WO 03/ 093801 PCT/ GB03/01827 1 Title: Optical detection and anal ysis of
particles The present invention relates to the optical detection and

anal ysi s wbD opasisbcul at es of nanonetre, sub-m cron or m crea/GBoBIRTONS. A
| arge number of principles and techni ques exi st by which particles can be
analysed in terms of their nunber, sizel shape, conposition and notion.

Hi storically, the observation and characterisation of particles lies in

t he domain of mcroscopy in which highly magnified i mages of particles are
generated through the use of high powered | ensed systens and which can be
seen directly by eye or can be captured by canera for subsequent
interpretation by the operator or by an i mage anal ysis system There are
many types.pf m g - SySt ens pabl.e of. characterising the particle in
terns ofigﬁ% y : Tt e ff” €| uni nation. For instance, the
particle may selectively absorb certain wavel engths of the |ight such as
in differential absorption, the technique nbst comon in conventional
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selectively nonitor specific wavel engths generated by the particle when
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which is useful in reducing background interference and which can be used
to identify specific structures through the use of fluorescent |abels. Yet
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i nduces a phase shift in the incident light, such as _phase contrast or
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m croscopy, of which the nbst common is referred to as dark field
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aperture sug)urce a,nF thf: cent rtgl Forti on.of the illumnating cone is
bl ocked fFORTENPEPITRRrCATAn b the PPGRADOF BY AP JRas 208 SEtREEl st op so t hat
the particle is illumnated at an oblique angle only. W 03/093801
PCT/ GB03/ 01827 :

There are many types of microscope systems capable of characterising the particle in terms

of its interaction with the incident illumination. For instance, the particle may selectively
absorb certain wavelengths of the light such as in differential absorption, the technique
most common in conventional transmission microscopy. Other microscopical variants exist
which selectively monitor specific wavelengths generated by the particle when illuminated
by the incident illumination, such as fluorescent microscopy which is useful in reducing
background interference and which can be used to identify specific structures through the
use of fluorescent labels. Yet other microscopical techniques utilise the way in which the
particle induces a phase shift in the incident light, such as phase contrast or interference
microscopy. Other microscope techniques, such as epiluminescent microscopy, employ
light scattering at high angles to allow low contrast particles to be visualised against non-
illuminated background. Other similar versions of this technique are used in microscopy,
of which the most common is referred to as dark field microscopy. In this case, the sample
is illuminated by a high numerical aperture source and the central portion of the
illuminating cone is blocked from entering the detection objective by an optical stop so that

the particle is illuminated at an oblique angle only.



2 Methods of illumnation vary greatly and in certain circunstances the
sanple (typically an aqueous suspension of particles) can be placed on a
transpar ew0 ogtg3socal |y glass or silica) optical substrat ®CEGBIBOIRT
illumnated by a suitably defined and collinmated optical beamat a certain
angle called the critical angle at whicR the incident light is refracted

al ong the plane of the optical elenent on which the liquid sanple is
placed. A small portion of the beam called the evanescent wave,
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associ ated evanescent field region of the optical structure. This field
extends, however, only sone 100-200nminto the bul k solution phase and is
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are deposited on an evanescent wavegui de sensor device and which is capable
of macromolecules. Many such techniques monitor the interaction between biological

molecules and in order to define a region within such interactions can be specifically
detected within minimal interference from other species in the bulk of the solution phase,
such analyses are frequently carried out at the interface of an'optical waveguide or fibre
optic structure onto the surface of which have been immobilised biological capture
molecules such as antibodies, specific for the target analyte. In conventional waveguide or
fibre optic systems use is made of the changes in the refractive index properties at the
surface interface following binding of specific biological molecules in the surface
associated evanescent field region of the optical structure. This field extends, however,
only some 100-200nm into the bulk solution phase and is accordingly limited in its ability
to monitor weak interactions involving limited numbers of molecular interactions. Such a
method is disclosed in DE 4307042 (930305), in which a single or multilayer of receptor
molecules are deposited on an evanescent waveguide sensor device and which is capable of
sensing and quantifying various chemical and biochemical species in solution. A similar
method is disclosed in WO 9005295 claiming priority of SE 884075 (881110) in which a

wedge shaped prism is used to allow light reflected at different angles off the underside of



sensing and quantifying various chem cal and bi ochem cal species in
solution. Asimlar nethod is disclosed in WO 9005295 claimng priority of
SE 884075w08804380) i n which a wedge shaped prismis usedPCo/GHoBoOW27I ght
reflected at different angles off the underside of WO 03/093801

PCT/ GB03/ 01827 3 the optical sensor elefent to be i maged and anal ysed to
quantify specific species in solution. Simlarly, EP677735 claimng
priority of US 228233 (940415) describes an optical resonator cavity in
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whi ch the surface of the optical waveguide struycture is coated w.th a thin
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| i ght ent on glass iTnterface at a specific angle called the
Surface Plasnmon Resonance angle. Mdul ation of the refractive index of the

interfacial region between the solution and the nmetal surface follow ng
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Wi t hi n t hRedohamde amgid. Mi)dldg!ﬁdmaf the refractive index of the interfacial region between the
solution and the metal surface following binding of the captured macromolecules causes a
change in the SPR angle which can either be measured directly or which causes the amount
of light reflected from the underside of the metal surface to change. Such changes can be
directly related to the mass and other optical properties of the molecules binding to the
SPR device surface. Several biosensor systems based on such principles have been
disclosed. Thus WO 9005305 claiming priority of SE884074 (881110) describes the use of
a metal film deposited on one side of a block unit of optical instrumentation, one multi-
functionalised side of which is in contact with a solution of reagents or samples to be
measured, the other side is illuminated by an optical beam within the block unit of optical
instrumentation caused to reflect off the metal surface at an angle such that reflectance is
modified by selective binding of ligands on the functionalised surface. Measurement of the
reflected beam can be correlated to concentrations of specific species binding to the

functionalised sensor surface.

Similarly EP 341927 claiming priority of GB881154 (880510) describes a biological or

biochemical testing sensor comprising a surface plasmon resonance (SPR) sensor and a



instrunentation caused to reflect off the netal surface at an angle such
that reflectance is nodified by selective binding of ligands on the

functi onawpDam9msar f ace. Measurenent of the reflected beamCTazBIBO1827
correlated to concentrations of specific species binding to the

functional i sed sensor surface. Sinmilarl$ EP 341927 claiming priority of
(GB881154 (880510) describes a biological or biochem cal testing sensor
conprising a surface plasnon resonance (SPR) sensor and a WO 03/ 093801
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characteristics. The SPR sensor conprises a netallised glass slide onto
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speci fi c 1gafpl e conponents. A nodification of such SPR devices has been
descri bed which can be used to | ocate, visualise, detect or count the
presence of individual macronol ecules or very sub-m particulates in which

the optical effect of interaction. of .individual nmor, very sub-pm scal e
structur & ke etsotinb CEBR S iRabetsho et Bsfhinles freliParBiReL b gh
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Thus WD 98/57148 and US 097 308049 claining priority of PCI/GB98/01 51
descr i besharasetdnoel angld oagpxtiag uf spgeoifictdamplescomgpomepiar t i cl e det ecti on of
submi cron structures such as biol ogical nolecules and viruses which
utilises an optically transparent substrate coated with a thin film of
met al - whi g ri‘nd)cﬁfical’dohug‘f]‘ Q%egPR‘. de¥i@P Iﬁgtﬂegﬂldepgr%@d' Qﬁieﬂe&ﬁl B sS4 %iqgcate,
pl asnmon resonance angl e wherein

visualise, detect or count the presence of individual macromolecules or very sub-pm

particulates in which the optical effect of interaction of individual nm or very sub-um scale
structures with the evanescent surface plasmon resonance field causes light to be scattered
from such structures into the far field at high angles. Thus WO 98/57148 and US
09/308049 claiming priority of PCT/GB98/01591 describes a method and apparatus for the
single particle detection of submicron structures such as biological molecules and viruses
which utilises an optically transparent substrate coated with a thin film of metal which is
illuminated with an optical beam incident at surface plasmon resonance angle wherein
submicron particles contained in a sample placed in contact with the metal film scatter light
which can be detected in the far field by conventional photodetection systems. The

apparatus can be configured in a flow cytometric or optical microscope configuration.

Similarly, WO 98/22808 and WO0142768 describe a surface plasmon resonance apparatus
for detecting a soluble analyte (e.g. a protein) or a particulate analyte (e.g. a cell), the
apparatus comprising a sensor block adapted to receive a sensor, said sensor, for example
a sensor slide, having a metallized sensor surface capable of binding the analyte; a light

source capable of generating an evanescent surface plasmon resonance wave at the sensor



submi cron particles contained in a sanple placed in contact wwth the netal
filmscatter light which can be detected in the far field by conventional
phot odet e®DI0d1093896t ens. The apparatus can be confi gured PRTEGHEBOYS27
cytonetric or optical mcroscope configuration. Simlarly, W 98/ 22808 and
W)0142768 descri be a surface pl asnon r eSonance apparatus for detecting a
sol ubl e analyte (e.g. a protein) or a particulate analyte (e.g. a cell),
the apparatus conprising a sensor block adapted to receive a sensor, said
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appar at uSXPPsinHIPlente the sesor sy Ese ofHlecAPPAiiShe surface pl asnon resonance
phenonenon, it is necessary for the illum nating beamto be incident on

t he underside of the netal filmin contact with the underlying optically
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requires careful alignnent of the Conponent optica | enent s.
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beamto e_evanescent _surfac | asppn field is frequently insufficient
for the partherpe, aeleat W 1c§,it€q:]n§: egt glilguaatlon mustqstrﬂce th% underside of the

metal film in order to excite surface plasmons in the metal film surface is very narrow and
requires careful alignment of the component optical elements. Finally, the amount of
energy coupled through the metal from the incident illuminating beam to the evanescent
surface plasmon field is frequently insufficient for the particles interacting with said field
to scatter sufficient energy to the detectors to allow very small, for example less than
200nm, particles to be visualised. Thus WO0142768 is limited to describing the
visualisation of bacterial cells by this technique by way of example, such particles being in

excess of 500nm in diameter.

If generation of images of individual particles is not required, for instance when it is
necessary only to determine the presence or otherwise of particles and/or to estimate their
size, size distribution, number etc., then other principles in which light scattering
phenomena predominate may be used. Such methods rely on the measurement of the
amplitude of optical signal generated by the interaction of particles with suitably intense

~ and focused beams of light (typically from laser sources), each particle passing through the



to scatter sufficient energy to the detectors to allow very small, for
exanple less than 200nm particles to be visualised. Thus WO0142768 is
limted twOodemeashbi ng the visualisation of bacterial cel PETHBBIIS7

techni que by way of exanple, such particles being in excess of 500nmin
diameter. |f generation of images of individual particles is not required,
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Below a certain particle size limit, however, the signal generated by the interaction of the
particle with the interrogating beam of light is insufficient for it to be distinguished from
the background inherent in such optical light scattering instrument configurations.
Increasing the intensity of the interrogating optical beam acts merely to increase the
intensity of background as well as the signal generated by the particle. To determine the
presence of such very sub-micron particles it is normally usual to employ higher resolution
non-optical techniques such as electron microscopy but these suffer from significantly

higher complexity and cost.

There is therefore a need for a simple, robust and low cost optical particle detection system
capable of detecting the presence of very small particles (such as those, for example,
substantially below 1/4 of the wavelength of illuminating radiation) on an individual basis
without the need for expensive, high powered and hazardous optical sources, which does
not rely on the phenomenon of scattering of the evanescent field associated with resonant

surface plasmons. Preferably such apparatus should be compatible with existing optical



t he background inherent in such optical |ight scattering instrunent
configurations. |Increasing the intensity of the interrogating optical beam
acts ner eWQ oBo9isncr ease the intensity of background as weCl/Ga3oise7si gnal
generated by the particle. To determ ne the presence of such very
sub-mcron particles it is normally usu@ to enploy higher resolution
non-optical techni ques such as electron mcroscopy but these suffer from
significantly higher conplexity and cost. There is therefore a need for ‘a
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pl asnons. e erabl y such apparatus should be conpatible with existing
optical WD 03/093801 PCT/ GB03/01827 7 microscopes and particle detection
apparatus, sinple to use and operate and capable of furnishing
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by reference. Sunmmary of the Invention The present invention is based at
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optically opague, such that a further adjacent region of the optically
t r anspar éiypically igtass af silica) Jubstratenensanasidoihe stdageeqfavhith has beea coaiedrwith a

hon- net althiﬁo(%t[g?dld”éa %}ncfnﬁlims of metal, for example chrome, silver or gold which is at least
partially optically opaque, such that a further adjacent region of the optically transparent
substrate is left uncoated by the metal film and which non-metal coated region is
iltuminated by a beam of light caused to be incident on it, or in close proximity to it, at a
point which is close (e.g. within Smm, preferably within 1mm, more preferably within
0.5mm) to (but typically not coincident with) the metal film coated region and at an angle
such that the optical beam is caused to propagate, by refraction, through the sample
substantially parallel to, and at a small distance above, the adjacent metal film, individual
sub-micron particles within the path of the beam passing through the sample above the
metal film are found to scatter sufficient amounts of light so as to be individually
discernible through a conventional microscope objective/lens combination, by eye or by a
suitable photodetector such as a photon multiplier tube, solid state photodiode, CCD
camera or other photosensitive device placed in an image plane in the far field and normal
or at high angle to the plane of the otherwise non-radiative metallised surface. The
particles capable of being thus individually detected are of a dimension such that they
would not otherwise have been detectable by conventional optical transmission, dark-field,
phase contrast, evanescent field or surface plasmon resonance microscopical techniques

such as those described above.



illumnated by a beamof |ight caused to be incident on it, or in close
proximty toit, at a point which is close (e.g. within 5nm preferably

wi t hi n | rwp oaoeasopreferably within 0.5nm to (but typicalPCy/GBIB/OCR2TNCi dent
with) the nmetal filmcoated region and at an angle such that the opti cal
beamis caused to propagate, by refractBon, through the sanple
substantially parallel to, and at a small distance above, the adjacent
metal film individual sub-mcron particles within the path of the beam
passi ng through the sanple above the netal filmare found to scatter
sufficient anounts of light so as to be individually discernible through a
convent i divalsamplr wik tppécatlpj butt notalcbessarilyp ntunpritd @ tiquidyceymrisng byuspension
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ot herwi se have been detectable by conventional optical transm ssion,
dark-field, phase contrast, evanescent field or surface plasnon resonance
m croscopj cal techni ques.  such as. those.described. ahove. 03/093801 .
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an enul sicorrpspoadingortiprsefigdbisn ¥7.1 | normal |y, but not inevitably, be an
aqueous liquid. In general ternms, the present invention provides apparatus
for the detection and/or analysis of individual sub-mcron particles in a
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ar e di sclimsedlia,nJS 6,280¢960al i a, US 6, 280, 960. The person skilled in the art
wi || understand that, whilst preferably the substrate per se is wholly or
substantially transparent to the beam of el ectromagnetic radiation, the

OPagqU€  The person skilled in the art will understand that, whilst preferably the substrate per se is

wholly or substantially transparent to the beam of electromagnetic radiation, the opaque
coating is sufficient to render substantially or wholly opaque that portion of the substrate

the surface of which is so coated.

Typically the beam of electromagnetic radiation is caused to be incident upon the substrate
surface opposed to that which is partially coated with the opaque coating, the beam then
being propagated along the desired path, through the samplef, by refraction through the
substrate, it therefore being a requirement in such an embodiment that the substrate is
wholly or substantially transparent to the electromagnetic radiation, and that at least a

portion of the surface of the substrate is not covered with the opaque coating.

It is at least conceivable however that in other embodiments the beam of electromagnetic
radiation may be directly incident upon the sample without having first passed through the
substrate e.g. by passing the beam in close proximity to the substrate directly parallel to
the coated surface of the substrate or at a slight "grazing" angle thereto, or in another
embodiment that the electromagnetic radiation is cansed to pass through the sample by

reflection from the upper surface of the substrate (i.e. that the beam is incident upon the



coating is sufficient to render substantially or wholly opaque that portion
of the substrate the surface of which is so coated. Typically the beam of
el ect r omremyoa@Biogsspadi ati on is caused to be incident upon tReTEHISHIR €
surface opposed to that which is partial]l]y coated with the opaque coating,
t he beam then being propagated al ong t e’ desired pat h, through the sanple,
by refraction through the substrate, it therefore being a requirenent in
such an enbodi nent that the substrate is wholly or substantially
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cl ose pr axftRintyatédd) the substrate directly parallel to the coated surface
of the substrate or at a slight "grazing" angle thereto, or in another
enbodi ment that the el ectronagnetic radiation is caused to pass through the
sanple by, reflection.fromthe upper surface of the substrate (i,e, that
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The el ectronagnetic radiation will conveniently be a focused beam of
visible light, and the apparatus will advantageously conprise suitable |ens

Caser. - rybiadtyy e Eaad ot L dRnfoeCSt [ BCRERE sl obe cofialy” e & °
opti cal | ywiveghRveibledd thampiredi@t hs visible to the human eye.

In some embodiments it is preferred if the opaque coating is reflective. The inventor has
so far found an opaque metallic coating to be particularly suitable. The thickness of the
opaque coating is preferably less than 500nm, more preferably less than 250nm, and most

preferably less than 100nm.

The edge of the beam of electromagnetic radiation, defined by its 1/e point, is preferably
caused to propagate less than 2pum above the coated surface of the substrate, more
preferably less than 1pm and most preferably less than 500nm. Further, the beam is
preferably caused to be propagated substantially parallel to the coated surface of substrate
i.e. at an angle to the plane of the surface of less than 5°, preferably less than 2°, more
preferably less than 1°, and most preferably less than 0.5°, and the term “slight angle”

should be construed accordingly for the purposes of the present specification.

The invention also provides a corresponding method.



In sone enbodinents it is preferred if the opaque coating is reflective.
The inventor has so far found an opaque netallic coating to be
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pr opagat eample subftamiallyqparalichmathglor tha slight angle to, the plane of the metal film and at
a small distance above the metal film, such that individual sub-micron particles within path
of the optical beam passing through the sample above the metal film are found to scatter
sufficient amounts of light so as to be individually discernible through a conventional
microscope objective/lens combination, by eye or by a suitable photodetector such as a
photon multiplier tube, solid state photodiode, CCD camera or other photosensitive device
placed in an image plane in the far field and normal or at high angle to the plane of the
coated surface. The particles capable of being thus individually detected are of a dimension
such that they would not otherwise have been detectable by conventional optical

transmission, dark-field, phase contrast, evanescent field or surface plasmon resonance

microscopical techniques.

Advantageously, the presence of the opaque film below the path that is described by the
optical beam acts to enhance the visibility of the particles resident therein, such particles,
when below a certain dimension, Scattering insufficient light to be visible when the metal

film is absent. Accordingly the presence of an optically opaque (or substantially opaque)



sanpl e substantially parallel with, or at a slight angle to, the plane of
the netal filmand at a small distance above the netal film such that

i ndi vi duaWwogai93asbcron particles within path of the opticaCThBgopRssi ng
t hrough the sanpl e above the netal filmare found to scatter sufficient
amounts of |ight so as to be individuallly discernible through a
conventional m croscope objective/lens conbination, by eye or by a
sui t abl e phot odet ector such as a photon nmultiplier tube, solid state
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coat ed survea@en: The particles capable of being thus individually detected
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by conventional optical transm ssion, dark-field, phase contrast,
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i s seen, PHRFEEsiRE of impage analysigundruagentatioBr s, as a point of light arising from
each particle in the neasurenent region, the anplitude of signal from each
of which can be indicative of various optical properties of the particles
as wel | &g atadiigiel Wih ithe idVeBE6MCRICroIcafe offids AN indHTRGhAtati6PREEBENALA 48,
fluorescence, etc. all paraneters of which can be quantified, if desirable,
by sui t alsllew parfirdés sopsmaalbasstiorhy asherwisegindatesiableity ¢omgentiomehoptidcabmicrbseopy
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t he purpOses of deferm nation of partic
(whether inherent or through the addition of fluorescent labels) for measurement of specific

parameters associated with the particle composition, polarisation modifying properties,
phase modulating properties or any other parameter normally addressable by optical

methods of analysis.

In the particular case where the present method and associated apparatus could be used in
conjunction with a non-microscopical application, such as in the case of a particle counting
apparatus for the purposes of e.g. determining particle count as a function of size class, the
particle suspension can be caused to flow over the surface of the optical element such that
particulate suspensions that would otherwise be so dilute as to contain too few particles
within the measurement volume for statistically accurate estimation of particle presence or
number concentration or size distribution to be made, an increased volume of the particle-
containing medium can be caused to flow over the detection region thereby increasing the
number of particles capable of being éccurately detected and analysed. For particle
counting and analysis on such larger volumes the present method may be employed in an
optical particle measurement and analysis system exemplified by those instruments known

as flow cytometers in which a suspension of particles is caused to pass through an optical



presence, size, particle size distribution, concentration, nunber,
fluorescent attributes (whether inherent or through the addition of
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of the sanple stream can be finely adjusted through adjustnent of the

nozzle The process of the invention may thus be used to determine particle presence, size, particle
size distribution, concentration, number, fluorescent attributes (whether inherent or
through the addition of fluorescent labels) for measurement of specific parameters
associated with the particle composition, polarisation modifying properties, phase
modulating properties or any other parameter normally addressable by optical methods of
analysis but which is particularly useful for carrying out such analyses on particles that are
so small as to be otherwise undetectable on an individual basis by optical systems
incorporating bulk lens configurations such as conventional microscopes, flow cytometers

or other optical particle measurement instruments.

In this regard it has been found that the present invention allows sub-micron particles such
as unlabelled viruses in solution or suspension to be directly visualised and counted on an
individual basis through the use of optical sources of moderate power such as solid state

laser devices of mW output.



position and flow velocity to be nore accurately placed at the wai st of the
Interrogating optical beam In accordance with the invention the use of a
nmet al | i sewoopodzsal surface, as described herein, advant agedGaog/os82l ows
snmal l er particles than would otherw se be opti cal |y detectable to be
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afforded by the presence of the netal filmas described above. The process
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accordance with the invention the adhesi on of sub-m cron regions of cell
menbranes or walls and regions thereof with surfaces, chemcally or

bi ochem cBhd yange of the types of particle which can be individually seen by the process of the
invention is also varied and broad. The use of the optical element herein described, by
virtue of its ability to facilitate the generation of detectable optical signals from sub-micron
particulates, allows the process of the invention to be applied to the estimation of
contaminant levels in process or industrial fluids and liquids which are desired to be
contaminant free, the detection of virus particles and other sub-micron biological entities in
biological, environmental, biotechnological, foodstuff and clinical samples, such as blood
and urine and other body fluids, purification media, pharmaceutical preparations,
foodstuffs and the like. Very sub-micron particles designed to act as fluorescent labels,
such as those referred to as quantum dots, are equally amenable to detection and analysis.
Other particulates in solution or suspended in a fluid phase that may be individually
detected, counted and characterised in accordance with the invention include contaminating
organic or inorganic particles in otherwise particle free fluids, smoke or other combustion
product particles in gases, contaminants in oils, micro-emulsion (oil in water or water in
oil) droplets, liposomes and vesicles, micelles, sub-microscopic cells such as
mycoplasmas, colloids of natural or industrial origin, or any suspension, colloidal fluid or

preparation in which light scattering centres exist and which are too small too be analysed



nodi fied or otherwi se, may be nonitored at resolutions and sensitivities
exceedi ng those afforded by conventional optical m croscopic techniques.
Advant agew0Bg93ssuch events can be nonitored in real tinmeCareBodnoign
aqueous environnment unlike those |yophilised conditions necessary for

vi sual i sation of such interactions by elléct ron m croscopy. The range of the
types of particle which can be individually seen by the process of the
invention is also varied and broad. The use of the optical elenent herein
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i nst rumsnl%iat ic?rr}p mﬁ%w |1, of course, be appreciated that the process of
the i nvenfydn’ alf gwe any particul ate capabl e of scattering or nodifying
radi ation incident wupon it and which can be distinguished fromthe
background by a suitable detector to be individually detected and
anal ysed. The use dfithdpartially etalbigedropeica tedendnt difurhinetedrwittes suiebld digidahsinéd on
is applicable t.odtﬂe anal ysi.s . . . .
as described herein 1s particularly advantageous in that readily available light sources of
modest power such as low cost gas, diode or solid state lasers can be used in conjunction
with conventional detection optics and electronic photosensitive devices to detect particles
which normally would only be capable of being individually visualised by very much more

sophisticated and complex techniques such as electron microscopy.

It should be noted that the invention is not confined to the case where samples are in
solution. Where they are however, the solvent need not be water or even liquid but the
solution may take the form of any form known to physical chemistry in which particles can
be optically differentiated from their surrounding environment for analytical purposes.
Furthermore, it should be clear that the process of the invention can be applied to
situations in which the particulates to be detected and individually visualised are acted on
by other physical forces, such as electrical or acoustic fields, so as to, for instance, induce

physical motion or separation from other constituents in the sample.
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Furthernore, it should be_ clear that the process of the invention can be
appl i ed t'8¢ S&ifcgY; tha scamingprebe tihe particul ates to be detected and

i ndividually visualised are acted on by other physical forces, such as

el ectrical or acoustic fields, so as to, for instance, induce physical
mot i on orSigkady Atdhe inentith Qo b€ ABEL itd UdHitr | dhdt eilyankedynA@iO Hr8%380L
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apparatus’in which the interaction very articles w n°o
field is pastgecharactevisti¢snaichresesizd el siaw efidtiibutiono Wuehber, concentration and the

nature and dynamics of particle-particle interactions or interactions of the particles with a

functionalised layer, if present.

Similarly, the invention could be used to enhance the performance of and derive more
information from other analytical techniques such as Surface Plasmon Resonance (SPR)
apparatus allowing SPR device surfaces to be simultaneously analysed for particulates in

any given sample under analysis.

It should also be noted that small particulates interacting with the optical field present at or
close to the surface of the optical element described herein, can be subject to physical
motive forces from the light itself, a phenomenon known as photophoresis. This ability to
modify the physical motion of particles, for instance effectively trap them in a certain
location by the pressure of light alone, could be used to advantage in the analysis and

manipulation of particles in accordance with the invention.



be incorporated into a scanni ng probe m croscope, such as a scanning
near-field mcroscope, as a neans of visualising a surface and | ocating
desi r abl eworosjosaser esti ng features on that surface to assiPST/GBU3NIKR7
efficient high resolution scanning and imaging of the surface by the
scanning probe tip. Simlarly, the inveltion could be used to nonitor and
anal yse the dynam c Brownian notion of the particles thus visualised,
information fromwhich can, by suitable analytical techniques such as
number fIpict ol GuheBREGHIGS ERRY DR fHeURKESEANGRIGR' el gilignto Specdy asdopy
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This ability to nodify the physical notion of particles, for instance

ef f ecti vethy dymami¢ fhehavieura of eparti¢les shspsadedonn sy lighisl by esoplifsticged |anglyftical

al one, could be used tq.advantage,in t anal ysis and .. i pul.at i or .

e o s U3 G AP AR Dk B 0P T 0 TPt s

Par ticul ag,; o cie?eﬂ‘tﬁhjﬁp oﬁﬂﬁgﬁygiﬁﬁrﬁr%‘&ti&sﬂa\&ﬂrﬁﬂa%jcérﬁﬁl:élQﬁsxﬂaﬁﬁc@hiﬂa}tﬁdest 0
ua

directly an i ndivid y visualise sub-m croscopic particles such as
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non-expert users. The apparatus lends itself to being retrospectively fitted to a range of

existing optical analytical instrumentation and instrumentation designs to improve

resolution and performance.

The invention will now be described in more detail by way of example with particular

reference to the accompanying schematic drawings of which;

Figure 1 illustrates apparatus according to the invention for the detection of sub-micron

particles such as viruses suspended in an aqueous fluid.

Figure 2 illustrates one use of the invention for application in a flow cytomnetric

configuration.

Figure 3 illustrates the use of the apparatus for studying the interaction of particles with a

functional layer deposited on the optical element.



conventional mcroscope instrunentation. Analytical resolution is greatly

I nproved by the ability afforded by the invention to characterise and

anal yse owoa3jpgasbi cl e- by-particle basis a popul ati on of pamtGrRIBess2rhat may
be diverse in size and optical properties and, if desired, to determ ne
the spatial distribution of said particllds. Furthernore, the ability to
nonitor the dynam c behavi our of particles suspended in a liquid by

sophi sticated anal ytical techniques such as digital or optical correlation
of signal Bx@@preting fromthe particles is valuable in deternmning other
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small distance above the metal film. Those particles 7, present within the beam

individually act to scatter light which can be detected in the far field by a suitably aligned
and focused lens arrangement 8 such as a microscope objective, which could be an
immersion lens, and associated lenses to be subsequently observed by eye or analysed
using a photosensitive device and suitable signal processing or image analysis
instrumentation. Alternatively, the particles could be viewed through a suitable optically
transparent planar window in, for instance, a flow cell arrangement or through a

microscope cover slip or equivalent.

It will of course be understood that besides the simple observation of light scattered by
particles 7, other optical consequences of their being illuminated by the beam 4 when
propagating close to the metal film 2 may be observed and analysed. Thus, if the particle
population 7 is comprised entirely or partially of particles which are inherently fluorescent
or have been specifically labelled through the use of selected fluorescent labels, those
particles which fluoresce on coming into close proximity to the region of the metal coated
substrate 2 illuminated by beam 4, may be specifically observed through the lens assembly

8 if the image is first filtered by a suitable fluorescence filter assembly 9.



by the netal film2, a portion 3 of the surface being left uncoated. A

| i ght beam of suitable <collimation, intensity, polarisation and wavel ength
or wavel ewgtob/osasnge 4 is focused by lens 5 to be incidentCorGRobe182pt i cal

el ement such that the beam strikes the 2grface of the optical elenment in
the region 3 which is not covered by the®netal 'film2 but which is

adj acent to the netallised region at an angle at which, when a sanple of
liquid 6 containing a suspension of particles 7 is placed onto the surface
of the opkivallbeciughenundeddood thet thearse of seveaal skfferetmyflu@tscantd filters twill allow

propagate through the sanple substantially parallel to and a small
di st ance ’&BE’\P@C t%ﬁ’é{e{rz?ﬁgtgf; P penseraryisly ppalysed | exdending, thes gHprmgtion; that 1enpeam

i ndi vi dua&ﬂtéﬁfl@&ﬁb aan@h%@gstéih%f']})arweﬂe(‘sﬁs ﬁﬁoffﬁn?e?t‘ﬁ&g.ed inthe far field by

a suitably aligne use ens arrangenment 8 such as a m croscope

obj ective, which could be an imersion | ens, and associ ated | enses to be
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beam 4 when ropagatin | gse to the .nmetal film2 nmay be observed, and

anal ysed. © Pgit?‘%'flt?enggi‘? g%laé‘d IPGFNER jaotirean g} E%rﬁﬁﬁﬁs]édmé‘iﬁ’fi}l?eéll iptey the
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t he net al c%ated, substrate 2 jllum nated by beam 4, may be specifically
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extending the informati on that can be obtained about a nultiply stained

particle Bhgcﬁﬁ@ﬁgiﬁm dgigefer angd eggociated signal processing electronics capable of measuring

the optical signal generated by the separate particles at a rate which allows particles to be
analysed individually and sequentially at high rates, typically hundreds or thousands per
second. The lens assembly 17 can be designed and constructed such that one or more of a
variety of angles of scattered light can be selected from the scattered radiation or

fluorescence emanating from the particle.

In Figure 3 is shown an alternative configuration for the detection of interaction of
particles with a functional surface comprising an instrument element 100 as shown in
Figure 1 coated with a functional layer 30 which may comprise a polymeric or biological
material which substantially replicates the properties exhibited by a natural cell membrane
or wall surface and from which the interaction of particles 31 in a liquid sample 32, which
may, for instance, be infective virus particles, can be obtained information -about the rate,
number and behaviour of binding events between the particles and the functional surface.
Alternatively, the functional layer may comprise a chemically or biochemically modified
layer onto which have been attached chemical or biological molecular moieties such as

antibodies or other selective ligand binding structures which exhibit a specific affinity for



In Figure 2 is shown an alternative apparatus for use in a flow cytonetric
configuration of the jet-on-an-open-surface type. The optical el enent
shown i n Wog@atwessdl can be nounted in such a way as to al | eeTaGGEBBOERM Of
particle bearing sanple to be flowed aca&ss its surface. Wen a

hydr odynam cal |y focused streamof fluid”13 (a "hydrodynam c sheath")
emanating froma nozzle 14 and containing a streamof particles 15

i ntroduced into the hydrodynam c sheath fluid by tube 16 is passed through
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assenbl y A8,inithe oéwui engshdithgnts dssdribab| abovghintie sfnsiutsev sbvlehie ¢iad rbesides the
associ ated sjgnal processing el ectronics capable of neasuring the optical
si gnal geWé‘Pi&t(gHellan‘{’%é chapgesindight seatteredsbiaparticles 8 &, ofierAptigal eorsegranessc| es

to be a Ladl vi 9’99115 ' i t ypicall

hundr edsn@rtﬁt %Sg%%gﬂtggrdSE?écon .e[ﬁlh{gé‘#é éﬁ éggieen@f:%%%g%ﬁe%ﬂe%d@fn&%% and
const r ucttgdi@ushichlnBdanDiRy Me dHESe@fand an¥lgsddeBhuef ifahelpafichd pSmakid $is

| ight can be selected fromthe scattered radiation or fluorescence

emanat i ngCoRpBiPed [gatippdy oF ereiallyrpfmagiicles which arh dnkerentlyaflueteseent ve have been
configurati for . th tectian of interacti.on of riicles wth a .
functi onzaﬁpegéllﬁ? ?’@céatbg@?fg gtighy nus'engf??%?@# h&?rgﬁ‘ifﬂf Pa%@g zﬁ%osﬂﬁ?\maf’% whighy i e
1 coat ed fihdrbscd bt!N@iliRBaktd URE heho MBY &IHRM bF&né REbLYFBE!

bi ol ogical materi al M?Ch subst ap:iftaixal It}f/ (r)epl i cgt es the pr ope/gtﬁlédegmglrface
exhi bi t edillumizatedatbyr tie optidal niabr amey ber speeificaliyurdbsereedintirdughnthehisnk ddie
interaction aof particles.31 in aliqujd s le 32, which may, for |

i nst ance,‘?eﬁeéﬁf)ﬂfaés@frf 115?1? ﬂl‘?a%‘tstflfréq ggt,erfiflaa‘?rgpﬁéulﬁ?i’i%ﬂﬂ%sqeﬁ?%i{lm-isélﬁlﬂalﬂbut
the rat e, otddRs thd lapfgg%ﬂ' 8 [ atel ti cl and
t he functrioonal surfg)ge. teir;lﬁlhaeﬁ}l&ghgftd&{iﬁiea%?ﬁ%ﬁ?ﬁ?&%ﬁ%@ﬁe&%ﬁ%e a
chem cal |mventioni ochemi cal ly nodi fied |ayer onto which have been attached
chem cal or biological nolecular noieties such as antibodies or other

sel ective ligand binding structures which exhibit a specific affinity for

WO 03/ 0931%%11 %g%@%ﬁ%%odl&at the use of several different fluorescence filters will allow

multiple wavelengths to be separately analysed extending the information that can be

obtained about a multiply stained particle suspension under view.

In the preferred embodiment, the optical element is a silica quartz planar substrate onto
which has been deposited by a sputtering method, an approximately 50-80nm thick layer of
chrome. The optical element is illuminated at suitable incident angle by a laser beam of
modest power, for example 40mW and suitable wavelength, for instance 488nm. A drop of
a biological sample such as a sample of clinical or biological origin diluted in phosphate
buffered saline containing a population of unlabelled refractile virus particles of clinical or
biotechnological significance (such as adenoviruses) is placed on the optical element
surface and the light the virus particles scatter as they move under Brownian motion within
the optical beam propagating through the sample in close proximity to the metallised
region of optical element is observed by eye down a conventional microscope fitted with a
x40 immersion objective. Images of the virus can, of course, be captured on film or on

video recording by suitable instrumentation for subsequent viewing and analysis. The



target nolecular or particulate structures 31 the presence and nunber or

ot her property of which is required to be established in the sanple 32. As
in the otwerodessodi ments descri bed above, it is of coursePochiGBRIaO1IR2NAt

besi des the sinple observation of chang&s in light scattered by particles
31, other optical consequences of theif“comng into close proximty to the
region of the netal/glass interface illumnated by the optical beam may be
observed and anal ysed. Thus, if the particle population 31 is conprised
entirely REsqpae @m%nmmb@f copegntiagipe ©f wiriig harsickes iimthersamipleycanl heodetarodinéd fromhave
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inthis F PBAERYYwi | | be further understood that the use of several
different fluorescence filters will allow nultiple wavel engths to be
separately anal ysed extending the information that can be obtained about a
mul tiply Istshoulébepatdetstdcrl St fngh @iis UivakioN ha¥bedd dédREibed %Sre&iyegf various
enbodi nent, the optical elenent Is a silica quartz planar substrate onto
whi ch hasSXBBHs fepydaty of medificatious aee pergibhewiibayt dapartpngr freinntht ekypes 6F RNmM
thick I ay, me. The optical elenent is illum nated at suitable
incidentEgﬁaﬁ%ﬂﬁ%ﬁgglaser beam of nodest power, for exanple 40nW and
sui t abl e wavel ength, for instance 488nm A drop of a biological sanple
such as a sanple of clinical or biological origin diluted in phosphate
buffered saline containing a popul ation of unlabelled refractile virus
particles of clinical or biotechnological significance (such as
adenoviruses) is placed on the optical elenment surface and the light the
virus particles scatter as they nove under Brownian notion within the
optical beam propagating through the sanple in close proximty to the
netallised region of optical elenent is observed by eye down a
conventional mcroscope fitted with a x40 i mersion objective. |nages of
the virus can, of course, be captured on filmor on video recording by

sui tabl e instrunentation for subsequent view ng and anal ysis. The




WO 03/093801 20 PCT/ GB03/ 01827 presence and nunber concentration of virus
particles in the sanple can be determned from the intensity of |ight they
scatter (WDghw9assemttering in this size region being a str®@cg/droaots2on, for
i nstance radius, of their size) or froméfounti ng the nunber of points of
light of intensity associated with a pérticle size per unit volune in the

sanple for any given illumnation intensity. It should be understood that
though this invention has been described by way of various exanples a
vari ety oflaimsificati ons are possible without departing fromthe scope of

the appended clains. WO 03/093801 PCT/ GB03/01827 21 Clains 1. A nethod for
the optical detection and/or analysis of sub-mcron particul ates

compri sing tAeniiBAS Q1 ‘thd - odrlch Mefthib Gandr! BnfyLioC4S SRH-cREAM Phrd Al | on

froma suitabl e source, bstrate, east a“part of one surtace o
whi ch subst rca)tr@rismgothasmpsmft hafilm corrprl sing an opt| cal ly opaque
netal, such that the beamis caused to be incident on, in close

proxi mtylto, WHengiHg withe focussed bpam of gadigpmatrany a 8%1“3@1‘-‘0%3@@% atBStFEe.a
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optical beamis caus propagate ove Band
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the substrate a sanple containing a particle or population of ‘particles of

sub-m cron di nEeEingHstos ahmsubsaatepﬁratpmme@ edjasentzorradosedn the injetakifiioe etddy

the optical beam pr aboyve, but .cl ose to the netal
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film;

il. placing onto the surface of the substrate a sample containing a particle or
population of particles of sub-micron dimensions such that particles enter a region

illuminated by the optical beam propagating above but close to the metal film;

iti. detecting, by a suitable lens and detector arrangement situated in the far field at
normal or high angle to the plane of the metal film, the optical radiation
individually scattered by, or otherwise caused to emanate from, the particles

through their interaction with the optical beam.

2. A method according to claim 1, wherein: the substrate comprises or is formed from a
wholly or substantially optically transparent material, part of one surface of which is
coated with the film of wholly or substantially optically opaque metal and an adjacent

portion of the surface is left uncoated.

3. A method according to claim 2, wherein the focussed beam of radiation is incident on
the substrate at a point on the uncoated portion of the surface adjacent or close to the

metal film coated region.



individually scattered by, or otherw se caused to emanate from the
particles through their interaction with the optical beam 2. A nethod
accor di ngwom®3odmdim 1, wherein: the substrate conprises or PC3/GRostest7from a
whol Iy or substantially optically transgér ent material, part of one surface
of which is coated with the filmof whé6fly or substantially optically
opaque netal and an adjacent portion of the surface is |left uncoated. 3. A
met hod according to claim2, wherein the focussed beam of radiation is

i nci dent én Atmhehediberording taiany opo o theopretdiing nlanad, edhgreint the foafssddheptical
surface adjacent. or .cl gse to the rretadbefi | m coat ed regi on. WO 03/093801 22
PCT/ GB03/ 01 18 ICIeR iGN 98¢ ST PIhe stivstratge Soienapied dreas artsgee fhapwgh

wher ei n the fechssak ARl bR A dprbobif Aot g he
substrate, is refracted C?Err%lk%es passég)gblﬁér%ﬁ%% ayfe(t%ggsu g#%%%%ﬁg%c%ﬁ%oges
at the oppostht mesalrfflmomatel porddn ghdaidngfaeead) acent or close to the netal
filmcoated portion of said surface. 5. A nethod according to any one of

the preceding clainms, wherein said particles are analysed in terns of

t heir nunber 1N, Sl i dj {.bution. shape or.. notion. 6. A
met hod ag%or%iciﬁgtﬁ?%tag%hg%etoo%@teﬂ%es Bf g%eeé%%%d@fac;l%,s, Wﬁs&é’f ﬁalga‘?a&%lﬂﬁ 1%l es
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ot her non- scattered radiation they emt or are caused to emt by virtue of

their interd®®i@h with the illunminating radiation. 7. A nethod according
to any one of the preceding clains, wherein said particles are analysed in
ternms of their polarisation or phase nodul ati ng properties. 8. A nethod

accor di nge6t 0A anythed ac&rdingeroPifCEsH BE e gfe%in%’%ﬁﬁﬁg nwgl@fe‘f]n RAHIALHESs aFE
caused to enter the volune illum nated by the optical beam on an Individual
basis. 9. A amelysed imdemmsiofight dntamsityomel/of wakelepgthcefiflogrestemt g, ot mehn a
I it f .. .
pturatity o scattered radiation they emit or are caused to emit by virtue of their interaction with

the illuminating radiation.

7. A method according to any one of the preceding claims, wherein said particles are

analysed in terms of their polarisation or phase modulating properties.

8. A method according to any one of the preceding claims, wherein said particles are

caused to enter the volume illuminated by the optical beam on an individual basis.

9. A method according to any one of the preceding claims, wherein a plurality of
particles are simultaneously present in the optical beam and the optical signal from
each of the plurality of particles can be differentiated to allow said particles to be

individually characterised.

10. A method according to any one of the preceding claims, wherein the particles in the
sample are labelled with fluorescent molecules to allow them to be distinguished from

other particles and/or background noise.
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or behaviour associated with interactions between particles in the sample can be
detected and analysed by suitable analytical techniques such as number fluctuation
spectroscopy, fluorescence correlation spectroscopy or by image analysis methods for

tracking motion of specific signal sources.

15. A method according to any one of the preceding claims, wherein the detectable

particles are part of a larger supramacromolecular structure.

16. A method according to claim 15, wherein said supramacromolecular structure is a cell

or cell component, a biofilm, a polymeric layer or other structure.

17. Apparatus for performing the method of any one of the preceding claims, comprising:
a substrate, at least a part of one surface of which is coated with a film comprising an
optically opaque metal; means for illuminating said substrate with a focussed beam of
radiation from a suitable source, such that an optical beam is caused to be incident on,
or in close proximity to, the substrate at a point on, adjacent or close to the metal film
coated region of the substrate such that the optical beam is caused to propagate above
but substantially parallel and close to the surface of the metal film; and means of

detecting, by a suitable detector arrangement situated in the far field at normal or high
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21. Apparatus according to any one of claims 17, 18 or 19 for incorporation into a flow

cytometer instrument configuration.

22. Apparatus according to any one of claims 17, 18 or 19 configured in a fibre optic

form.

23. Apparatus according to any one of claims 17, 18 or 19 configured in a form designed

to be used for on-line applications.

24. Apparatus according to any one of claims 17-23, wherein: the substrate comprises or is
formed from a wholly or substantially optically transparent material, part of one
surface of which is coated with a film of wholly or substantially optically opaque metal

and an adjacent part of the surface is left uncoated.

25. Apparatus according to claim 24, wherein the focussed beam of radiation is incident on
the substrate at a point on the uncoated portion of the surface adjacent or close to the

metal film coated region.



WO 03/093801 25 PCT/ GB03/01827 26. Apparatus according to any one of
clainms 17-25, wherein the focussed optical beamis incident upon one
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substantially as herei nbefore described and with reference to the
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cytoneter conprising apparatus in accordance wth any one of clains 17-26.
incident upon one surface of the substrate, is refracted during passage through the
substrate, and emerges at the opposite surface at a slight angle adjacent or close to the

metal film coated portion of said surface.

27. Apparatus substantially as hereinbefore described and with reference to the

accompanying drawings.

28. A method substantially as hereinbefore described and with reference to the

accompanying drawings.

29. A microscope or flow cytometer comprising apparatus in accordance with any one of

claims 17-26.



