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A SAMPLE

(57) Abstract: The invention relates to a measuring cell with a cavity for receiving a test sample to be used in a particle detection ap-
paratus. It is proposed that said measuring cell is configured as an optical waveguide for guiding a light beam, said waveguide hav-
ing a core, which  has a refractive index n, * extends along a longitudinal axis of said waveguide, * has a cross-sectional area Ak of
less than 80 um? in a cross section perpendicular to the longitudinal axis, and * which is surrounded by a cladding having a smaller
refractive index than nk, wherein said cavity forms a channel, said channel * extending along the longitudinal axis, * being formed in-
side of or in contact with said core, and * having at least one open end with an opening area Ay of less than 0.2 pm?.
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OPTICAL FIBER WITH A HOLLOW CHANNEL ALONG THE CENTER OF
THE FIBER CORE FOR RECEIVING A SAMPLE

Description

The present invention refers to a measuring cell with a cavity for receiving a test

sample.

Prior art

Different analytical techniques are known for the characterization of a sample in a

medium, particularly a fluid medium.

Flow cytometry is used in medical and biological fundamental research work and
as a routine diagnostic method in numerous medical sectors in clinics. Liquids are
here passed through a cuvette and the molecules contained therein or colloidal
substances are analyzed with respect to their size, mass or structure. In optical
analyses a light beam is focused onto the liquid stream, so that individual mole-
cules can be analyzed. With the help of this method, high measurement numbers
per time unit (more than 1000 measurement results per second) can be achieved
and statistically sound conclusions can thus be drawn rapidly with respect to the

sample.

Such a scattered-light measurement arrangement and a measuring cell of the
aforementioned type are for instance known from DE 10 2013 210 259 A1. A flow
measuring cell in the form of a hollow cylinder of quartz glass with a central longi-
tudinal bore is coupled with a chromatographic system. A liquid stream with the
particles to be characterized is passed through the bore and exposed to a laser
beam which is introduced via the hollow-cylinder cladding. Detectors which re-
ceive the scattered light are arranged around the cylindrical measuring cell at dif-
ferent angles. To minimize detection errors due to the scattering of impurities in
the quartz glass of the measuring cell or on the surface, it is suggested that the
measuring cell should be rotated about its longitudinal axis. As an alternative to

flow cells, cuvettes are also used for batch measurements.
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This method has the drawback that the laser beam introduced into the measuring
cell can only be focused within a small spatial region, which limits the exactly
measurable sample volume. Furthermore, instead of scattered light, fluorescent
light has often to be examined to obtain a stronger signal which can be detached
from the background. Only very few sample particles, however, exhibit natural
fluorescence. This is why a preparation of the sample with extension by a fluores-

cent group is required in such cases.

Measuring devices are also commercially available that are based on the nano-
particle tracking analysis (NTA). In this measuring method the basic principle also
consists in providing sample particles in a liquid in a measuring cell and to irradi-
ate them with laser light. Typically, the scattered light is evaluated and analyzed
under the microscope by means of position-sensitive chips, whereby diffusion and

transport movements can in principle be represented.

Drawbacks of the NTA technique are on the one hand a low signal-to-noise ratio
because light scattering takes place not only on the sample particles, but also on
the walls of the measuring cell and undesired background is thereby produced.
On the other hand, measurements are time-limited due to the fact that for the
measurement the excitation laser can only be focused on the sample in a finite
area (spot size in the order of magnitude of the wavelength of the excitation light).
If the sample particle passes due to its movement through the excitation region, it

will no longer be detected.

Under the “Resistive Pulse Sensing” (RPS) measurement principle, particles
passing through a nano aperture are detected by measuring the change in an

electric current. The size of the sample particles can thereby be determined.

The “Surface Enhanced Raman Scattering” (SERS) method is based on the de-
tection of Raman scattering of molecules if these are located close to a metallic
surface which extremely amplifies the Raman signal. WO 2011/037533 A1 de-
scribes a measuring cell for this method, wherein an optical fiber with core and
cladding enveloping the core is provided, of which a front end serves as a so-

called “SERS surface” and is covered for this purpose with gold nanoparticles
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while the other fiber end is connected to a Raman spectrometer. For a better
fixation of the gold nanoparticles the cladding projects on the corresponding fiber
end a few micrometers beyond the front side of the core, thereby forming a cavity

having an inner wall to which the nanopatrticles are fixed.

Technical Object

A simple and inexpensive measurement method would be desirable that makes it
possible to detect small particles or molecules within a fluid medium (liquids,
aerosols, gases) and to draw conclusions with respect to their properties, such as
size and diffusion rate, without being limited in terms of temporal resolution and at
the same time without an effective change in the surroundings of the sample

particles (e.g. without a spatial fixation thereof).

In the flow-cytometry measurement method, the light scattered at particles is
analyzed. This requires little efforts in terms of equipment and would therefore be
useable in principle for cost-efficient analytics. However, the scattering intensity of
small particles is decreasing with the sixth power of the particle diameter, which
limits the detectable particle dimension of the test samples, especially in cases

where a high background signal deteriorates the signal-to-noise ratio in addition.

It is the object of the present invention to provide a measuring cell which can lay

the foundation for such a measuring method.

General description of the invention

Starting from a measuring cell of the aforementioned type, this object is achieved
according to the invention, in that the measuring cell for use in flow cytometry is
configured as an optical waveguide for guiding a light beam, said waveguide
comprising a core having a refractive index nk, which extends along a longitudinal
axis of said waveguide, has a cross-sectional area Ak of less than 80 pm?in a
cross section perpendicular to the longitudinal axis, and which is surrounded by a
cladding having a smaller refractive index than nk, wherein said cavity forms a
channel, extending along the longitudinal axis, being formed inside of or in contact
with said core, and having at least one open end with an opening area An of less
than 0.2 ym?, and that the core and the cladding are made of massive, solid

material.
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The channel is formed in an optical fiber, e.g. in a step-index or gradient-index
fiber or in another waveguide structure, for instance in a semiconductor microchip
manufactured by etching and deposition processes. The light conduction of the
optical waveguide is achieved by way of different refractive indices of core and
cladding. The hollow channel serves to receive a fluid medium which contains the
sample particles to be analyzed. The fluid medium is here enclosed in the hollow
channel or it is guided through the hollow channel by flowing therethrough. The
sample particles contained therein can move along the longitudinal axis of the
hollow channel, but they are limited in their motion in the directions perpendicular
thereto by the width dimension of the channel. In this respect the width dimension
of the channel spatially limits the path of movement of the sample particles in
lateral direction to a certain degree. For this purpose the hollow channel is
restricted to a width which is defined by an opening area of less than 0.2 um?. In a
channel with a circular cross-section this corresponds to a diameter of less than
500 nm.

The depth of focus of simple optical microscopes is enough for detecting sample
particles within that range. Preferably, however, the hollow channel is even
smaller; it has e.g. a diameter in the range of 20 nm to 500 nm, preferably in the
range of 50 to 300 nm if it is circular in a cross section perpendicular to the
longitudinal axis. The "measuring cell" according to the invention comprises an
optical fiber that has a core and a hollow channel formed in the core, said hollow
channel is adapted for receiving a fluid medium containing sample particles, and
the channel has a width which is defined by an opening area of less than 0.2 um?,
so that the width is small enough to spatially limit the path of movement of the
sample particles in lateral direction to a degree allowing their microscopic

detection.

The spatial inclusion of the light for an excitation radiation coupled at the front side
into the core is all the more pronounced and the light intensity guided in the core is
the higher the smaller the cross-sectional area of the core is. A small cross-
sectional area of the core facilitates the implementation of a single-mode light

conduction also in the case of a shortwave excitation radiation and in the
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case of a great refractive-index difference between core and cladding. This helps
to increase the radiation energy penetrating into the hollow channel and thereby
to improve the illumination of the channel. For this purpose the core has a cross-
sectional area Ak of less than 80 pm? in a cross section perpendicular to the longi-
tudinal axis. In a core having a circular cross-section this corresponds to a diame-
ter of less than 10 um. Preferably, however, the core diameter is even smaller; for
instance, it has a diameter less than 3 um if it is circular in a cross section per-
pendicular to the longitudinal axis. A core diameter of less than 1 um is not pre-

ferred from a practical point of view.

The channel extends within the optical waveguide along the longitudinal axis in-
side of or in contact with the core. It shares a contact surface with the core.
Viewed in a cross section perpendicular to the longitudinal axis (for the sake of
simplicity, also briefly called “radial cross-section” hereinafter without the intention
to restrict the cross section to the circular shape), the channel extends either di-
rectly next to or in contact with the core, or it extends partly or, preferably, fully
within the core. At any rate, the hollow channel is defined at least partly, prefera-

bly completely, by core material.

The excitation radiation is guided via the core/cladding structure of the optical
waveguide along the longitudinal axis and in the hollow channel along a meas-
urement section. Under ray-optical aspects the light conduction is based on total
reflection on the condition nk > ny (refractive indices at the wavelength of the D
line of the sodium vapor lamp). The light guided in the core can here penetrate
into the channel and “illuminate” the hollow channel. This light intensity transmis-
sion from the core into the hollow channel is not limited to points or locations, but
takes place over quite a long section, e.g. along the whole contact surface be-
tween core and channel. The light that has penetrated into the channel can thus
serve as radiation for exciting scattering or other states of the sample particles
existing within the channel, namely over a rather large section, which also permits
the monitoring of the movement of the sample particles over a rather long section.
The restricted opening width of the hollow channel prevents sample particles from

migrating out of the excitation light field.
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It is advantageous for an efficient illumination of the sample particles when the
intensity distribution within the channel is as great as possible and is homogene-
ous both in radial and in axial direction. The proportion of the radiation intensity
arriving at the channel can serve as a measure of the suitability of the measuring
cell design. In this respect the ratio of the intensity minimum in the channel and
the maximum intensity in the core is regarded as a measure value. This measured

value should be at least 1%; preferably it is 30% or more.

As is known, the number of the light propagation modes in a step-index type opti-
cal waveguide depends for a given wavelength substantially on the refractive-
index difference between core and cladding and on the core diameter. With re-
spect to a reproducible transfer of guided excitation light into the hollow channel,
preference is given to an embodiment of the measuring cell of the invention in
which the difference between the refractive indices of the core and the cladding,
the cross-sectional area of the core and the wavelength of the guided light beam
are coordinated such that the fundamental mode of the light beam and not more

than 20 further modes may be propagated.

In the case of multispectral excitation radiation, it is advantageous when this con-
dition for the light conduction is fulfilled for the shortest wavelength of the spec-

trum.

Particularly preferred is per se the embodiment in which only one single mode, the
fundamental mode, is formed, as is the case with so-called single-mode fibers.
Here, the guided light intensity is solely transmitted by the fundamental mode,
which facilitates the transfer of a light intensity as high as possible into the chan-
nel. With the configuration of several modes, the light intensity is distributed over
these modes, which on the one hand leads to a low intensity maximum in the core
and in the hollow channel. On the other hand, the energy distribution over individ-
ual modes is difficult to determine, so that in the case of a multimodal excitation
radiation the real intensity distribution in the cavity can be defined less accurately
than in the case of a single-mode radiation, which makes the evaluation of the

scattered radiation more difficult. The smaller the core (the core diameter), the

SUBSTITUTE SHEET (RULE 26)
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less light modes are possible under otherwise identical conditions. Therefore, it is
true that the single modedness of the light transmission can be ensured in princi-
ple in that the size of the core (the core diameter) is set to be sufficiently small.
However, a small core size also entails increased manufacturing and adjusting
efforts. The smaller the core, the more complicated is the transmission of light into
said core. In practice, it is moreover difficult to exactly select the predetermined
core diameter and to maintain it over the whole length of the measuring cell.
Therefore, on the other hand, a core diameter that is as large as possible would
be optimal, in the case of which the single modedness of the light transmission is
just barely ensured. Moreover, the channel changes the boundary conditions
(boundary conditions regarding the Maxwell equations) underlying the creation of
the light modes, so that especially in the case of a near cut-off design with respect
to the single-mode light propagation (near the so-called cut-off wavelength) even
higher modes may easily be formed. Therefore, apart from the fundamental mode,
a certain number of higher modes is considered to be acceptable as long as this

number does not exceed 20 modes.

A measuring cell in which core and cladding are composed of highly siliceous

glass has turned out to be useful.

“Highly siliceous glass” stands for an optically transparent glass having a SiO;

content that is at least 60% by wt.

In this connection preference is given to a measuring cell in which the core con-
sists of quartz glass which is doped with germanium oxide, and that the cladding
consists of quartz glass, which is not doped or which is doped with a component -
in particular with fluorine — capable of decreasing the refractive index of quartz

glass.

Quartz glass is substantially transparent over a wide wavelength range between
about 150 nm and 3000 nm. Hence, the measuring cell allows an excitation radia-
tion with wavelengths in the range from UV to infrared, with a small scattering
contribution by the walls of the measuring cell itself. Moreover, the material quartz

glass helps to implement channels of a particularly small opening cross-section of
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for instance less than 100 nm owing to a relatively great temperature interval in

which hot formation can be carried out.

Germanium oxide brings about an increase in the refractive index of quartz glass.

It has been found that the light intensity guided in the core and thus also the
intensity penetrating into the hollow channel is the higher, the greater the refractive
index difference between core and cladding is. When the core is doped with
germanium oxide and the cladding is simultaneously doped with fluorine, a
particularly great refractive-index difference can be established at the

core/cladding boundary. This difference is preferably at least 8 x 10-3.

Doping the core glass with Germanium oxide has a drawback in that Germanium
may evaporate during high temperature process steps thereby changing the radial
profile of the refractive index. Therefore, in another preferred embodiment of the
cell according to the invention, the core consists of undoped quartz glass, and the
cladding consists of quartz glass having a refractive index nc, said quartz glass is
doped with a component - in particular with fluorine - capable of decreasing the

refractive index of quartz glass.

Undoped quartz glass has high optical transmittance and a viscosity higher than
doped quartz glass. A high viscosity of the core glass facilitates maintenance of
even very small channels inside the core region compared to core glasses with

lower viscosity.

It has been found that both, a small core diameter and a large difference in
refractive contribute to a high intensity of radiation penetrating from core into the
channel. In view of that it is advantageous if the core glass is made of undoped
quartz glass, and the difference nk-nc is at least 16 x 103, preferably at least
20x1073.

Both core and cladding consist of solid and massive bulk material. Both core and
cladding exhibit a nominally homogeneous refractive-index profile in radial cross-

section. Local changes in the refractive index due to high temperatures and diffu-
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sion processes during the manufacturing process can hardly be prevented. The
cladding, however, is without an internal boundary, such as e.g. a further core or
a further channel. Likewise, apart from the contact area with the single hollow
channel and with the single cladding, the core has no further boundaries. In the
absence of boundaries the measuring cell is substantially free of boundary-related

scattering; specifically, it has a particularly scatter-free cladding.

Moreover, the effect of so-called mode coupling is avoided, by which energy of a
mode is coupled into another mode. This effect may occur when different light-
guiding regions are present, e.g. several cores in an optical waveguide. Mode
coupling has the effect that the energy of the light is periodically exchanged be-
tween the different light-guiding regions. This, however, has the effect that the
scattering rate along the longitudinal axis of the optical waveguide is varying.
Thus, the sample particle would scatter to different degrees axially, depending on
the various positions of the fiber, as the light field is periodically varying. This ef-
fect could possibly also occur if the hollow channel is not formed inside the core,
but away from it. In the preferred embodiment, such a mode coupling is entirely
excluded, so that the intensity of the light (with the exception of the (negligible)

attenuation) is axially independent.

It has also turned out to be advantageous when in a cross-section perpendicular
to the longitudinal axis; the core is circular having a diameter of less than 10 um
and a core center point which is located inside a respective cross-sectional area

of the hollow channel.

The channel is preferably provided at a position at which the conditions for the
penetration of light out of the core are optimal. Ideally, this position is located in
the core center point. The channel, however, can also extend laterally therefrom.
In the simplest case of the measuring cell according to the invention, core, clad-
ding and hollow channel extend coaxially relative to one another in the optical
waveguide. Hollow channel and core are here circular in radial cross-section and
concentric relative to each other. The rotation symmetry of the measuring cell ac-

cording to the invention is of advantage during use insofar as the measuring con-

SUBSTITUTE SHEET (RULE 26)
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ditions and measuring results are independent of the spatial orientation thereof
inside the measuring equipment. The core diameter is preferably small and is less
than 10 um, particularly preferably less than 3 um. The advantages of a small
core diameter have been explained further above in connection with its small ra-

dial cross-section according to the invention.

It is advantageous when, on the one hand, high radiation energy is guided in the
core, which radiation energy, on the other hand, can penetrate into the channel as
efficiently as possible. In this respect preference is given to an embodiment of the
measuring cell in which the channel extends entirely inside the core, wherein in a
cross section perpendicular to the longitudinal axis, the core has a cross-sectional
area Ak and the channel has a cross-sectional area Ay, wherein the ratio Ax/A4 is

greater than 4, preferably greater than 20.

In this case the hollow channel viewed in radial cross-section extends entirely
within the core. It is surrounded over its length by core material, so that the radia-
tion energy guided in the core can efficiently penetrate into the hollow channel. In
this case, however, the opening area of the hollow channel (viewed in radial
cross-section) is completely at the expense of the cross-sectional area of the
core. To be able to provide a sufficiently high radiation energy inside the core, the
lateral dimensions of the channel (e.g. its inner diameter) have preferably to be
adjusted such that the remaining cross-sectional area of the core is still greater at
least by the factor 4, preferably by the factor 20, than the opening area of the hol-

low channel.

The optical waveguide is here preferably configured as a step-index fiber with
channel, wherein the channel has an opening width which is smaller than the

wavelength of a light beam to be guided in the optical waveguide.

In a particularly preferred configuration of the measuring cell, the optical wave-
guide is configured as an optical fiber with a circular cross-section, wherein the

cladding has an outer diameter in the range of 150 um to 300 pm.
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A fiber of this thickness is on the one hand still flexible and thus less prone to
fracture than a rigid fiber of a greater thickness. On the other hand, its thickness
is greater than the optical single-mode standard fibers, so that it can be handled

more easily. The cladding can additionally be provided with a protective covering.
The essential advantages of the measuring cell according to the invention are:

1. spatial inclusion of the sample material

2. low background signal

3. possibility of measuring very small particles/molecules

4. easy integration of the measuring equipment into existing, commercially avail-
able and wide-spread measuring instruments and thus small acquisition costs

together with moderate production costs of the optical waveguide.

The measuring cell according to the invention is suited for use in flow cytometry
for the detection of individual molecules in a medical or biological context. Apart
from this, the measuring cell offers possible applications in the field of nanoparti-
cle sorting based on flow cytometry, environmental measurements (aerosols), or

for microreactors for photochemical processes.

A preferred embodiment of the measuring cell according to the invention is ob-
tained from the preform by elongation, wherein the measuring cell is present in
the form of an optical fiber with light-conducting hollow channel. The hollow chan-
nel extends in radial cross-section entirely within the core of the optical fiber. It is
surrounded over its length by core material, resulting in an effective penetration of
radiation energy into the channel, with the radiation energy being guided in the
core. To be able to provide a sufficiently great amount of radiation energy in the
core, the lateral dimensions of the channel (e.g. its inner diameter) must prefera-
bly be set such that the remaining cross-sectional area of the core is still by at
least the factor 4, preferably by the factor 20, greater than the cross-sectional ar-

ea of the channel.



10

15

20

25

30

WO 2016/038015 PCT/EP2015/070461
12

In the simplest case, this ratio in the preform from which the optical fiber is drawn

true to scale is already predetermined.

Advantageous developments of the semi-finished product according to the inven-
tion become apparent from the sub-claims. Insofar as designs of the semi-finished
product indicated in the sub-claims copy the embodiments mentioned in sub-
claims with respect to the measuring cell according to the invention, reference is
made to the above comments on the corresponding claims for a supplementary

explanation.

The measuring cell according to the invention is suitable for use in a particle de-
tection apparatus which will be explained in the following. The measuring cell
contributes to the detection apparatus in that is provides a hollow channel includ-
ing an inlet and at least one channel wall, the inlet permitting light to be intro-
duced into the channel, the or each channel wall being arranged to define a
channel path through which light may propagate; a light source configured to in-
troduce light into the channel via the inlet, the channel being shaped to guide the
light to propagate along the channel path for illuminating a particle or a plurality of
particles located in the channel path; and a monitoring device configured to detect
scattered light that is created by the illumination of the or each particle by the
guided light and that leaves the channel by passing through the or each channel

wall.

The particle detection apparatus permits optical detection of particles that are
freely diffusing in a fluid (e.g. liquid or gas) present in the channel path. In particu-
lar, the configuration of the particle detection apparatus permits use of coherent
and/or incoherent light scattering to detect very small particles, especially those in

the sub-100 nm range.

By configuring the channel and monitoring device in the manner set out above,
any light that is not scattered by the or each particle stays guided along the chan-
nel path so that only the scattered light is detected by the monitoring device. This
may be achieved by, for example, the scattered light leaving the channel through

the or each channel wall at a non-zero angle to a guided direction of the guided
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light. This in turn provides excellent signal to background and signal to noise rati-
os and thereby enhances the detection of the or each particle, thus preventing the
detected scattered light from being overwhelmed by direct detection of the residu-

al scattering of the illuminating guided light.

In addition the configuration of the particle detection apparatus allows the or each
particle in the channel path to stay illuminated by the guided light and thereby re-
main in the imaging plane and not diffuse out of focus. Keeping the or each parti-
cle in the illumination plane of the guide light not only obviates the need for im-
mobilisation of particles in a restricted volume, such as that performed in cryogen-
ic electron microscopy, and thereby results in a less complex and cheaper particle
detection apparatus, but also provides a prolonged detection period that permits
enhanced real-time tracking of the or each particle and increases the obtainable

amount of information about the or each particle.

Furthermore the configuration of the particle detection apparatus enables coher-
ent illumination of a plurality of particles so that, when the plurality of particles
approach each other, any resultant near-field interference effect results in en-

hancement of the detection sensitivity of the particle detection apparatus.

The improved detection capabilities of the particle detection apparatus as set out
above not only obviates the need for a specialised monitoring device to detect the
or each particle and thereby permits use of simpler and cheaper monitoring de-
vices, such as an optical microscope, a smartphone camera or simpler photo-
detection electronics, but also permits detection of the or each particle under am-
bient conditions, instead of specific conditions as required by cryogenic electron

MiCroscopy.

The monitoring device may be configured to detect the scattered light to study the

or each particle in different ways, examples of which are as follows.

The monitoring device may be configured to measure the coherent scattering in-
tensity of the scattered light, the incoherent scattering intensity of the scattered

light, the spectrum of the scattered light, the distribution of the scattered light over
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a plurality of directions and/or the dynamic motion of one or more particles, pref-

erably the Einstein-Stokes diffusion constant of the or each particle.

Measurement of the scattering intensity of the scattered light permits the study of
particle interaction. For example, measurement of the scattering intensity of the
scattered light permits the study of particle binding and unbinding events through
detection of quadratic changes in the scattering intensity, the spectral response or

the diffusion constant of the or each particle.

In addition the simultaneous measurement of the scattering intensity and the Ein-
stein-Stokes diffusion constant of the or each particle allows an aggregate of par-
ticles to be distinguished from a single larger particle even if they both exhibit sim-

ilar scattering intensities.

The monitoring device may be configured to track the or each particle’s motion
through detection of the scattered light. Such tracking of the or each particle’s mo-

tion permits the study of the hydrodynamic behavior of the or each particle.

The monitoring device may be configured to measure an emission spectrum of the
or each particle. This permits identification of the or each particle on the basis of

its spectral features.

The monitoring device may be configured to detect fluorescent light that is created
by the illumination of the or each particle by the guided light and that leaves the

channel by passing through the or each channel wall.

The monitoring device may be configured to detect coherently scattered light
and/or incoherently scattered light, and optionally detect the spectrum of the co-
herently scattered light and/or incoherently scattered light, that is created by the
illumination of the or each particle by the guided light and that leaves the channel

by passing through the or each channel wall.

Optionally the monitoring device may be configured to track the or each particle’s
motion through detection of the coherently scattered light and/or incoherently

scattered light.



10

15

20

25

WO 2016/038015 PCT/EP2015/070461
15

The configuration of the monitoring device to detect scattered light permits the
use of metallic, semiconductor or organic contrast agents to enhance the polar-
izability of the or each particle and thereby enhance the detection sensitivity of

the particle detection apparatus.

Moreover the configuration of the monitoring device to detect both scattered and
fluorescent light permits simultaneous measurement of the scattering and fluores-
cence in order to, for example, count the number of fluorescent particles via step-
wise bleaching, or to measure an emission spectrum of the or each particle to

identify the or each particle on the basis of its spectral features.

The choice of channel used in the particle detection apparatus may vary depend-
ing on a range of factors, such as particle size, chemical composition, equipment

availability and so on.

The open width of the hollow channel may vary depending on the size of the or
each particle to be detected. For example, the channel may be arranged to con-

vey at least one particle that is smaller than the wavelength of the guided light.

The channel may be formed in different ways to enable detection of the size of the

or each particle to be detected. The channel may be formed in or as

. a waveguide;

. a chip-based platform, optionally a lithographically formed chip-based
platform;

. a capillary;

. an optical fiber.

The optical fiber may be a single-mode optical fiber. The use of such an optical
fiber improves the manner in which the light is guided along the channel path, and
thereby improves the resultant illumination of the or each particle located in the

channel path and the subsequent scattering of light.

Preferred Embodiments
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The invention will now be explained in more detail with reference to embodiments

and a patent drawing. In detail, in a schematic illustration,

Figure 1 shows first embodiment of a measuring apparatus in flow cytometry

equipped with a measuring cell according to the invention,

Figure 2 shows a measuring cell in the form of an optical fiber with hollow chan-

nel in a top view on a front side of the fiber,

Figure 3 is a micrograph showing a fracture surface of a thin tube from which the

measuring cell is produced (Fig. 6, reference number 89) ,

Figure 4 shows a diagram with radial radiation intensity curves of the guided
light in two different embodiments of the optical fiber and for different

wavelengths of the guided light,

Figure 5 shows a simulation of the maximum intensity measured in the light-
guiding hollow channel in dependence upon the diameter of the hollow

channel (Poynting vector),

Figure 6 shows method steps for producing the measuring cell according to the

invention,

Figures 7 to 9 illustrate the scattering intensity as a function of position when an
aqueous suspension of dielectric latex nanoparticles are conveyed

along a channel path of the particle detection apparatus of Fig. 1;

Figure 10 illustrates the tracking of the positions of dielectric latex nanoparticles
and single cowpea chlorotic mottle viruses with time using the particle

detection apparatus of Fig. 1;

Figure 11 illustrates a theoretical comparison of scattering cross-section versus
diffusion constant for spherical particles of refractive indices and for

aggregates of spherical particles; and
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Figure12 illustrates the scattered light from dielectric latex nanoparticles using

the particle detection apparatus of Fig. 1.

Fig. 1 shows a basic measurement arrangement in flow cytometry. The measuring

apparatus is not the subject of the present invention.

The measurement principle is based on the optical detection of scattered light,
fluorescent light or otherwise emitted light as a consequence of the illumination of
a sample particle. Detection may be, but need not be, carried out in a location-,
frequency- or intensity-selective manner. With the help of corresponding evalua-
tion optics and algorithms, characteristics of the analyzed sample particles, such
as size, form, diffusion rates, mobilities, scattering cross-sections, can be record-
ed.

In the measurement arrangement of Fig. 1, a flow measuring cell according to the
invention is used in the form of an optical hollow fiber 1 with a core 3, a cladding
2, and a light-guiding channel 4. A liquid stream which contains the sample parti-
cles 5 to be characterized is passed through the channel 4. The liquid stream and
the core 3 surrounding the stream are illuminated by means of a laser 6 which
introduces light of a predetermined excitation wavelength via a front side of the
hollow fiber 1. As an alternative to monochromatic laser light, a polychromatic ex-
citation radiation is used. The hollow fiber 1 is coupled with a monitoring device,
which may be a conventional microscope system 7 which comprises a camera 8,
which may be a scientific complementary metal-oxide-semiconductor (SCMOS)
camera. The focus or detection plane of which is located in the region of the cen-
tral axis 9 and by means of which the test sample and the sample particles 5 con-
tained therein are watched and passed on for data evaluation. Elastic light scat-
tering (Rayleigh scattering) is here detected, which light scattering comes from
the sample particles as scattered light at the same frequency as the excitation
frequency. Due to the low attenuation of the hollow fiber 1, background scattering

will hardly evolve in the fiber material itself.

The hollow channel 4 may be formed in a single-mode, optical fiber 1. The chan-

nel 4 includes an inlet and a channel wall. The inlet permits light to be introduced
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into the channel 4 and in the core 3. The hollow channel 4 encloses a tubular
bore that defines a channel path through which light may propagate. Fig. 2 shows

a radial profile of the optical fiber 1 for light of a wavelength of 670 nm for exam-

ple.

The optical fiber 1 may instead be made from polymer. In other embodiments, the
hollow channel is formed as a waveguide fabricated on a chip-based platform by

way of lithography.

In use, a plurality of particles 5 is conveyed along the channel path 4 by way of a

capillary force or by application of an external pressure.

The light source 6 is configured to introduce light into the channel 4 via the inlet.
In the embodiment shown, the light source 6 is a laser. In use, the core/cladding
structure of the optical fiber 1 guides the light to propagate in a single mode along
the channel path 4 and thereby illuminate each particle 5 located in the channel
path 4.

The monitoring device 8 includes an objective, which is configured to result in an
overall magnification of 400X and an effective field of view of more than 200 ym, a
dichromatic beam splitter, a knife-edge mirror and a SCMOS camera 8 with a max-
imum frame rate of 3.5 kHz for a 6 pixels by 1024 pixels area. The objective is
positioned outside the channel wall to collect light that leaves the channel 4 by
passing through the channel wall. The dichromatic beam splitter and knife-edge
mirror are positioned between the objective and the sSCMOS camera 8 such that
the dichromatic beam splitter DBS separates fluorescent light from the light col-
lected by the objective and the knife-edge mirror subsequently combines the fluo-
rescent light and the remainder of the light collected by the objective prior to their
simultaneous imaging by the sSCMOS camera 8. In this manner the monitoring de-
vice 8 is configured to detect light that is created by the illumination of each parti-
cle 5 by the guided light and that leaves the channel 4 by passing through the

channel wall.
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The imaged area may be immersed in index-matching oil to overcome aberrations
caused by the outer cylindrical shape of the optical fiber 1. Alternatively the opti-
cal fiber’s cladding may be index-matched to a flat glass slide to obtain an almost

isotropic point-like imaging of the particles 5 on the sCMOS camera 8.

Due to the core/cladding structure of the fiber the introduced laser light is guided
in the fiber core 3 and reaches — also within the channel 4 — an intensity that is
sufficient for optically analyzing sample volumes introduced into this cavity. This is
the case whenever the width of the hollow channel 4 is in the order of magnitude
of the wavelength of the guided light or is smaller. Thus, the light conduction of
the hollow fiber 1 makes it possible to illuminate the hollow channel volume over
the whole length in a quasi-uniform manner. As a result, the region from which

light can be detected for the microscopic analysis is not limited to a spot region.

Instead of an operation where the test sample is passed through, the hollow
channel 4 also offers the possibility of a one- or two-dimensional inclusion of the
sample volume, whereby the sample particles 5 to be analyzed can be kept in the

measuring region for long measurement periods.

Fig. 2 schematically shows an embodiment of the measuring cell in the form of an
optical fiber 1 with the light-guiding hollow channel 4 in a top view on the front
side of the fiber. The core 3 consists of germanium oxide-doped quartz glass and
has an outer diameter of 3 um. The cladding 2 adjoining the core 3 consists of
undoped quartz glass and has an outer diameter of 200 um. The channel 4 has a
diameter of 200 nm. The difference between the refractive indices of the quartz
glasses of core 3 and cladding 2 is 0.008. The channel 4, the core 3, and the
cladding 2 extend coaxially about the longitudinal axis 9 (see Fig. 1) and are con-
centric to one another in the plane of representation of Fig. 2. Apart from the hol-
low channel 4, neither the core 3 nor the cladding 2 exhibit other structural irregu-
larities or inhomogeneities that might lead to scattering. A few centimeters of the

fiber length are sufficient for a respective measurement.

Hence, the optical fiber 1 consists of quartz glass and, in comparison with other

optical materials, such as multicomponent glasses or optical plastics, it exhibits
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low attenuation for light from the ultraviolet up and far into the infrared wavelength
range and thus also exhibits an excellent Rayleigh scattering. This property re-
duces the scattering background in the measurement to a minimum and allows a
good signal-to-noise ratio. This is particularly important in the case of very small
sample particles because the scattering signal of the sample particles correlates
in an over-linearly reciprocal manner with the particle diameter. The described
reduction of the scattering background is therefore positively noticed particularly
in the analysis of especially small sample particles 5, as are e.g. found in biologi-
cal processes and which could so far not be analyzed with this method because of

their small dimension. Viruses should here be mentioned by way of example.

For the same reason it is moreover possible in many cases to dispense with the
additional marking of the sample particles to be analyzed with fluorescent sub-
stances. The amount of the intensity of the scattered light is not physically limited
in contrast to the saturation behavior of the fluorescence of every fluorescent
molecule, but depends particularly on the local intensity of the excitation light.
When the excitation intensity can be increased, the whole intensity of the scat-
tered light is increasing. Sufficiently high scattering results can thereby also be
achieved within short time intervals. This makes it possible to directly track bio-
chemical processes, including possible intermediate steps, and thereby to meas-

ure the properties which can be analyzed with this method.

As an alternative, frequency-shifted light can also be detected, as is e.g. done in
the measurement of the Brillouin scattering, the Raman scattering or in fluores-

cence measurements.

Fig. 3 is a micrograph of a fracture surface in an intermediate product from which
the optical fiber is obtained with core 3, cladding 2 and the light-guiding hollow

channel 4 by true-to-scale elongation after a further production step of increasing
the amount of cladding material. The optical fiber 1 with the hollow channel 4 has

to fulfill one or more of the following tasks:

¢ Reception of the fluid with one or more sample particles 5.
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Restriction of the space in which the sample particles 5 can move. The sample
particles 5 are here substantially restricted to a one-dimensional movement in

the direction of the longitudinal axis 9.

Transmission of the excitation light to the sample particles 5. It is the aim to
achieve a light intensity which is as high as possible within the whole channel

4, if possible.

Especially in the case where elastic light scattering (Rayleigh scattering) is to
be detected, the minimization of the background scattering level is important

(by use of quartz glass in comparison with other materials for the optical fiber).

The constructional design of the optical fiber 1 is chosen such that the light inten-
sity within the hollow channel 4 is as high as possible. In the preferred embodi-

ment

the optical fiber comprises at least a light-guiding fiber core 3, a cladding 2,

and a hollow channel 4,

the hollow channel 4 is located in or directly on the fiber core 3, so that a pro-
portion of the excitation light, which is supplied through the fiber core 3, pene-
trates into the hollow channel 4. Preferably, the hollow channel 4 is completely

positioned with the fiber core 3,

the optical fiber 1 is a single-mode fiber or a fiber with the fundamental mode
and otherwise with just a small number of modes (preferably with the funda-

mental mode and less than 20 secondary modes),

the hollow channel 4 is a cavity which is open at both sides or is closed (in the
last-mentioned case, the sample medium is enclosed, for instance in that the
ends of the hollow fiber are spliced with other optical fibers without hollow

channel),
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¢ the hollow channel 5, viewed in radial cross-section, has a circular shape and
a diameter which is in the order of magnitude of the wavelength of the guided

light or less,

o the optical fiber 1 has a high numerical aperture and thus a core diameter
which is as small as possible, so that the light intensity in the hollow channel 4

iS maximized,

o the optical fiber 1 consists of doped and/or undoped quartz glass to prevent a

strong scattering background.

Fig. 4 shows results of a simulation regarding the radial intensity profile within the
optical fiber. On the ordinate of the diagram, the z-component (along the longitu-
dinal fiber axis 9) of the Poynting vector I is plotted (in relative units) against the
radial position “p” (in nm) starting from the center of the hollow channel K (p=0) ).
The amount of the Poynting vector corresponds to the intensity of the fundamental
mode guided in the fiber in the event that the hollow channel 4 is filled with water

(refractive index of water: 1.33).

Curves A500 and A1000 represent the radial intensity profile of a fiber as shown
in Fig. 1, whereby A500 is simulated for a guided light having a wavelength of
500 nm, A1000 is simulated for a guided light having a wavelength of 1000 nm. In
this case, the refractive index difference between cladding 2 and core 3 is 0,008
(typical order of magnitude of standard single-mode fibers); the core has a diame-

ter of 3 um.

In comparison with an undisturbed core, one obtains a different intensity curve of
the fundamental mode in a core 3 having a central bore 4 (which is 200 nm in this
case). The intensity maximum is not located in the fiber center, but approximately
in the center between inner wall of the cladding and wall of the hollow channel. It
can be seen that within the water-filled hollow channel K the intensity drops only
slightly and is even at the minimum in the same order of magnitude of the ampli-

tude of the total curve.
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The ratio of the intensity minimum in the hollow channel K (in the center) and the

maximum intensity in the core is about 50% in this particular design.

By comparison, curves B500 and B1000 show the intensity distribution of the fun-
damental mode in a fiber with an increased refractive index difference between
core and cladding. The core consists of undoped quartz glass and has an outer
diameter of 1.7 ym. The cladding consists of quartz glass which is doped with flu-
orine and has an outer diameter of 200 um. The hollow channel has a diameter of
200 nm. The difference between the refractive indices of the quartz glasses of
core and cladding is here 0.025. Curve B500 is simulated for a guided light having
a wavelength of 500 nm. Curve B1000 is simulated for a guided light having a

wavelength of 1000 nm.

Particularly on account of the higher refractive index difference compared to
curves A500 and A1000, for this measuring cell the total radiation intensity guided
in the hollow channel of the total intensity of the radiation inside the core 3 is
larger than in the respective B500- and B1000 curves. In case of curve B500 the
ratio of the intensity minimum in the hollow channel 4 (in the center) and the max-

imum intensity in the core is about 60%.

The comparison between curves A500 and A1000 respectively curves B500 and
B1000 shows that the guided light with higher wavelength (1000 nm) results in a
more even radial distribution profile of intensity I in the core region as well as in

the channel region K.

The diagram of Fig. 5 illustrates the influence of the inner diameter of the hollow
channel on the radiation intensity guided within the hollow channel for two particu-
lar wavelengths 500nm and 1000nm. As is Fig. 4, curves A500 and A1000 repre-
sent the radial intensity profile of a fiber shown in Fig. 1, whereby curve A500 is
simulated for a guided light having a wavelength of 500 nm, A1000 is simulated
for a guided light having a wavelength of 1000 nm while the refractive index dif-
ference between core 3 and cladding 2 is 0,008 and the diameter of the core is
3.0 um in accordance with curves A500 and A1000 from Fig. 4. Curve B500 is

simulated for a guided light having a wavelength of 500 nm, B1000 is simulated
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for a guided light having a wavelength of 1000 nm each for the case of a refrac-

tive index difference of 0.025 and a core diameter of 1.7 um

On the ordinate of the diagram, the ratio lmin/lmax (in%) of the minimum of the z-
component of the Poynting vector inside the channel 4 and the maximum of the
Poynting vector “I”” in the core is plotted against the diameter d (in nm; as open-
ing width) of the hole. Here, this ratio represents the amount of decrease of light

intensity within the channel .

It is evident from this that the radiation intensity guided in the hollow channel de-
pends on the inner diameter of the hollow channel. The smaller the diameter, the
higher the intensity values at the minima inside the hole will become. On the other
hand, the smaller the hole, the more difficult it will become to manufacture as well
as to work with the device (evidentially also only particles smaller than the hole
size are physically capable of entering it). Consequently, a trade-off between re-
quired minimal intensity and minimal hole diameter yields a practically favorable

hole diameter of 50 to 300 nm in diameter.

The optical fiber 1 with hollow channel 4 is drawn from a preform. The production
of a preform for a measuring cell with a refractive index difference of the fiber rep-
resented by curve A in Fig. 4 shall be explained hereinafter with reference to an

example and with reference to Fig. 6 in more detail.

In a first method step, a so-called substrate tube 81 is provided. The substrate
tube 81 consists of undoped quartz glass and has an inner diameter of 21 mm
and a wall thickness of 2 mm. On the inner wall of the bore of the substrate tube
81, a core layer 82 of germanium-containing quartz glass is deposited on the in-
side of the substrate tube. The undoped quartz glass will subsequently serve as
the cladding material according to the known MCVD method. The germanium con-
tent of the core layer 82 is set such as to meet a refractive index difference of

0,008 with respect to the undoped quartz glass of the cladding material.

The substrate tube 81 which is thereby coated on the inside is subsequently col-

lapsed to form a quartz glass tube 84, wherein a bore 85 with a diameter of 0.5
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mm is maintained. The germanium-containing layer forms a hollow core 86 with
an outer diameter of about 3 mm. The outer wall of the quartz glass tube 84 is
flame-polished by means of an oxyhydrogen burner. The quartz glass tube 84
cleaned in this way is elongated in a drawing process without any tools to a thin
tube 89 having an outer diameter of roughly 2 mm. During the elongation process
the inner hole of the quartz glass tube and of the drawn-off tube strand, respec-

tively, is flushed with nitrogen.

The inner hole 87 of the thin quartz glass tube 89 obtained thereby has a diame-
ter of about just below 100 um. The quartz glass tube 89 is overcladded in a fur-
ther method step with a so-called jacket tube 91 of undoped quartz glass. The thin
quartz glass tube 89 is introduced into the bore of the jacket tube, it is coaxially
centered therein and fused therewith zone by zone to form a thick-walled tubular

preform 90.

The tubular preform 90 produced thereby has an outer diameter of roughly 30 mm

and in a radial cross-section it shows a concentric arrangement of inner hole 87.

The preform 90 has a single-mode step-index design and a coaxial central bore,
in addition. It is drawn into an optical fiber 100 with a light-guiding hollow channel
101. In order to avoid total collapsing, the inner hole 87 is pressurized with nitro-
gen during the drawing process. The resulting fiber 100 has a nominal diameter of
200 ym. It is formed from a coaxial arrangement of an inner hole 101, a core re-
gion 103 of Ge-doped quartz glass and an outer cladding region 102 of undoped
quartz glass. The inner hole 101 has a diameter of just below 600 nm, the core

region 103 has an outer diameter of just below 3 pm.

Hereinafter, an alternative manufacturing process of a measuring cell shall be
described. The manufacturing process involves a deposition step in which a layer
of fluorine-doped quartz glass is produced on a support tube by means of a
standard POD method (Plasma-assisted Qutside Deposition). The support tube
consists of undoped synthetic quartz glass. It has an inner diameter of 5 mm and
an outer diameter of 40 mm. To this end SiCl,4, oxygen and SF¢ are supplied to a

plasma burner and are converted into SiO, particles in a burner flame assigned to
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the plasma burner. Since the plasma burner is reversingly moved along the sup-
port tube from one end to the other one, the SiO, particles are deposited in layers
on the outer cylindrical surface of the support tube rotating about its longitudinal
axis. It is thereby possible to incorporate high fluorine concentrations of more than
5 wt.-% in the quartz glass network of the fluorine doped quartz glass layer having

a thickness of 15 mm.

Following the deposition process a heated etching gas stream of SF¢ is intro-
duced into the center bore of the support tube. The etching gas stream of SFg is
configured such that the support tube is not completely removed, but a layer of
undoped silica with a thickness of 15 mm remains. A mechanical treatment of the

inner bore of the tubular form (= starter tube) is not needed.

The starter tube produced in this way is subsequently drawn in an elongation pro-
cess without any tools into a double- walled tube having a core layer of undoped
silica and a cladding layer of fluorine-doped quartz glass. To this end an internal
pressure which in comparison with the externally applied external pressure is
raised by 5 mbar is maintained in the inner bore. This yields a double- walled tube
which comprises an inner wall which is smoothed by hot deformation and has a
particularly high surface quality and an exact width of the inner bore over the

whole length of the tube.

The resulting double- walled tube is further processed in a second POD deposi-
tion process for the further deposition of a layer of fluorine-doped quartz glass, as
has been described above for the making of the starter tube, resulting in a thick-

walled “mother tube”.

The mother tube is elongated in order to obtain an optical fiber with a light-guiding
hollow channel, as has been explained above with reference to curve B in Fig. 4.
Besides the coaxial inner hollow channel the resulting fiber has single-mode step-
index design. It has a core of undoped silica and a cladding of fluorine- doped
silica. Segments with the desired lengths are produced from the optical fiber ob-
tained in this way, the segments being used as a measuring cell according to the

invention.
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By means of Fig. 1, a typical use of the measuring cell to detect particles is de-

scribed as follows.

Initially the particles 5 to be conveyed along the channel path is labelled with
fluorophores. After the particles to be conveyed along the channel path are intro-
duced into the channel 4, the particles 5 freely diffuse in a fluid (e.g. liquid or gas)

present in the channel path.

During the conveyance of the particles along the channel path, light is introduced
into the channel 4 via the inlet to illuminate each particle 5 located in the channel
path. Due to the confinement of the guided light in the channel and the sub-
wavelength dimension of the bore of the channel 4, the illumination of each parti-
cle results in scattering due to the polarizability and size of the particles and fluo-
rescence due to the presence of the fluorophores. When the size of a particle is
smaller than the wavelength of the guided light, illumination of that particle results

in coherent and/or incoherent light scattering.

Part of the resultant scattered light and fluorescent light leave the channel 4
through the channel wall at a non-zero angle to a guided direction of the guided
light. The objective collects the scattered light and fluorescent light, which is then
transmitted to the sCMOS camera 8 for imaging. The sCMOS camera 8 subse-
quently processes the detected light so as to create an output image of each illu-

minated particle to thereby permit visualisation of each illuminated particle 5.

Meanwhile any light that is not scattered by the particles 5 stays guided along the
channel path. This results in excellent signal to background and signal to noise
ratios and thereby enhances the detection of each illuminated particle, thus pre-
venting the detected scattered light from being overwhelmed by direct detection of

the residual scattering of the illuminating guided light.

The configuration of the particle detection apparatus permits use of the effects of
coherent and/or incoherent light scattering to detect very small particles, especial-

ly those in the sub-100 nm range.
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Figures 9 to 11 illustrate the scattering intensity as a function of position when an
aqueous suspension of dielectric latex nanoparticles are conveyed along the
channel path. The dielectric latex nanoparticles have nominal diameters of 19 nm,
35 nm and 51 nm, each of which respectively corresponds to scattering cross-

sections of 0.0023 nm2, 0.09 nm2 and 0.86 nm2 for a wavelength of 670nm.

Fig. 7 is an exemplary raw image of the latex nanoparticles with an exposure time
of 1 ms, while Fig. 8 depicts the same image in logarithmic false colour (here:
grey-scale picture). Fig. 9 illustrates a semi-logarithmic plot of the sum scattering
intensity log | as a function of position “p” (in um). The particle detection appa-
ratus is capable of detecting the dielectric latex nanoparticles with nominal diame-

ters of 19 nm, 35 nm and 51 nm.

In addition the particle detection apparatus enables measurement of the scatter-
ing intensity and tracking of each particle’s motion through detection of the scat-
tered light. Such measurement of the scattering intensity of each detected particle
and such tracking of each particle’s motion not only provides information about
each detected particle, but also permits the study of the thermal diffusion and

thereby the hydrodynamic behavior of each particle.

“ o9

Fig. 10 illustrates the tracking of the positions “p” (in um) of the above dielectric
latex nanoparticles and 26 nm single cowpea chlorotic mottle viruses (CCMV) with

time t [in sec] using the particle detection apparatus.

Fig. 10 includes a plot of the average detected scattering intensity “I” as a function
of the extracted diffusion constants D for the above dielectric latex particles and
26nm single CCMV, and a histogram of the logarithm of the detected scattering
intensities for the tracked particles. It can be seen from the plot and histogram of
Fig. 10, as indicated by reference numerals 42,44,46,50,52,54, that the different
dielectric latex nanoparticles with different nominal diameters exhibits significantly
different scattering intensities from each other. The particle detection is therefore
capable of distinguishing between the different dielectric latex nanoparticles with

different nominal diameters based on their different scattering cross-sections.
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Moreover it can be seem from the histogram of Fig. 10 that the single CCMV due
to their lower index contrast exhibit a lower scattering intensity 56 than that
50,52,54 of the dielectric latex nanoparticles, and so the particle detection appa-
ratus 30 is capable of distinguishing between the dielectric latex nanoparticles
and the single CCMV.

Furthermore measurement of the scattering intensity and the Einstein-Stokes dif-
fusion constant of each detected particle allows an aggregate of particles to be
distinguished from a single larger particle even if they both exhibit similar scatter-

ing intensities.

Each detected particle’s diffusion constant and size is obtained by:

. obtaining a displacement histogram for each time interval,
. verifying that the displacement histogram is Gaussian;
. calculate a corresponding mean square displacement (MSD) using the

variance of the displacement histogram;

. calculating the diffusion constant as half of the fit to the slope of the MSD

against the time interval for small intervals;

. calculating the hydrodynamic diameter of each detected particle using the

Einstein-Stokes equation.
The Einstein-Stokes equation for water at room temperature is:

4.11
T-D

Hydrodynamic diameter (um) = -

where D is the diffusion constant.

Fig. 11 illustrates a theoretical comparison of scattering cross-section sigma (in
[nmz]) versus diffusion constant D (in um2/s) for spherical particles of different

refractive indices n1 and n2 and for particle aggregates.

The circular dots 58 in Fig. 11 represent a theoretical model of the scattering

cross-section versus diffusion constant of aggregates of multiple 20 nm latex na-
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noparticles. The upper straight line 60 represents a theoretical model of scattering
cross-section versus diffusion constant for single full spherical latex particles of
different sizes and a refractive index n1 = 1.65. The lower straight line 62 repre-
sents a theoretical model of scattering cross-section versus diffusion constant for
single full spherical protein particles of different sizes and a refractive index
n2=14.

It can be seen from Fig. 11 that the scattering intensity from aggregates of multi-
ple 20nm latex nanoparticles exhibits a scaling behavior with diffusion constant
that is different from the scaling behaviours of the full spherical particles of differ-
ent sizes. Thus, this difference in scaling behaviours allows an aggregate of parti-
cles to be distinguished from a single larger particle even if they both exhibit simi-

lar scattering intensities.

Fig. 12 illustrates the tracking of the positions of single cowpea chlorotic mottle
viruses (CCMV) with time using the particle detection apparatus. By using the par-
ticle detection apparatus to track the position of each detected particle with time,
their Brownian motion may be analysed to yield the diffusion constant of each de-
tected particle and hence its size via the Einstein-Stokes equation, as later dis-
cussed in this specification. It can be seen from Fig. 12 that the particle detection

apparatus is capable of tracking single CCMW with sizes in the range of 20 nm.

The configuration of the monitoring device to detect scattered light permits the
use of metallic, semiconductor or organic contrast agents to enhance the polar-
izability of each particle and thereby enhance the detection sensitivity of the parti-
cle detection apparatus. In addition the configuration of the monitoring device to
detect both scattered and fluorescent light permits simultaneous measurement of
the scattering and fluorescence in order to measure an emission spectrum of each
particle. This permits identification of each particle on the basis of its spectral fea-

tures.

Measurement of the scattering intensity of the scattered light permits the study of
particle interaction. For example, measurement of the scattering intensity of the

scattered light permits the study of particle binding and unbinding events through



10

15

20

25

WO 2016/038015 PCT/EP2015/070461
31

detection of quadratic changes in the scattering intensity, the spectral response or

the diffusion constant of each particle.

Optionally the monitoring device may be configured to measure the spectrum of
the scattered light and/or the distribution of the scattered light over a plurality of

directions.

The thermal diffusion of small particles in a liquid is inversely proportional to its
size and can reach tens of square micrometers per second for a 10-nanometer
spherical particle in water, thus limiting the available detection period to the dura-

tion in which the particle spends in an imaging focal place.

On the other hand the configuration of the particle detection apparatus of Fig. 1
allows the particles in the channel path to stay illuminated by the guided light and
thereby remain in the imaging plane and not diffuse out of focus. Keeping the par-
ticles in the illumination plane of the guide light not only obviates the need for im-
mobilisation of particles in a restricted volume, such as that performed in cryogen-
ic electron microscopy, and thereby results in a less complex and cheaper particle
detection apparatus, but also provides a prolonged detection period that permits
enhanced real-time tracking of each particle and increases the obtainable amount

of information about each particle.

In contrast to scattered light detection, in fluorescent microscopy, the speed is
limited by the fluorescence emission rate, and the available detection period is

truncated by photo-bleaching of the fluorescent light.

The improved detection capabilities of the particle detection apparatus as set out
above not only obviates the need for a specialised monitoring device to detect
each particle and thereby permits use of simpler and cheaper monitoring devices,
such as an optical microscope, various kinds of photo-detectors, line CCD detec-
tors or a smartphone camera, but also permits detection of each particle under
ambient conditions, instead of specific conditions as required by cryogenic elec-

tron microscopy.
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In other embodiments, the particle detection apparatus may include a driving
mechanism for driving each particle to flow along the channel path. In one exam-
ple of such a driving mechanism, electrodes may be incorporated into the channel

4 to permit use of an electrophoretic force to steer each particle along the channel

path.
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Patent Claims

Measuring cell for use in flow cytometry with a cavity for receiving a test
sample, wherein the measuring cell is configured as an optical
waveguide for guiding a light beam, said waveguide including a core
having a refractive index nk, which extends along a longitudinal axis of
said waveguide, has a cross-sectional area Ak of less than 80 ym? in a
cross section perpendicular to the longitudinal axis, and which is
surrounded by a cladding having a smaller refractive index than nk,
wherein said cavity forms a channel extending along the longitudinal
axis, being formed inside of or in contact with said core, and having at
least one open end with an opening area Ax of less than 0.2 um?, and

wherein the core and the cladding are made of massive, solid material.

Measuring cell according to claim 1, wherein the difference between the
refractive indices of the core and the cladding, the cross- sectional area
of the core and the wavelength of the guided light beam are coordinated
such that the fundamental mode of the light beam and not more than 20

further modes can be propagated.

Measuring cell according to claim 1 or 2, wherein the core and the

cladding are composed of highly siliceous glass.

Measuring cell according to claim 3, wherein the core consists of quartz
glass doped with germanium oxide, and that the cladding consists of
quartz glass, which is not doped or which is doped with a component

capable of decreasing the refractive index of quartz glass.

Measuring cell according to claim 4, wherein the cladding consists of

quartz glass, which is doped with fluorine.

Measuring cell according to claim 3, wherein the core consists of
undoped quartz glass, and that the cladding consists of quartz glass
having a refractive index nc, said quartz glass is doped with a component

capable of decreasing the refractive index of quartz glass.

Measuring cell according to claim 3, wherein the cladding consists of

quartz glass doped with fluorine.
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Measuring cell according to claim 6 or 7, wherein the difference n«-nc is
at least 16 x 10-3.

Measuring cell according to claim 6 or 7, wherein the difference n«-nc is
at least 20x10-3.

Measuring cell according to any one of the preceding claims, wherein, in a
cross section perpendicular to the longitudinal axis, the channel is circular,

having a diameter in the range of 20 nm to 500 nm.

Measuring cell according claim 10, wherein the channel has a diameter in

the range of 50 to 300 nm.

Measuring cell according to any one of the preceding claims, wherein, in a
cross-section perpendicular to the longitudinal axis, the core is circular
having a diameter of less than 10 ym and a core center point which is

located inside a respective cross-sectional area of the channel.

Measuring cell according to claim 12, wherein the core has a diameter of

less than 3 um.

Measuring cell according to claim 10 or 11, wherein the channel extends

entirely inside the core, and that the ratio Ak / Aw is greater than 4.

Measuring cell according to claim 14, wherein the ratio Ak / Aw is greater
than 20.

Measuring cell according to any one of the preceding claims, wherein the

core, the cladding and the channel extend coaxially to each other.

Measuring cell according to any one of the preceding claims, wherein the
optical waveguide is configured as a step-index fiber having the channel,
the channel having an opening width which is smaller than the wavelength

of the light beam to be guided.

Measuring cell according to any one of the preceding claims, wherein the
optical waveguide is configured as an optical fiber with a circular cross-
section, wherein the cladding has an outer diameter in the range of 150 ym
to 300 pm.
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