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Diffractometric sensing device

FIELD OF THE INVENTION

The present invention relates to a diffractometric sensing device for analyzing mo-

lecular interactions.

BACKGROUND OF THE INVENTION

When studying biological interactions at the molecular level, measurement tech-
niques that can selectively probe the molecular interactions, for example associa-
tion/dissociation rate and strength of binding events and the like, play an im-
portant role. Further, it is desired to characterize said interactions non-invasively

and in real time in order to obtain kinetic information of the processes involved.

Refractometric optical biosensors such as surface plasmon resonance represent
one of the non-invasive measuring techniques with the possibility of label-free de-
tection of molecular interactions. The refractometric optical biosensors measure
the resonance shift or the phase shift of a surface wave, where one of the interac-
tion partners, for example a binding site (of a binder) for a target molecule, is im-
mobilized in a thin layer on the sensor surface in order to enable label-free detec-
tion. The surface wave propagating along the thin layer is subjected to a phase re-

tardation that represents the concentration of target molecules at the immobilized
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binding sites. However, refractometric optical biosensors usually suffer from com-
paratively low selectivity since all refractive index changes, e.g. caused by non-spe-
cific binding or by temperature effects, contribute to the detected phase signal.
Therefore, referencing-schemes, for example including measuring the thin layer
without binding sites, are typically applied in order to compensate the non-specific

bindings.

An alternative approach is represented by diffractometric optical biosensors based
on the principle of a wavefront-splitting interferometer using a diffraction grating,
where the intensity of light diffracted at the sensor surface is measured allowing
label-free analysis of biomolecular interactions. Diffractometric optical biosensors
have the advantage that the background signal in the absence of target molecules
is weak, such that bulk effects and effects of non-specific binding events are small.
However, conventional diffractometric optical biosensors typically struggle with a

reduced sensitivity.

More recently, focal molography has been presented as a diffractometric optical
biosensor with increased sensitivity where signal amplification through the coher-
ent addition of the phase signals from coherently assembled molecules in a so-
called mologram is provided by focusing of the phase signal from the coherently
ordered molecules into a diffraction-limited focal spot. The method of focal molog-
raphy is for example described in the publication of C. Fattinger, Phys. Rev. X 4,
031024 (2014) or in V. Gatterdam et. al., Nature Nanotechnology 12, 1089-

1095 (2017). A surface grating on a planar thin-film optical waveguide is provided
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where the investigated molecules immobilize along the lines of the grating that
forms a diffractive lens on the surface of the thin-film waveguide. A diverging laser
beam is coupled to the transverse electric mode of the waveguide by an input cou-
pler. While propagating through the mologram, the guided mode partially decou-
ples from the waveguide through diffraction at the molecules in the mologram, in-
terfering constructively in a focal spot. The properties of the light in the focus of the
mologram are used for distinct detection of refractive-index contrast in the prox-
imity of the coherently assembled recognition sites from which information on the
interaction of the recognition sites with molecules in a liquid or gaseous sample is
obtained. The noncoherent surroundings of the coherently assembled biomole-
cules consisting of freely diffusing solvent and solute or randomly adsorbing mole-
cules (e.g., ions, detergents, plasma proteins, enzymes, cofactors, chaperons, lig-
and molecules) as well as changes in temperature do not contribute to the coherent

signal in the focus of the mologram.

While applying two-dimensional (2D) focal molography as described above, it has
turned out that it would be desirable to increase the limited amount of binding sites
in the mologram and to reduce the response time at small concentrations which
may be long due to slow diffusion of the target molecules. Further, it would be de-
sirable to provide a true three-dimensional (3D) environment for biological pro-
cesses while performing the diffractometric readout. Overall, it is desirable to fur-
ther increase the signal to noise ratio in order to optimize the resolution of the op-
tical biosensor. In addition, it is desirable to miniaturize diffractometric sensor de-

vices for many applications and to provide practical ways for multiplexing.
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Finally, the field of in-vitro diagnostics relies heavily on disease biomarkers. Tradi-
tionally their concentration in biological samples is used in a hypothesis-driven, cor-
relative manner to determine the health status of an individual. This approach has
two drawbacks. First, biomarkers need to be identified and second they need to be
measurable at the required concentration. Since diffractometric sensors are inher-
ently unaffected by non-coherent processes they also open up novel, disruptive

ways of performing biomarker free in-vitro diagnostics.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide a diffractometric sensing
device for analyzing biomolecular interactions which improves the prior art and

avoids at least part of the disadvantages of the prior art.

According to the present invention, this object is achieved by the features of the
independent claims. In addition, further advantageous embodiments follow from
the dependent claims, claim combinations and the description as well as the fig-

ures.

According to an aspect of the invention, this object is particularly achieved by a dif-
fractometric sensing device analyzing biomolecular interactions, comprising a
three-dimensional transparent carrier medium, the carrier medium being permea-
ble to the one or more target molecules and comprising a grating structure with a

plurality of consecutive surfaces and a plurality of binding sites arranged thereon,
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the binding sites being configured to bind the one or more target molecules,
wherein the grating structure is configured to diffract a portion of coherent light
propagating in the carrier medium so as to produce a constructive interference sig-
nal at a light detector, the signal being dependent on molecular interactions at or
in the vicinity of the binding sites The carrier medium acts as a support structure for
the patterned recognition sites. The three-dimensional arrangement with two-di-
mensional surfaces on which a plurality of binding sites is arranged and thus target
molecules may be immobilized on, has the advantage that the amount of binding
sites can largely be increased. Compared to two-dimensional arrangements, the
issue of long response times due to slow diffusion of the target molecules can be
mitigated by the three-dimensional arrangement. Furthermore, a true three-di-
mensional environment resembling the real environment of biological processes

can be provided for probing.

Preferably, the carrier medium exhibits a stiffness which is sufficient to maintain the
coherence of the synthetic hologram of binding sites with respect to the light prop-
agating through the carrier medium and being diffracted at the grating structure

with the binding sites arranged thereon.

Such binding sites refer to any reactive or binding species that are arranged in a
coherent structure. For example, they can refer to an active region of a binder, such
as a specific amino acid on a poly-peptide or nucleotide sequence on a polynucle-
otide, that participate in a specific binding event with the one or more (target) mol-

ecule. Thus, the term “binder” refers to a molecule that may bind through one or
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more reactive regions to one or more target molecules in a biological sample. A
binder may either be a high affinity binder or a low affinity binder. Suitable binders
may include one or more of natural or modified amino acids, natural or modified
peptides, proteins (e.g., antibodies), polysaccharides (e.qg., lectins, sugars), lipids,
enzymes, enzyme substrates or inhibitors, ligands, receptors, antigens, or haptens.
A suitable binder may be selected depending on the sample to be analyzed and the
targets available for detection. A binder or one or more binders of different nature
may be arranged in a binder array, by tethering it to a surface or a carrier medium.
To enable arrangement in in a grating structure, reactive sites are created in the
shape of the grating structure. These reactive sites are also referred to as binding

sites in this document.

The term biomolecular interaction refers to any interaction between biomolecules.
They can refer to "binding event” or “binding” which is an association between a
minimum of two molecular structures (i.e. reactive regions) or unbinding which is
a dissociation between a minimum of two molecular structures, namely a binding
site and a target molecule present in a biological sample. In this document we will
use the terms “binding” and “binding event” for any biomolecular interaction and
“binder” for any interaction partner. As used herein, a "biological sample” refers to
any sample including one or more biological substances as potential target mole-
cules. Such biological samples include but are not limited to blood (including whole
blood, leukocytes prepared by lysis of red blood cells, peripheral blood mononu-

clear cells, plasma and serum), body fluids (such as sputum, urine, semen, cere-
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brospinal fluid, bronchial aspirate, sweat, feces, synovial fluid), cells, whole or ma-
nipulated tissue, and environmental samples (including any sample containing ma-
terial from the natural environment, such as soil, liquid or water sediment or at-
mospheric dust or particulate). The interaction can be of structural or energetic na-
ture and is mediated through one or more specific binding sites on each of the two
interacting molecular structures. Typical examples of interaction events between a
binder and a target molecule include binding or unbinding of, but are not limited
to, ligand/receptor, anti-gen/antibody, enzyme/substrate, DNA/DNA,
DNA/RNA, RNA/RNA, nucleic acid mismatches, complementary nucleic acids, nu-

cleic acid/proteins and the like.

Throughout the present description and depending on the context as understood
by the person skilled in the art, the terms “grating structure”, “grating structure
with target molecules”, “coherent assembly”, “mologram”, “coherent pattern”
shall equally be used to designate the structure with the target molecules config-

ured to coherently scatter incoming coherent light so as to generate a diffracted

portion of the light which is used to probe the binding event of the target molecules.

The grating structure of the diffractometric sensing device according to the present
invention may be functionalized such that an affinity tag recognizes a binder struc-
ture on a transmembrane (i.e. a GPCR (G-protein coupled receptor)) or an artificial
transmembrane receptor on a living cell, cellular component or vesicles containing

these receptors in the sample. The grating structure is effectively translated by lat-
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eral diffusion of transmembrane or artificial transmembrane receptors in the mem-
brane of the vesicle, cellular compartment or living cell and any interaction between
the transmembrane or artificial transmembrane protein can be measured intracel-

lularly in a label-free manner.

In an embodiment, the surfaces of the grating structure are curved surfaces con-
figured to focus the diffracted portion of the coherent light into a diffraction limited

focal spot at the detector.

In particular, the diffracted portion of the coherent light may constructively inter-
fere at the diffraction limited focal spot, with specific binding of the target mole-
cules at the binding sites enhancing the coherent scattering of the incoming coher-
ent light passing the grating structure and interacting with the target molecules
bound thereon. The binding event can be characterized for example by exploiting
that the spot intensity at the detector is power-dependent (quadratically) on the
mass bound to the grating structure. By tracking the spot intensity over time, real-
time monitoring of the binding events can be performed. Nonspecific binding, on
the other hand, does not or only weakly contribute to the measured signal in the

detector.

In particular, the curved surfaces (in orthogonal or cartesian coordinates x;, y;, z)
of the grating structure focusing a plane wave of the incoming coherent light are

paraboloids of revolution and may be described by the equation
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A being the wavelength of the coherent light, jan integer and n the refractive index
of the carrier medium. The coordinate system has been chosen such that the focal
spot is at the origin and that the symmetry axes of the paraboloids of revolution
coincide with the z-axis of the coordinate system. The incident plane wave has a k-

wavevector in negative z-direction.

In an embodiment, the surfaces are described by spheroids or ellipsoids of revolu-
tion configured to focus a spherical wave of the incoming coherent light at the dif-
fraction limited focal spot at the detector, wherein the ellipsoids exhibit the first
focus at a source of the incoming coherent light and the second focus at the focal
spot at the detector. The ellipsoids are designed to enable constructive interference

at the focus.

2 2 2
. . Z,
x1+yl J

b* a® =1
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In an embodiment, the surfaces of the grating structure are planar surfaces in 3D,

arranged parallel to each other, similar to crystal planes in ordinary crystals. The

distance between the surfaces can be described by the well-known Bragg condi-
JA

tion: d =———, wherein nis the refractive index, jis aninteger and @ is the angle
2nsind

between the incoming beam and diffracted beams relative to the surface plane.

The parallel, planar surfaces of the grating structure are arranged to diffract an in-
coming plane wave of the coherent light into a predetermined direction. The dif-
fractometric sensing device may comprise a lens arranged between the grating
structure and the detector configured to perform near-field to far-field transfor-

mation.

In an embodiment, the diffractometric sensing device comprises a source of the
coherent light with a tunable wavelength of the coherent light. This has the ad-
vantage that the sensor can always operate at the Bragg condition. It enables that

temporal fluctuations of the refractive index can be adjusted for.

Preferably, the source and/or the propagation direction of the incoming coherent
light, the grating structure and the detector are arranged such that probing of the
target molecules bound to the grating structure is performable by dark field illumi-

nation to avoid background light.
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In an embodiment, the surfaces of the grating structure are lithographically pat-
terned into the carrier medium, preferably by interference lithography or multipho-

ton lithography.

By using the nonlinear processes in multiphoton lithography or interference lithog-
raphy, it is preferably possible to obtain prepatterned surfaces of the grating struc-
ture on the nm scale. This localization of the binding site to the center of the con-
structively interfering region increases the signal per bound analyte (compare
A. Frutiger et al., “Image reversal reactive immersion lithography improves the de-
tection limit of focal molography”, Opt. Lett. 43, 5801-5804, 2018). In interfer-
ence lithography the nonlinear activation function of a photoprotective group such
as for instance o-Nitrobenzyl (N. Kretschy, A.-K. Holik, V. Somoza, K.-P. Stengele,
and M. M. Somoza, “Next-Generation o-Nitrobenzyl Photolabile Groups for Light-
Directed Chemistry and Microarray Synthesis.” Angew. Chem. Int. Ed Engl. 54,
8555-8559 (2015)) and image reversal can achieve this (A. Frutiger, Y. Blicken-
storfer, S. Bischof, C. Forr6, M. Lauer, V. Gatterdam, C. Fattinger, and J. Voros,
“Principles for Sensitive and Robust Biomolecular Interaction Analysis: The Limits of
Detection and Resolution of Diffraction-Limited Focal Molography”, Phys. Rev. Ap-

plied 11, 014056 (2019); DOI: 10.1103 /PhysRevApplied.11.014056).

The carrier medium for the immobilization of recognition sites may be a commer-
cially available medium or a synthetically made medium. In an embodiment, the

carrier medium comprises a hydrogel. Typically, a hydrogel may comprise a poly-
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meric material which can include a crosslinked macromolecular network, which ex-
hibits the ability to swell in water and to retain a significant portion of water within
its structure without dissolving. The mesh size of the hydrogel may be tuned to act
as a filter to only allow molecules below a certain size to diffuse to the binding sites.
In addition, the chemical properties of the hydrogel chains as well as the mesh size
may be tuned such that it exhibits negligible volumetric expansion and/or shrink-
age under changes in ionic strength or temperature to maintain the coherence with

respect to the incident coherent light.

In another embodiment, the carrier medium comprises a mesoporous material.
Typically, a mesoporous material includes any material having fine pores, e.qg. silica
or alumina based materials, and may have ordered or non-ordered mesostructures,
preferably ordered, which refers to the voids between the atoms being arranged in
an ordered manner. Preferably the pores form a continuous network through the
carrier medium and exhibit dimensions smaller than the wavelength of light
(< 50 nm). The materials refractive index may be engineered to resemble closely
the one of water (e.g. CYTOP or similar materials). For sensing in agueous environ-
ments the surface is ideally hydrophilic to allow for the pores to be filled by the

sample.

In another embodiment, the carrier medium comprises a material with directional
pores — i.e. hexagonal structures in anodized alumina or an array of pulled glass
capillaries that allow fluids to be pumped through the carrier medium passively or

actively. A fluid can be any medium that contains the analyte of interest.
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In another embodiment, the carrier medium is composed of DNA origami. Typi-
cally, DNA origami may be a DNA nanostructure created from one or more or a
plurality of DNA strands. The term "origami” infers that one or more strands or
building blocks of DNA may be folded or otherwise positioned into a desired struc-
ture or shape. For example, a nucleic acid origami structure is either created from a
scaffold strand of a nucleic acid, such as DNA, which is arranged into a desired
macromolecular object of a custom shape, oris constructed by single stranded nu-
cleic acid sequences which self-assemble into tiles to form lattices of any desired
shape or size. Methods of making DNA origami are known to those of skill in the
art. The self-assembling can be used to pattern the carrier medium with the desired

coherent arrangement.

The target molecules may be injected into the carrier medium, such as the hydrogel,
which may be configured to soak up the target molecules passively by capillary

forces.

For some aspects of the inventions the carrier medium is a 2D (two-dimensional)

non fouling adlayer which can be used to cover surfaces.

Instead of coherently patterning the entire illuminated volume with a carrier me-
dium, a reasonable dark field illumination can be employed to minimize scattering
from any non-patterned volume. According to one aspect of the invention such a
dark field illumination may comprise one or more, preferably single-mode, wave-

guides configured to confine coherent light with a wavelength A in two transverse
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directions with respect to the propagation direction of the coherent light in the
waveguide, wherein the grating structure with the plurality of surfaces is arranged
within the waveguide or its evanescent field and forms a distributed Bragg reflector
with periodicity A=A/(2N) of the surfaces of the grating structure, N being the ef-

fective refractive index of the waveguide.

Similar to above, the surfaces or lines forming the (2-dimensional or 1-dimen-
sional) grating structure of the waveguide comprise binding sites arranged on the
surfaces or lines, configured to bind one or more target molecules, wherein the
grating structure with the target molecules bound on the binding sites of the sur-
faces or lines of the grating structure is configured to diffract a portion of the co-
herent light propagating along the waveguide. The term "surfaces” can also com-
prise or consist of periodic 1-dimensional lines, instead of spanning a 2-dimen-

sional surface.

The advantage of confining the light in both transverse directions with respect to
the light propagation direction is that the detection signal of the diffracted portion
of the coherent light can be increased. In addition, it can be combined with many
standard fiber-coupled optical elements, or with on-chip integrated optical ele-
ments. The distributed Bragg reflector has the effect that a part of incoming light is
reflected inside the waveguide. The coherent incoming light propagates in a for-
ward direction, whereas the reflected part forming a detection signal propagates
in a backward direction within the waveguide. Advantageously, a light source gen-

erating the coherent incoming light is configured to generate light with a tunable
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wavelength, such that fulfillment of the Bragg condition may be ensured in the

event of fluctuations of the effective refractive index N.

By confining the light in both transverse directions in the waveguide, the carrier
medium provides a quasi-one dimensional system for the coherent light propagat-
ing within the carrier medium and probing the target molecules. With respect to
the propagating coherent light, the invention may therefore also be directed to a
diffractometric sensing device for detecting binding events of one or more target
molecules, comprising a quasi-one dimensional carrier medium, the carrier me-
dium comprising a grating structure with a plurality of binding sites, the binding
sites being configured to bind the one or more target molecules, wherein the grat-
ing structure is configured to diffract a portion of coherent light propagating in the
waveguide so as to produce a constructive interference signal at a light detector,
the signal being dependent on binding events of the one or more target molecules

at the binding sites.

The surfaces or lines of the grating structure may be obtained by using the interfer-
ence pattern of a phase mask. Alternatively, two modes travelling in opposite di-
rections can be made to interfere with each other such that a standing wave is pro-
duced to illuminate the waveguide from the inside. Preferably, the illumination
wavelength producing the surfaces of the grating structure match the wavelength

of the coherent light used while operating the sensing device.
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In an embodiment, the diffractometric sensing device further comprises an optical
separator arranged between the grating structure and a light source emitting the
coherent light, and configured to separate the incoming coherent light propagating
in a first direction of the waveguide from the diffracted portion of the coherent light

propagating in a second direction of the waveguide, opposite to the first direction.

The optical separator may for example comprise one of: a circulator, a beam split-

ter, a fused coupler, a y-splitter, a multimode interference splitter.

The separated optical signal may then be guided to an optical detector, such as a

photodiode.

Before the grating structure, unwanted reflections of the incoming coherent light,
that may reach the detector, may be reduced by using a waveguide with a low scat-
tering loss a short distance between the separator and the grating structure to have
less than 0.5 dB scattering loss and/or a suitable separator (less than -30 dB

backscattering).

In an embodiment, the waveguide comprises an optical out-coupler abutting the
grating structure configured to couple the light out of the waveguide after passing

the grating structure.

The optical out-coupler has the advantage that unwanted reflections after the grat-

ing structure that may reach the optical detector can be reduced.
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The optical out-coupler may for example comprise one of: a tapered part, an angle
polished waveguide end, a coreless waveguide part, a light absorbing material (e.qg.
quantum dots, thin metal films, organic dyes or carbon black), and/or a refractive

index matched material.

The waveguide confining light in both transverse dimensions may for example be
one of: a nanofiber, a microstructured fiber, a nanobore fiber, and/or an on-chip

waveguide.

The nanobore fiber or the microstructured fiber may be configured such that a fluid
may flow through the fiber and coherent light guided along the fiber may interact

with the fluid. A fluid can be any medium that contains the analyte of interest.

The waveguide may be connected to standard optical elements for example by on-
chip manufacturing processes or by connectors, such as for example angled phys-

ical contact (FC/APC) fiber to fiber connectors.

Fiber based waveguides have the advantage of low transmission loss resulting in a

good dark field illumination and thus leading to a high resolution of the sensor.

In an embodiment, the carrier medium comprises a plurality of stacked wave-

guides.

Stacking a plurality of waveguides has the advantage that the sensing area can be

increased. Furthermore, the diffusion length of the target molecules until the target
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molecules reach a grating structure can be reduced, which improves the response
times. Furthermore, the multiplexing capabilities can be improved by stacking the
plurality of waveguides since the gratings of different waveguides can comprise

different recognition elements interacting with different target molecules.

The waveguides confining the light in both transverse directions may be oriented
parallel to each other or perpendicular to each other. Parallel stacking is easier fea-
sible. Perpendicular stacking results in higher density and therefore faster response

times and /or more multiplexing capabilities.

In an embodiment, an on-chip integrated waveguide confines the light in both
transverse directions, and a light detector and /or a light source is or are integrated

to the waveguide or is or are abutting the waveguide.

Arranging the light detector integrated to the waveguide has the advantage that a
compact diffractometric sensing device can be obtained which is advantageous for
miniaturization of the sensing device. Furthermore, costs related to packaging the
sensing device may be reduced. Arranging the light detector to abut the carrier me-
dium or waveguide has the advantage that detrimental effects to the detection sig-
nal, for example due to scattering losses, can be reduced by keeping the propaga-
tion length of the light after having been diffracted at the grating structure small.
Here, a fiber based waveguide can provide the benefit of low scattering loss, ena-
bling large (m to km) propagation length of the light after having been diffracted

and separated from the incident light.
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In an aspect of the invention, a planar waveguide on a substrate confines the light
in one transverse direction, and a light detector and/or a light source is integrated
to the same substrate. Arranging the light detector and or the light source inte-
grated on the same substrate has the advantage that a compact diffractometric
sensing device can be obtained, which is advantageous for miniaturization of the
sensing device. Furthermore, costs related to packaging the sensing device may be

reduced.

In an embodiment, the surfaces or lines in the carrier medium are arranged such
that the light impinging on the grating lines can be diffracted into guided modes
which are focused to a diffraction limited spot within the waveguide. The location
of this diffraction limited spot may coincide with the location of a photodetector
underneath the waveguide that transduces the intensity to a detectable signal.
Possible integrated phototransducers are described in T. Suhara and H. Nishihara,

"Integrated optics components and devices using periodic structures”, IEEE J. Quan-

tum Electron. 22, 845-867 (1986).

In an embodiment, the light detector comprises an aperture with an opening
matching the spot size of the diffracted portion of the coherent light and the nu-

merical aperture of the grating structure.

In an embodiment, the diffractometric sensing device comprises a detector array

with a pixel size below the size of the diffracted focal spot.
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In an embodiment, a light source emitting the coherent light is integrated on the

same substrate as the waveguide.

Arranging the light source integrated to the same substrate has the advantage that
a compact diffractometric sensing device can be obtained, which is advantageous
for miniaturization of the sensing device enabling entirely new applications such as
smart phone based diagnostic devices. Furthermore, costs related to packaging the
sensing device may be reduced. Arranging the light source to abut the waveguide
has the advantage that detrimental effects to the incoming coherent light, for ex-
ample due to scattering losses, can be reduced by keeping the propagation length

of the light before being diffracted at the grating structure small.

In an embodiment, the light source comprises an integrated laser such as a distrib-
uted feedback laser, quantum dot lasers or quantum well lasers or a point source
such as a light scattering particle. Alternatively, the light can be coupled to the

waveguide by a prism, a but-coupled fiber or a grating.

The incoming coherent light may be a guided mode or a free space mode and, in
particular, may include a plane wave or a spherical wave. A guided plane wave may
be launched by one of: An integrated laser such as a distributed feedback laser,
guantum dot lasers or quantum well lasers, a grating for incoupling coherent light,

a prism, a butt-coupled optical fiber. A guided spherical wave may be launched by
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one of: A grating for incoupling coherent light, a light scatterer (e.g. plasmonic par-
ticles (silver, gold), high-k dielectric particles (Ta,Os, Nb,Os, HfO;) or simply large

regular dielectric particles (latex, silica), and/or by a butt-coupled optical fiber.

In an embodiment, the diffractometric sensing device comprises a plurality of grat-
ing structures. Arranging the plurality of grating structures is especially advanta-

geous for performing multiplexing.

In an embodiment, multiplexing is performed within a compartment, if the incom-
ing light is illuminating several grating structures. This has the advantage that the
effect of one condition on several molecular interactions can be studied. The grat-
ing structures can be spatially separated. The grating structures can be overlapping
and by having a different periodicity can diffract the light into different spatial an-
gles. Each grating structure can be specifically functionalized to only recognize one

particular analyte.

In an embodiment multiplexing is performed within separate compartments which
has the advantage that the effect of different conditions on the same molecular

interaction can be studied.

In one embodiment these compartments are formed by wells in wellplates which

has the advantage of being a commonly used format for many applications.

In an embodiment the grating structuring in these wells are illuminated under an

angle larger than the angle of total internal reflection in order to perform dark field
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illumination. This can increase the sensitivity, as dark field illumination is performed
and only a small volume of the medium above the grating structure is illuminated.
Compared to dark field illumination with a waveguide, this has the benefit that is
not necessary to launch a waveguide mode, which can resultin faster measurement

and cheaper manufacturing.

In an embodiment total internal reflection is achieved with the help of a prism. The
entire system should be designed to avoid any kind of background light reaching
the sensor. This can be realized, for example, by using a prism with highly absorb-

ing side walls wherever no transparency is needed.

In an embodiment, the prisms are directly connected to the wellplates for example
by injection molding. This has the advantage of not having an interface between

the prism and the wellplate.

In embodiments the total internal reflection angle is achieved with the help of an
index matching medium. The index matching can also be used to bridge an inter-

face between a prism and a wellplate.

In an embodiment the advantages of diffractometric sensors are used to perform
molecular profiling of complex samples by employing a plurality of diffractive grat-
ings configured in such a way that the plurality of binding sites of each individual
diffractive grating is chemically distinct from the plurality of binding sites of every
other diffractive grating with the aim of optimally mapping the chemical complexity

of the sample into a domain of lower complexity.
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BRIEF DESCRIPTION OF THE DRAWINGS

The herein described invention will be more fully understood from the detailed de-

scription given herein below and the accompanying drawings. The drawings are

showing:

Fig.1

Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Fig.7-11

an embodiment of a diffractometric sensing device;

a further embodiment of a diffractometric sensing device;

a further embodiment of a diffractometric sensing device;

a further embodiment of a diffractometric sensing device compris-

ing a waveguide;

various embodiments of a waveguide usable for the diffractomet-

ric sensing device;

various embodiments of a diffractometric sensing device with

stacked waveguides;

embodiments of diffractometric sensing devices with arrange-
ments wherein a waveguide and at least one of the light detector
or the light source are arranged on a common substrate, wherein
the grating structure comprises lines formed on a surface of the

substrate;
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Fig.12

Fig.13

Fig.14-15

Fig.16

Fig.17

Fig.18

Fig.19

Fig.20

Fig.21

Fig.22

PCT/EP2021/054487
24

a measurement setup with a total internal reflection (TIR) arrange-

ment comprising a diffractometric sensing device;

an embodiment of an objective usable in a TIR configuration;

a setup in the TIR configuration integrated into a standardized

wellplate format;

principles of holographic lithography for diffractometric sensing

possible application of the holographic lithography

components of a low noise measurement method as used for a co-

herent sensing technique;

different arrangements of diffractometric binder arrays;

a part of a diffractometric binder array;

an illustration of employing a diffractometric reference pattern
that uses a common element for the two binders such that the
binder responsible for the signal in the case of a backfilled diffrac-

tion pattern can be determined.

experimental real-time data obtained from a pilot study employing

a set of 5 different binders profiling unmodified human serum.
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Fig.23 endpoints of the diffractometric molecular profiling approach. The
endpoint responses are markedly different from traditional im-
munosignaturing since not only the immunome is profiled but the

entire serum interactome.

Fig.24 comparative endpoint data obtained by traditional immunosigna-

turing approaches for the same set of binders.

DESCRIPTION OF THE EMBODIMENTS

Figure 1 shows an embodiment of a diffractometric sensing device 10 comprising
athree-dimensional carrier medium 11 with a grating structure 12 arranged within
the carrier medium 11. The grating structure 12 comprises a plurality of surfaces
13 which are consecutively arranged to each other. The surfaces 13 have a plurality
of binding sites, e.g. receptors, antibodies, DNA (deoxyribonucleic acid), RNA (ri-
bonucleic acid), peptides, aptamers, GPCRs (G protein-coupled receptors), pro-
teins or DARPins (design ankyrin repeat proteins), arranged thereon and config-
ured to interact with target molecules, such as ligands, antigens, DNA, RNA, pro-
teins, peptides (binding sites and target molecules not being visible in Figure 1).
A light source generates coherent light 2 which propagates through the carrier me-
dium 11. When passing the grating structure 12 with the target molecules bound
to the binding sites on the surfaces 13, a portion of the coherent light 2 is diffracted
at the grating structure 12 with the target molecules and is directed to the diffrac-

tion-limited focal point 3 positioned at a light detector 4. The focal point intensity
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depends on the amount of target molecules bound to the binding sites of the sur-
faces 13 and hence correlates to the binding affinities of the target. Therefore, it
provides information on the binding event of the target molecules. The carrier me-
dium 11 is transparent and permeable to the target molecules which are deposited
into the carrier medium 11 before performing the diffractometric measurements.
The configuration as shown in Figure 1 allows to probe the target molecules in a
dark field illumination setup. Due to the structure of the curved surfaces 13, no
additional lenses are needed to focus the diffracted coherent light onto the focal
point 3 at the detector 4. In the shown embodiment, the detector 4 is arranged
within the carrier medium 11 which allows for a compact design. The coherent light

2 is provided by a waveguide 1 butt-coupled to the carrier medium 11.

Figure 2 shows a further embodiment of a diffractometric sensing device 20 com-
prising a three-dimensional carrier medium 21 with a grating structure 22 ar-
ranged within the carrier medium 2 1. The grating structure 22 comprises a plurality
of planar surfaces 23 which are arranged parallel to each other. As for the embod-
iment shown in Figure 1, the surfaces 23 have a plurality of binding sites arranged
thereon and configured to bind target molecules. An external light source couples
a plane wave of coherent light 2 which propagates through the carrier medium 21
and passes the grating structure 2 2 with the target molecules bound to the surfaces
23. A portion of the coherent light 2 is decoupled by scattering at the target mole-
cules and gets diffracted towards an external light detector 4. Near-to-far-field

transformation is performed by a lens 5 arranged between the grating structure 22
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and the light detector 4. In this example the carrier is embedded in a well with two

mirrors with angles of 45° to avoid background light on the detector 4.

Figure 3 shows a further embodiment of a diffractometric sensing device 15, where
the carrier medium 11 is situated on a transparent substrate 102, through which
the grating structure 12 is illuminated. The coherent light 2 is focused into a dif-
fraction-limited spot or point 3 upon binding of target molecules to the binding
sites on the surfaces of the grating structure 12. In this example the diffracted light

is collected with an objective 103.

Figure 4 shows a further embodiment of a diffractometric sensing device 30 com-
prising a waveguide 31 confining the light in both transverse directions. The wave-
guide 31 comprises a sensing area with a grating structure 32 having a plurality of
surfaces or lines 33 arranged within the waveguide 31 and forming a distributed
Bragg reflector with periodicity or grating period A=i/(2N), with A = light wave-
length and N = effective refractive index of the grating in the waveguide. Binding
sites are arranged on the surfaces or lines 33 and target molecules may interact
with the target molecules such that light propagating through the waveguide 31 is
reflected at the grating structure 32 with the signal intensity depending on the mo-
lecular interactions. After the sensing area, the waveguide 31 comprises an optical
out-coupler 34 abutting the grating structure 32 and being in the shape of a ta-
pered part 34 to avoid reflections. A light source 1 is arranged at one end of the

waveguide 31. The diffractometric sensing device 30 further comprises a circulator
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6 being arranged between the light source 1 and the grating structure 32 and con-
figured to separate incoming coherent light (indicated by the arrow P1) from the
portion of the incoming coherent light diffracted at the grating structure 32 (indi-
cated by the arrow P2). The diffracted portion of the coherent light propagates

through a waveguide 35 and is detected at a light detector 4.

Figure 5 shows various embodiments of a waveguide confining the light in both
transverse directions usable for the diffractometric sensing device, such as a ta-
pered optical nanofiber 31.1, microstructure hollow fiber with a glass hanging core
31.2, a nanobore fiber 31.3, a fiber 31.4 with multiple nanobores, an on-chip

ridge waveguide 31.5 and a slot waveguide 31.6

Figure 6 shows various embodiments of a diffractometric sensing device with
stacked waveguides, such as an embodiment of a diffractometric sensing device
30.1 with tapered optical fibers which are stacked in parallel, an embodiment of a
diffractometric sensing device 30.2 with nanobore fibers which are stacked in par-
allel, an embodiment of a diffractometric sensing device 30.3 with tapered optical
fibers which are stacked perpendicular to each other in two perpendicular direc-
tions, and an embodiment of a diffractometric sensing device 30.4 with tapered
optical fibers which are stacked perpendicular to each other in three perpendicular
directions. The high density of the fibers allows an effective sensing in the sample

volume.
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Figure 7-11 show embodiments of diffractometric sensing devices with arrange-
ments where the dark field illumination is provided by a planar waveguide. The sur-
faces or lines on which binding sites are arranged are designed to focus the light to
a diffraction limited spot within the waveguide. The detector and/or the light
source is or are integrated to the same substrate at the location of the diffraction-

limited focal spot.

Figure 7(a) shows an embodiment where the incoming coherent light is coming
from a guided point source 1.1. The guided point source 1.1 may be a light scat-
terer which is illuminated by another light source. The light passes a grating struc-
ture 42.1 with target molecules. A portion of the light is diffracted at the grating
structure 42.1 with the target molecules and directed towards a light detector 4.1.
The light detector comprises an aperture 7.1 with an opening preferentially match-
ing the spot size of the diffracted portion of the coherent light and the numerical
aperture of the grating structure 42.1. The guided point source 1.1, the grating
structure 42.1 and the light detector 4.1 are arranged on a common substrate

41.1, such that an integrated on-chip diffractometric sensing device is provided.

Figure 7(b) shows a further embodiment where a grating structure 42.2 and a light
detector 4.2 with an aperture 7.2 similar to the one as shown in Figure 7(a) are
arranged on a common substrate 41.2. The light source is a free space point source

1.2 arranged below the common substrate 41.2.
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Figure 7(c) shows a further embodiment where a grating structure 42.3 and a light
detector 4.3 with an aperture 7.3 are arranged on a common substrate 41.3. A
guided plane wave 1.3 being launched and propagating towards the grating struc-
ture 42 .3 is diffracted at the grating structure 42.3 by being scattered at the target

molecules arranged at the grating structure 42.3.

Figure 7(d) shows a further embodiment where a grating structure 42.4 and a light
detector 4.4 with an aperture 7.4 similar to the previous Figures 7(a)-(c) are ar-
ranged on a common substrate 41.4. A light source generates a free space plane

wave 1.4 from below the common substrate 41.4.

The grating lines (x;, y;) are parabolas and may be described in an orthogonal x-y

coordinate system by the relation

. 1
Y= aX; _E
with a=i_ , ] = aninteger index and a = form parameter of the parabola,

2jA

for a plane wave of the incoming coherent light (1.3) with k-vector along the neg-
ative y-direction, A being the wavelength of the coherent light and N the refractive
index of the carrier medium. The focal point is at the origin and the y-axis coincides

with the symmetry axes of the parabolas.
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For a guided point source (1.1), the grating lines (x; y;) may be described by the

relation
2 2
x;
_1_|__1=1
at b
az—d_2+ij+[ij]2 b2—+ij+[LJ‘]2
with 4 N 2N and N 2N .

with the grating lines being ellipses with the foci of the ellipses being at the point
source and the focal spot of the grating structure, with d being the distance be-

tween the point source and the focal point or spot.

Figure 8(a) shows a further embodiment of a diffractometric sensing device
wherein a plane wave 1.5 is launched along the substrate 41.5 by use of an in-

coupling grating 411.5.

Figure 8(b) shows a further embodiment of a diffractometric sensing device
wherein an integrated laser such as a distributed feedback laser 1.6 is integrated

on the substrate 41.6 to launch a plane wave along the substrate 41.6.
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Figure 8(c) shows a further embodiment of a diffractometric sensing device with a
fiber 1.7 with an optical system 11.7 comprising lenses, the fiber 1.7 butt-coupled
to the substrate 41.7. The optical system 11.7 is used to launch a plane wave along

the substrate 41.7.

Figure 9(a) shows a further embodiment of a diffractometric sensing device with a
fiber 1.8 butt-coupled to a substrate 41.8 to launch light from a point source into

the substrate 41.8.

Figure 9(b) shows a further embodiment of a diffractometric sensing device with a

point light source 1.9 integrated on the substrate 41.9.

Figure 9(c) shows a further embodiment of a diffractometric sensing device with a

light scatterer 1.10 arranged on the substrate 41.10.

Figure 9(d) shows a further embodiment of a diffractometric sensing device with
an integrated in-coupling grating 411.11 for launching light to form a (secondary)

point source on the substracte 41.11.

Figure 10 show a further embodiment of a diffractometric sensing device having a
light source 1.6 integrated on a common substrate 41.12 as the waveguide with

the grating structure 42.5 in the carrier medium 45 and an out of plane detector 4.

Figure 11(a)-(d) show different embodiments of diffractometric sensing devices

with a plurality of grating structures 52.1-52.4 and a plurality of light detectors
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4.5-4.8 arranged in an array on a common substrate. Figure 11(a) shows the ex-
ample of guided point sources, Figure 11(b) the example of free space point

sources, Figure 11(c) and Figure 11(d) examples of guided plane waves.

Figure 12a shows a measurement setup with a coherent binding pattern for a total
internal reflection (TIR) arrangement. The setup comprises a prism 101 and a sub-
strate 102 which can be separated by an index matching oil. In some embodi-
ments, the prism itself may serve as a substrate. The substrate and prism material
is preferentially glass, but any transparent material - i.e. injection moldable poly-
mers - is possible. In addition, it should exhibit low volume scattering, therefore a
low photo-elastic coefficient, isothermal compressibility and glass transition tem-
perature of the material is desired (S. Sakaguchi, S.-I. Todoroki, and S. Shibata,
"Rayleigh Scattering in Silica Glasses”, J. Am. Ceram. Soc. 79, 2821-2824
(1996)). A focusing grating structure 106 with binding of target molecules
thereon, as described throughout the present application, is located on the sub-
strate 102. The grating structure 106 is illuminated under total internal reflection
(indicated by the beam P3). The portion of the diffracted light (indicated by P4), is
preferentially collected from the prism side by using an objective 103 matching the
numerical aperture of the grating structure with the target molecules in combina-
tion with a camera or photodiode 104. In some embodiments, a non-transparent
spatial filter could be used in conjunction with an array photodetector in place of
the objective 103. A reference photodiode or camera 105 is used to reference the
totally internally reflected beam, alternatively a beam splitter can be used before

the beam enters the prism to reference the incident beam power. In addition, a
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polarizer in the beam path may be used to control the polarization of the incident
beam. The prism areas not used for illumination or collection may be rendered ab-
sorptive (i.e. by carbon black paint, chromium black or similar) to reduce stray light.
The setup is advantageous, since only the evanescent field is used to sample the
target molecules bound to the grating structure which reduces the noise. Figure
12b shows a possible way to optimize the prism shape to reduce straylight. In this
arrangement the diffracted light is collected on the sample side. In principle, the
shape of the prism 101 in Figure 12a can be adjusted similarly to reduce the stray-
light due to reflected beams. In an embodiment some sidewalls of the prism 101
are designed to minimize reflections, for example, by applying a strongly absorbing

coating.

Figure 13 shows an embodiment of the objective 203 usable in a TIR configuration
200. The working principle is similar to prior art objectives used in total internal
reflection fluorescence microscopy. However, the difference is that the focal plane
f1is not at the same position as the point of total internal reflection, but at a certain
distance below the point of total internal reflection at the substrate 202. The focal
point or spot f2 of the grating structure 206 with the target molecules is positioned
at the height of the focal plane f1, as can be seen in Figure 13. In some embodi-
ments, deformable lenses are used in order to switch the focus between the focal
plane and the substrate. The numerical aperture of the objective 203 for imaging
the focal point f2 of the grating structure 206 with the target molecules matches
the numerical aperture of the grating structure 206. A drop of immersion oil 29 is

arranged between the objective 203 and the substrate 202.
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Figure 14 shows asetup 300 in the TIR configuration integrated into a standardized
wellplate format. An optical prism 301 is connected to an optically clear bottom
307 of an incubation chamber 308 of a standard format wellplate. The prism 301
and the bottom 307 may be monolithic or made of two individual parts fixed to
each other. A grating structure 306 with target molecules bound to it is formed on
the bottom of the wellplate 307. The diffracted light P4 is collected by an optical
system 303 with an aperture matched to the aperture of the grating structure ar-
ranged below the standard format wellplate. The optical system 303 either consists
of a spatial filter in combination with an arrayed photodetector or an objective.
Preferentially, the aperture of the grating structure 306 is smaller than 0.1 to in-
crease the size of the focal spot and hence to increase the mechanical tolerances

for an accurate measurement.

Figure 15 show an embodiment of the combination of a total internal reflection
arrangement and the wellplate format. The grating structure 606 is situated on the
transparent bottom 307 of a well 308 in a microtiter plate 603. It is illuminated by
a collimated beam (e.g. by collimating lens 602) coming from a fiber 601 at an
angle greater than total internal reflection. The light is diffracted into a diffraction
limited spot and measured with a detector 4. The illumination of all wells 308 can
be performed with one or few laser sources 605 being directed to the fibers for

each well 308 by beam splitters or optical switches 604.
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The grating structure can in general be manufactured by different means, such as
photolithography or microcontact printing. In an embodiment of the TIR arrange-
ment with microtiter plates, these processes can be conducted on a substrate and
bonding to the wells can be performed after creating the structures. Alternatively,

the structuring is performed in each individual well.

Figure 16 shows four illustrations of the fabrication 526 of the grating structure in
the carrier medium by holographic lithography in three dimensions by creating an
interference pattern. Then the interference pattern is used to immobilize binding
sites in the shape of the interference pattern and thus create a diffraction pattern.
Then the diffraction pattern can be read out in specific ways 527. Figure 16 shows
four exemplary specific ways of read-out 527 of the diffraction patterns. The dif-

fracted power can be used to analyze molecular interactions at the binding sites.

528 shows how a diverging wave 511 and a converging light path 512 are inter-
fered to create an interference structure 513. When the resulting grating structure
522 is illuminated by the diverging beam 511, the structure causes focusing into a

diffraction limited spot or focal point 514.

529 shows, how two plane waves 515, 516 are interfered to cause an interference
pattern of parallel planes 517. The resulting grating structure 523 causes light to
be redirected into a diffracted beam or wave 518 when illuminated by a plane wave

515.
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530 shows how a diverging wave 511 and a plane wave 515 interfere to cause an
interference pattern 519. When the resulting grating structure 524 is illuminated
with a plane wave 520 of reverse wavevector k compared to plane wave 515, light

is focused into a spot 514.

531 shows how a converging wave 512 and a plane wave 515 are interfered.
When the resulting grating structure 525 is illuminated with a plane wave 515,

light is focused into a spot 514.

This method can be used in two or three dimensions. Therefore, an integrated fab-
rication and read-out of the diffractometric sensing device can be achieved. Alter-
natively, two photon 3D patterning may be used for patterning. A preferable can-
didate for a suitable matrix material is a hydrogel. Possible alternatives are a meso-

porous material or DNA origami.

Figure 17 illustrates how the concept of holographic lithography can be imple-
mented in an example of total internal reflection in a wellplate 308. Coherent light
is split up by a beam splitter 605 and the wellplate bottom 307 is illuminated by a
diverging beam 653 and a plane wave 654 (e.g. collimated by lens 602) through
a prism 101. The plane wave 654 is illuminated under an angle that suits the de-
sired readout. Index matching to avoid reflections can be applied. The diverging
beam 653 can come in at normal angle of incidence (see left-hand figure refer-

enced as 651) for easier arrangement. Alternatively, not normal illumination can
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be performed (see central figure referenced as 652). This illumination can be per-
formed such that the signal in the readout scheme is scattered in backward direc-
tion. This backward direction can be beneficial in terms of signal to background
illumination, because non-coherent background illumination is usually stronger in
forward direction. Instead of using fibers 601 free space beam path with lenses for
achieving a diverging beam is also an option. It is possible to illuminate entire well-
plates 655 with only one light source 605 with the use of optical switches 604 or
micro mirrors. The readout of such devices can be performed according to Figure

15 this corresponds to the scheme 530 illustrated in Figure 16.

In the following, a method to probe target molecules using the diffractometric

sensing device according to the present invention is described.

The grating structure can be manufactured by different means, such as e.g. photo-
lithography or microcontact printing. In an embodiment of total internal reflection
with microtiter plates, these processes can be conducted on a substrate, and bond-
ing to the wells can be performed after creating the structures. Alternatively, the

structuring is performed in each individual well.
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Pulsed source for readout in integrated or fiber based devices

By using an ultrafast laser pulse and time resolved measurement of the pulse, the
exact location of scatterings can be determined in time domain. This can be used to
separate the background light scattered from regions before and after the sensing
area. This could also be applied for multiplexing on the same waveguide and as-
signing the different scatterings to different grating structures with target mole-

cules. The pulse length should be designed to match the grating length.

Source properties for overall reduction of noise

The limiting noise in a coherent sensing technique may arise from interferences of
the incident beam with randomly scattered light that is not stable over time. These
random interferences cause a temporally changing speckle pattern in the beam en-
velope of the incident beam, which translates into a temporally changing speckle
pattern in the focal plane of the coherent assembly. Any refractive index change
within the coherence length of the laser can influence the speckle pattern of the
beam envelope of the incident beam. It is therefore desired to limit the coherence
length of the laser to the size of the coherent assembly. Other ways to reduce the
coherence length is to use a pulsed laser with a pulse duration such that the pulse
length matches or slightly exceeds the size of the grating structure. In addition, in
order to temporally average the speckle pattern of the incident beam, the laser

beam may be shifted laterally with a frequency higher than the acquisition time of
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the optical system and an amplitude several times larger than the speckle size but

only a fraction of the size of the coherent assembly.

Figure 18 shows components of the measurement as used for the method de-
scribed in the foregoing paragraphs. Graph A shows the spectral width of a laser
401 (intensity as a function of wavelength &) with a stabilized center wavelength
chosen such that the coherence length matches or slightly exceeds the length L of
the coherent assembly 406, which is arranged on a substrate 402. A is the wave-
length. Graph B shows the operation of a laser in pulsed mode (intensity as a func-
tion of time) with a pulse duration such that the corresponding pulse length

matches or slightly exceeds the size of the coherent assembly 406.

In the lower part of Figure 18, there is shown a shaking device 409 configured to
laterally deflect (indicated by vertical double arrow) the incoming laser beam (in-
dicated by horizontal arrow) by a fraction of the size of the coherent assembly 406

to temporally average the speckles of the incident beam.

The described method and setup has the advantage that the negative effects arising
from a too large coherence length can be reduced by using an appropriate spectral
width of the laser and /or an appropriate pulsing of the laser and /or an appropriate

deflection of the laser beam.

In the following, an application of the diffractometric sensing device according to

the present invention is described.
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Real time molecular profiling of the human interactome using any coherent binding

site arrangement

The human interactome is the set of protein-protein interactions that occur in hu-
man cells. An important advantage of any coherent sensing device is that it enables
real-time measurement of binding events in complex samples such as blood and
other body fluids, cell cultures or environmental samples. This provides a possibility
for classifying such samples based on a large number of binding curves that serve

as fingerprints for the specific sample.

The components and features of a diffractometric sensing device that can perform

real time molecular profiling are as follows:

e Alarge diffractometric array of one or more binders (e.g. orthogonally ar-
ranged) is exposed to a biological sample (i.e. blood) and generates a con-

tinuous binding signal in each element.

e The elements of the array can be composed of high-affinity as well as low-
affinity binders of any chemical or biochemical form, e.g. peptides, DNA,

RNA, lipids, antibodies, polysaccharides or protein fragments.

e The individual elements of the diffractometric array can be backfilled with a
binder similar or completely different in chemistry to tune the apparent in-

teraction constant.
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The individual elements of the diffractometric array can all be backfilled with

the same binder to allow for binding signal normalization.

The signal origin can be determined via a reference array that employs a

common backfiller.

Alternatively, or simultaneously, the sample can be spiked with a known
concentration of analyte to calibrate the system and determine the signal

origin.

The sample can be diluted by a known substance to a predetermined con-

centration.

During a binding experiment using a binder array and a biological sample
from e.g. a patient the output of the array can be seen as a time-dependent
vector, whose trajectory in the high dimensional vector space is unique for
the composition of the biological sample. Thus, the array generates a unique
fingerprint for the biological sample of any patient and condition and is

therefore a direct measure of the current health status of the individual.

The obtained trajectory may be compared to a large database of existing
binding data linked to genetic, anatomic and clinical data of the correspond-

ing patient by means of machine learning techniques.
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e Compared to existing molecular profiling techniques (e.g. HealthTell, Entop-
sis) a coherent transducer provides real-time information and does not rely
on rinsing steps. This allows for the monitoring of weak binders that would
otherwise be washed away and the acquisition of molecular kinetic data. For
this purpose, different diffractometric binder configurations and arrays may

be used, as shown in the following.

Figure 19 shows different arrangements of diffractometric binder arrays. Figure
19(a) shows a rectangular arrangement, Figure 19(b) shows a staggered arrange-
ment, Figure 19(c) shows an overlapping arrangement, Figure 19(d) shows a
twisted arrangement, and Figure 19(e) shows a size-varied arrangement. Thus,
multiplexing can be performed in a single compartment by having several grating
structures with different binding sites immobilized on the grating structures and by
configuring the different grating structures to diffract the light to different loca-
tions, which can be achieved by different spatial frequencies (Figure 19(d)) of the
grating and/or by different locations of the gratings (Figure 19(a), 19(b), 19(c)

and 19(e)).

Figure 20 shows a part of a diffractometric binder array consisting of a binder s1
tethered to the surface in the ridge area of the grating pattern s4 with an optional
invariable linker s2. The binder array is either uniformly passivated (as indicated by
s3) in the grooves of the grating s5 or backfilled with a second binder s6 which is
chemically assimilated or not assimilated to the first binder in the grooves of the

grating.
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Figure 21 shows how a diffractometric reference pattern can be employed to de-
termine the binder responsible for the signal in a backfilled diffractometric struc-
ture. The referencing scheme consist of the passivated region r1 and the binder r2
as shown in Figure 21(a) as well as a passivated region r1 combined with the non-
binding backfilling molecule r3 as shown in Figure 21(b). The non-binding back-
filling molecule r3 can be either on the grooves or the ridges of the diffractive grat-
ing. The final element consists of the combination of the binder r2 and non-binding
backfilling molecule r3 in either ridges/grooves or grooves /ridges configuration,

as shown in Figure 21(c).

Figure 22 shows molographic experimental data obtained from a pilot study em-
ploying a binder denoted by HA that is backfilled with a set of 5 different binders
denoted by sHA1 .. sHAS. The binders are exposed to human plasma and the dif-
fracted signal (square root of light intensity in arbitrary units) is measured as a func-
tion of time in minutes. Distinct endpoints and kinetics can be observed for the

same sample.

Figure 23 shows endpoint data from a diffractometric molecular profiling approach
employing 5 different binders denoted HA, HL1 .. HL4. Human blood serum from
6 different donors denoted D1 ... D6 is exposed to the binders. The blood serum is

incubated and the diffractometric signal is measured at equilibrium.
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Figure 24 shows comparative endpoint data obtained by traditional immunosigna-
turing approaches using optical density OD measurement obtained by a fluores-
cence signals of anti-human Immunglobulin G (IgG) antibodies from the same do-
nors D1 .. D6 for the same binders denoted HA, HL1 .. HL4. Comparing Figure 23
and Figure 24 reveal drastically different endpoints for the two approaches. This
has to do with the fact that the novel diffractometric molecular profiling probes the
entire interactome including weak binders, whereas traditional immunosignaturing
relies on stringent washing of the assay surface and therefore does not take weak

binders into account.
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CLAIMS

1.

Diffractometric sensing device (10, 20, 15) for analyzing molecular inter-
actions, comprising a three-dimensional transparent carrier medium
(11, 21), the carrier medium (11, 21) being permeable to the one or more
target molecules and comprising a grating structure (12, 22) with a plurality
of consecutive surfaces (13, 23) and a plurality of binding sites arranged
thereon, the binding sites being configured to bind the one or more target
molecules, wherein the grating structure (12, 22) is configured to diffract a
portion of coherent light (2) propagating through the carrier medium
(11, 21) so as to produce a constructive interference signal at a light detec-
tor (4), the signal being dependent on molecular interactions at or in the
vicinity of the binding sites.

A diffractometric sensing device (30, 30.1, 30.2, 30.3, 30.4), for analyzing
molecular interactions, the device comprising a wavequide (31, 31.1-31.6,
35) confining the light in both transverse directions, with an electromag-
netic field cross-section allowing for the light to interact with a grating struc-
ture (32) in a carrier medium with a plurality of consecutive lines or surfaces
(33) and a plurality of binding sites arranged thereon, the binding sites be-
ing configured to bind the one or more target molecules, wherein the grat-
ing structure (32) is configured to diffract a measurable portion of coherent
light (P1, P2) propagating through the waveguide the signal being depend-

ent on molecular interactions at or in the vicinity of the binding sites.
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A diffractometric sensing device for analyzing molecular interactions, the
device comprising a waveguide arranged on a substrate (41.1, 41.2, 41.3,
41.4, 415, 41.6 ,41.7 ,41.8, 41.9, 41.10, 41.11, 41.12) and further
comprising a light detector (4, 4.1,4.2,4.3,4.4,45,4.6,4.7,4.8)and a
coherent light source (1, 1.1 - 1.10) with at least one (1.1, 1.2, 1.6; 4.1,
4.2,43,4.4,45,4.6,4.7, 4.8) of the two being integrated on the same
substrate (41.1,41.2,41.3,41.4,415,41.6,41.7,41.8,41.9, 41.10,
41.11, 41.12), further comprising a grating structure (42.1, 42.2, 42.3,
43.4,42.5,52.1,52.2,52.3,52.4) in a carrier medium with a plurality of
consecutive lines or surfaces and a plurality of binding sites arranged
thereon, the binding sites being configured to bind the one or more target
molecules, wherein the grating structure is configured to diffract a portion
of the evanescent field of the coherent light (1.3, 1.4, 1.5) propagating
through the waveguide so as to produce a constructive interference signal
at the light detector (4, 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8), the signal
being dependent on molecular interactions at or in the vicinity of the binding
sites.

A diffractometric sensing device according to claim 3, wherein both the light
source (1.1, 1.2, 1.6) andthesensor(4.1,4.2,4.3,4.4,4.5,4.6,4.7,4.8)
are integrated on the same substrate as the waveguide.

Holographic method (526, 651, 652) to lithographically create a coherent
grating structure (522,523, 524, 525) in a carrier medium with a plurality

of consecutive lines or surfaces and a plurality of binding sites arranged
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thereon, the binding sites being configured to bind one or more target mol-
ecules, wherein the grating structure is configured to diffract a measurable
portion of light, with the signal being dependent on molecular interactions
at or in the vicinity of the binding sites.

A diffractometric sensing device (300) for analyzing molecular interactions,
the device comprising a grating structure (306) in a carrier medium inte-
grated into a microwell plate (308) with a plurality of consecutive lines or
surfaces (306) and a plurality of binding sites arranged thereon, the binding
sites being configured to bind the one or more target molecules, wherein
the grating structure under illumination is configured to diffract a portion of
light (P4) so as to produce a constructive interference signal captured by a
light detector (303), the signal being dependent on molecular interactions
at or in the vicinity of the binding sites.

A diffractometric sensing device (200, 300) according to claim 6 for ana-
lyzing molecular interactions, wherein the illumination of the grating struc-
ture is performed by the evanescent field of a totally internal reflected beam.
Diffractometric sensing device according to any one of the preceding claims,
wherein the surfaces or lines (13) of the grating structure are configured in
a curved shape (12, 106, 206, 306, 42.1,42.2,42.3,42.4,42.5,52.1,
52.2,52.3,52.4,522,523, 524, 525) to focus the diffracted portion of
the coherent light into a diffraction limited focal spot captured by the detec-

tor (4).
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Diffractometric sensing device according to any one of the preceding claims,
wherein the carrier medium (11, 21, 45) is made of a hydrogel or a meso-
porous material or DNA scaffold or a 2 dimensional adlayer.
Diffractometric sensing device according to any one of the preceding claims,
wherein the diffracted light is focused by a lens (5) or observed in the farfield
in terms of the Fraunhofer distance.

Diffractometric sensing device according to any one of the preceding claims,
wherein multiplexing is performed in a single compartment by having sev-
eral grating structures (52.1, 52.2, 52.3, 52.4) with different binding sites
immobilized on the grating structures and by configuring the different grat-
ing structures to diffract the light to a different location, which can be
achieved by different spatial frequencies of the grating and/or by different
locations of the gratings.

Diffractometric sensing device according to any one of the preceding claims,
with arrays of diffractive gratings consisting of binders including but not lim-
ited to peptides, DNA, RNA, lipids, antibodies, polysaccharides or protein
fragments configured in such a way that the plurality of binding sites of each
individual diffractive grating can be cbosen to be chemically distinct from the
plurality of binding sites of every other diffractive grating with the intention
of optimally mapping the chemical complexity of the sample into a domain
of lower complexity.

Diffractometric sensing device according to any one of the preceding claims,
wherein the coherent pattern formed by the binding sites arranged on the

plurality of the consecutive surfaces of the grating structure is backfilled with
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another binder to tune the apparent affinity constant of the overall sensing
device or normalize the appearing signal with a known concentration of an-
alyte previously spiked into the sample to be measured.

Diffractometric sensing device according to any one of the preceding claims,
wherein an array of coherent patterns formed by the binding sites arranged
on the plurality of the consecutive surfaces of the at least one grating struc-
ture is used for both real-time and endpoint molecular profiling of patient
samples.

Diffractometric sensing device according to claim 14, wherein the obtained
kinetic and end point data are compared by means of machine learning
techniques to a large database of existing binding data linked to genetic
and/or anatomic and/or clinical data of the corresponding patient or other

patients.
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portion of coherent 1light propagating through the carrier
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A diffractometric sensing device for analyzing molecular
interactions including a carrier medium comprising a grating
structure with a plurality of consecutive Tines or surfaces
having a plurality of binding sites for target molecules
arranged thereon, the grating structure being configured to
diffract coherent light, wherein the device further
comprises a waveguide confining light in both transverse
directions, with an electromagnetic field cross-section
allowing for the Tight to interact with the grating
structure so that the grating structure diffracts a portion
of the coherent 1light propagating through the waveguide.
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A diffractometric sensing device for analyzing molecular
interactions including a carrier medium comprising a grating
structure with a plurality of consecutive Tines or surfaces
having a plurality of binding sites for target molecules
arranged thereon, the grating structure being configured to
diffract coherent light, wherein the device further
comprises a waveguide arranged on a substrate, a coherent
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1ight source and the 1light detector being integrated on said
substrate, and wherein the grating structure is configured
to diffract a portion of an evanescent field of coherent
1ight propagating through the waveguide so as to produce a
constructive interference signal at the 1light detector.

4, claim: 5

A holographic method for lithographically creating a
coherent grating structure in a carrier medium with a
plurality of consecutive lines or surfaces and a plurality




International Application No. PCT/ EP2021/ 054487

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

of binding sites for target molecules arranged thereon.
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A diffractometric sensing device for analyzing molecular
interactions including a carrier medium comprising a grating
structure with a plurality of consecutive surfaces having a
plurality of binding sites for target molecules arranged
thereon, the grating structure being configured to diffract

coherent light, wherein the grating structure is integrated
into a microwell plate.
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