generate a four-wave mixing signal that contains information on the g-synuclein in the fluidic sample; and processing the
four-wave mixing signal to extract information on the g-synuclein in the fluidic sample.



5

10

15

20

25

30

WO 2017/143347 PCT/US2017/018752

APPLICATIONS OF OPTICAL DETECTION OF LOW-LEVEL CHEMICAL
AND BIOLOGICAL SUBSTANCES BY NONLINEAR LASER WAVE MIXING IN
MEDICINE AND FOOD SAFETY

PRIORITY CLAIMS AND CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This patent document claims priorities to and benefits of (1) U.S. Provisional Patent
Application No. 62/297,767 entitled “EARLY DETECTION OF PARKINSON’S DISEASE
BASED ON SENSITIVE ANALYSIS OF a-SYNUCLEIN BY NONLINEAR LASER WAVE
MIXING COUPLED WITH CAPILLARY ELECTROPHORESIS”, filed on February 19, 2016,
and (2) U.S. Provisional Patent Application No. 62/303,328 entitled “SENSITIVE DETECTION
OF MALACHITE GREEN AND CRYSTAL VIOLET BY NONLINEAR LASER WAVE
MIXING AND CAPILLARY ELECTROPHORESIS”, filed on March 3, 2016. The
aforementioned patent applications are incorporated by reference as part of the disclosure of this

patent document.

[0002] This PCT application is filed at the U.S. Patent and Trademark Office on February 21,
2017, Tuesday and its priority claim to the U.S. Provisional Patent Application No. 62/297,767
filed on February 19, 2016 is timely under 35 U.S.C. §21(b) and 37 CFR §1.7(a) and PCT Rule
§80.5 because February 19, 2017 was a Sunday, February 20, 2017 was a U.S. federal holiday
(the President’s Day) in the District of Columbia, and February 21, 2017 is the next business day
for the Office.

TECHNICAL FIELD
[0003] This patent document relates to methods, techniques and devices for optical detection of
low-level chemical and biological substances based on optical nonlinear wave mixing for

enhanced detection sensitivity and accuracy.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
[0004] Part of the inventions in this patent document was made with United States government

support under Grant Nos. 5-R01-GM41032 and 2R25GM058906-13 awarded by the National
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Institutes of Health (NIH)/National Institute of General Medical Sciences (NIGMS). In addition,
part of the inventions was made with United States government support by the National Institute
of General Medical Sciences, National Institutes of Health under Grant 5-R01-GM41032, the
National Science Foundation, the U.S. Department of Homeland Security Science and
Technology Directorate, the U.S. Department of Defense (CCAT), the Army Research Office,
and the NIH NIGMS SDSU IMSD Program Grant 2R25GMO058906-13. The United States

government has certain rights in the inventions.

BACKGROUND
[0005] Accurate detection of low-level substances are technically difficult even in well-
controlled scientific laboratory conditions and presents a challenge in practical applications in
various fields such as medicine and detection of chemical or biological substances. Over the
decades, optical sensing technologies have been explored to address the technical challenges in
accurate detection of low-level substances. Nonlinear optical wave mixing techniques are

among the different sensitive detection technologies that under investigation.

SUMMARY
[0006] This patent document discloses optical sensing techniques, systems, and devices for
detecting a target substance using optical nonlinear wave mixing for enhanced detection

sensitivity and accuracy.

[0007] In one aspect, a method is provided for measuring a-synuclein in a body fluid of a patient
with high detection sensitivity and accuracy and providing early stage Parkinson’s disease
detection. For example, such a method can be implemented to include supplying to a capillary
analyte cell a fluidic sample that includes a body fluid of a patient containing a-synuclein,
wherein the capillary analyte cell is located in a nonlinear optical four-wave mixing device;
directing laser light from the nonlinear optical four-wave mixing device into the capillary analyte
cell to cause nonlinear optical four-wave mixing in the fluidic sample to generate a four-wave
mixing signal that contains information on the a-synuclein in the fluidic sample; processing the

four-wave mixing signal to extract information on the a-synuclein in the fluidic sample; and
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using the extracted information to determine the patient’s condition in connection with the

Parkinson’s disease.

[0008] In another aspect, an optical sensing based system is provided for diagnosing a person’s
condition in connection with the Parkinson’s disease. For example, such a system can be
implemented to include a microfluidic system that includes a capillary analyte cell that is
coupled to receive a fluidic sample that includes a body fluid of a patient containing a-synuclein;
a nonlinear optical four-wave mixing device that includes a laser that produces laser beams for
nonlinear four-wave mixing, optical elements that direct the laser beams to a selected location in
the capillary analyte cell where the laser beams intercept with one another to interact with the
fluidic sample in the capillary analyte cell to cause nonlinear wave mixing that generates a four-
wave mixing signal that contains information on the a-synuclein in the fluidic sample, and an
optical detector that receives the four-wave mixing signal and converts the received four-wave
mixing signal to a detector signal; and a processing module that processes the detector signal to
extract information on the a-synuclein in the fluidic sample and uses the extracted information to

determine the patient’s condition in connection with the Parkinson’s disease.

[0009] In another aspect, a method is provided for measuring a low concentration level of a
suspect or target substance such as Malachite Green and Crystal Violet with high detection
sensitivity and accuracy. For example, such a method can be implemented to include supplying
to a capillary electrophoresis system a fluidic sample that includes a low concentration of a
suspect substance within a nonlinear optical four-wave mixing device; directing laser light from
the nonlinear optical four-wave mixing device into the fluidic sample to cause nonlinear optical
four-wave mixing in the fluidic sample to generate a four-wave mixing signal that contains
information on the low concentration of the suspect substance in the fluidic sample; and
processing the four-wave mixing signal to extract information on the suspect substance in the

fluidic sample.

[0010] In yet another aspect, a device is provided for measuring a low concentration level of a
suspect substance such as Malachite Green and Crystal Violet with high detection sensitivity and
accuracy. For example, such as device can be implemented to include a microfluidic system that

is coupled to receive a fluidic sample that includes a fluidic sample that includes a low
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concentration of a suspect substance; a nonlinear optical four-wave mixing device that includes a
laser that produces laser beams for nonlinear four-wave mixing, optical elements that direct the
laser beams to a selected location in microfluidic system where the laser beams intercept with
one another to interact with the fluidic sample to cause nonlinear wave mixing that generates a
four-wave mixing signal that contains information on the suspect substance in the fluidic sample,
and an optical detector that receives the four-wave signal and converts the received four-wave
mixing signal to a detector signal; and a processing module that processes the detector signal to

extract information on the suspect substance in the fluidic sample.

[0011] The above and other aspects and their implementations are described in greater detail in

the drawings, the description and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] FIGS. 1, 2A, 2B, 2C, 2D and 2E show examples of nonlinear optical wave mixing based

optical sensing devices for measuring target substances.

[0013] FIG. 3 shows two exemplary suspect substances of Malachite green (MG) and crystal
violet (CV).

[0014] FIG. 4 shows an exemplary wave-mixing scheme coupled with capillary electrophoresis

for a-synuclein detection.

[0015] FIG. 5 shows a UV-visible absorption spectra of a-synuclein and labels.
[0016] FIG. 6 shows amino acid sequence of a-synuclein.

[0017] FIG. 7 shows wavelength shift of Chromeo P503 as a fluorophore label.

[0018] FIG. 8 shows electropherograms of size-based separation of FITC-conjugated a-

synuclein.

[0019] FIG. 9 shows calibration curve created by standard protein ladder for sizing FITC-

conjugated a-synuclein.

[0020] FIG. 10 shows detection limit of FITC-conjugated a-synuclein.
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[0021] FIG. 11 shows electropherograms of QSY 35-conjugated a-synuclein.

[0022] FIG. 12 shows CE-based laser wave mixing detection limit study for Chromeo P503-

conjugated a-synuclein.

[0023] FIG. 13 shows electropherograms of Chromeo P503-conjugated a-synuclein to indicate

correlation of reaction ratio and peak height.
[0024] FIG. 14 shows reproducible runs for different concentrations of a-synuclein.

[0025] FIG. 15 shows electropherograms of FITC-conjugated a-synuclein detected by laser

wave-mixing interfaced with CGE.

[0026] FIG. 16 shows correlations between peak heights and concentrations and a quadratic

dependence.

[0027] FIG. 17 shows an UV-visible spectra of malachite green (1.0 uM) and crystal violet (1.0
uM).

[0028] FIG. 18 shows an exemplary experimental setup for wave-mixing detection of malachite

green and crystal violet.

[0029] FIGS. 19A and 19B show electropherograms for 1 x 10-4 M crystal violet (CV) prepared
in 50mM aqueous citric acid solution only and SOmM aqueous citric acid diluted with

acetonitrile, respectively.

[0030] FIG. 20 shows electropherograms for 10 uM CV prepared in both 50 mM citric
acid/acetonitrile (1:2) and 0.5 mM citric acid/acetonitrile (1:2).

[0031] FIG. 21A shows electropherogram of a mixture of 10 uM MG and 10 pM CV in 0.5 mM
aqueous citric acid/acetonitrile (1:2) stacking buffer and FIG. 21B shows migration times for

repeated injections of the same sample mixture in FIG. 21A.

[0032] FIG. 22 shows electropherograms of a mixture of 10 yM MG and 10 uM CV in 0.5 mM

aqueous citric acid/acetonitrile (1:2) stacking buffer.
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[0033] FIG. 23 shows electropherograms of 2.0 x 10-10 M MG and 2.0 x 10-9 CV in 0.5 mM

aqueous citric acid/acetonitrile (1:2) stacking bufter.

[0034] FIG. 24A shows a relationship between a relative signal and concentration for CV; FIG.
24B shows a relationship between log(signal) and log(concentration) for CV; FIG. 24C shows a
relationship between a relative signal and concentration for MG; and FIG. 24D shows a

relationship between a log(signal) and log(concentration) for MG.

DETAILED DESCRIPTION
[0035] This patent document discloses optical sensing techniques and devices based on
nonlinear wave mixing to detect a target substance and to enhance detection sensitivity and
accuracy that are difficult or impossible to achieve with some other detection techniques or

devices.

[0036] The optical sensing technology employed in various implementations of the disclosed
technology is based on nonlinear laser wave-mixing spectroscopy techniques that offer excellent
detection sensitivity for chemical or biomedical applications, including early diagnosis and

investigation of neurodegenerative diseases.

[0037] Nonlinear wave mixing can be in various configurations by mixing different number of
laser beams. Consider nonlinear four-wave mixing as an example which is an optical process in
an optical medium where three coherent optical waves interact with one another through
nonlinear coupling to produce a fourth coherent signal wave. The nonlinearities of the medium,
primarily the third-order nonlinear susceptibility of the medium in some implementations,
contribute to such nonlinear coupling. The signal wave includes information on optically-
excited atoms or molecules present in the medium where the three input optical waves intersect
and hence can be collected to extract information about the medium. The strength of the signal
wave is associated with the population of atoms or molecules and the spectral characteristics of
the signal wave can be analyzed to reveal the structure of the atoms or molecules of interest. The
coherent characteristics of the four-wave mixing signal beam have a number of advantages,
including a laser-like signal beam, efficient signal collection, excellent spatial resolution, and
sub-Doppler spectral resolution. Hence, four-wave mixing has been widely used as a highly

sensitive tool in spectroscopic measurements.
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[0038] Optical sensing devices and techniques described in this document are designed for
highly sensitive, selective and high-resolution sensing of various materials based on nonlinear
laser wave mixing. Exemplary implementations of nonlinear wave mixing for measurements
based on backward and forward scattering nonlinear wave mixing, e.g., four-wave mixing
configurations, are described. Nonlinear optical wave mixing may be implemented in optical
sensing systems with different configurations. For example, U.S. Pat. No. 5,600,444 entitled
"Detecting Analyte Light Absorption Utilizing Degenerate Four-wave Mixing" to Tong
describes devices and techniques for using two-input-beam forward-scattering degenerate four-
wave mixing to achieve ultrasensitive analytical measurements of an analyte. Backward-
scattering degenerate four-wave mixing has also be used for sensitive laser spectroscopic
detection. See, e.g., U.S. Pat. No. 6,141,094 entitled "Sensitive Laser Spectroscopic Detection

Based on Three-Dimensional Nonlinear Four-Wave Mixing" to Tong.

[0039] In particular, nonlinear optical wave mixing in forward wave mixing and backward wave
mixing configurations can be used to detect target substances in liquid-phase samples by using
capillary electrophoresis devices and other liquid sample handling devices to achieve high
detection sensitivity and accuracy. See U.S. Patent No. 8,268,551B2 entitled "Sensitive Sensing
Based on Optical Nonlinear Wave Mixing" to Tong (previously published as U.S. Patent
Publication No. US 2006-0263777 A1), and U.S. Patent No. 9,244,005 entitled “Ultrasensitive
detection of isotopes, chemical substances and biological substances using laser wave-mixing

detectors” to Tong.

[0040] The entire disclosures of the above referenced patent documents are incorporated by
reference as part of the disclosure of this document. Techniques and features in the above-

referenced patents may be used or combined with the techniques described in this document.

[0041] Nonlinear wave mixing techniques for sensitive high-resolution detection may be
implemented for detecting substances in various material forms. For example, high temperature
atomizers may be used to perform the nonlinear optical wave mixing in a gas such as graphite
discharge plasmas, graphite furnace, inductively coupled plasma, and flame atomizers with
detection sensitivity levels in the sub-parts-per-quadrillion levels. Applications to liquid-phase

samples can achieve high detection sensitivity levels. The laser wave mixing methods offer
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many potential applications in many fields including chemistry, biology, and medicine. For
example in biotechnology, laser wave mixing could be used for detecting biomolecules (e.g.,
proteins, DNAs, etc.) with or without labels or tags, for studying enzyme activities, for
monitoring smaller chemical/biological changes more dramatically with less tedious procedures,
for studying bio molecular structures, for analysis of small bio cells with high spatial resolution,

for sensitive detection as sensors, and many other potential applications.

[0042] The laser wave mixing based detection methods may be useful for various applications in
a wide range of fields for measuring atoms, isotopes (gas-phase) and molecules (liquid-phase) at
detection levels that may be difficult to achieve with other sensing techniques. For example,
laser wave mixing may be used to improve the detection sensitivity by a factor of about 1,000 to
1,000,000 relative to other sensing techniques. For example, preliminary detection limits for
laser wave mixing may be obtained at sub-parts-per-quadrillion level, sub-attogram, sub-
zeptomole, and sub-femto molar detection limits. Laser wave mixing may be effectively
interfaced to popular gas-phase atomizers and liquid-phase flow systems for highly sensitive
detection of e.g., gas-phase atoms and isotopes, at sub-Doppler spectral resolution and sensitive
detection of liquid samples. In various implementations, laser wave mixing may be interfaced
with a wide range of chemical instruments for holding or handling the samples. Examples of the
instruments include, but are not limited to, gas chromatographs (GC), liquid chromatographs
(LC), mass spectrometers (MS), GC-MS, LC-MS, inductively coupled plasmas (ICP), ICP-MS,
high performance/power capillary electrophoresis (HPCE) systems, flow injection analysis (FIA)

systems.

[0043] In nonlinear optical wave mixing, the generated nonlinear wave-mixing signal has a
nonlinear and strong dependence on the input laser power (mainly the pump laser power), e.g., a
four-wave-mixing signal in general has a cubic dependence on the input laser power. The signal
strength, and hence, the detection sensitivity can be further enhanced by using higher input beam
intensities up to about the saturation intensity of the nonlinear optical material or the target
substance to be detected. In the example of a four-wave mixing device, the four-wave-mixing
signal has a quadratic dependence on absorption coefficient. For analytes with low absorption
coefficients, the wave-mixing detection sensitivity can be comparable to or better than those of

conventional laser methods because of the nonlinear signal properties such as the nonlinear
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optical power dependence, high signal collection efficiency (virtually 100% optical collection
efficiency in some four-wave mixing devices), and the laser-like coherence properties of the
nonlinear optical signal beam. For example, unlike laser-induced fluorescence methods where
the signal is a small fraction of a widely diffused fluorescence signal laser, the wave-mixing
signal is a collimated coherent laser-like beam and hence nearly the entire signal beam can be
directed into a photodetector. Furthermore, since wave mixing is an absorption method, both

fluorescing and non-fluorescing analytes can be measured.

[0044] FIG. 1 shows an exemplary nonlinear optical four-wave mixing detection device that
combines a forward-scattering degenerate four-wave mixing sensor with a microarray for
detecting chemical or biological materials in the microarray cells. A laser such as an argon ion
laser or other suitable laser with the desired laser wavelength is used to produce an input laser
beam. The input beam is split into a pump beam and a probe beam via a beam splitter, e.g., with
aratio of 70:30. The pump and probe beams are then recombined and focused on the microarray
slide (a microchip, a capillary channel, a waveguide, or a microfluidic device). A template with
prearranged holes is placed at the back of the microarray to block all the other optical beams and
to only allow the signal beam to pass through to reach a photodetector which receives the signal

beam.

[0045] FIG. 2a shows one example of a two-input-beam forward-scattering degenerate four-
wave mixing F-D4WM arrangement. It should be understood that the particular arrangement of
reflectors and beam splitters is provided only as an exemplar only. This system includes an
excitation light source 201, which may be a compact diode laser, such as is commonly known.
Alternatively, a helium-neon laser, a continuous-wave argon ion laser or a Nd:YAG laser may be
used. A laser beam 203 output by the light source 201 is preferably reflected by a reflector 205
and split by a beam splitter 207 to form a first 209 and a second 211 input beam. The second
input beam 211 is reflected by a second reflector 213 such that the first 209 and second 211 input
beams are preferably generally parallel. The intensity 11, of the first input beam 209 with
respect to the intensity 12 of the second input beam 211 arriving at the sample cell, 11:12, is
approximately 7:3 to generate the signal in one direction only. The preferred ratiois 1:1 to

generate two signal beams, if desired.



10

15

20

25

30

WO 2017/143347 PCT/US2017/018752

[0046] A third reflector 215 and a fourth reflector 217 redirect the first input beam 209 and the
second input beam 211, respectively, toward a single 100-mm focusing lens 219. The focusing
lens 219 preferably focuses and mixes both input beams 209, 211. A sample holder 221 is placed
at the lens' focal point. The sample holder 221 may be a DNA microarray chip, a sample cell, or
other devices holding the sample under measurement. The diameter of both the first input beam
spot and the second input beam spot on the sample cell 221 may be approximately 34 micros as
one example. The first input beam 209 and the second input beam 211 intersect inside the sample
cell 221 with an intersect angle which may be approximately 1.5 degrees or less. The small input
beam spots allow the system to interface directly with systems in which an analyte is available in
a small volume, such as a cell in a microarray chip, the capillary tube of a high power/high
performance capillary electrophoresis system (HPCE), the column of a high performance liquid
chromatography (HPLC) system, or to directly probe a small volume inside a gas-phase atomizer
such as flame, dc plasma, graphite furnace, inductively coupled plasma, with high spatial

resolution in diagnostic studies.

[0047] In order to optimize the signal strength of a phase-conjugate signal which is generated,
the difference in path lengths (or distances traveled) for first input beam 209 and the second
input beam 211 are preferably kept to less than the coherence length of the laser. A device for
amplitude modulating the second input beam 211, such as a mechanical light chopper 223 (for
example, Model 03-OC4000, manufactured and distributed by Photon Technology International
Inc., Princeton, N.J.), or any solid state electronic light intensity modulation device, is used. A
phase-conjugate signal beam 225 generated in the sample cell 221 is directed to a detector 227,
such as a photomultiplier tube (e.g., Model R928, manufactured and distributed by Hamamatsu
Corp., Middlesex, N.J.) after passing through a lens 229 preferably having a 250-mm focal
length and preferably a filter 231 which in the preferred embodiment is a 514.5 nm laser-line
filter when using an argon ion laser. A small aperture 233 is preferably disposed in front of the
detector 227 to minimize background noise due to the scattering of the two input beams 209 and

211.

[0048] The electrical output signal 235 of the detector 227 is then preferably coupled to a
current-to-voltage converter 237, the output of which is preferably monitored by a lock-in

amplifier (otherwise known as phase sensitive amplifier) 238 (such as Model 5207,

10
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manufactured and distributed by Princeton Applied Research, Princeton, N.J.). The output from
the detector 227 may also be coupled to other processor components 241, such as a strip-chart
recorder, personal computer including an analog to digital converter, or any other such
processing device. Control of the present invention may be performed by the same computer
used to control a HPCE, HPLC, or atomizer system with which the present invention is being

used.

[0049] In implementations where the sample holder 221 is a cell, the sample cell 221 may be the
capillary of an HPCE system, the column of an HPLC system, or a gas-phase atomizer system
(e.g., flame, de plasma, ICP plasma, graphite furnace). However, a rectangular glass flow cell
with approximately a 0.1-mm optical path length (such as a Type 48, manufactured and
distributed by Starna Cells, Inc., Atascadero, Calif.) may be used to measure an analyte for other
purposes. Naturally, the sample cell 221 may take any form which can hold a volume of analyte
which is at least equal to the spot volume of the focused input beams 209, 211, and which allows
the input beams 209, 211 to enter and the signal beam 225 to exit without excessive attenuation.
Furthermore, the analyte in the sample cell 221 may be any substance in any phase (i.e., liquid,
solid, or gaseous), such as eosin B dissolved in ethanol and iodine in carbon tetrachloride. The

present system is capable of analyzing solids and gases, as well as liquids.

[0050] An analyte solution may be delivered to the sample cell 221 in accordance with the
system with which the present invention is being used. For example, the analyte is delivered by
electrophoresis in an HPCE system or a pump in a HPLC system. Alternatively, a pump, such as

a peristaltic pump 239 may be used to deliver the analyte to the sample cell 221.

[0051] After the two input beams 209, 211 pass through the sample cell 221, they are blocked by
a beam trap 243, and the signal beam 225 is easily separated and directed toward the detector
227. An analyte solution with a relatively high concentration may be used as an "alignment
solution" to optimize the optical alignment. A micromolar-level solution can generate a strong
signal that is visible to the naked eye, thus allowing simple alignment of the present invention.
Signal optimization is performed simply by adjusting the mirrors and the lenses, and by carefully
adjusting the position of the sample cell 221 so that the sample cell 221 is at the focal point of

the wave-mixing lens, while observing the strength of the visible signal spot on a card (or on a

11
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photodetector for trace-concentration analytes). Of course, any other means for determining the
maximum strength of the signal beam 225 while adjusting the alignment of the system would be
equally acceptable. For example, a self-adjusting system using feedback from the lock-in
amplifier 238 might be used to determine the optimum alignment of the system. Once the optical
alignment is optimized, the alignment and the signal remain very stable and different analyte

solutions could be flowed through and analyzed without any further adjustments.

[0052] FIG. 2b illustrates an implementation two-input-beam wave mixing system coupled to the
capillary tube of a HPCE system. The sample cell 221 is part of the capillary tube of the HPCE
system. One end of the sample cell draws from a positive pool 249. The other end of the sample
cell discharges into a negatively charged pool 251. A high voltage source is coupled to, and

controlled by, the HPCE system controller 247.

[0053] FIG. 2c illustrates another two-input-beam system coupled to a column 257 of a HPLC
system. The sample cell 221 is coupled at one end to the column 257, and at the other end to a

waste pool 259. A pump is coupled to, and controlled by, a HPLC system controller 255.

[0054] FIG. 2d further shows another example where the laser beams 209, 211, 225 are each
transmitted through a fiber optic cable 250. Hence, transmission of laser light through air can be
minimized. The fiber optic cable may be prealigned and bound to a substrate to prevent
misalignment. The output of the laser source 201 may be coupled directly to the fiber optic cable
250 in known fashion. The fiber optic cable may be split into two sections 253, 255 in known
fashion, thus dividing the beam into the first input beam 209 and the second input beam 211. The
second section of fiber optic cable 255 may be coupled to an amplitude modulation device 2231,
such as a well-known mechanical chopper, or any solid state electronic light intensity modulation
device or an electro-optical modulator. Use of an electronic circuit for modulating the second
input beam 211 allows the system to be produced in a compact package. The output of the first
section of fiber optic cable 253 and the output from the modulation circuit 223" are preferably
coupled to a lens 219. The lens causes the two input beams 209, 211 to be focused to a fine point
within a sample cell 221. The input beams 209, 211 are preferably trapped at the opposite side of
sample cell 221 by a beam trap 243. A signal beam 225 is generated within the sample cell 221

and projects outward through an aperture 233, a lens 229, a line filter 231, and into a

12
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photomultiplier tube 227. The path from the sample cell 221 to the photomultiplier tube 227
may, be through a fiber optic cable 228. Alternatively, the path may be through air. In one
alternative embodiment of the present invention, two signal beams 225, 303 may be coupled to
the photomultiplier tube 227 through a summing lens 259 by fiber optic cable 261, or each signal
beam 225 and 303 may be coupled to a separate photomultiplier or photodiode, via air or fiber

optic cables and detected by summing or multiplication.

[0055] FIG. 2e shows one backward D4WM system having fiber optic cable to minimize
alignment difficulties. A fiber optic cable 130 is divided into three 137, 139, 141 such that the
signal is split into three beams 107, 109, 117. One input beam 107 is preferably directed to the
sample cell 113 at the appropriate angle by the fiber optic cable 139. The second input beam 117
is directed by the fiber optic cable 141 at a modulation device 118 and a beam splitter 123 which
passes the entire input beam 117. The input beam 117 is focused by a lens 122. A signal beam
121 is generated within the sample cell 113 and transmitted along the path that the input beam
117 traverses from the beam splitter 123. Upon striking the beam splitter 123, the signal beam
121 is reflected toward an aperture 125. The signal beam 121 can be directed toward the

photodetector via fiber optic cable or through air.

[0056] Additional examples of optical nonlinear wave mixing instrument designs are further
shown in FIGS. 10, 17, 19, 24 and 30 in U.S. Patent No. 9,244,005B2 which is incorporated by

reference.

[0057] By employing optical nonlinear wave mixing techniques, the disclosed technology
provides optical sensing techniques and devices that are available for chemical or biomedical
applications. In conventional technologies, a detection of a target substance are generally based
on an imaging technique, for example, magnetic resonance imaging (MRI). The image-based
detection technique, however, requires many biomarkers and relatively long time to diagnose a
corresponding disease. The disclosed detection technology, which detects a target substance
using a chemical/biological reaction occurred in connection with an optical sensing device,

provides advantages including increased detection sensitivity and accuracy and fast analysis.

[0058] The disclosed optical sensing technology can be implemented to detect various

substances for diagnostic applications and food safety applications. For medical diagnostic
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applications, various target substances are used as a biomarker in performing a diagnostic or
screening procedure. In food safety applications, the instrumentation should be portable and

robust for field uses such as on a fishery facility away from a testing laboratory facility.

[0059] For example, Parkinson’s disease (PD) is the second most predominant
neurodegenerative disease in the U.S., afflicting 1-2 % of the population aged 65 and over. The
disease is clinically characterized by the progressive dysfunction of several motor and non-motor
neurological functions. A series of studies showed that intercellular accumulation of Lewy
bodies (LB), the hallmark of Parkinson’s disease, appears 6 years or more before the symptoms
emerge. Thus, accurate quantification and detection of LB-related proteins, such as a-synuclein,

at a sensitive level is key to pave the way to understanding PD.

[0060] a-Synuclein is a 14 kDa, 140-residue neural protein highly expressed in central neurons
and localized in presynaptic terminals. The protein is a major component of LBs (aggregated
proteins), the hallmark pathology of PD and those with dementia. The mechanisms and

inclusion of a-synuclein in LBs do not explain the pathogenesis of the neurodegenerative disease,

and it remains unclear whether LBs are a cause or a symptom.

[0061] Parkinson’s disease was believed to be genetically inherited, since several families with
PD history were found to possess a mutation of a-synuclein. Based on this finding, numerous
studies developed a hypothesis that both point mutations and multiplications in the a-synuclein
gene cause PD. Lee and Trojanowski suggested that B-sheet structure of a-synuclein, readily
oligomerized and aggregated, is induced by both pathogenic mutations and elevated levels of a-
synuclein. The aggregation of the protein (5 - 25 um) is accelerated by various types of post-
translational modification, such as Ser-129 phosphorylation, calpain-mediated cleavage, O-

glycosylation, tyrosine nitration, methionine oxidation and C-terminal truncation.

[0062] Currently, the toxicity of the oligomerized and protofibril intermediate a-synuclein is
widely accepted. In addition to the LB hallmark, destruction of dopaminergic neurons are
observed in early stages of PD. Conway et al. reported that the formation of oligomerized a-
synuclein can be accelerated by dopamine, although the mechanism remains unclear. Stdhof et
al. suggested that the formation of soluble N-ethylmaleimide sensitive factor attachment protein

receptor (SNARE) complex, critical to the vesicle fusion leading to dopamine release, is
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promoted by a-synuclein binding to a vesicular SNARE protein, synaptobrevin-2. On the other
hand, Choi et al. reported that large a-synuclein oligomers inhibit neuronal SNARE-meditated
vesicle lipid mixing. Therefore, a-Synuclein can be used as a suspect substance for Parkinson’s

Disease.

[0063] There are other various examples of suspect substances that need to be identified in
various aplications, including prohibited substances in food industry such as Malachite green

(MG) and crystal violet (CV).

[0064] Figure 3 shows two exemplary banned substances Malachite green (MG) and crystal
violet (CV). MG is a triphenylmethane dye that may be used as a fungicide and paraciticide in
aquaculture. However, it is not approved for use as an aquaculture veterinary drug in the United
States, Canada or the European Union. Malachite green also has uses as a food coloring agent, as
a medical disinfectant and as a dye for textiles. Although a wide range of uses exists, it has also
been reported to have toxic effects that increase with concentration, exposure time and
temperature. This toxicity may present itself in the form of organ damage and mutagenic,
carcinogenic and developmental abnormalities in mammals. Due to reports of this nature, the
U.S. Food and Drug Administration (FDA) nominated malachite green as a priority chemical for

carcinogenicity testing in 1993,

[0065] Crystal violet (CV), which is also shown in Figure 3, is another triphenylmethane dye
used as an anti-microbial and anti-fungal agent for treatment of infections. It has a long history
of medical use under the name Gentian Violet, but, like malachite green, crystal violet can be
highly toxic and has been shown to enhance tumor growth. Crystal violet also sees use as a DNA
stain in gel electrophoresis, which may speak to the carcinogenicity of the compound. As is the
case with malachite green, the FDA recognizes crystal violet as unsafe for use as a veterinary

drug (21CFR500.29 and 21CFR500.30).

[0066] The disclosed technology provides efficient, sensitive, reliable, economic and convenient
methods for detecting a target substance in body fluids for diagnosing or screening purposes for
example, a-Synuclein, in body fluids for detecting diseases, and for detecting the level of a target
substance, e.g., MG or CV, in meats or foods in food safety inspection applications. Depending

on the target substance to be detected, the disclosed optical sensing technology will be modified
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to have different intensity and/or different wavelength to optimize the detection of a particular
target substance. In the below, examples of optical sensing techniques are described to detect a-

synuclein, MG and CV.
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Detection of a-synuclein

[0067] Various body fluids may be analyzed to measure levels of a-synuclein in patients.
Cerebrospinal fluid (CSF) analysis based on enzyme-linked immunosorbent assay (ELISA)
requires extraction of cerebrospinal fluids and such extraction is invasive and may pose certain
risks to patients. Levels of a-synuclein in blood samples may also be tested in order to develop
less invasive diagnostic methods for PD. Kasuga et al. reviewed studies of blood samples from a
control group and from PD patients to compare a-synuclein levels and concluded that, due to the
lack of a sensitive detection and quantification method that can differentiate a-synuclein species
(truncated, phosphorylated, monomeric and oligomeric forms), detection of the levels of PD-

related proteins in blood samples is difficult to be used as a reliable diagnostic method for PD.

[0068] This patent document discloses an optical sensing technology to measure levels of a-
synuclein in patients in various body fluids with high detection sensitivity and accuracy to enable
early stage PD detection before the PD conditions are developed in advanced stages. The
disclosed optical sensing technology can also be used to accurately detect levels of a-synuclein
in patients in blood samples that are currently not possible with existing technologies such as
methods based on enzyme-linked immunosorbent assay (ELISA). In addition, the present optical
sensing technology can be implemented by using widely available inexpensive substances
without using specialty substances and complex processes. Furthermore, the present optical
sensing technology can be implemented in in relatively compact hardware packaging

configurations and potentially portable systems.
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[0069] The present optical sensing technology for detecting levels of a-synuclein in patients in
various body fluids is based on multi-photon nonlinear laser wave-mixing spectroscopy as a
novel absorption-based technique that offers excellent detection sensitivity for biomedical
applications including early diagnosis and investigation of neurodegenerative diseases. o-
Synuclein is linked to Parkinson’s disease (PD), and characterization of its oligomers and
quantification of the protein may contribute to understanding PD. The laser wave-mixing signal
has a quadratic dependence on analyte concentration, and hence, the technique is effective in
monitoring small changes in concentration within biofluids. A wide variety of labels can be
employed for laser wave-mixing detection due to its ability to detect both chromophores and
fluorophores. In the conducted studies, two fluorophores and a chromophore are studied and
used as labels for the detection of a-synuclein. Wave mixing detection limits of PD-related
protein conjugated with fluorescein isothiocyanate, QSY 35 acetic acid, succinimidyl ester and
Chromeo P503 are determined to be 1.4 x 102 M, 1.4 x10° M, and 1.9 x 10 M, respectively.
Based on the laser probe volume used, the corresponding mass detection limits are determined to
be 1.1 x 10 mol, 1.1 x 10% mol, and 1.5 x 10 mol, respectively. The conducted studies
provide molecular-based separation and quantification of a-synuclein by laser wave mixing

coupled with capillary electrophoresis.

[0070] The present optical sensing technology can be used to provide a sensitive detection
method and an early diagnostic tool for Parkinson’s disease and represents a significant different
approach to detecting a-synuclein in body fluids in some existing techniques. For example,
enzyme-linked immunosorbent assay (ELISA) is commonly used for detecting monomeric and
oligomeric forms of a-synuclein in CSF and serum; however, ELISA is usually designed
specifically for analyzing a single analyte and cannot be coupled to a separation device. ELISA
is a time-consuming assay that requires multiple steps to detect and quantify a target protein.
The ELISA well is coated with a target protein-specific antibody that binds to the protein when a
sample is introduced. The enzyme-linked antibody may react with an unbound site of the protein.
Free antibodies that do not react with the protein are removed by washing. Additionally, ELISA
yields inconsistent results for control groups due to background absorption and cross-reactivity
interference. The assay may yield false-positive results, i.e., a signal may not be generated by a-

synuclein antigen-antibody reaction or specify monomeric and oligomeric forms.
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[0071] The wave-mixing detection sensitivity in the disclosed technology is orders of magnitude
better than those of conventional absorption techniques, and comparable or better than those of
ELISA and fluorescence methods. Laser wave mixing also provides shorter analysis times and
better chemical specificity without the use of expensive antibody. Sodium dodecyl sulfate-
capillary gel electrophoresis (CGE) or capillary zone electrophoresis (CZE) can distinguish
monomeric and oligomeric forms. Unlike laser-induced fluorescence (LIF), laser wave mixing
can detect both fluorophores and chromophores. Moreover, the wave-mixing signal is a coherent

laser-like beam and it can be detected conveniently with high collection efficiency and high S/N.

Laser Wave Mixing for a-Synuclein Detection

[0072] The wave-mixing signal exhibits excellent properties including quadratic dependence on
analyte extinction coefficient, i.e., concentration, and cubic dependence on intensity of the
excitation laser source. The wave-mixing signal can be described with the following equation.

5= (%)2l12lzsin4?9/2) (Z_,;)zg (1)
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[0073] The intensity of the wave-mixing signal (I3) produced by the probe and pump beams
depends on the cross section of the path length of a laser beam (b), intensities of excitation laser
source (I; and I,), the wavelength of the laser source (1), the angle between the probe and pump
beams (0), a derivative of the refractive index with respect to solvent temperature change (dn/dT),
the extinction coefficient (o), and thermal conductivity (k). Equation 1 indicates that the wave-
mixing signal has a quadratic dependence on analyte concentration, and hence, it allows more
effective measurement of small changes in analyte concentration as compared to conventional
absorption and fluorescence methods. Both sensitivity and selectivity levels are enhanced when
wave mixing is coupled with CE. Excellent separation resolutions, zeptomole-level sensitivity,
fast analysis, and small sample requirements are some of the advantages of wave-mixing CE.
Taking advantage of these unique features of laser wave mixing, concentration detection limits
of PD-related protein conjugated with fluorescein isothiocyanate, QSY 35 acetic acid,
succinimidyl ester and Chromeo P503 are determined to be 1.4 x 10 M, 1.4 x10"° M, and 1.9 x
10" M. Based on the small probe volume (79 pL) used, corresponding mass detection limits of

1.1 x 10" mol, 1.1 x 10%° mol, and 1.5 x 10"’ mol, are determined.

Materials and Methods

Forward-Scattering Laser Wave-Mixing Experimental Setup

20



10

15

WO 2017/143347 PCT/US2017/018752

[0074] FIG. 4 shows a schematic diagram of forward-scattering wave-mixing optical setup
interfaced to a CE system. A continuous-wave 488 nm blue laser with adjustable power tuned to
40 mW (Coherent, Santa Clara, CA) and a 50 mW 473 nm diode laser (CNI, Changchun, China)
are used for visible-wavelength wave-mixing detection. A 266 nm UV pulsed laser (CNI,
Changchun, China, 20 mW, 7 kHz) is used for UV wave-mixing detection of a-synuclein. The
laser output is first split by a beam splitter (R: T 30:70) to create two input beams. The weaker
(reflected) input beam is modulated by an optical chopper (Stanford Research Systems,
Sunnyvale, CA, SR541) at 200 Hz. In FIG. 4, the solid line and the dotted line represent
unmodulated and modulated beam, respectively. The two input laser beams travel the same
distances and then cross at an angle of 0.95° (488 nm laser) or 1.5° (473 nm laser and 266 nm
laser). The excitation lasers yield beam diameters of 1.70 mm (488 nm), 1.20 mm (473 nm) and
1.10 mm (266 nm), and probe volumes of 78 pL (488 nm), 58 pL (473 nm), and 55 pL (266 nm).
A 75 um 1.d. fused-silica capillary (Molex, Lisle, IL) is used as the analyte cell into which the
analyte is loaded by electrokinetic injection. A small portion of the capillary coating is removed
by a butane flame so that the input laser beams can propagate through the capillary analyte cell.
The wave-mixing signal is collected by a simple photodetector (Thorlabs, Newton, NJ,
PDA25K). The optical chopper, the photodetector and the computer are interfaced to a lock-in
amplifier (Stanford Research Systems, Sunnyvale, CA, SR810 DSP).

Chemicals
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[0075] Solutions used for this study are prepared with distilled water from a compact water
distillation system. Borax, Tris base, sodium dodecyl sulfate (SDS), sodium bicarbonate and
poly (ethylene glycol) (PEG, 10,000) are purchased from Sigma-Aldrich. Fluorescein
isothiocyanate (FITC), CHES, hydrochloric acid, sodium hydroxide, unstained protein ladder,
N,N-Dimethylformamide (DMF) and dialysis tubing (MWc¢o 12-14 kDa) are purchased from
Thermo Fisher Scientific. The chromophore label, QSY 35 acetic acid, succinimidyl ester is
obtained from Life Technologies. The capillary is coated with Ultratrol LN (Target Discovery)
by flowing through the solution for 2 to 5 minutes, and a sieving matrix is prepared by flowing
PEG in the sample cell. Recombinant a-synuclein, a DNA sequence encoding the human a-
synuclein sequence, is expressed in E. coli (tPeptide). Fluorophore protein label, Chromeo™
P503, is purchased from Active Motif. The suggested detection technology can be used either
without a label as a label-free detection or with a label. The detection using the labels such as
Fluorophore protein label, QSY 35, or Chromeo™ P503 is discussed in the descriptions below

together with the case not using any label.
Fluorescein isothiocyanate-conjugated protein

[0076] Sodium borate reaction buffer (50 mM, pH 8.6) is prepared by dissolving borax in
distilled water, and pH is adjusted by using 1.0 M HCI. Proteins are dissolved in the buffer at
2.0-2.2 mg/mL. FITC, a fluorophore label, is dissolved in DMF (10-20 mg/mL.) to react with
proteins. The mixture of FITC and protein(s) is allowed to proceed for 1 hour in the dark.
Dialysis is performed to remove free FITC using regenerated cellulose dialysis tubing (MW co
12,000 kDa — 14,000 kDa) and buffer exchange is performed simultaneously to prepare FITC-
conjugated protein in Tris-CHES buffer (25 mM) with SDS (0.1%).

[0077] Molecular weight and migration time calibration curves are generated by running FITC-
conjugated protein ladder that includes seven proteins: lysozyme (14.4 kDa), B-lactoglobulin
(18.4 kDa), REase Bsp98I (25.0 kDa), lactate dehydrogenase (35.0 kDa), ovalbumin (45.0 kDa)
bovine serum albumin (66.2 kDa), and B-galactosidase (116 kDa). The unstained proteins are
present in the solution at various concentration levels (0.10 — 0.20 mg/mL). The stock solution
(150 puL) is aliquoted and dialyzed into conjugation buffer for the protein ladder to react with
FITC using the previously stated protocol.
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QSY 35 Acetic Acid, Succinimidyl Ester-Conjugated a-Synuclein

[0078] Lyophilized a-synuclein is resuspended in 450 uL. water to obtain 2.2 mg/mL protein in
Tris-HCl and NaCl buffer (pH 7.4). The buffer is replaced with sodium carbonate-sodium
bicarbonate reaction buffer (100 mM, pH 8.3) using regenerated cellulose dialysis tubing. o-
Synuclein is reacted with QSY 35 in DMF (20 mg/mL) for 1 hour in the dark (1:20). Excess dye
is removed by dialysis while carbonate buffer is changed to Tris-CHES (100 mM) with 0.1%
SDS.

Chromeo P503-Conjugated Protein

[0079] Using an aliquot of 2.2 mg/mL a-Synuclein (100 uL) described above, Chromeo P503 is
dissolved in DMF (5.0 mg/mL) and added to the aliquot dropwise to obtain a 1:4 ratio or greater.
The solution is gently mixed for 30 minutes until the original color of the dye (blue) changes to

red.

Custom-Built Capillary Electrophoresis

[0080] Background electrolyte Tris-CHES is prepared by dissolving Tris (1.04 g) and CHES
(0.607 g) in distilled water (100 mL) and adjusting pH to 9.0. Sieving matrix is prepared by
dissolving PEG (3%) into Tris-CHES buffer (100 mM) with 0.1% high purity electrophoresis-
grade sodium dodecyl sulfate (SDS). All the capillary electrophoresis (CE) runs are performed
by a custom-built CE system, which uses a fused-silica capillary and a high voltage power
supply (Glassman High Voltage, High Bridge, NJ) that is connected to platinum wires. Voltage
is controlled by a custom-built voltage controller. Plastic reservoirs containing running

buffer/samples are placed at each end of the capillary.

UV-Visible Absorption Spectra
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[0081] UV-visible absorption spectra are obtained by a UV-visible spectrophotometer (Agilent,
Santa Clara, CA, 8453) using 1 cm Quartz cuvettes. Absorption spectra are blanked using an

appropriate solvent before measuring each analyte.
UV-Visible Analysis of a-Synuclein and Amine-Reactive Labels

[0082] Since laser wave mixing is an absorption-based technique, labels are not required when
the analyte absorbs the excitation source. Measuring absorption spectra of analytes allows one to
choose an appropriate laser to use in a laser wave-mixing CE setup. FIG. 5 shows UV-visible
absorption spectra of a-synuclein and labels used in this study. In FIG. 5, UV-visible absorption
spectra of (A) a-synuclein (1.5 x 10 M), (B) FITC-conjugated a-synuclein (7.0 x 10° M), (C)
QSY 35-conjugated a-synuclein (7.0 x 10° M), and (D) Chromeo P503-conjugated o-synuclein
(5.6 x 10° M) is indicated. A, C and D are in carbonate buffer (100 mM, pH 8.3), and B is in
borate buffer (50 mM, pH 8.6).

[0083] a-Synuclein absorbs UV wavelengths due to aromatic amino acid residues, such as
tyrosine and phenylalanine; however, the protein optical absorption is weak at the 266 nm laser
excitation wavelength. Nevertheless, laser wave mixing allows label-free detection of the native
protein with molar detection limit of 410 uM and mass detection limit of 24 fmol. Label-free
wave mixing is still very sensitive at 24 femtomole even when peak absorption is weak at 266
nm UV wavelength, the available laser excitation wavelength, if one desires “label-free” native
detection. However, one could also label the analyte and enhance and shift the absorption peak
to a visible range and use a visible laser to get a better detection limit if using a labeling extra
step 1s not an issue for the analyte. Many samples encounter labeling issues, e.g., changing the
nature of the analytes itself, and hence, a label-free native detection might be more desirable, and
wave mixing offers sensitivity levels orders of magnitude better than those available from
conventional optical absorption methods. Unlike currently widely used fluorescence-based
methods, wave mixing offers excellent detection sensitivity levels for both fluorescing and non-
fluorescing analytes. As discussed above, the detection disclosed in this patent document is also
can be performed to employ a label. In this case, detection sensitivity can be further enhanced,

by conjugating the protein with a label to increase the absorption coefficient. Since every protein
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possesses N-terminus, and lysine (K) is relatively abundant, amine-reactive dyes are widely used
for protein labeling. According to the amino acid sequence of a-synuclein, 16 labeling sites are
available for conjugation as shown in FIG. 6; however, due to steric hindrances and the protein
conformation, not all the sites are accessible. In FIG. 6, Lysine (K) and N-terminus are amine

reactive sites.

[0084] FITC is a widely used amine-reactive fluorophore with excitation Ay, at 495 nm, an
excitation coefficient of 70,000 M"'cm™, and emission Amax at 525 nm. In this study, 20-mole
excess FITC is reacted with the protein for 1 hour before dialysis. QSY 35 is a chromophore
label that is used as an acceptor of fluorescence resonance energy transfer (FRET) applications.
Its maximum absorbance is at 475 nm with an extinction coefficient of 23,000 M em™ that is
suitable for laser wave mixing with an excitation laser source of 488 nm or 473 nm. Chromeo™
503 displays maximum absorption at 503 nm, and its labeling reaction time is only 30 minutes.
The molecular structure of the fluorophore is unclear but Py-1 introduced by Wolfbeis appears to

be an identical compound.

[0085] The unique features of Chromeo P503 as a fluorophore label is shown in FIG. 7.
Referring to FIG. 7, wavelength shift is observed for (A) o-synuclein (1.5 x 10™ M), (B)
Chromeo P503-conjugated a-synuclein (5.6 x 10° M), and (C) Chromeo P503 (6.4 x 10° M). Its
absorption peak shifts from 603 nm to 503 nm after conjugation with protein, resulting a color
shift from red to blue. That is, conjugation with a-synuclein shifts approximately 100 nm. All
solutions are prepared in 100 mM sodium carbonate-sodium bicarbonate buffer (pH 8.3).
Chromeo P503-conjugated protein analysis is faster since the reaction time is shorter, and it does
not require dialysis when 488 nm laser is used as the excitation source. Extinction coefficient
changes from 60,000 M™cm™ to 24,000 M'cm™ through the reaction when 4 molar excess label
is introduced (manufacturer recommended ratio). There are more un-conjugated labeling sites
on the protein as compared to the other two labels with 1:20 (protein : label) reaction ratio.
Increasing Chromeo P503 concentration for the reaction can easily enhance the extinction
coefficient of the analyte. In addition, Chromeo forms a relatively stable molecule and its stock

solution does not deteriorate, so it can be used for several months. Moreover, the dye can be
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conjugated with a protein without changing the charge of the protein during the process in order

to preserve its native form.

a-Synuclein Molecular Weight Determination Using Sieving Capillary Electrophoresis

[0086] Nonlinear wave mixing, interfaced to capillary gel electrophoresis (CGE), can identify
monomer, oligomerized and fibril a-synuclein in their native forms. Detergents have the
potential to breakdown physiological assemblies, thus they are not used while performing
molecular weight-based separation. FIG. 8 shows an electropherogram of molecular weight-
based separation of a-synuclein one can use to identify its oligomeric forms. In FIG. 8,
electropherograms of size-based separation of FITC-conjugated a-synuclein (1.4 x 10-5 M). The
capillary (75 umi.d., 50 ¢cm) is rinsed with NaOH (0.1 M), water and UltraTrol for 3 minutes
followed by running buffer (3% PEG, 100 mM Tris-CHES, and 0.1% SDS). 15.0 kV is applied
for each CE run (reverse polarity). The sample is injected electrokinetically for 5 seconds.
Wave-mixing signal detected by using a SO mW 473 nm laser. Molecular weights of the
analytes are obtained by running a standard FITC-conjugated protein ladder as shown in FIG. 9.
In FIG. 9, calibration curve is created by standard protein ladder for sizing FITC-conjugated a-
synuclein. Log of molecular weight versus migration has a linear dependence. The main peaks
around 55.3 kDa indicate that the most stable form of a-synuclein is a tetramer with some
dimeric (27-39 kDa) and higher oligomeric forms (approximately 100 kDa). The results
obtained by this study closely match a study by Bartels ef a/., wherein the molecular weight of
the protein is determined using scanning transmission electron microscopy (STEM) under non-
denaturing conditions. They validated their STEM results by sedimentation equilibrium
analytical ultracentrifugation (SE-AUC), which is commonly used to establish the oligomeric
state of native proteins independent of their conformation. In addition, Bartels ef al. developed a
non-denaturing method to purify native a-synuclein from RBC, which can be applied to perform
analysis with our analytical method. Thus, CE-based laser wave mixing is capable of providing
accurate analysis of the native protein conformation and has the potential to help understand the

function of a-synuclein for Parkinson’s disease.

Pico- and Femto-Molar and Zepto-Mole Detection of a-Synuclein
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[0087] Laser wave mixing, interfaced to CE, yields excellent detection limits when using label-
conjugated a-synuclein. The three types of labels discussed earlier are used in this study. FIGS.
10, 11 and 12 show electropherograms of a-synuclein conjugated with FITC, QSY 35 and
Chromeo P503. Each figure is obtained by running CE-based laser wave mixing (488 nm laser)
with different concentration levels of labeled proteins. FIG. 10 shows detection limit of FITC-
conjugated a-synuclein. Different concentrations, 1.4 x 10° M, 1.4 x 10" M and 1.4 x 102 M,
of the protein are detected by CE-based laser wave mixing using a 488 nm laser. The followings
are conditions used to obtain results of FIG. 10: Capillary is rinsed with NaOH (0.1 M), water,
UltraTrol, and background electrolyte for 3 minutes. Capillary: 75 ym i.d., 30 cm (15 cm
effective length). 18.5 kV is applied for each run (reverse polarity). The sample is injected

electrokinetically for 20 s.

[0088] FIG. 11 shows electropherograms of QSY 35-conjugated a-synuclein (1.4 x 107, and 1.4
x 10"” M). The followings are conditions used to obtain results of FIG. 11: Capillary is rinsed
with NaOH (0.1 M), water, and UltraTrol for 3 minutes followed by running buffer (100 mM,
pH 8.6 Tris-CHES). Capillary: 75 um 1.d., 30 cm (15 cm effective length). 18.0 kV is applied
for each run (reverse polarity). The sample is injected electrokinetically for 25 s. FIG. 12 shows
CE-based laser wave mixing detection limit study for Chromeo P503-conjugated a-synuclein.
The followings are conditions used to obtain results of FIG. 12: Proteins are detected at 1.4 x 10
"M, 1.4x 10° M, and 1.4 x 10" M in 25 mM Tris-CHES buffer (pH 8.6). Capillary is rinsed
with NaOH (0.1 M), water and UltraTrol for 3 minutes followed by background electrolyte (100
mM, pH 8.6 Tris-CHES). Capillary: 75 umi.d., 30 cm (15 cm effective length). 18.0 kV is
applied for each run (reverse polarity). The sample is injected electrokinetically for 20, 25 and

25 s.

[0089] The protein is reacted with FITC and QSY 35 at a ratio of 1 to 20, and Chromeo P503 at
1 to 4, as recommended by the manufacturer for individual labels. Concentration detection limits
of 1.4 x 10" M (FITC), 1.4 x10° M (QSY 35), and 1.4 x10™° M (Chromeo P503) are
determined for conjugated a-synuclein as shown in Table 1. Based on the small probe volume
used, mass detection limits of 1.1 x 10’ mol (FITC), 1.1 x 10™° mol (QSY 35), and 1.1 x 107
mol (Chromeo P503) are determined for conjugated proteins. This is equivalent to detecting as

few as 7 molecules (FITC-labeled) inside the probe volume. FITC-conjugated protein has the
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highest extinction coefficient at 488 nm, and it reaches the best detection limit by three orders of
magnitude as compared to those for QSY 35 and Chromeo P503-conjugated a-synuclein.
Migration time for the FITC-conjugated protein is shorter than those of QSY 35 and Chromeo
P503 conjugated-protein since higher voltage is applied to the system.

[0090] A protein is a relatively large biomolecule that yields a broad peak as compared to that of
a small molecule, and multiple peaks are observed in a capillary electrophoresis run. A
negatively charged fused-silica capillary wall reacts with multiple charges on protein and causes
a high tendency to absorb the protein. To reduce protein-wall interaction in this study, a
dynamic coating is applied. The degree of tailing of a peak differs depending on the
effectiveness of the wall coating. In addition, there are multiple labeling sites, and individual
sites have different reactivity that results in variable labeling and multiple peaks or peak

broadening.

[0091] By increasing the ratio of Chromeo P503 for the conjugation reaction, the detection limit
is improved by three orders of magnitude. FIG. 13 shows electropherograms of Chromeo P503-
conjugated a-synuclein to indicate correlation of reaction ratio and peak height. The following
conditions are used to obtain results of FIG. 13: Analytes are prepared by using different protein-
to-label ratios (1:4, 1:10 and 1:20). Capillary is rinsed with NaOH (0.1 M), water and UltraTrol
for 3 minutes followed by running buffer (100 mM, pH 8.6 Tris-CHES). Capillary: 75 uym i.d.,,
30 cm (15 cm effective length). 18.1 kV applied to each run (reverse polarity). The sample is
injected electrokinetically for 15 s. There are 16 available labeling sites for a-synuclein, thus free
labels are observed in UV-visible absorption spectra when 20 equivalents of Chromeo P503 are
reacted. However, the free label is not observed by CE-based laser wave mixing using a 488 nm
laser since free Chromeo P503 scarcely absorbs at that wavelength, shortening sample
preparation time by 5 hours as compared to other labels that require dialysis. Minimizing

preparation steps results in cleaner optical background and fewer peaks in the electropherogram.

[0092] When a-synuclein and Chromeo P503 are reacted with a 1:20 ratio, a concentration
detection limit of 1.9 x 10> M and a mass detection limit of 1.4 x 10 mol are determined. The
mass detection limit corresponds to 9 molecules inside the probe volume. FIG. 14 shows

reproducible runs for different concentrations of a-synuclein. In FIG. 14, electropherograms of
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un-dialyzed Chromeo P503-conjugated a-synuclein (1:20 reaction) are shown. The following
conditions are used to obtain results of FIG. 14: Concentrations of the protein are 3.8 x 10° M
and 3.8 x 10™° M in 25 mM Tris-CHES buffer (pH 8.6). The capillary is rinsed with NaOH (0.1
M), water and UltraTrol for 3 minutes followed by running buffer (100 mM, pH 8.6 Tris-CHES).
Capillary: 75 um1.d., 30 cm (15 cm effective length). 18.0 kV is applied for each run (reverse
polarity). The sample is injected electrokinetically for 15 and 25 s. With optimal protein-label

reaction ratio, the detection limit is further enhanced.

[0093] Our wave-mixing setup is not a commercial closed system, thus subtle capillary
movement, inconsistent temperature, and other outside elements including dust and noise can
affect the laser wave mixing CE signal, especially at zepto-mole levels. Noise levels can vary
depending on the position of the capillary. To minimize this noise, the capillary is moved
horizontally to find the optimal position, which can lead to a migration time shift for CE runs.
After multiple runs, two input beams may shift, resulting in a decrease in signal intensity. Since
a cooling system is not used for the capillary, inconsistent temperature levels can also affect
migration times. The capillary is mounted on a XYZ translational stage and adjusted as needed

to maximize the S/N.

Table 1: Extinction coefficient and detection limit of labels and label-conjugated

proteins.

Label Highest Extinction Detection | Mass Number
Extinction | Coefficient at Limit Detection of
Coefticient | 488 nm with M) Limit (mol) | Molecule
M'em™) | a-Synuclein

M'em™)

FITC 70,000 231,000 14x 10" [1.1x10% |7

QSY 35 23,000 78,600 14x10" [1.1x 107 |6624

Chromeo | 24,000 78,000 14x10"  [1.1x 107 | 6624

P503 1:4

Chromeo | 24,000 133,000 19x 10" [15x10% |9

P503 1:10
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Quantitative Measurement of g-Synuclein

[0094] Although laser wave mixing yields strong signals, quantitative measurement of a-
synuclein is challenging due to the reasons mentioned in the previous section. FIG. 15 shows
electropherograms of FITC-conjugated a-synuclein detected by laser wave-mixing interfaced
with CGE. In FIG. 15, proteins are detected at different concentrations: (A) 28 uM, (B) 56 uM,
(C) 84 uM, (D) 112 uM, and (E) 140 uM in 25 mM Tris-CHES buffer (pH 8.6). To obtain
results of FIG. 15, the following conditions are set: Capillary is rinsed with NaOH (0.1 M), water
and UltraTrol, and running buffer (3% PEG, 100 mM Tris-CHES, and 0.1% SDS) for 3 minutes.
Capillary: 75 um1.d., 30 cm (15 cm effective length). 15.0 kV is applied for each run (reverse
polarity). The sample is injected electrokinetically for 5 s and detected by a 50 mW 473 nm
laser. The capillary is filled with 3% PEG and powered by 15 kV to obtain molecular weight-
based separation. The laser wave-mixing signal has a quadratic dependence on analyte
concentration, and hence, it allows more reliable monitoring of small changes in analyte
concentration. FIG. 16 shows correlations between peak heights and concentrations and a
quadratic dependence. The protein is detected at the following concentration levels: 28, 56, 84,
112 and 140 uM. Peak heights and areas are measured using Origin 8.5. Peak area vs.
concentration plot also shows a nearly quadratic dependence (slope of 1.87). The slope is not
exactly 2.0 (theoretical value) for peak heights and peak areas due to some background noise and

exterior influences.

[0095] Laser wave mixing, interfaced to CE, offers high S/N and yields reproducible CE runs,
while ELISA struggles with background control absorption and cross-reactivity interferences that
result in false results. Moreover, CE-based laser wave mixing is much faster than ELISA and
SDS-PAGE. Thus, this nonlinear absorption-based wave-mixing detection method is promising

for fast and reliable analyses of clinical samples.

[0096] Nonlinear absorption-based laser wave mixing provides ultrasensitive detection for FITC,
QSY 35 and Chromeo P503-conjugated protein related to Parkinson’s disease. FITC and
Chromeo P503-conjugated analytes yield the best detection limits. The wave-mixing signal is a
coherent laser-like beam that can be collected with excellent efficiency and high signal-to-noise

ratios. Laser wave mixing is convenient and faster than SDS-PAGE and ELISA in determining
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molecular weight of a protein for the purpose of investigating oligomeric forms. While this
paper focuses on separation of multi-forms of a-synuclein, other studies show that the
aggregation of the protein is accelerated by post-translational modification such as Ser-129
phosphorylation. Laser wave-mixing detection coupled with CE could also separate and detect
phosphorylated a-synuclein by modifying CE matrix and additives since it can separate peptides
with a one-amino-acid difference and even isomers. Potential applications include sensitive,
reliable, fast and convenient detection of a-synuclein for early diagnosis of Parkinson’s using a

few drops of blood sample.

[0097] According to implementations of the disclosed technology, several advantages can be
achieved. For example, the detection sensitivity can be significantly enhanced. The disclosed
laser wave mixing offers much better detection sensitivity levels that allow, for the first time,
potential diagnostics of early-stage Parkinson’s and other neurodegenerative disease.
Ultrasensitive detection sensitivity levels could also allow the use of CSF and even blood
samples instead of only the brain fluid. Existing MRI and other imaging-based diagnostic
methods cannot detect these biomarkers until it is too late and the symptoms are already
apparent. Some existing chemical-based detection methods lack sensitivity levels for early-stage
diagnostics. Also, the detection can be done faster. The conventional methods require time-
consuming sample preparation steps and/or expensive protocols using proprietary tags and
labels, e.g., ELIZA-based methods and all methods based on fluorescence detection methods that
are widely used. Also, the detection can be done easily by providing the portability. The
disclosed laser wave-mixing detectors coupled with nanofluidics and microfluidics offer
excellent chemical specificity and detection sensitivity levels using much more compact, and
hence, portable designs, as compared to benchtop full-size instruments currently used. Hence it
offers potential use at home and in the field, for the first time, e.g., doctor’s office, bed side, etc.
Also, when coupled to nanofluidics and microfluidics, laser wave mixing offers excellent
chemical specificity levels that allow separation of biomarkers at high resolution. Also, the
disclosed laser wave mixing does not require special proprietary commercial tags and labels.
One can use commonly available fluorophore labels. Laser wave mixing also allows the use of
less expensive and more commonly available chromophore labels instead of more expensive
fluorophore labels. The disclosed laser wave mixing can be performed either with a label or

without a label. When the disclosed laser wave mixing is performed without any label,
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biomarkers can be detected label-free in their native form. When the disclosed laser wave
mixing is performed with a label, the sensitivity and the accuracy of the detection can be further

increased.

Detection of malachite green (MG) and crystal violet (CV)

[0098] This patent document discloses optical sensing systems and methods for using optical
nonlinear wave mixing for label-free and tag-free enhanced detection sensitivity and accuracy in
detecting a low concentration level of a suspect substance such as Malachite Green and Crystal
Violet. The disclosed optical sensing systems and methods can be implemented as necessary to
allow the detection for a particular suspect substance only or the detection for multiple suspect
substance at one time. For example, some implementations of the disclosed technology enable to
detect either Malachite Green or Crystal Violet, while other implementations enable to
simultaneously detect both Malachite Green and Crystal Violet. The optical devices described in
this document uses a portable compact design and can be packaged as portable systems to allow
users to carry them into fisheries, factories, plants, farms and other facilities. This portable
compact design allows to perform on-site optical testing of a suspect substance in the field for
real-time dynamic measurements of chemical agents in fish, meats and foods instead of having to
collect the samples and taking the samples back to a laboratory for analysis as done by currently
available analytical methods. Laser wave mixing offers real-time dynamic measurements with
high spatial resolution (physical locations) instead of collected samples from different spots at a
fishery and then analyzing the samples at a laboratory later with some risk of some sample

degradation and contamination.

[0099] Due to the health risks and the potential for illegal use in trace amounts, for malachite
green and crystal violet, a very sensitive analytical detection method is needed to identify trace
quantities in an aquaculture setting. Both malachite green and crystal violet are readily absorbed
into fish tissues, which may then be ingested by consumers. Absorbed malachite green and
crystal violet may also be metabolized to leuco malachite green (LMG) and leuco crystal violet
(LCV). Current detection methods often involve expensive, complicated techniques such as mass

spectrometry to obtain low detection limits; while many of the simpler methods are not capable
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of measuring below nanomolar concentration levels. This leaves a need for simple, yet sensitive,
detection methods that can be field-deployed to confirm the presence of these hazards in water
supplies or animal tissues. The method of detection described in this work utilizes absorptivity,
molecular weight and charge to identify these drugs at sub-nanomolar concentrations by laser
wave mixing coupled with capillary electrophoresis (CE). In addition to analysis of water
samples, our separation and detection methods may be paired with existing sample extraction

techniques to analyze residues present in tissues.

[00100] An ultrasensitive label-free antibody-free detection method for malachite green
and crystal violet is presented using nonlinear laser wave-mixing spectroscopy and capillary
zone electrophoresis. Wave-mixing spectroscopy provides a sensitive absorption-based detection
method for trace analytes. This is accomplished by forming dynamic gratings within a sample
cell, which diffracts light to create a coherent laser-like signal beam with high optical efficiency
and high signal-to-noise ratio. A cubic dependence on laser power and square dependence on
analyte concentration make wave mixing sensitive enough to detect molecules in their native
form without the use of fluorescent labels for signal enhancement. A 532 nm laser and a 635 nm
laser were used for malachite green and crystal violet sample excitation. The use of two lasers of
different wavelengths allows the method to simultaneously detect both analytes. Selectivity is
obtained through the capillary zone electrophoresis separation, which results in characteristic
migration times. Measurement in capillary zone electrophoresis resulted in a limit of detection of
6.9 x 10" M (2.5 x 10™"” mol) for crystal violet and 8.3 x 10" M (3.0 x 10 mol) for malachite
green at S/N of 2.

[00101] Laser wave mixing is a powerful spectroscopic method that produces a signal
through the formation of a thermal grating at the intersection point of two input laser beams
(pump and pump/probe) passing through an absorbing analyte. The angle of the input beams
determines the angle of the two signal beams, which allows a predictable location for collection
by a photodetector. Because the input beams are derived from one laser source split by a 70:30
beam splitter, the signal beam produced from the pump/probe beam is stronger than the one
produced by the pump beam. This signal has a square dependence on analyte absorptivity or

concentration and a cubic dependence on laser power. These properties allow the method to use
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low-power laser efficiently to excite molecules even if they do not have a large extinction
coefficient. This allows a very dilute sample to produce a strong signal as described below.

= () o (' ®

21 sin*(0/2) \dt/ k2

[00102] In Equation 2, signal intensity is represented by I;, and the pump beam intensities
are I and I,. b is the optical path length of the sample cell, A, is the excitation wavelength, 6 is
the angle between the pump beams, and dn/dt is the change in the refractive index with respect to
temperature. o, is the absorptivity/extinction coefficient of the analyte, and « is the solvent

thermal conductivity.

[00103] Given that malachite green and crystal violet both yield strong optical absorption
in the visible range, as shown in FIG. 17, visible laser wavelengths closest to the peak absorption
wavelengths will yield the strongest wave-mixing signals. For crystal violet, peak absorption was
determined to be at 580 nm with an extinction coefficient of approximately 160,000 cm™ M™,
Malachite green peak absorption was determined to be at 618 nm with an extinction coefficient
of approximately 140,000 cm™ M™. The 532 nm laser excitation wavelength falls at 61% of
crystal violet Amay and the 635 nm laser excitation wavelength at 68% of malachite green Amx.
The broad absorption peak for malachite green actually allows a small amount of absorption
from the 532 nm Nd:YAG laser, as well as the 635 nm diode laser used in this work. However,
the same is not true for crystal violet, which does not show significant absorption near 635 nm.
Furthermore, as the leuco-forms of malachite green and crystal violet (LMG and LCV) are
colorless, they cannot be detected directly by the lasers used in our system. However, given the
significance of these derivatives in tissue sample analysis, extensive research on sample
preparation has identified oxidation reactions that convert the leuco-forms back to the original
colored compounds malachite green and crystal violet. LMG and LCV samples collected and

oxidized in this manner may be analyzed concurrently with malachite green and crystal violet as

aggregate peaks.
Chemicals
[00104] Malachite green chloride and crystal violet were purchased from Sigma Aldrich.

Ultratrol LN was purchased from Target Discoveries. All other chemicals were of analytical
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grade. Deionized water was distilled prior to use in capillary electrophoresis buffer solutions.
Buffers were filtered through 0.2 um syringe filters prior to use as a sample diluent or in the

capillary electrophoresis system.
Laser Wave Mixing System

[00105] A wave-mixing optical configuration described in our previous work was utilized
for analyte detection. A 200 mW 532 nm frequency-doubled Nd-YAG laser (CNI, MGL-FN-
523-200mW) and a 100 mW 635nm diode laser (Laserglow Technologies, LRD-0635-TSR-
00100-10) were positioned so that both beams converged at a 90-degree angle on a single 70/30
(70% transmitted, 30% reflected) beam splitter, as shown in FIG. 18. The 532 nm laser and the
635 nm laser were used to excite crystal violet and malachite green respectively, since they are
compact, portable, rugged, power-efficient, solid-state lasers that are suitable for field use,
although their wavelengths are not exactly at the absorption peaks as shown in FIG. 17. Lase
wave mixing offers excellent detection sensitivity levels, and hence, the sensitivity level is still
excellent even when using off-resonant wavelengths to excite the analytes. Thus, the excitation
wavelength does not have to be at the peak absorption wavelength. In addition, these oft-
resonant wavelengths were selected to use dual-wavelength cross verification and enhance
chemical selectivity and confirmation, i.e., each wavelength of 532 nm and 635 nm could excite
both CV and MG analytes and the resulting absorption ratios at the two wavelengths can be used
to further confirm both CV and MG analytes. This allowed approximately 70% of the 635 nm
beam and 30% of the 532 nm beam to pass through the optical setup. Taking into account
additional losses due to mirrors used to align the beams and spatial filters, the final effective
laser powers were 65 mW and 40 mW, respectively. After the initial power reduction, the two
beams were directed to a second beam splitter (70/30 R/T) to create two pairs of overlapping
beams, with the weak-side beams passing through an optical chopper (SRS, SR540). These
beams were then redirected by three mirrors to allow parallel paths into a 10 cm focusing lens. A
polyimide coated silica capillary with 1 cm of its coating removed was placed at the focal point
to allow the two pairs of beams to converge at the detection window. A spatial filter was placed
behind the capillary to isolate only the strong-side signal beams from the remaining three pairs of
beams. These overlapping signal beams were then reflected off of a mirror and through another

10 ¢cm focusing lens. A photodetector (Thorlabs, PDA36A) was used to collect the signal, which
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was processed by a lock-in amplifier (SRS, SR810 DSP) and then digitized using our custom-
built AIDA data acquisition software.

Capillary Electrophoresis System

[00106] The custom-built capillary electrophoresis system utilized a 30 kV power supply
(Glassman PS/MJ30P0400-11) with a custom-built control system to apply current across the
system. The suggested capillary electrophoresis system is more compact and suitable for
interfacing it to the compact laser wave-mixing detector. Polyimide coated fused silica
capillaries including 360 um o.d., 100 umi.d., 35 cm (17 cm effective) and 360 um o.d., 75 um
1.d., 40 cm (20 cm effective), were used for various experiments. Platinum electrodes were
placed in glass sample vials at both end of a capillary, while system voltage and current were
monitored by a multimeter and our AIDA data acquisition software. Ammonium acetate buffer
(50 mM, pH 5.1) was prepared in distilled deionized water. Buffer solutions of 50 mM (pH 2.2)
or 0.5 mM citric acid (pH 3.5) were prepared in distilled deionized water and then diluted 2:1
with acetonitrile similarly to methods previously reported. MG and CV samples were prepared in
0.5 mM citric acid and acetonitrile (1:2), 50 mM citric acid and acetonitrile (1:2) or S0 mM
ammonium acetate. Electrokinetic sample injection (+20 kV) was used to introduce our
analytes. Prior to use, capillaries were treated with 0.1 N NaOH for 10 minutes at 5 pL./min using
a peristaltic pump, followed by priming with run buffer for 1 minute at the same flow rate. For
capillary coating, Ultratrol LN capillary dynamic coating polymer (Target Discoveries) was
flowed into the capillary at 5 uL/min between the standard 0.1 N NaOH and run buffer treatment
steps. Between sample runs, capillaries were flushed with 0.1 N NaOH and run buffer for 1

minute at 5 uL/min.

Background Electrolytes

[00107] Initial attempts to detect MG and CV in the capillary electrophoresis mode were
made using an aqueous 50 mM ammonium acetate buffer (pH 5.1). This buffer was chosen due
to its acidic pH and the successful application of a similar solution. However, when used as the

sample solvent and background electrolyte in the capillary electrophoresis system, the current
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was found to be excessively high (> 240 pA) at 20 kV applied voltage. Through multiple sample
injections with this buffer, only two successful runs were recorded without loss of system
conductivity. Despite the use of long injection times, signal response was found to be relatively
poor in the 50 mM ammonium acetate system. The weak signal, combined with the frequent

boiling of the buffer due to high current, ultimately led to a change in CE run buffer.

[00108] While a reduction in ammonium acetate concentration would have reduced
system current to more manageable levels, the signal would have still been weak and the
sensitivity for MG and CV detection would have been limited. For this reason, another acidic run
buffer was formulated using 50 mM citric acid. This system was chosen for its reported success
as a capillary electrophoresis buffer in a 2007 work. Initial testing of this 50 mM citric acid
solution in the CE system showed a significant reduction in current to an average of 70 pA with
a constant +20 kV applied voltage. This current decrease vs. ammonium acetate is due to a
change in conductivity resulting from the higher molecular weight of citric acid. Although a
more stable CE system was possible with this buffer, the wave-mixing signal response was found
to be even lower than with the ammonium acetate bufter. The electropherogram peaks were also
very broad and non-Gaussian in shape, as shown in FIGS. 19A and 19B. 1x 10 M crystal
violet (CV) is used to obtain results of FIGS. 19A and 19B and the capillary electrophoresis has
the following parameters: 20 kV, 75 um i.d., 360 um o.d., 40 cm capillary (20 cm effective
length), 30 s (A) and 5 s (B) electrokinetic injections. This observation suggested poor analyte
solubility in a purely aqueous citric acid solution, which may have resulted in capillary wall
interaction. In light of this result, the decision to add a significant organic component to the run
buffer was made. The 50 mM aqueous citric acid solution was then diluted 1:2 with acetonitrile
to produce a more suitable run buffer. When this new buffer was used in a CE separation run, the
reduction in net citric acid concentration and the change in the dielectric constant were found to
further reduce the average system current to 10 pA at +20 kV. This allowed for highly consistent
electropherograms and minimal instances of total current loss. The change also resulted in nearly
a 50-fold increase in the wave-mixing signal, as shown in FIG. 19B, when compared to that of
50 mM citric acid alone (FIG. 19A). This dramatic increase is due to a combination of effects.
First, CV and MG both have greater absorptivity in acetonitrile than in water. Second, solubility
of both compounds is increased in acetonitrile, which may have reduced capillary wall

interactions and improved electrokinetic injections. Given the observations made with each of
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these capillary electrophoresis run bufters, the S0 mM citric acid: acetonitrile (1:2) solution was
the clear choice in terms of signal response and system stability. This run buffer was used for all

further capillary electrophoresis runs.

Field Amplified Sample Stacking

[00109] Sample preparation can have a major impact on separation and detection of
analytes in capillary electrophoresis. Sample stacking is a preparation technique that aims at pre-
concentration of analytes prior to separation to increase efficiency. There are numerous types of
sample stacking procedures; however, many of these methods require complex control over the
capillary system. Field amplified sample stacking (FASS) is a simple stacking method that can
yield large increases in signal-to-noise ratio (S/N) with only minor system modifications. By
injecting samples in a low-conductivity solvent, analytes experience a strong electric field, and
therefore, migrate at an increased rate relative to those injected in higher conductivity solvents.
Analytes in a low-conductivity zone slow once the interface with a high-conductivity run buffer
is reached, which causes a stacking effect. Due to the limited injection capability of our capillary

electrophoresis system, this technique was chosen for separation of MG and CV.

[00110] FIG. 20 shows electropherograms for 10 uM CV prepared in both 50 mM citric
acid/acetonitrile (1:2) and 0.5 mM citric acid/acetonitrile (1:2). The 50 mM citric
acid/acetonitrile (1:2) was used as run buffer for both runs. The peaks obtained showed a
dramatic difference in S/N, with the sample prepared in low-conductivity stacking buffer
yielding nearly a 5-fold increase over the sample prepared in run buffer. Given this significant
improvement in detection sensitivity, all further samples were prepared in 0.5 mM citric
acid/acetonitrile (1:2) stacking buffer. To obtain results in FIG. 20, capillary electrophoresis has
the following parameters: 20 kV, 75 um i.d., 360 um o.d., 40 cm capillary (20 cm effective

length); 5 s electrokinetic injection.

Bare Capillary Separation
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[00111] FIG. 21A shows a typical electropherogram for a mixture of 10 uM MG and 10
uM CV using capillary zone electrophoresis (CZE). The mixture of 10 yM MG and 10 uM CV is
prepared in 0.5 mM aqueous citric acid/acetonitrile (1:2) stacking buffer. Eleven successive
injections of the sample mixture were performed to observe variation in run-to-run migration
times. Migration times for each compound showed good repeatability at 57-65 seconds (RSD of
5.2%) for MG and 60-71 seconds (RSD of 5.6%) for CV, as shown in FIG. 21B, despite a lack of
temperature control or automated sample injection. In FIG. 21B, migration times for MG is
shown with “0”, and migration time for CV is shown with “0.” Capillary electrophoresis
parameters used in FIGS. 21A and 21B are as follows: 20 kV, 100 um i.d., 360 um o.d., 35 cm
capillary (17 cm effective length), 10 s electrokinetic injection. For all trials, both MG and CV
peaks were resolved from one another; however, it was observed that after 3 to 4 runs, migration
times for both compounds increased. This is most evident with the migration times for runs 3 and
8, which show a significant increase in relation to the previous run. Additional treatment of the
capillary with 0.1 N NaOH was performed for 1 minute after each of these runs, and migration
times were found to stabilize. This change in migration times is the result of re-protonation of
capillary silanol groups due to the use of an acidic run buffer. Decreases in the net negative
charge on the capillary surface reduce electroosmotic flow (EOF), while treatment with base
serves to restore the net negative charge and EOF. Further reduction in run-to-run RSD may be

obtained through flushing the capillary with 0.1 N NaOH between runs.

[00112] Another observation from this experiment is the difference in analyte wave-
mixing signal strengths. The signal for MG is significantly stronger than that of CV due to two
factors. First, the 635 nm laser has a greater effective power (65 mW) than that of the 532 nm
laser (40 mW). Since wave-mixing signals have a cubic dependence on laser power, a higher
intensity signal is generated for MG. Additionally, MG also absorbs at 532 nm allowing for
signal formation from both input lasers. This amounts to total MG signal strength that is
approximately 5 times greater than that generated by CV. The peaks shown in FIG. 21A reflect

this difference.

Effects of Capillary Dynamic Coating
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[00113] Although separation of MG and CV was successfully obtained using a bare fused-
silica capillary, a degree of system control is required to prevent shifts in migration time from
causing peak overlap between runs. To this end, modification of the CZE system could
potentially allow for improved separation. One means of creating greater separation between
analytes is through reduction of electroosmotic flow. Dynamic capillary coatings offer a simple

means of EOF reduction through non-permanent alteration of the capillary surface.

[00114] FIG. 22 shows CE separation of MG and CV in a 100 um i.d. capillary with and
without Ultratrol LN dynamic coating. In the uncoated capillary, MG and CV were detected at
66.3 and 72.3 s. In FIG. 22, electropherograms of a mixture of 10 yM MG and 10 uyM CV in 0.5
mM aqueous citric acid/acetonitrile (1:2) stacking buffer are analyzed. The top graph shows a
case where bare fused silica capillary is used and the bottom graph shows another case where
Ultratrol LN dynamic capillary coating is performed. The capillary electrophoresis parameters
used in FIG. 22 are as follows: 20 kV, 100 um i.d., 360 um i.d., 35 cm capillary (17 cm effective
length), 3 s electrokinetic injection However, the addition of Ultratrol LN shifted these migration
times to 90.6 and 98.4 s, respectively. This is a 30% improvement in migration time differential;
however, there was no net gain in overall peak resolution with this modification. In both cases,
band broadening negatively affected peak shape, which negated improvement in migration time

change. For this reason, bare capillaries were used for further measurement of samples.
Detection Limits

[00115] To determine the lowest detectable concentration of both MG and CV, stock
solutions were prepared at high concentration (1.0 x 107 M) in 0.5 mM aqueous citric
acid/acetonitrile (1:2) stacking buffer. Serial dilutions were then made ranging from 1.0 x 10* M
to 1.0 x 102 M and tested individually. It should be noted that after initial optical alignment
with high concentration samples, no changes were made to the positions of mirrors, spatial filters
or the sample cell. The only changes made during this process were to detector gain and signal
amplification scaling. FIG. 23 shows the lowest concentration MG and CV samples (2.0 x 10
M MG and 2.0 x 10” M CV) that generated a detectable wave-mixing signal. In FIG. 23, 2.0 x
10" M MG and 2.0 x 10° M CV is prepared in 0.5 mM aqueous citric acid/acetonitrile (1:2)
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stacking buffer. Capillary electrophoresis parameters used in FIG. 23 are as follows: 20 kV, 100
umi.d., 360 um o.d., 35 cm capillary (17 cm effective length); 15s electrokinetic injection.
From these electropherograms, the limits of detection were calculated using peak height (signal)
and the standard deviation of the baseline (noise). Preliminary concentration detection limits of
8.3 x 10" M for MG and 6.9 x 10™° M for CV (S/N=2) were determined. Using an estimated
laser probe volume of 360 pL, preliminary mass detection limits of 3.0 x 10 mol for MG and
2.5 x 10" mol for CV were determined. The sample size detected is very small, since wave
mixing only requires a micrometer thin optical path length and the focused laser beam diameter

is smaller 70 um.

[00116] Investigation of the technique as a quantitative tool led to generation of standard
curves using a series of MG and CV calibrators. For each set of calibrators, instrument response
vs. analyte concentration was characterized. Instead of electrokinetic injection, each sample was
drawn into a 75 um 1.d., 360 um o.d., 40 cm capillary using a peristaltic pump at a continuous
flow rate of 5 uL./min. Wave-mixing signal produced by each sample was monitored over a 30
second period (10 data points/s). This allowed for direct evaluation of wave-mixing signal
linearity without variation introduced by the capillary electrophoresis system. Future method
development using commercially-available capillary electrophoresis instruments coupled with
our wave-mixing detector is expected to allow for traditional linearity assessment under

controlled electrophoretic conditions.

[00117] The mean signal values obtained for 1.0 — 50 uM CV samples are shown in FIG.
24A. Given the square dependence of wave-mixing signal on absorptivity, a second-order
polynomial response was observed. On a logarithmic scale, a slope of approximately 2 was
observed as expected (FIG. 24B). Linear fit over this range was found to be good, with the
relationship defined as y = 1.784x + 8.045 (R* = 0.993). Similarly, FIG. 24C and FIG. 24D
illustrate mean wave-mixing signals for 6.25 - 50 uM MG calibrator samples on both absolute
and logarithmic scales. Linear line fit for these samples also resulted in a high correlation

coefficient (y = 1.736x + 7.615, R* = 0.996).

[00118] Laser wave mixing coupled with capillary electrophoresis provides a highly

sensitive detection method for malachite green and crystal violet. The method does not require
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any derivatization or labeling of the target analytes, and it is capable of producing reproducible
results in less than two minutes. It yields picomolar detection limits in a detection system that
can be scaled down to field-deployable designs, while other published techniques do not offer
both sensitivity and portability, as shown in Table 2 and Table 3. Further development of this
method may offer even greater sensitivity and reproducibility through more advanced sample

stacking techniques and enhanced system controls.

Table 2. Detection limits for crystal violet detection methods.

Method Detection Limit
LC-QqQLIT-MS/MS 3.29x 10" M (12.2 ppt)
LC-ESI-MS/MS 4.1x 10" M (152 ppt)
CE-D4WM 6.9 x 10" M (256 ppt)
ELISA 1.01 x 10 M (374 ppt)
LC-MS/MS 2.2 x 10” M (815 ppt)
SPE-UV/Vis 1.23 x 10” M (456 ppt)
CE - UV/Vis 9.8 x 10° M (36.3 ppb)

Table 3. Detection limits for malachite green detection methods.

Method Detection Limit
TiO, SERS Sensor 1510 M 0.3 ppd)
LC-QqQLIT-MS/MS 329x10 M (10.8 ppt)
CE-D4WM 83x10 M (27.3 ppt)
LC-DAD 108 x 10 M (35.6 ppt)
LC-ESI-MS/MS 41x10 M (135 ppt)
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-10
ELISA 6.33x10 M (209 ppt)
-10
LC-IT-MS 6.85x10 M (226 ppt)
[00119] The above examples demonstrate a highly sensitive test method for simultaneous

detection of malachite green and crystal violet has been achieved. The method is compatible with
existing extraction techniques provided filtration and dialysis into the appropriate sample buffers,
and it may also be used to detect the metabolites leuco malachite green and leuco crystal violet if

samples are oxidized used published sample preparation methods.

[00120] While this patent document contains many specifics, these should not be
construed as limitations on the scope of any invention or of what may be claimed, but rather as
descriptions of features that may be specific to particular embodiments of particular inventions.
Certain features that are described in this patent document in the context of separate
embodiments can also be implemented in combination in a single embodiment. Conversely,
various features that are described in the context of a single embodiment can also be
implemented in multiple embodiments separately or in any suitable subcombination. Moreover,
although features may be described above as acting in certain combinations and even initially
claimed as such, one or more features from a claimed combination can in some cases be excised
from the combination, and the claimed combination may be directed to a subcombination or
variation of a subcombination. Similarly, while operations are depicted in the drawings in a
particular order, this should not be understood as requiring that such operations be performed in
the particular order shown or in sequential order, or that all illustrated operations be performed,
to achieve desirable results. Moreover, the separation of various system components in the

embodiments described in this patent document should not be understood as requiring such

separation in all embodiments.

[00121] Only a few implementations and examples are described and other
implementations, enhancements and variations can be made based on what is described and

illustrated in this patent document and attachments.
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CLAIMS

What is claimed is what is described and illustrated, including:

1. A method for measuring a-synuclein in a body fluid of a patient with high
detection sensitivity and accuracy and providing early stage Parkinson’s disease detection,
comprising:

supplying to a capillary analyte cell a fluidic sample that includes a body fluid of a
patient containing a-synuclein, wherein the capillary analyte cell is located in a nonlinear optical
four-wave mixing device;

directing laser light from the nonlinear optical four wave-mixing device into the capillary
analyte cell to cause nonlinear optical four-wave mixing in the fluidic sample to generate a four
wave-mixing signal that contains information on the a-synuclein in the fluidic sample;

processing the four wave-mixing signal to extract information on the a-synuclein in the
fluidic sample; and

using the extracted information to determine the patient’s condition in connection with

the Parkinson’s disease.

2. The method as in claim 1, comprising:
using a cerebrospinal fluid that was obtained, prior to preforming the method, from the

patient to form the fluidic sample, to obtain the four-wave mixing signal.

3. The method as in claim 1, comprising:
using blood that was obtained, prior to preforming the method, from the patient to form

the fluidic sample, to obtain the four-wave mixing signal.

4. The method as in claim 1, further comprising, prior to the directing of the laser
light, based on an absorption spectrum of a-synuclein:
obtaining UV-visible absorption spectra of laser light to determine a wavelength of laser

light used in the nonlinear optical four-wave mixing device.

5. The method as in claim 1, wherein the supplying of the fluidic sample includes:
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conjugating a-synuclein with a label including fluorescein isothiocyanate (FITC), QSY

35, or Chromeo P503.

6. The method as in claim 5, wherein the supplying of the fluidic sample includes:
determining a protein-label reaction ratio indicating concentration of the label with

respect to a-synuclein.

7. The method as in claim 1, wherein the supplying of the fluidic sample includes:

applying a dynamic coating to the capillary analyte cell.

8. The method as in claim 1, wherein the processing of the four wave-mixing signal
includes:

identifying oligomeric form of a-synuclein to perform molecular weight-based separation.

9. A system for diagnosing a person’s condition in connection with the Parkinson’s
disease, comprising:

a microfluidic system that includes a capillary analyte cell that is coupled to receive a
fluidic sample that includes a body fluid of a patient containing a-synuclein;

a nonlinear optical four-wave mixing device that includes a laser that produces laser
beams for nonlinear four-wave mixing, optical elements that direct the laser beams to a selected
location in the capillary analyte cell where the laser beams intercept with one another to interact
with the fluidic sample in the capillary analyte cell to cause nonlinear wave mixing that
generates a four-wave mixing signal that contains information on the a-synuclein in the fluidic
sample, and an optical detector that receives the four-wave mixing signal and converts the
received four-wave mixing signal to a detector signal; and

a processing module that processes the detector signal to extract information on the o-
synuclein in the fluidic sample and uses the extracted information to determine the patient’s

condition in connection with the Parkinson’s disease.
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10. The device as in claim 9, wherein:
the microfluidic system supplies a cerebrospinal fluid from the patient to the fluidic

sample.

11. The device as in claim 9, wherein:

the microfluidic system supplies blood from the patient to form the fluidic sample.

12. The device as in claim 9, wherein the nonlinear optical four-wave mixing device

allows label-free detection of a native form of a-synuclein.

13.  The device as in claim 9, wherein a-synuclein is conjugated with labels including

at least one of fluorescein isothiocyanate (FITC), QSY 35, or Chromeo P503.

14. The device as in claim 9, wherein the capillary analyte cell includes a dynamic

coating polymer.

15. A method for measuring a low concentration level of a suspect substance
including at least one of Malachite Green or Crystal Violet with high detection sensitivity and
accuracy, comprising:

supplying to a capillary electrophoresis system a fluidic sample that includes a low
concentration of at least one suspect substance within a nonlinear optical four-wave mixing
device;

directing laser light from the nonlinear optical four-wave mixing device into the fluidic
sample to cause nonlinear optical four-wave mixing in the fluidic sample to generate a four-wave
mixing signal that contains information on the low concentration of the at least one suspect
substance in the fluidic sample; and

processing the four-wave mixing signal to extract information on the at least one suspect

substance in the fluidic sample.

16. The method as in claim 15, wherein the directing of laser light includes, if the

fluid sample includes a single suspect substance:
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using a laser with off-resonant wavelength to excite the single suspect substance.

17. The method as in claim 15, wherein the directing of laser light includes, if the
fluid sample includes two or more suspect substances:
using multiple lasers of different wavelengths to excite the two or more suspect

substances.

18. The method as in claim 15, further comprising:
performing pre-concentration of the at least one suspect substance using filed amplified

sample stacking (FASS).

19. The method as in claim 15, further comprising:
applying a dynamic coating to the capillary electrophoresis system to reduce electro-

osmotic flow (EOF).

20. The method as in claim 15, wherein the processing of the four-wave mixing signal

includes identifying the at least one suspect substance at sub-nanomolar concentrations.

21. A device for measuring a low concentration level of a suspect substance including
at least one of Malachite Green or Crystal Violet with high detection sensitivity and accuracy,
comprising:

a microfluidic system that is coupled to receive a fluidic sample that includes a low
concentration of a suspect substance;

a nonlinear optical four-wave mixing device that includes a laser that produces laser
beams for nonlinear four-wave mixing, optical elements that direct the laser beams to a selected
location in microfluidic system where the laser beams intercept with one another to interact with
the fluidic sample to cause nonlinear wave mixing that generates a four-wave mixing signal that
contains information on the suspect substance in the fluidic sample, and an optical detector that
receives the four-wave mixing signal and converts the received four-wave mixing signal to a

detector signal; and
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a processing module that processes the detector signal to extract information on the

suspect substance in the fluidic sample.

22. The device as in claim 21, wherein the microfluidic system includes a capillary

electrophoresis device using citric acid or another agent.

23. The device as in claim 21, wherein the microfluidic system includes a capillary

with a dynamic coating.

24, The device as in claim 21, wherein the laser has an off-resonant wavelength

different from a peak absorption wavelength of the suspect substance.

25. The device as in claim 21, wherein the processing module performs an evaluation

of a linearity of the four-wave mixing signal.

26. A system for measuring a low concentration level of a suspect substance,
comprising:

a nonlinear optical wave-mixing device using lasers with different wavelengths from
each other that are shifted from absorption peaks of analytes; and

a capillary electrophoresis device coupled with the nonlinear optical wave-mixing device
and migrating the analytes through electrolyte solutions under an electric field, the migration of
the analytes providing information used to detect at least one of the analyates,

wherein the nonlinear optical wave-mixing device and the capillary electrophoresis are

packaged together to provide a portability.

27.  The system of claim 26, wherein each wavelengths of the lasers are selected to the

analytes to use dual-wavelength cross verification.

28.  The system of claim 26, wherein the device provides real-time dynamic

measurements of the analytes.
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29. The system of claim 26, wherein the capillary electrophoresis includes a capillary

with a dynamic coating.
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