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DETECTION DEVICE AND METHOD FOR DETECTION OF PARTICLES

Cross-Reference To Related Application

[0001] This application claims the benefit of priority of US provisional application

No. 61/665,51 1, filed 28 June 2012, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to a detection device and a method for detection of

particles.

Background

[0003] Detection and manipulation of a single molecule/nanoparticle with light have

great potential in applications of biological and chemical sciences. Nevertheless, only

average characteristic can be measured for bulk collection of molecules. However, the

measurement of individual behavior for single molecules is an urge for today's research,

which is still a big challenge in traditional optics method. For example, the diffraction

limit makes it very difficult to detect particles of 100s of nanometers.

[0004] From a quantum point of view, light consists of photons that carry angular

momentum, which can be transferred to objects of finite mass by the pressure of the

photons, namely optical force. Many optical devices such as optical tweezers, optical

lattice filters and waveguides are utilized to manipulate microscopic bio-samples and

particles ranging in size from atom level to hundreds of micrometers. As a result, optical

force has become a significant tool for research in the field of biology, chemistry and

physics. Among them, the near-field optical manipulation has become a research

forefront with prime interests on detection and sorting of single molecules/nanoparticles

via evanescent field whose size is sufficiently smaller than the wavelength of the light.



[0005] A total internal reflection (TIR) microscopy is based on the principle of

evanescent field illumination, which is created by the TIR between two media with

different refractive indices, such as glass and water. A TIR microscopy has a higher

sensitivity and signals-to-noise ratio than conventional microscopy. Therefore, it is one of

the most widely used technologies in the detection of single molecules. Besides, the

evanescent electromagnetic field decays exponentially, which makes the optical gradient

field strong enough to hold and sort a single molecule/nanoparticle at the interface of two

mediums. However, TIR needs several improvements to meet the needs of today's

research and technology. Firstly, the penetration depth into the sample media is usually

no more than 200 nm. Thus, only the samples near the interface of the two media can be

detected. Secondly, compared to a pure microfluidic system, the solid-liquid interface

cannot be fully exploited as the platform for complex chemical and biological processing

and analysis. Finally, a pure liquid system is an advantage for real time detection and

sorting which is difficult for the solid-liquid hybrid approach.

[0006] Hydrodynamic focusing is a pure microfluidic technology by building up the

walls of the tunnel, through which a sample may flow, using the effects of fluid

dynamics. The sample is injected into the middle of a sheath flow and the extreme core

flow stream can be controlled down to 50 run. The sheath flow and the core flow stream

do not mix and form a two-layer stable flow when they differ enough in their velocity or

density.

Summary

[0007] According to an embodiment, a detection device for detection of particles is

provided. The detection device may include a flow channel adapted to guide a sample

flow containing the particles to be detected and a sheath flow through the flow channel,

the sheath flow and the sample flow defining an interface therebetween, and an optical

arrangement configured to direct an optical signal to within the flow channel at the

interface to generate an evanescent wave into the sample flow for detection of the

particles.



[0008] According to an embodiment, a method for detection of particles is provided. The

method may include supplying a sample flow containing the particles to be detected

through a flow channel, supplying a sheath flow through the flow channel, the sheath

flow and the sample flow defining an interface therebetween, and directing an optical

signal at the interface to generate an evanescent wave into the sample flow for detection

of the particles.

Brief Description of the Drawings

[0009] In the drawings, like reference characters generally refer to like parts throughout

the different views. The drawings are not necessarily to scale, emphasis instead generally

being placed upon illustrating the principles of the invention. In the following

description, various embodiments of the invention are described with reference to the

following drawings, in which:

[0010] FIG. 1A shows a schematic block diagram of a detection device for detection of

particles, according to various embodiments.

[0011] FIG. IB shows a flow chart illustrating a method for detection of particles,

according to various embodiments.

[0012] FIG. 2A shows a schematic perspective view of a detection device, according to

various embodiments.

[0013] FIG. 2B shows a schematic illustration of a generated evanescent wave in the core

flow stream based on the embodiment of FIG. 2A.

[0014] FIG. 2C shows a simulated evanescent wave in a microchannel based on the

embodiment of FIG. 2A.

[0015] FIG. 3A shows a plot illustrating the relationship between the penetration depth

with the incident angle, according to various embodiments.

[0016] FIG. 3B shows a plot illustrating the relationship between the intensity of the

evanescent field with incident angle, according to various embodiments.

[0017] FIG. 4A shows the simulation result of the optical force acting on a particle under

an evanescent wave, according to various embodiments.



[0018] FIG. 4B shows a plot illustrating the relationship between the size of quantum

dots (QDs) and the optical force acting on the QDs, according to various embodiments.

[0019] FIG. 4C shows a plot illustrating the acceleration of quantum dots (QDs) of

different sizes in a flow channel, according to various embodiments.

[0020] FIG. 5A shows a microscopy image of a fabricated PDMS chip, according to

various embodiments.

[0021] FIG. 5B shows a fluorescent microscopy image of total internal reflection

occurring at a liquid-liquid interface between the sheath flow and the core flow of the

embodiment of FIG. 5A.

[0022] FIG. 5C shows a three-dimensional (3D) confocal microscopy image of the flow

streams in the microchannel of the embodiment of FIG 5A.

[0023] FIGS. 6A to 6C show EMCCD microscopy images of the detection of particles by

evanescent field, according to various embodiments.

[0024] FIGS. 7A to 7E show microscopy images of the detection of micro/nano particles

by evanescent wave illumination in the nano-optofluidic system of various embodiments.

Detailed Description

[0025] The following detailed description refers to the accompanying drawings that

show, by way of illustration, specific details and embodiments in which the invention

may be practiced. These embodiments are described in sufficient detail to enable those

skilled in the art to practice the invention. Other embodiments may be utilized and

structural, logical, and electrical changes may be made without departing from the scope

of the invention. The various embodiments are not necessarily mutually exclusive, as

some embodiments can be combined with one or more other embodiments to form new

embodiments.

[0026] Embodiments described in the context of one of the methods or devices are

analogously valid for the other method or device. Similarly, embodiments described in

the context of a method are analogously valid for a device, and vice versa.

[0027] Features that are described in the context of an embodiment may correspondingly

be applicable to the same or similar features in the other embodiments. Features that are



described in the context of an embodiment may correspondingly be applicable to the

other embodiments, even if not explicitly described in these other embodiments.

Furthermore, additions and/or combinations and/or alternatives as described for a feature

in the context of an embodiment may correspondingly be applicable to the same or

similar feature in the other embodiments.

[0028] In the context of various embodiments, the articles "a", "an" and "the" as used

with regard to a feature or element includes a reference to one or more of the features or

elements.

[0029] In the context of various embodiments, the phrase "at least substantially" may

include "exactly" and a reasonable variance.

[0030] In the context of various embodiments, the term "about" or "approximately" as

applied to a numeric value encompasses the exact value and a reasonable variance.

[0031] As used herein, the term "and/or" includes any and all combinations of one or

more of the associated listed items.

[0032] As used herein, the phrase of the form of "at least one of A or B" may include A

or B or both A and B. Correspondingly, the phrase of the form of "at least one of A or B

or C", or including further listed items, may include any and all combinations of one or

more of the associated listed items.

[0033] Various embodiments may relate to optofluidics, for example for detection of

single molecules in a fluid using evanescent wave generated by way of total internal

reflection (TIR) at a liquid-liquid interface. The evanescent wave may also exert an

optical force on the single molecules for manipulating the single molecules.

[0034] Various embodiments may combine fluid dynamics technology with TIR

microscopy for the detection and sorting of single molecules/nanoparticles.

[0035] Various embodiments may provide a nano-optofluidic device or system for single

molecule detection and sorting. The nano-optofluidic device/system may employ total

internal reflection (TIR) in or at a liquid-liquid interface for detection of single molecules

or nanoparticles. The total internal reflection (TIR) occurring at the liquid-liquid interface

may generate an evanescent wave for single molecule detection. The nano-optofluidic

system may also allow sorting of single molecules or nanoparticles based on

hydrodynamic focusing and optical force by an evanescent wave. In various



embodiments, nano-sized samples or particles in liquid may be measured and counted

even if the size of the samples or particles is at least substantially smaller than the

diffraction limit. For example, imaging of approximately 5 - 50 nm quantum dots (QDs)

may be performed using the nano-optofluidic system of various embodiments.

[0036] As compared to conventional TIR microscopy which can only detect samples near

a solid-liquid interface, all samples or particles may be focused in the extreme centre flow

in the nano-optofluidic system of various embodiments and may be measured and

manipulated in real time. Various embodiments may have a wide range of applications in

areas including single molecule detection, imaging and counting.

[0037] FIG. 1A shows a schematic block diagram of a detection device 100 for detection

of particles, according to various embodiments. The detection device 100 includes a flow

channel 102 adapted to guide a sample flow containing the particles to be detected and a

sheath flow through the flow channel 102, the sheath flow and the sample flow defining

an interface therebetween, and an optical arrangement 104 configured to direct an optical

signal to within the flow channel 102 at the interface to generate an evanescent wave into

the sample flow for detection of the particles. The line represented as 106 is illustrated to

show the relationship between the flow channel 102 and the optical arrangement 104,

which may include optical coupling and/or mechanical coupling.

[0038] In other words, the detection device 100 may include a flow channel 102, for

example a microchannel, within which a sample flow containing the particles to be

detected and a sheath flow may flow. The sheath flow may flow adjacent to the sample

flow. The sheath flow may flow in between a wall of the flow channel 102 and the

sample flow such that the portion the sample flow adjacent the sheath flow may not abut

the wall of the flow channel 102. This may minimise absorption or adsorption of the

particles to be detected on the wall(s) of the flow channel 102.

[0039] The sheath flow may be in laminar flow with the sample flow. This may mean

that the sample flow and the sheath flow do not at least substantially mix with each other,

such that the sheath flow may flow in parallel to the sample flow. The sheath flow and

the sample flow may form a two-layer stable flow. An interface may be defined between

the sample flow and the sheath flow, as the sample flow and the sheath flow flow through



the flow channel 102. This may mean that a liquid-liquid interface or boundary may be

defined between the sample flow and the sheath flow within the flow channel 102.

[0040] The detection device 100 may further include an optical arrangement 104 which

may direct an optical signal (e.g. light) to the interior of the flow channel 102, at the

liquid-liquid interface defined between the sample flow and the sheath flow, so as to

generate an evanescent wave. The optical signal may be directed from the side of the

sheath flow and through the sheath flow to the liquid-liquid interface. The evanescent

wave that is generated may propagate or penetrate into the sample flow for detection of

the particles that may be present in the sample flow. For example, the evanescent wave

may illuminate the particles for detection of the particles.

[0041] In various embodiments, the sheath flow may be supplied on one side of the

sample flow. This may mean that the sheath flow and the sample flow may flow side by

side.

[0042] In various embodiments, the sample flow may be provided or injected into and

through the sheath flow, for example into the middle of the sheath flow, such that the

sample flow may be flanked by the sheath flow on opposite sides of the sample flow or

may be at least substantially surrounded by the sheath flow, for example on all sides or

around the sample flow.

[0043] In the context of various embodiments, the term "evanescent wave" may mean a

wave or a near-field wave having an intensity which may decay (e.g. exponential decay)

with distance from the point or plane at which the evanescent wave is generated. This

may mean that the evanescent wave generated at the liquid-liquid interface defined

between the sample flow and the sheath flow may have an optimal intensity near the

interface, and whose intensity decays in the direction from the liquid-liquid interface into

the sample flow. As the decay rate of the evanescent wave may be high, the evanescent

wave may penetrate only a short distance (small penetration depth) into the sample flow

such that portions of the sample f ow beyond the reach of the evanescent wave may

remain at least substantially unaffected by the evanescent wave. This may minimise any

background properties or noise during any characterization activities as only particles in

the sample flow that are within the reach of the evanescent wave may be characterised

and/or detected and/or measured, with minimal interference from background noise.



[0044] In various embodiments, the width of the sample flow may be controllable by the

sheath flow. The width of the sample flow may be controllable by the sheath flow such

that a single particle flows through a cross section of the flow channel at a time. This

means that single particle detection may be carried out.

[0045] In various embodiments, the width of the sample flow may be smaller than a

wavelength of the optical signal.

[0046] In various embodiments, the width of the sample flow may be less than about

1 um, for example less than about 0.8 µιη, or less than about 0.5 µην

[0047] The detection device 100 may include a first inlet and a second inlet, wherein the

first inlet and the second inlet may be in fluid communication with the flow channel 102,

wherein the first inlet may be configured for supplying the sample flow into the flow

channel 102, and wherein the second inlet may be configured for supplying the sheath

flow into the flow channel 102. Therefore, the sample flow may be supplied through the

first inlet while the sheath flow may be supplied through the second inlet.

[0048] In various embodiments, the flow channel 102 may further be adapted to guide a

second sheath flow through the flow channel 102, the second sheath flow and the sample

flow defining a second interface therebetween.

[0049] The second sheath flow may flow adjacent to the sample flow. The second sheath

flow may flow in between another wall of the flow channel 102 and the sample flow such

that the portion the sample flow adjacent the second sheath flow may not abut that wall of

the flow channel 102. This may minimise absorption or adsorption of the particles to be

detected on the wall(s) of the flow channel 102. The second sheath flow may be in

laminar flow with the sample flow. This may mean that the sample flow and the second

sheath flow do not at least substantially mix with each other, such that the second sheath

flow may flow in parallel to the sample flow. An interface may be defined between the

sample flow and the second sheath flow, as the sample flow and the second sheath flow

flow through the flow channel 102. This may mean that a liquid- liquid interface or

boundary may be defined between the sample flow and the second sheath flow within the

flow channel 102.

[0050] In various embodiments, the width of the sample flow may be controllable by the

second sheath flow.



[0051] In various embodiments, the width of the sample flow may be controllable by the

sheath flow and the second sheath flow. The width of the sample flow may be

controllable by the sheath flow and the second sheath flow such that a single particle

flows through a cross section of the flow channel at a time. This means that single

particle detection may be carried out. In addition, the position of the sample flow within

the flow channel 102 may be controllable by the sheath flow and the second sheath flow.

[0052] The detection device 100 may include a third inlet in fluid communication with

the flow channel 02, wherein the third inlet may be configured for supplying the second

sheath flow into the flow channel 102.

[0053] In various embodiments, the detection device 100 may further include flow rate

adjustment means for adjusting a flow rate ratio between the sample flow and the sheath

flow for controlling a width of the sample flow. The flow rate adjustment means may be

used to control or change the flow rate of the sample flow or the sheath flow or both.

[0054] In various embodiments, the detection device 100 may further include flow rate

adjustment means for adjusting at least one of a first flow rate ratio between the sample

flow and the sheath flow, or a second flow rate ratio between the sample flow and the

second sheath flow, for controlling a width of the sample flow. This means that for

controlling the width of the sample flow, the first flow rate ratio and/or the second flow

rate ratio may be adjusted by the flow rate adjustment means. The flow rate adjustment

means may be used to control or change the flow rate of the sample flow or the sheath

flow or the second sheath flow or any combination thereof. In addition, adjusting at least

one of the first flow rate ratio between the sample flow and the sheath flow, or the second

flow rate ratio between the sample flow and the second sheath flow may control the

position of the sample flow within the flow channel 102, for example in the middle of the

flow channel 102 or away from the central axis of the flow channel 102 towards one side

of the flow channel 102.

[0055] In the context of various embodiments, the flow rate adjustment means may

include at least one of a pump, a valve, a flow meter, a gauge or any delivery means or

system.



[0056] In the context of various embodiments, at least one of the sheath flow or the

second sheath flow may act as a buffer which may assist in guiding the flow of the

sample flow through the flow channel 102.

[0057] In various embodiments, the optical arrangement 104 may be configured to

generate the evanescent wave by way of total internal reflection (TIR) of the optical

signal at the interface between the sample flow and the sheath flow. This may mean that

the optical signal may be directed at the interface defined between the sheath flow and the

sample flow at an incident angle that may be larger than a critical angle defined by the

refractive indices of the respective solutions or media of the sample flow and the sheath

flow, and subsequently total internally reflected at the interface, and in the process

generating the evanescent wave.

[0058] In various embodiments, the optical arrangement 104 may include a waveguide

integrally formed with the flow channel 102, the waveguide being configured to direct

the optical signal at the interface between the sample flow and the sheath flow. The

waveguide being integrally formed with the flow channel 102 may mean that the

waveguide may be integrated with the flow channel 102 on the same substrate or chip,

e.g. an on-chip waveguide. The waveguide may be an optical waveguide or an optical

fiber.

[0059] In various embodiments, the optical arrangement 104 may include a lens

integrally formed with the flow channel 102, the lens being configured to focus the

optical signal at the interface between the sample flow and the sheath flow. The lens

being integrally formed with the flow channel 102 may mean that the lens may be

integrated with the flow channel 102 on the same substrate or chip, e.g. an on-chip lens.

The lens may be arranged at the output side of the waveguide for focusing the optical

signal guided by the waveguide at the interface defined between the sample flow and the

sheath flow.

[0060] In various embodiments, the optical arrangement 104 may include a radiation

source configured to provide the optical signal. The radiation source may be or may

include a laser, e.g. a pulsed laser.

[0061] In various embodiments, the detection device 100 may further include a detector

for detection of the particles.



[0062] In various embodiments, the detection device 100 may further include a labeling

module configured for coupling each particle with an optical label, the optical label

configured to provide a signal in response to the evanescent wave for detection of the

particles.

[0063] In the context of various embodiments, the optical label may have a bead-like

structure or shape.

[0064] In the context of various embodiments, the optical label may be or may include a

quantum dot (QD) or a gold (Au) nanoparticle. The gold nanoparticle (Au NP) may be of

any suitable shape (e.g. bead-like, rod-like, polygonal-shaped) and/or of any suitable size

(e.g. about 5 to about 100 nm), for example depending on the desired signal to be

produced in response to the evanescent wave.

[0065] In various embodiments, the optical label may be configured to fluoresce in

response to the evanescent wave. This may mean that the optical label may be a

fluorescent label.

[0066] In various embodiments, the optical label may be configured to reflect a portion

of wavelength of the evanescent wave.

[0067] In the context of various embodiments, the flow channel may be made of a

material selected from the group consisting of polydimethylsiloxane (PDMS), polymethyl

methacrylate (PMMA), glass and silicon, such as for example a silicon-based wafer,

e.g. silicon wafer, or silicon-on-insulator (SOI).

[0068] In the context of various embodiments, the detection device 100 may be adapted

for detecting particles of a size smaller than a diffraction limit imposed by the optical

arrangement 104.

[0069] In the context of various embodiments, the evanescent wave may exert at least

one optical force on the particles for deflecting the particles away from the sample flow

for sorting the particles. In exerting at least one optical force on the particles, the

evanescent wave may be used for the purpose of optical trapping for trapping and/or

manipulating the particles present in the sample flow.

[0070] In the context of various embodiments, the particles may be selected from the

group consisting of quantum dots, gold nanoparticles, living cells, chromosomes,

organelles, biomolecules, proteins, viruses, bacteria and any combination thereof.



[0071] In the context of various embodiments, each particle may have a size of between

about 5 nm and about 5 µ , for example between about 5 nm and about 3 µπ , between

about 5 nm and about 1 µη , between about 5 nm and about 500 nm, between about 5 nm

and about 200 nm, between about 100 nm and about 500 nm, between about 500 nm and

about 2 µιη, or between about 50 nm and about 200 nm.

[0072] FIG. IB shows a flow chart 120 illustrating a method for detection of particles,

according to various embodiments.

[0073] At 122, a sample flow containing the particles to be detected is supplied through a

flow channel. Therefore, the sample flow containing the particles may be flowed through

the flow channel.

[0074] At 124, a sheath flow is supplied through the flow channel, the sheath flow and

the sample flow defining an interface therebetween. Therefore, the sheath flow may be

flowed through the flow channel. The sheath flow may be in laminar flow with the

sample flow. The sheath flow and the sample flow may form a two-layer stable flow.

[0075] At 126, an optical signal is directed at the interface to generate an evanescent

wave into the sample flow for detection of the particles.

[0076] It should be appreciated that the sample flow and the sheath flow may be supplied

at least substantially simultaneously or in any order of sequence.

[0077] In various embodiments, the sheath flow may be supplied on one side of the

sample flow. This may mean that the sheath flow and the sample flow may flow side by

side.

[0078] In various embodiments, the sample flow may be provided or injected into and

through the sheath flow, for example into the middle of the sheath flow, such that the

sample flow may be flanked by the sheath flow on opposite sides of the sample flow or

may be at least substantially surrounded by the sheath flow, for example on all sides or

around the sample flow.

[0079] In various embodiments, at 124, the sheath flow may be supplied at a flow rate

that is higher than a flow rate of the sample flow.

[0080] In various embodiments, at 126, the evanescent wave may be generated across a

width of the sample flow. This may mean that the evanescent wave may propagate

through the entire width of the sample flow.



[0081] In various embodiments, at 126, the optical signal may be directed at the interface

between the sample flow and the sheath flow to generate the evanescent wave by way of

total internal reflection (TIR) of the optical signal at the interface.

[0082] The method may further include focusing the optical signal at the interface

between the sample flow and the sheath flow.

[0083] The method may further include varying a flow rate ratio between the sample

flow and the sheath flow for controlling a width of the sample flow. This may mean

controlling or changing the flow rate of the sample flow or the flow rate of the sheath

flow relative or both.

[0084] In the context of various embodiments, the width of the sample flow may be less

than about 1 µ η, for example less than about 0.8 µη , or less than about 0.5 µ η .

[0085] In the context of various embodiments, the width of the sample flow may be

smaller than a wavelength of the optical signal.

[0086] In the context of various embodiments, the width of the sample flow may be

controlled by the sheath flow such that a single particle flows through a cross section of

the flow channel at a time.

[0087] In the context of various embodiments, the sample flow may include a solution or

medium having a refractive index that is lower than a refractive index of a solution or

medium of the sheath flow. In various embodiments, the refractive index of the solution

of the sample flow may be between about 1.332 and about 1.432. In various

embodiments, the refractive index of the solution of the sheath flow may be between

about 1.333 and about 1.433.

[0088] In various embodiments, the refractive index of the solution of the sheath flow

may be at least substantially equal to a refractive index of a material of the flow channel.

This may provide a substantially smooth transition at the solid-liquid interface defined

between the material of the flow channel and the sheath flow as the optical signal

propagates through the material of the flow channel and into the sheath flow so as to

minimise any distortion or scattering of the optical signal.

[0089] The method may further include supplying a second sheath flow through the flow

channel, the second sheath flow and the sample flow defining a second interface

therebetween. The second sheath flow may be in laminar flow with the sample flow.



[0090] In various embodiments, the second sheath flow may be supplied at a flow rate

that is higher than a flow rate of the sample flow.

[0091] In various embodiments, the flow rate of the sheath flow and the flow rate of the

second sheath flow may be at least substantially the same.

[0092] The method may further include varying a flow rate ratio between the sample

flow and the second sheath flow for controlling a width of the sample flow. This may

mean controlling or changing the flow rate of the sample flow or the flow rate of the

second sheath flow or both.

[0093] In various embodiments, varying or adjusting the flow rate ratio between the

sample flow and the sheath flow and the flow rate ratio between the sample flow and the

second sheath flow may also control the position of the sample flow within the flow

channel, for example the sample flow may be in the middle of the flow channel along the

central axis of the flow channel or away from the central axis of the flow channel towards

one side of the flow channel. As a non-limiting example, by providing a flow rate ratio

between the sample flow and the sheath flow that is higher than the flow rate ratio

between the sample flow and the second sheath flow may cause the sample flow to be

pushed towards the second sheath flow, away from the central axis of the flow channel.

[0094] In various embodiments, the sheath flow may be supplied on a first side of the

sample flow, while the second sheath flow may be supplied on a second side of the

sample flow, wherein the first side and the second side are opposite sides. This may mean

that the sample flow may be sandwiched in between the sheath flow and the second

sheath flow.

[0095] In the context of various embodiments, the refractive index of the solution or

medium of the second sheath flow may be between about 1.333 and about 1.433.

[0096] The method may further include coupling or labelling each particle to be detected

with an optical label, the optical label configured to provide a signal in response to the

evanescent wave for detection of the particles. In various embodiments, the optical label

may be or may include a quantum dot (QD) or a gold nanoparticle (Au NP).

[0097] In various embodiments, at least one optical label may have a size (e.g. diameter)

that may be different from the remaining optical labels.



[0098] In various embodiments, at least one optical label may have a refractive index that

may be different from the remaining optical labels.

[0099] The method may further include sorting the particles by means of the evanescent

wave. In various embodiments, for sorting the particles, the particles may be deflected

away from the sample flow. The particles may be deflected away from the sample flow

by means of at least one optical force exerted by the evanescent wave on the particles.

The particles may be deflected into the sheath flow or the second sheath flow.

[0100] The method may further include varying a power of the optical signal. This may

affect the intensity of the evanescent wave that is generated such that the evanescent

wave may be used for optical trapping and/or manipulation of the particles. This may

provide for sorting the particles by deflection as different power levels of the optical

signal may deflect different types and/or sizes of particles, and/or may cause deflection of

the particles through different deflection paths. Furthermore, changing the power of the

optical signal may provide improved illumination of the particles for detection of the

particles.

[0101] In various embodiments, at least one particle may have a size (e.g. diameter) that

may be different from the remaining particles.

[0102] In various embodiments, at least one particle may have a refractive index that may

be different from the remaining particles.

[0103] In the context of various embodiments, the solution or medium of the sample flow

may include a first ethylene glycol mixture, wherein the solution or medium of the

second sheath flow may include a second ethylene glycol mixture, and wherein the first

ethylene glycol mixture and second ethylene glycol mixture may have different

compositions, and therefore at least substantially different refractive indices.

[0104] In the context of various embodiments, the solution or medium of the second

sheath flow may include the second ethylene glycol mixture.

[0105] Design of the detection device of various embodiments and the related theoretical

analysis will now be described.

[0106] FIG. 2A shows a schematic perspective view of a detection device 200, according

to various embodiments, illustrating a nano-fluidic system, for example in the form of a

nano-optofluidic evanescent wave sensor. The nano-fluidic system 200 may include a



flow channel 202, for example a microchannel. The nano-fluidic system 200 may provide

for three flow streams in the microchannel 202, for example a sample flow 204, for

example in the form of a nano-core flow stream, a first sheath flow 206 and a second

sheath flow 208. The refractive index of the solution of the nano-core flow stream 204

may be at least substantially lower than that of the first sheath flow 206 and the second

sheath flow 208. The sample flow 204 may contain particles that are to be detected. As a

non-limiting examples, the particles to be detected may be quantum dot (QD)-labeled

viruses 210, where each virus 212 may be stained or coupled with one or more quantum

dots (QDs) 214, for example via a binding molecule (e.g. antibody) 216.

[0107] Each of the first sheath flow 206 and the second sheath flow 208 may be in

laminar flow with the sample flow 204. This may provide stable flows of the sample

flow 204, the first sheath flow 206 and the second sheath flow 208 through the

microchannel 202, where the sample flow 204 do not at least substantially mix with the

first sheath flow 206 and the second sheath flow 208. This may mean that each of the the

sample flow 204, the first sheath flow 206 and the second sheath flow 208 may be

maintained as respective individual flows through the microchannel 202. The QD-labeled

viruses 210 may therefore be confined within the sample flow 204.

[0108] A first interface 220 may be defined between the sample flow 204 and the first

sheath flow 206, and a second interface 222 may be defined between the sample flow 204

and the second sheath flow 208. Therefore, two liquid-liquid interfaces (i.e. first

interface 220 and second interface 222) may be defined within the microchannel 202.

[0109] The first sheath flow 206 and the second sheath flow 208 may flow on opposite

sides of the sample flow 204. The sample flow 204 may be confined by the first sheath

flow 206 and the second sheath flow 208, such that the sample flow 204 do not abut the

walls (e.g. first wall 224 and second wall 226) of the microchannel 202. This may

minimise absorption or adsorption of the QD-labeled viruses 210 on the walls of the

microchannel 202.

[0110] The sample flow 204, the first sheath flow 206 and the second sheath flow 208

may be provided via respective inlets that may be in fluid communication with the

microchannel 202. For example, the sample flow 204 may be supplied via a first

inlet 230, the first sheath flow 206 may be supplied via a second inlet 232, while the



second sheath flow 208 may be supplied via a third inlet 234, into the microchannel 202.

An outlet 236 may be provided at an end of the microchannel 202 for discharging the

sample flow 204, the first sheath flow 206 and the second sheath flow 208. In alternative

embodiments, three respective outlets may be provided, each outlet for discharging one

of the sample flow 204, the first sheath flow 206 and the second sheath flow 208

respectively.

[0111] The detection device 200 may further include an optical arrangement (not shown)

to generate an evanescent wave within the microchannel 202 for detection of the QD-

labeled viruses 210. The optical arrangement for example may include a radiation source

(e.g. laser) for providing an optical signal (e.g. light) from which the evanescent wave

may be induced. The optical arrangement may also include an optical waveguide and/or a

lens.

[0112] As illustrated in FIG. 2A as a non-limiting example, the optical arrangement may

direct an incident light 250 to within the microchannel 202 at the first interface 220

defined between the sample flow 204 and the first sheath flow 206. The incident light 250

may be total internally reflected at the first interface 220 as the incident light 250 hits the

first interface 220 defined between the sample flow 204 and the first sheath flow 206 of

different refractive indices, resulting in a reflected light 252. An evanescent field 254

with an evanescent wave 256 therewithin may be generated as a result of the total internal

reflection of the incident light 250. The evanescent field 254 and the evanescent

wave 256 may extend into the sample flow 204. The evanescent wave 256 may decay

with distance from the first interface 220 into the sample flow 204.

[0113] FIG. 2B shows a schematic illustration of a generated evanescent wave 256 in the

core flow stream 204 in the microchannel 202 of the detection device 200. FIG. 2C shows

a simulated evanescent wave 256 in the microchannel 202 based on the detection

device 200 of FIG. 2A. As shown in FIG. 2C, the evanescent wave 256 that may be

generated may decay along the vertical direction of the centre flow stream 204. The

evanescent wave 256 may propagate into the core stream or sample flow 204 with a

penetration depth of approximately 1 µ ι and its intensity may exponentially decay.

[0114] In various embodiments, the nano-core flow stream 204 may be compressed by

the sheath flow streams (i.e. the first sheath flow 206 and the second sheath flow 208) by



using hydrodynamic technology. The centre flow stream or sample flow 204 may be

controlled such that its width, , may be at least substantially smaller than the

wavelength of the incident light 250 to make the molecules/nanoparticles to be detected,

such as the QD-labeled viruses 10, suspended in the centre flow stream 204 one by one,

like a string of pearls, by controlling the respective flow rates of at least one of the

sample flow 204, the first sheath flow 206 or the second sheath flow 208, or at least one

of the flow rate ratio between the sample flow 204 and the first sheath flow 206 or the

flow rate ratio between the sample flow 204 and the second sheath flow 208.

[0115] Compared to a solid-liquid interface, the liquid-liquid interface corresponding to

the first interface 220 and/or the second interface 222 may be naturally smooth to avoid,

or at least minimise, optical scattering, so as to prevent or minimise any disturbance of

the evanescent field 254. Furthermore, the refractive index of the solution of at least one

of the first sheath flow 206 or the second sheath flow 208 may be at least substantially the

same as the material (e.g. polydimethylsiloxane; PDMS) of the microchannel 202 so as to

build uniform media of at least substantially similar refractive index for light input by

using a mixture solution, for example, of (75 % (CH2OH)2 25 % (CH 3OH) in mass)

having a refractive index of about 1.410, for at least one of the first sheath flow 206 or

the second sheath flow 208. In this way, optical scattering may be minimised as the

incident light 250 is directed, for example, through the material of the microchannel 202

and the first sheath flow 206 as a result of the substantially similar refractive index.

[0116] The light from the radiation source may be input towards the microchannel 202 at

a liquid-liquid interface therewithin by integrating an optical fiber (see for example

FIG. 5A), as part of the optical arrangement, in or with the microchannel 202. The input

light may be focused and collimated by an on-chip lens (see for example FIG. 5A) to

make sure that the incident angle of the incident light 250 at the first interface 220 may be

just slightly larger than the critical angle for total internal reflection. As a result, small

nanoparticles, such as QD-labeled viruses 210, may be kept in the nano-core flow

stream 204 and measured when they are illuminated by the evanescent wave 256. The

evanescent field 254 may be designed to cover the whole nano-core flow stream 204 to

ensure that all nanoparticles may be illuminated efficiently.



[0117] As described, the detection device 200 may be a hydrodynamic total internal

reflection (TIR) microscopy for nanoparticle detection. The nanoparticles may be kept in

the core flow stream 204 with a width, w, of < 1 µη by hydrodynamic focusing. The

nanoparticles may be detected by the evanescent field 254 formed by TIR at the

liquid/liquid interface 220.

[0118] In various embodiments, the nanoparticles (e.g. QD-labeled viruses 210) may be

sorted based on their sizes by controlling the intensity of the input laser light. As shown

in FIG. 2C, the evanescent field 254 may have a strong local confinement. The light

intensity at the interface 220 between the liquid media of the sample flow 204 and the

first sheath flow 206 may be enhanced about 4.7 times and then decay exponentially to

form a gradient field.

[0119] Total internal reflection TIR)

[0120] In a TIR system, penetration depth refers to the distance of the electromagnetic

radiation that may penetrate into a material. It may be defined as the depth at which the

intensity of the radiation inside the material falls to approximately 1/e. The relationship

between the penetration depth, d, and the incident angle, for TIR may be expressed as

, - 2
1 2 (Equation 1),

where λ refers to the wavelength of the incident light (e.g. about 514 nm), n\ and « refer

to the refractive index of the sheath flow streams (e.g. 206, 208, FIG. 2A) and the centre

flow stream (e.g. 204, FIG. 2A), respectively. As a non-limiting example, n\ may be

about 1.410 and ri2 may be about 1.404, and the penetration depth may be infinite for

propagating waves with the angle of incidence, Θ], slightly larger than the critical angle,

0C, which may be about 84.7°, as calculated using Equation 2 below based on n = 1.410

and n2 = 1.404.

= arcsin (Equation 2).

[0121] The penetration depth, d, may decrease as the angle, Θ , increases. Consequently,

the optical forces decrease as this angle increases. FIG. 3A shows a plot 300 illustrating

the relationship between the penetration depth with the incident angle, according to



various embodiments. The plot 300 shows result (solid line) 302 for parallel-polarized

incident light, and result (dashed line) 304 for perpendicular-polarized incident light.

When the incident angle, is near the critical angle, C, the penetration depth, d , may

reach several micrometers. The penetration depth may be nearly about 6 µ when the

incident angle, θι , is about 84.7°. As a result, at least substantially all particles to be

detected or the entire width of the sample flow 204 may be covered by the evanescent

field, combined with hydrodynamic focusing technology.

[0122] The intensity of the evanescent field for both parallel { P )) and perpendicular

{I S ) polarizations as a function of the incident angle may be expressed as

cos2 #,(2 sin2 ft - ,2)
I (P) = / ,( ) 4

l 1 J (Equation 3),
n2 cos θ - n2

I S ) = / ,( ) (Equation 4),

where refers to the intensity of the parallel-polarized incident light and refers

to the intensity of the perpendicular-polarized incident light.

[0123] FIG. 3B shows a plot 320 illustrating the relationship between the intensity of the

evanescent field with incident angle, according to various embodiments. FIG. 3B shows

the analytical solution of the evanescent wave intensity for both parallel (result (solid

line) represented as 322) and perpendicular (result (dashed line) represented as 324)

polarizations as a function of the incident angle, 0j, when the refractive index contrast or

difference is fixed at about 0.006. As may be seen from FIG. 3B, the type of polarization

does not affect the intensity of the evanescent field when the incident angle, Θ] , is about

85°.

[0124] Optical force

[0125] At the quantum level, each light photon carries a momentum, p . When a photon

interacts with an object, the momentum may be transferred and the object may be pushed

forward in the direction of light propagation, where the momentum may be proportional

to the light intensity.

[0126] For optical manipulation and sorting, the optical force may be decomposed into

two components: one being the scattering force in the direction of propagation, and the



other one being the gradient force in the light gradient direction. The scattering force

tends to push the object along the beam axis while the gradient force may push the object

into the focus of the light (e.g. focus of the laser beam).

[0127] For an object or particle that is smaller than the wavelength of the optical signal

(e.g. light) used, it may be suitable to consider the forces in terms of electric field, which

is called the dipole model. The optical force may be derived from the Lorentz force, and

when the conditions for Rayleigh scattering may be satisfied, the particle may be treated

as a point dipole in an inhomogeneous electromagnetic field. The Lorentz force, F , may

be expressed as

F =q(E +v xB) (Equation 5),

where v is the velocity, q is the electrical charge, E and B are the electrical and magnetic

fields respectively.

[0128] Combined with the Maxwell's equations, the optical force, F, may be expressed

as:

{(E V)E + B]=a[-VE +—( B)] (Equation 6),
dt 2 dt

where t refers to time.

[0129] The response o the electrical field, E , may be assumed to be: p = ε Ε ,where

is the polarizability and ε is the permittivity. Since the power of the radiation source (e.g.

laser) may be at least substantially constant, the second term ( — (E B ) ) may be
dt

averaged to zero. The polarizability, a, may be defined as

a = (Equation 7),

m2— 1
where α =4π α — ) (Equation 8),

m +2

k = quation 9),

a is the radius of the particle(s), «2 is the refractive index of the surrounding medium (e.g.

sample flow), m is the ratio of the refractive index of the particle(s), «p, to the refractive



index of the surrounding medium I ). Also, is the refractive index of the

sheath flow, ο is to the wavelength of the incident light, and is the light incident angle.

[0130] A scattering force, sca t, may arise from the absorption and retardation of light by

the dipole. The scattering force, scat, may be derived from the imaginary part of the

optical force, and may be ex ressed as:

(Equation 10),

where is the intensity of the light incident on the particle(s), being Rayleigh

particle(s), is the radius of the particle(s), 2 is the refractive index of the surrounding

medium (e.g. sample flow), is the ratio of the refractive index of the particle(s), v to

the refractive index of the surrounding medium ( = I «2), is the speed of light in

vacuum, may be as defined in Equation 9 .

[0131] A gradient force, g ad, may originate from the interaction between the induced

dipole and the inhomogeneous field, and may be expressed as:

= (Equation 11).

[0132] The particle(s) or Rayleigh particle(s) may experience an acceleration towards the

region with a higher light intensity. As a non-limiting example, for quantum dots (QDs),

their refractive index may be higher than that of the surrounding solution or medium,

which may lead to 1 and consequently a positive grad. As a result, QDs may be

pushed, for example, downwards. On the contrary, for Au nanoparticles, their refractive

index may be lower than that of the surrounding solution or medium, which may lead to

1 and consequently a negative .As a result, Au nanoparticles may be pushed, for

example, upwards. Therefore, in one embodiment, a particle may be pushed or deflected

in a particular motion or direction depending on the refractive index of the particle.

[0133] Quantum dots (QDs) under optical force and liquid drag force

[0134] Colloidal quantum dots (QDs) are nanosized fluorescent semiconductor crystals.

QDs are different from the traditional fluorescent based organic molecules. The unique

optical properties of QDs may provide long-term stability and simultaneous detection of



multiple signals, making QDs as promising applications in, for example, single molecule

imaging, labeling and sensing.

[0135] In various embodiments, as a non-limiting example, water-soluble cadmium

selenide (CdSe) core - zinc-sulfide (ZnS) shell QDs with an emission wavelength of 630

nm may be used. Each QD may have a CdSe core that is at least substantially surrounded

by a ZnS shell. The CdSe-ZnS core-shell QDs may be obtained by way of a self-

assembling process, where the self-assembled QDs may be about 5 nm in diameter. The

molar mass of CdSe may be approximately 191.37 g mo , with a density of

approximately 5.819 g/cm3. The molar mass of ZnS may be approximately 97.47 g/mol,

with a density of approximately 4.090 g/cm3. For the purpose of analysis, the CdSe core

of the QDs may be assumed to be spherical with a refractive index, n , of about 2.56.

[0136] In an evanescent field, the intensity, I(r), of the evanescent field may be expressed

as:

I r ) = I y ) = I e ) (Equation 12),

where I(y) refers to the intensity of the evanescent field at position y , 0 refers to the

intensity of the evanescent field at the interface, y refers to the propagation direction of

the evanescent field (perpendicular to the interface) and d refers to the penetration depth

of the evanescent wave.

[0137] Combining Equation 12 with Equations 1, 3 and 4, the optical force acting on the

QDs in microfluidic may be expressed by:

4 , - 1 r 4cos 2 J 2sin . - n 2) (-¾
, = - - W 4 2 e (Equat ion 13),

3 m + 2 c n2 cos θι - n

1 2π η α - 4cos 2 6>.(2sin2 6 - n 2) (-¾ _ .
F ra = )/,(/ ) 1

2 e (Equation 14).
a c m + 2 n cos θ - η

[0138] In additional to the optical force, the QDs in a liquid may also experience a liquid

drag force, Edrag, which may be expressed by:

F r g = p m A = 2nC m a - (Equation 5),



where is the drag coefficient, p m is the density of the centre flow stream, υ is the

relative velocity of the QDs to the background flows, A is the reference areas of the

QDs, and a is the radius of the QDs.

[0139] The liquid drag force, F drag, and the optical scattering force, F scat, may be both in

the flow direction, and as a result, Fdrag may be seen as a balance to the optical scattering

force, Fscat. The gradient force, F d, may act on the QDs perpendicular to the flow

direction and may direct the QDs and/or any molecule(s) or particle(s) coupled to the

QDs to a sheath flow, from a core sample flow, for example when the QDs are flowed

through the detection device 200 of FIG. 2A. The scattering force, F scat, acting on the

QDs in the flow direction, may cause the QDs to flow at different acceleration rates. The

resultant of these two forces (F scat and F g d) may create specific parabolic flow paths for

different samples or particles, which lays the foundation for molecule or particle sorting.

[0140] Both the scattering force, F s , and the gradient force, F grad, may depend on the

molecule' and

Fgrad oc and

refers to the ratio of the refractive index of the molecule to the refractive index of the

medium the molecule is in (e.g. the sample flow). Therefore, different molecules or

particles, or particles with different labels (e.g. optical labels), or labelled and non-

labelled particles may be sorted.

[0141] As a non-limiting example, free or unbound QDs (i.e. no particle or molecule

coupled to the QDs) and QD-labeled viruses may be sorted based on their distinct

biophysical properties. As unbound QDs (e.g. of approximately 5 nm in diameter) are

several-fold smaller in size as compared to QD-labeled ones (e.g. of approximately 50 nm

in diameter), the scattering force, F s at, and the gradient force, grad, acting on the

unbound QDs are relatively smaller, such that unbound QDs may be directed or deflected

into a sheath flow, from a sample flow, with a shorter parabolic flow path (deflection

path), while on the other hand, QD-labeled particles may be directed or deflected into a

sheath flow with a longer parabolic flow path (deflection path). As a result, QD-labeled



samples or particles may be separated or sorted from other suspension species present in

a fluid (e.g. a water sample) and may be effectively quantified.

[0142] FIG. 4A shows the simulation result 400 of the optical force acting on a

particle 402 under an evanescent wave, according to various embodiments. The

simulation is based on a flow channel or microchanel within which three flow streams of

a core flow stream 404 in between two sheath flow streams 406, 408, flow. The optical

force acting on the particle 402 may be divided into two parts: one is a scattering force,

scat, represented by the arrow 410, along the flow direction, while the other is a gradient

force, g a , represented by the solid line arrow 412a, or the dashed line arrow 412b, at

least substantially perpendicular to the flow direction, for sorting the particle 402. A

liquid drag force, drag, ay additionally act on the particle 402 in the flow direction, and

may generally be represented collectively with scat by the arrow 410.

[0143] Where the particle 402 is a quantum dot (QD), Fscat 410 may push the QD 402

along the flow direction, while F a 412a may pull the QD 402 downwards towards the

sheath flow stream 406. As a result, the resultant force of F scat 410 and Fg d 412a may

cause the QD 402 to deflect into the sheath flow stream 406, for example via the

parabolic flow path or deflection path as represented by the solid line arrow 414a. As

described above in relation to Equation 11, this may be due, at least in part, to the higher

refractive infex of QDs as compared to the refractive index of the core flow stream 404.

[0144] Where the particle 402 is a gold nanoparticle (Au NP), F scat 410 may push the Au

NP 402 along the flow direction, while Fgrad 412b may push the Au NP 402 upwards

towards the sheath flow stream 408. As a result, the resultant force of F scat 410 and

gra 412b may cause the Au NP 402 to deflect into the sheath flow stream 408, for

example via the parabolic flow path or deflection path as represented by the dashed line

arrow 414b. As described above in relation to Equation 11, this may be due, at least in

part, to the lower refractive infex of Au NPs as compared to the refractive index of the

core flow stream 404.

[0145] The deflection paths 414a, 414b may be of different lengths such that QDs and Au

NPs may be deflected into the respective sheath flow streams 406, 408 at different

deflection rates.



[0146] In various embodiments, two particles of different sizes (e.g. different radii;

diameters) may be deflected into the same sheath flow via different deflection paths (e.g.

different parabolic path dimension). The two particles may be of at least substantially

similar refractive index.

[0147] In various embodiments, two particles of different refractive indices may be

deflected into different sheath flows (e.g. opposite sheath flows). The two particles may

be of at least substantially similar size (e.g. similar radius; diameter).

[0148] In various embodiments, two particles of different refractive indices and of

different sizes (e.g. different radii; diameters) may be deflected into the same or different

sheath flows and/or via different deflection paths.

[0149] FIG. 4B shows a plot 430 illustrating the relationship between the size of quantum

dots (QDs) and the optical force acting on the QDs, according to various embodiments.

The plot 430 illustrates the optical force (F scat represented by result 432 and Fgrad

represented by result 434) acting on QDs of sizes, in terms of radius, between 5 nm and

50 nm, at a distance of about 200 nm above the interface (e.g. liquid-liquid interface)

with a laser input power of about 80 mw and a focus area of approximately 40 µνα *

40 µ η . In FIG. 4B, the result line 432 representing F scat and the result line 434

representing intersect at approximately a - 21 nm.

[0150] While not clearly shown in FIG. 4B, when the QDs are about 5 nm, the gradient

force, ad (result 434), is much larger than the scattering force, F scat (result 432) (larger

by about 1000 folds), while for QDs larger than approximately 27 nm, the scattering

force (result 432) becomes larger than the gradient force (result 434). For example, when

(radius) =30 nm, the gradient force acting in a vertical direction (perpendicular to flow

direction) is approximately 6 10 5 pN, while the scattering force acting in the flow

direction is approximately 8 x 10 5 pN. Based on this difference, the QDs and QD-labeled

samples may be sorted downstream.

[0151] FIG. 4C shows a plot 450 illustrating the acceleration of quantum dots (QDs) of

different sizes in a flow channel (e.g. microchannel), according to various embodiments.

In FIG. 4C, the results are shown for acceleration of the QDs from a distance, d, of about

1 µ to the interface (i.e. d = 0) between the core flow stream 404 and the sheath flow

stream 406.



[0152] In plot 450, the solid line result 452 and the solid line result 454 represent

accelerations as a result of the gradient force and the scattering force respectively for

QDs with a diameter of about 5 run, while the dashed line result 456 and the dashed line

result 458 represent accelerations as a result of the gradient force and the scattering force

respectively for QDs with a diameter of about 50 nm. The accelerations by both optical

forces in the form of the gradient force and the scattering force may become larger when

close to the interface (d = 0). The acceleration (result 458) of the scattering force of the

50 nm QDs is significantly larger than that of the 5 nm ones (result 454). These results

show that different QDs may be sorted at different parabolic flow paths, for example

when the QDs are of differents sizes.

[0153] Experimental results and discussions

[0154] For the experimental study, the microchannel system was fabricated using soft

photolithography processes. First, photoresist-on-silicon mold was prepared in a clean

room facility with photolithography (Micro-Chem, SU-8) using transparent glass masks

(CAD/Art Services, Inc. Poway, CA). Next, microchannels were molded using

polydimethylsiloxane (PDMS) and sealed against flat PDMS sheets after plasma

oxidation. After fabrication, the microchannel may have a width, W, of about 30 µ and

a height, H , of about 50 µ η .

[0155] The flow streams may be pumped into the microchannel (or flow channel) from a

centre inlet, for the sample flow, and the outer inlets, for the two sheath flows, using

syringe pumps (Genie, Kent Scientific Corporation, CT). As a non-limiting example, the

chosen liquids used may be ethylene glycol mixtures as they do not substantially swell

the PDMS material. The refractive index, n \ , of the solution of the sheath flow streams

may be about 1.410 (75 % (CH2OH)2 25 % (CH3OH) in mass), which is at least

substantially equal to the refractive index of PDMS. The refractive index, «2, of the

solution of the inner core sample flow stream may be about 1.404 (60 % (CH OH)2 40 %

(CH3OH) in mass). The refractive index of the liquids or solutions and PDMS may be

measured by a refractometer (Reichert, AR200 digital hand-held). The low refractive

index contrast between the core flow stream and the sheath flow streams may reduce

smearing and/or maintain a smooth liquid-liquid interface.



[0156] FIG. 5A shows a microscopy image 500 of the fabricated PDMS chip 502,

according to various embodiments, illustrating the detection device having a

microchannel 504. The detection device includes a centre inlet 506 for the supply of a

sample flow (core flow) 508 into the microchannel 504, a first side inlet 510 for the

supply of a first sheath flow 512 into the microchannel 504, a second side inlet 514 for

the supply of a second sheath flow 516 into the microchannel 504, and an outlet 515 for

discharging or outflow of the sample flow 508, the first sheath flow 512 and the second

sheath flow 516.

[0157] The first sheath flow 512 may be provided on one side of the sample flow 508,

between the sample flow 508 and a wall 518 of the microchannel 504. The second sheath

flow 516 may be provided on an opposite side of the sample flow 508, between the

sample flow 508 and a wall 520 of the microchannel 504. The sample flow 508 and the

first sheath flow 512 may define a liquid-liquid interface 522 therebetween while the

sample flow 508 and the second sheath flow 516 may define a liquid-liquid interface 524

therebetween. The sample flow 508, the first sheath flow 512 and the second sheath

flow 516 may be in laminar flow with each other in the microchannel 504.

[0158] The detection device may include an integral or on-chip collimation lens 530 and

an integral or on-chip optical waveguide (e.g. fiber) 532. An incident light 540 may be

coupled from the fiber 532 with the collimation lens 530 and directed to the liquid-liquid

interface 522 at an incident angle, Θ, of about 85°, which is slightly larger than the critical

angle of about 84.7° resulting from n \ = 1.410 and n = 1.404. As a result, the incident

light 540 may undergo total internal reflection at the interface 522, resulting in a reflected

light 542 and the generation of an evanescent wave at the interface 522, which may

propagate into the sample flow 508.

[0159] The nano-core flow stream 508, which hold the samples or particles to be

detected, may be focused by the two sheath flows 512, 516, with the width of the nano-

core flow stream 508 controlled to be less than 1 µ η .

[0160] FIG. 5B shows a fluorescent microscopy image 550 of the total internal reflection

occurring at the liquid-liquid interface 522 between the sheath flow 512 and the core

flow 508 of the embodiment of FIG. 5A. The vertical direction across the core flow 508

and the sheath flows 512, 516 is amplified two times.



[0161] As shown in FIG. 5B, an evanescent field 552 may be induced where a generated

evanescent wave may propagate. The evanescent wave may propagate into the core

flow 508 with a penetration depth of approximately 1 µηι and its intensity may be

exponentially decayed into the sample flow 508.

[0162] FIG. 5C shows a three-dimensional (3D) confocal microscopy image 560 of the

flow streams in the microchannel 504 of the embodiment of FIG 5A. The microscopy

image 560, obtained experimentally, illustrate that the three laminar flow streams of the

sample flow 508, the first sheath flow 512 and the second sheath flow 516 are steady in

the microchannel, and may be maintained as stable flows.

[0163] In order to observe the illumination signals of the QDs by the evanescent wave, an

electron multiplying charge-coupled device (EMCCD; Andor) may be employed as the

detector for dynamic single molecule imaging. The signal-to-noise ratio (S/N) of the

EMCCD is significantly greater than that of conventional CCD cameras even when

operated at fast readout speed. The exposure time may be lowered down to about 10 µ ,

exhibiting frame rates that may be suitable for dynamic acquisition of transient single

molecules and their interactions.

[0164] FIGS. 6A to 6C show EMCCD microscopy images 600a, 600b, 600c, of the

detection of particles by evanescent field, according to various embodiments, illustrating

evanescent wave illumination of the particles in the nano-core flow stream 602 from a

Nd:YAG laser with a wavelength of about 514 nm. The focus area is approximately

40 µ x 40 µ ι.

[0165] Referring to FIG. 6A, using QDs, e.g. 610, 612, as the particles, when the input

power from the laser is about 20 mW, the QDs 610, 612 may be illuminated clearly by

the evanescent field and the QDs 610, 612 may flow in the nano-core flow stream 602 in

the flow direction as represented by the arrow 620, one by one like a string of pearls, by

hydrodynamic focusing resulting from the first sheath flow 604 and the second sheath

flow 606.

[0166] When the laser input power is increased, for example to about 60 - 80 mW,

manipulation of the particles from the core flow stream 602 into side flow streams 604,

606, by optical gradient force may be carried out. For example, referring to FIG. 6B,

when the input laser power is increased to about 80 mW, the optical gradient force may



be sufficiently strong to pull the different QDs 630, 632, 634 down to the sheath flow 604

from the core flow 602 along a deflection path represented by the dashed arrow 636.

[0167] Referring to FIG. 6C, when the suspending particles are Au nanoparticles and the

input laser power is about 80 mW, the optical gradient force may push the different Au

nanoparticles 650, 652, 654, 656 upwards to the sheath flow 606 from the core flow 602

along a deflection path represented by the dashed arrow 660.

[0168] FIGS. 7A to 7E show microscopy images 700a, 700b, 700c, 700d, 700e of the

detection of micro/nano particles by evanescent wave illumination in the nano-optofluidic

system of various embodiments, illustrating the total internal reflection

fluorescence (TIRF) illumination of micro/nanoparticles in core flow streams from a Nd :

YAG laser with a wavelength of about 514 nm and at a power of about 80 mW for

particles ranging from about 5 µ to about 200 nm in diameter.

[0169] FIG. 7A shows the image 700a for particle G0500B 702 of diameter of about

5 µιη, FIG. 7B shows the image 700b for particle R0200B 704 of diameter of about

2 µ η, FIG. 7C shows the image 700c for particle F13081 706 of diameter of about 1 µιη,

FIG. 7D shows the image 700d for particle F8813 708 of diameter of about 500 nm,

while FIG. 7E shows the image 700e for particle F881 1 710 of diameter of about 200nm.

Each of the particles (from Invitrogen) G0500B, R0200B, F13081, F8813 and F881 1 is a

fluorescent bead.

[0170] In various embodiments, all samples or particles may be focused in the core flow

stream by tuning the flow rates ratio between the core flow and one or more of the sheath

flow streams. All samples may be detected and measured in the central flow (core flow)

to ensure a more accurate data acquisition for research in biological and chemical

sciences. The conditions may be dynamically controlled by tuning the flow rates and flow

rates ratio to suit different samples with size ranging, for example, from about 200 nm to

about 5 µιη, as shown in FIGS. 7A to 7E. The range of the size of the particles as

mentioned above may cover from viruses (100s nm) to cells (several micrometers). This

shows the flexiability of the nano-optofluidic system of various embodiments for single

cell/molecule detection and manipulation. As described above, the detection device (e.g.

a nano-optofluidic device) of various embodiments may employ evanescent wave sensing



for single molecule detection, and sorting (manipulation) based on hydrodynamic

focusing and total internal reflection (TIR).

[0171] While the invention has been particularly shown and described with reference to

specific embodiments, it should be understood by those skilled in the art that various

changes in form and detail may be made therein without departing from the spirit and

scope of the invention as defined by the appended claims. The scope of the invention is

thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.



CLAIMS

1. A detection device for detection of particles, the detection device comprising:

a flow channel adapted to guide a sample flow containing the particles to be

detected and a sheath flow through the flow channel, the sheath flow and the sample flow

defining an interface therebetween; and

an optical arrangement configured to direct an optical signal to within the flow

channel at the interface to generate an evanescent wave into the sample flow for detection

of the particles.

2. The detection device as claimed in claim 1, further comprising:

a first inlet and a second inlet, wherein the first inlet and the second inlet are in

fluid communication with the flow channel,

wherein the first inlet is configured for supplying the sample flow into the flow

channel, and

wherein the second inlet is configured for supplying the sheath flow into the flow

channel.

3. The detection device as claimed in claim 1 or 2, wherein the flow channel is

further adapted to guide a second sheath flow through the flow channel, the second sheath

flow and the sample flow defining a second interface therebetween.

4. The detection device as claimed in claim 3, further comprising a third inlet in

fluid communication with the flow channel, wherein the third inlet is configured for

supplying the second sheath flow into the flow channel.

5. The detection device as claimed in any one of claims 1 to 4, further comprising

flow rate adjustment means for adjusting a flow rate ratio between the sample flow and

the sheath flow for controlling a width of the sample flow.



6. The detection device as claimed in claim 3 or 4, further comprising flow rate

adjustment means for adjusting at least one of a first flow rate ratio between the sample

flow and the sheath flow or a second flow rate ratio between the sample flow and the

second sheath flow, for controlling a width of the sample flow.

7. The detection device as claimed in any one of claims 1 to 6, wherein the optical

arrangement is configured to generate the evanescent wave by way of total internal

reflection of the optical signal at the interface between the sample flow and the sheath

flow.

8. The detection device as claimed in any one of claims 1 to 7, wherein the optical

arrangement comprises a waveguide integrally formed with the flow channel, the

waveguide being configured to direct the optical signal at the interface between the

sample flow and the sheath flow.

9. The detection device as claimed in any one of claims 1 to 8, wherein the optical

arrangement comprises a lens integrally formed with the flow channel, the lens being

configured to focus the optical signal at the interface between the sample flow and the

sheath flow.

10. The detection device as claimed in any one of claims 1 to 9, wherein the optical

arrangement comprises a radiation source configured to provide the optical signal.

11. The detection device as claimed in any one of claims 1 to 10, further comprising a

detector.

1 . The detection device as claimed in any one of claims 1 to 1 , further comprising a

labeling module configured for coupling each particle with an optical label, the optical

label configured to provide a signal in response to the evanescent wave for detection of

the particles.



13. The detection device as claimed in claim 12, wherein the optical label comprises a

quantum dot or a gold nanoparticle.

14. The detection device as claimed in any one of claims 1 to 13, wherein the flow

channel is made of a material selected from the group consisting of polydimethylsiloxane,

polymethyl methacrylate, glass and silicon.

15. The detection device as claimed in any one of claims 1 to 14, wherein the

detection device is adapted for detecting particles of a size smaller than a diffraction limit

imposed by the optical arrangement.

16. The detection device as claimed in any one of claims 1 to 15, wherein the

evanescent wave exerts at least one optical force on the particles for deflecting the

particles away from the sample flow for sorting the particles.

17. The detection device as claimed in any one of claims 1 to 16, wherein the

particles are selected from the group consisting of quantum dots, gold nanoparticles,

living cells, chromosomes, organelles, biomolecules, proteins,- viruses, bacteria and any

combination thereof.

18. The detection device as claimed in any one of claims 1 to 17, wherein each

particle has a size of between about 5 nm and about 5 µη .

19. A method for detection of particles, the method comprising:

supplying a sample flow containing the particles to be detected through a flow

channel;

supplying a sheath flow through the flow channel, the sheath flow and the sample

flow defining an interface therebetween; and

directing an optical signal at the interface to generate an evanescent wave into the

sample flow for detection of the particles.



20. The method as claimed in claim 19, wherein directing an optical signal at the

interface comprises directing the optical signal at the interface between the sample flow

and the sheath flow to generate the evanescent wave by way of total internal reflection of

the optical signal at the interface.

21. The method as claimed in claim 19 or 20, further comprising focusing the optical

signal at the interface between the sample flow and the sheath flow.

22. The method as claimed in any one of claims 9 to 21, wherein supplying a sheath

flow comprises supplying the sheath flow at a flow rate that is higher than a flow rate of

the sample flow.

23. The method as claimed in any one of claims 9 to 22, further comprising varying

a flow rate ratio between the sample flow and the sheath flow for controlling a width of

the sample flow.

24. The method as claimed in any one of claims 19 to 23, wherein a width of the

sample flow is less than about 1 µτη.

25. The method as claimed in any one of claims 9 to 24, wherein a width of the

sample flow is smaller than a wavelength of the optical signal.

26. The method as claimed in any one of claims 19 to 25, wherein a width of the

sample flow is controlled by the sheath flow such that a single particle flows through a

cross section of the flow channel at a time.

27. The method as claimed in any one of claims 19 to 26, wherein the sample flow

comprises a solution having a refractive index that is lower than a refractive index of a

solution of the sheath flow.



28. The method as claimed in claim 27, wherein the refractive index of the solution of

the sample flow is between about .332 and about 1.432.

29. The method as claimed in claim 27 or 28, wherein the refractive index of the

solution of the sheath flow is between about .333 and about 1.433.

30. The method as claimed in any one of claims 27 to 29, wherein the refractive index

of the solution of the sheath flow is at least substantially equal to a refractive index of a

material of the flow channel.

31. The method as claimed in any one of claims 19 to 30, wherein the evanescent

wave is generated across a width of the sample flow.

32. The method as claimed in any one of claims 19 to 31, further comprising

supplying a second sheath flow through the flow channel, the second sheath flow and the

sample flow defining a second interface therebetween.

33. The method as claimed in claim 32, wherein supplying a second sheath flow

comprises supplying the second sheath flow at a flow rate that is higher than a flow rate

of the sample flow.

34. The method as claimed in claim 32 or 33, further comprising varying a flow rate

ratio between the sample flow and the second sheath flow for controlling a width of the

sample flow.

35. The method as claimed in any one of claims 32 to 34, wherein supplying a sheath

flow comprises supplying the sheath flow on a first side of the sample flow, wherein

supplying a second sheath flow comprises supplying the second sheath flow on a second

side of the sample flow, and wherein the first side and the second side are opposite sides.



36. The method as claimed in any one of claims 32 to 35, wherein the refractive index

of the solution of the second sheath flow is between about 1.333 and about 1.433.

37. The method as claimed in any one of claims 1 to 36, further comprising coupling

each particle with an optical label, the optical label configured to provide a signal in

response to the evanescent wave for detection of the particles.

38. The method as claimed in claim 37, wherein at least one optical label has a size

that is different from the remaining optical labels.

39. The method as claimed in claim 37 or 38, wherein at least one optical label has a

refractive index that is different from the remaining optical labels.

40. The method as claimed in any one of claims 37 to 39, wherein the optical label

comprises a quantum dot or a gold nanoparticle.

41. The method as claimed in any one of claims 19 to 40, further comprising sorting

the particles by means of the evanescent wave.

42. The method as claimed in claim 41, wherein sorting the particles comprises

deflecting the particles away from the sample flow.

43. The method as claimed in any one of claims 19 to 42, further comprising varying

a power of the optical signal.

44. The method as claimed in any one of claims 19 to 43, wherein at least one particle

has a size that is different from the remaining particles.

45. The method as claimed in any one of claims 1 to 44, wherein at least one particle

has a refractive index that is different from the remaining particles.
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