US 20240183822A1

a9y United States

a2y Patent Application Publication (o) Pub. No.: US 2024/0183822 Al

Webster et al. 43) Pub. Date: Jun. 6, 2024
(54) BULK ACOUSTIC WAVE RESONATOR WITH GOIN 29/02 (2006.01)
INCREASED DYNAMIC RANGE GOIN 33/53 (2006.01)
(52) US. CL
(71)  Applicants:James Russell Webster, Minnetonka, CPC ... GOIN 29/036 (2013.01); GOIN 27/327
MN (US); Ian Robert Harmon, (2013.01); GOIN 29/022 (2013.01); GOIN
Minneapolis, MN (US) 33/5306 (2013.01); GOIN 2291/0255
. (2013.01); GOIN 2291/0256 (2013.01); GOIN
(72) Inventors: James Russell Webster, Minnetonka, 2291/0426 (2013.01)
MN (US); Ian Robert Harmon,
Minneapolis, MN (US) (57) ABSTRACT
(21) Appl. No.: 18/402,113 Devices that include a low sensitivity bulk acoustic wave
(BAW) resonator sensor including a surface to which a low
(22) Filed: Jan. 2, 2024 recognition component is immobilized, the low recognition
component being configured to selectively bind the analyte,
Related U.S. Application Data an analyte molecule to which a tag is linked, or a tag, or any
(63) Continuation of application No. 17/858,759, filed on one of these molecules to which an amplification element-
Jul. 6, 2022, now Pat. No. 11,860,129, which is a  linked second recognition component is bound; a high
continuation of application No. 16/503,720, filed on sensitivity BAW resonator sensor including a surface to
Tul. 5, 2019, now Pat. No. 11,408,855. which a high recognition component is immobilized, the
o o high recognition component being configured to selectively
(60) Provisional application No. 62/694,511, filed on Jul. bind the analyte, an analyte molecule to which a tag is
6, 2018. linked, or a tag, or any one of these molecules to which an
A . . amplification element-linked second recognition component
Publication Classification is bound; one or more containers housing an amplification
(51) Imt. ClL molecule, the amplification element-linked second recogni-
GOIN 29/036 (2006.01) tion component, and optionally one or both of the tag and the
GOIN 27/327 (2006.01) analyte molecule.




Patent Application Publication

i L Fi
P AVAVAY

FIG. 1B

22

28

Jun.

20
&

L

%ﬁ

FlG. 1C

6,2024 Sheet 1 of 4

US 2024/0183822 A1
25 .
{ A
VAN
BN
Ay
! |
28 \
24
1324 ;‘?‘egha\(
2 L, N
‘)‘: 7‘5‘\‘\} f‘k\‘ ;r\
‘&&\“‘\
20
20



Patent Application Publication Jun. 6, 2024 Sheet 2 of 4 US 2024/0183822 A1

0 20 < 22
f:\ A
! 29 > 30

FIG. 2



Patent Application Publication Jun. 6, 2024 Sheet 3 of 4 US 2024/0183822 A1

FIG. 3A FiG. 3B

FiG. 3C FiG. 3D



Jun. 6,2024 Sheet 4 of 4 US 2024/0183822 A1

Patent Application Publication

Y

%

FIG. 4

-

Ry

72

i

e,

2025

FIG. 5



US 2024/0183822 Al

BULK ACOUSTIC WAVE RESONATOR WITH
INCREASED DYNAMIC RANGE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation application based
off of and claiming priority to U.S. patent application Ser.
No. 17/858,759, filed on Jul. 6, 2022, which is a continuation
of U.S. patent application Ser. No. 16/503,720, filed on Jul.
5, 2019, which claims the benefit of U.S. Provisional Appli-
cation Ser. No. 62/694,511, filed on Jul. 6, 2018. The
disclosure of each aforementioned application is incorpo-
rated by reference as if fully recited herein.

BACKGROUND AND SUMMARY OF THE
INVENTION

[0002] There are numerous instruments and measurement
techniques for diagnostic testing of materials related to
medical, veterinary medical, environmental, biohazard, bio-
terrorism, agricultural commodity, and food safety. Diag-
nostic testing traditionally requires long response times to
obtain meaningful data, involves expensive remote or cum-
bersome laboratory equipment, requires large sample size,
utilizes multiple reagents, demands highly trained users, and
can involve significant direct and indirect costs. For
example, in both the human and veterinary diagnostic mar-
kets, most tests require that a sample be collected from a
patient and then sent to a laboratory, where the results are not
available for several hours or days. As a result, the caregiver
must wait to treat the patient.

[0003] Point of use (or point of care when discussing
human or veterinary medicine) solutions for diagnostic
testing and analysis, although capable of solving most of the
noted drawbacks, remain somewhat limited. Even some of
the point of use solutions that are available are limited in
sensitivity and reproducibility compared to in-laboratory
testing. There is also often significant direct costs to a user
as there can be separate systems for each point of use test
that is available.

[0004] These and various other features will be apparent
from a reading of the following detailed description and
related drawings.

[0005] Disclosed herein are systems for detecting an ana-
lyte in a sample, the system comprising a low sensitivity
bulk acoustic wave (BAW) resonator sensor comprising a
surface to which a low recognition component is immobi-
lized, the low recognition component being configured to
selectively bind the analyte, an analyte molecule to which a
tag is linked, or a tag, or any one of these molecules to which
an amplification element-linked second recognition compo-
nent is bound; a high sensitivity BAW RESONATOR sensor
comprising a surface to which a high recognition component
is immobilized, the high recognition component being con-
figured to selectively bind the analyte, an analyte molecule
to which a tag is linked, or a tag, or any one of these
molecules to which an amplification element-linked second
recognition component is bound; one or more containers
housing an amplification molecule, the amplification ele-
ment linked second recognition component, and optionally
one or both of the tag and the analyte molecule; a fluid path
from the one or more containers to the surface of both the
low and high BAW resonator sensors to which the low and
high recognition components are bound; actuation circuitry
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configured to drive the low and high BAW resonator sensors
in an oscillating motion; measurement circuitry arranged to
be coupled to both the low and high BAW resonator sensors
and configured to measure one or more resonator output
signals representing resonance characteristics of the oscil-
lating motion of the low and high BAW resonator sensors;
and a controller operatively coupled with the actuation and
measurement circuitry.

[0006] Also disclosed are kits for use with a device for
detecting an analyte in a sample, the kits comprising: a
system comprising: a low sensitivity bulk acoustic wave
(BAW) resonator sensor comprising a surface to which a low
recognition component is immobilized, the low recognition
component being configured to selectively bind the analyte,
an analyte molecule to which a tag is linked, or a tag, or any
one of these molecules to which an amplification element-
linked second recognition component is bound; a high
sensitivity BAW resonator sensor comprising a surface to
which a high recognition component is immobilized, the
high recognition component being configured to selectively
bind the analyte, an analyte molecule to which a tag is
linked, or a tag, or any one of these molecules to which an
amplification element-linked second recognition component
is bound; and one or more containers housing an amplifi-
cation molecule, the amplification element-linked second
recognition component, and optionally one or both of the tag
and the analyte molecule.

[0007] Also disclosed are methods for detecting an analyte
in a sample, the methods comprising contacting an analyte
or an analyte and a tag-linked analyte molecule, a low
recognition component, and an amplification element-linked
second recognition component to generate a complex com-
prising the low recognition component and the amplification
element-linked second recognition component, wherein the
low recognition component is immobilized relative to a
surface of a low BAW resonator sensor and is configured to
selectively bind one or more of the analyte, the analyte
molecule to which the tag is linked or the tag, or any one or
more of these molecules bound to the second recognition
component; contacting an analyte or an analyte and a
tag-linked analyte molecule, a high recognition component,
and an amplification element-linked second recognition
component to generate a complex comprising the high
recognition component and the amplification element-linked
second recognition component, wherein the high recognition
component is immobilized relative to a surface of a high
BAW resonator sensor and is configured to selectively bind
one or more of the analyte, the analyte molecule to which the
tag is linked or the tag, or any one or more of these
molecules bound to the second recognition component;
wherein the amplification element-linked second recogni-
tion component is configured to selectively bind the analyte,
the analyte molecule to which the tag is linked or the tag, or
any one or more of these molecules bound to the low and
high recognition components; wherein the low recognition
component and the high recognition components have dif-
ferent affinity for the analyte molecule; contacting the linked
amplification element with an amplification precursor under
conditions to convert the amplification precursor into a
molecule that adds mass at a surface of the BAW resonator;
and measuring mass added at the surface of the BAW
resonator.

[0008] Also disclosed are methods for detecting an analyte
in a sample, the method comprising contacting an analyte or
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an analyte and a tag-linked analyte molecule, a low recog-
nition component, and an amplification element-linked sec-
ond recognition component to generate a complex compris-
ing the low recognition component and the amplification
element-linked second recognition component, wherein the
low recognition component is immobilized relative to a
surface of a low BAW resonator sensor, is configured to
selectively bind one or more of the analyte, the analyte
molecule to which the tag is linked or the tag, or any one or
more of these molecules bound to the second recognition
component and has a low concentration on the surface to
which it is immobilized; contacting an analyte or an analyte
and a tag-linked analyte molecule, a high recognition com-
ponent, and an amplification element-linked second recog-
nition component to generate a complex comprising the high
recognition component and the amplification element-linked
second recognition component, wherein the high recognition
component is immobilized relative to a surface of a high
BAW resonator, is configured to selectively bind one or
more of the analyte, the analyte molecule to which the tag
is linked or the tag, or any one or more of these molecules
bound to the second recognition component and has a high
concentration on the surface to which it is immobilized;
wherein the amplification element-linked second recogni-
tion component is configured to selectively bind the analyte,
the analyte molecule to which the tag is linked or the tag, or
any one or more of these molecules bound to the low and
high recognition components; wherein the low concentra-
tion of the first recognition component is lower than the high
concentration of the second recognition component; con-
tacting the linked amplification element with an amplifica-
tion precursor under conditions to convert the amplification
precursor into a molecule that adds mass at a surface of the
BAW resonator; and measuring mass added at the surface of
the BAW resonator.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIGS. 1A-1C are schematic diagrams illustrating
the operational principles of embodiments of bulk acoustic
wave (BAW) resonator sensing devices;

[0010] FIG. 2 is a schematic diagram showing compo-
nents of a BAW resonator system for detecting an analyte;
[0011] FIGS. 3A-D are schematic drawings illustrating an
embodiment of signal amplification on a surface of a bulk
acoustic wave (BAW) resonator sensor;

[0012] FIG. 4 is a calibration curve of a BAW resonator
sensor immunoassay for human TSH; and

[0013] FIG. 5 is a curve plotting results obtained at high
concentrations employing a system generally as described in
U.S. 2015/0377834 Al, the disclosure of which is incorpo-
rated herein by reference thereto.

[0014] The schematic drawings are not necessarily to
scale. Like numbers used in the figures refer to like com-
ponents, steps and the like. However, it will be understood
that the use of a number to refer to a component in a given
figure is not intended to limit the component in another
figure labeled with the same number. In addition, the use of
different numbers to refer to components is not intended to
indicate that the different numbered components cannot be
the same or similar.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENT(S)

[0015] In the following detailed description several spe-
cific embodiments of compounds, compositions, products
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and methods are disclosed. It is to be understood that other
embodiments are contemplated and may be made without
departing from the scope or spirit of the present disclosure.
The following detailed description, therefore, is not to be
taken in a limiting sense.

[0016] All scientific and technical terms used herein have
meanings commonly used in the art unless otherwise speci-
fied. The definitions provided herein are to facilitate under-
standing of certain terms used frequently herein and are not
meant to limit the scope of the present disclosure.

[0017] As used in this specification and the appended
claims, the singular forms “a”, “an”, and “the” encompass
embodiments having plural referents, unless the content
clearly dictates otherwise.

[0018] As used in this specification and the appended
claims, the term “or” is generally employed in its sense
including “and/or” unless the content clearly dictates other-
wise. The term “and/or” means one or all of the listed
elements or a combination of any two or more of the listed

elements.
[0019] As used herein, “have”, “having”, “include”,
“including”, “comprise”, “comprising” or the like are used
in their open-ended sense, and generally mean “including,
but not limited to”. It will be understood that “consisting
essentially of”, “consisting of”, and the like are subsumed in
“comprising” and the like. As used herein, “consisting
essentially of,” as it relates to a composition, product,
method or the like, means that the components of the
composition, product, method or the like are limited to the
enumerated components and any other components that do
not materially affect the basic and novel characteristic(s) of
the composition, product, method or the like.

[0020] The words “preferred” and “preferably” refer to
embodiments of the invention that may afford certain ben-
efits, under certain circumstances. However, other embodi-
ments may also be preferred, under the same or other
circumstances. Furthermore, the recitation of one or more
preferred embodiments does not imply that other embodi-
ments are not useful, and is not intended to exclude other
embodiments from the scope of the disclosure, including the
claims.

[0021] Also herein, the recitations of numerical ranges by
endpoints include all numbers subsumed within that range
(e.g., 1 to 5 includes 1, 1.5, 2, 2.75, 3, 3.80, 4, 5, etc. or 10
or less includes 10, 9.4, 7.6, 5, 4.3, 2.9, 1.62, 0.3, etc.).
Where a range of values is “up to” a particular value, that
value is included within the range.

[0022] Any direction referred to herein, such as “top,”
“bottom,” “left,” “right,” “upper,” “lower,” and other direc-
tions and orientations are described herein for clarity in
reference to the figures and are not to be limiting of an actual
device or system or use of the device or system. Devices or
systems as described herein may be used in a number of
directions and orientations.

[0023] Disclosed devices advantageously combine high
sensitivity with a large dynamic range. The sensitivity of
disclosed devices can be enhanced through a number of
protocols. One of which is disclosed in U.S. patent appli-
cation Ser. No. 16/285,304 entitled “THIN FILM BULK
ACOUSTIC RESONATOR WITH SIGNAL ENHANCE-
MENT”, filed on Feb. 26, 2019 and published as United
States Patent Publication Number 2019/0187098, the dis-
closure of which is incorporated herein by reference thereto.
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Sensors, Devices and Systems

[0024] The sensors disclosed herein include at least two
thin film resonator sensors, such as bulk acoustic wave
(BAW) resonator sensors. In disclosed devices the at least
two BAW resonator sensors have different sensitivities to the
analyte of interest. One sensor can be referred to as the high
sensitivity sensor and the other sensor can be referred to as
the low sensitivity sensor. It is noted that this terminology is
only meant to convey relative sensitivity of the two sensors
and does not indicate the sensitivity of the two sensors to any
external sensor or device.

[0025] A BAW resonator sensor includes a piezoelectric
layer, or piezoelectric substrate, and input and output trans-
ducer. BAW resonator sensors are small sensors making the
technology suitable for use in handheld devices. Accord-
ingly, a handheld device for detecting target analytes com-
prising a sensor described herein is contemplated.

[0026] Turning now to the drawings with reference to
FIGS. 1A and 1B, general operating principles of an
embodiment of a bulk-acoustic wave piezoelectric resonator
20 used as a sensor to detect an analyte are shown. The
resonator 20 typically includes a planar layer of piezoelec-
tric material bounded on opposite sides by two respective
metal layers which form the electrodes of the resonator. The
two surfaces of the resonator are free to undergo vibrational
movement when the resonator is driven by a signal within
the resonance band of the resonator. When the resonator is
used as a sensor, at least one of its surfaces is adapted to
provide binding sites for the material being detected. The
binding of the material on the surface of the resonator alters
the resonant characteristics of the resonator, and the changes
in the resonant characteristics are detected and interpreted to
provide quantitative information regarding the material
being detected.

[0027] By way of example, such quantitative information
may be obtained by detecting a change in the insertion or
reflection coeflicient phase shift of the resonator caused by
the binding of the material being detected on the surface of
the resonator. Such sensors differ from those that operate the
resonator as an oscillator and monitor changes in the oscil-
lation frequency. Rather such sensors insert the resonator in
the path of a signal of a pre-selected frequency and monitor
the variation of the insertion or reflection coefficient phase
shift caused by the binding of the material being detected on
the resonator surface. Of course, sensors that monitor
changes in oscillation frequency may also be employed in
accordance with signal amplification described herein.
[0028] In more detail, FIG. 1A shows the resonator 20
before the material being detected is bound to its surface 26.
The depicted resonator 20 is electrically coupled to a signal
source 22, which provides an input electrical signal 21
having a frequency f within the resonance band of the
resonator. The input electrical signal is coupled to the
resonator 20 and transmitted through the resonator to pro-
vide an output electrical signal 23. In the depicted embodi-
ment, the output electrical signal 23 is at the same frequency
as the input signal 21, but differs in phase from the input
signal by a phase shift A@]1, which depends on the piezo-
electric properties and physical dimensions of the resonator.
The output signal 23 is coupled to a phase detector 24 which
provides a phase signal related to the insertion phase shift.
[0029] FIG. 1B shows the sensing resonator 20 with the
material being detected bound on its surface 26. The same
input signal is coupled to the resonator 20. Because the
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resonant characteristics of the resonator are altered by the
binding of the material as a perturbation, the insertion phase
shift of the output signal 25 is changed to A@2. The change
in insertion phase shift caused by the binding of the material
is detected by the phase detector 24. The measured phase
shift change is related to the amount of the material bound
on the surface of the resonator.

[0030] FIG. 1C shows an alternative to measuring the
insertion phase of the resonator. A directional coupler 27 is
added between the signal source 22 and the resonator 20
with the opposite electrode grounded. A phase detector 28 is
configured to measure the phase shift of the reflection
coeflicient as a result of material binding to the resonator
surface.

[0031] Other BAW resonator phase-shift sensors that may
be employed with the signal amplification aspects described
herein include those described in, for example, U.S. Pat. No.
8,409,875, which patent is hereby incorporated herein by
reference in its entirety to the extent that it does not conflict
with the disclosure presented herein. For example, sensor
apparatuses may include (i) a sensing resonator comprising
binding sites for an analyte; (ii) actuation circuitry config-
ured to drive the sensing resonator in an oscillating motion;
(iii) measurement circuitry arranged to be coupled to the
sensing resonator and configured to measure one or more
resonator output signals representing resonance characteris-
tics of the oscillating motion of the sensing resonator; and
(iv) a controller operatively coupled with the actuation and
measurement circuitry. The controller can be interfaced with
data storage containing instructions that, when executed,
cause the controller to adjust the frequency at which the
actuation circuitry drives the sensing resonator to maintain
a resonance point of the sensing resonator. Accordingly,
sensing may be accomplished by actuating the BAW reso-
nator into an oscillating motion; measuring one or more
resonator output signals representing resonance characteris-
tics of the oscillating motion of the BAW resonator; and
adjusting the actuation frequency of the sensing resonator to
maintain a resonance point of the BAW resonator. In
embodiments, the frequency at which the actuation circuitry
drives the sensing resonator is a frequency of maximum
group delay.

[0032] Such phase detection approaches can be advanta-
geously used with piezoelectric resonators of different reso-
nant frequencies.

[0033] In various embodiments, BAW resonators for use
with the methods, devices, and system described herein have
resonance frequencies of about 500 MHz or greater, such as
about 700 MHz or greater, about 900 MHz or greater, about
1 MHz or greater, 1.5 GHz or greater, about 1.8 GH or
greater, about 2 GHz or greater, 2.2 GHz or greater, 2.5 GHz
or greater, about 3 GHZ or greater, or about 5 GHZ or
greater can provide enhanced sensitivity when used with
amplification element mediated mass loaded, which is
described in more detail below. In embodiments, the BAW
resonators have resonance frequencies of from about 500
MHz to about 5 GHZ, such as from about 900 MHz to about
3 GHZ, or from about 1.5 GHz to about 2.5 GHz. Some of
such frequencies are substantially higher than frequencies of
previously described piezoelectric resonators.

[0034] The sensing resonators described herein are thin-
film resonators (TFR). Thin film resonators comprise a thin
layer of piezoelectric material deposited on a substrate,
rather than using, for example, AT-cut quartz. The piezo-
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electric films typically have a thickness of less than about 5
micrometers, such as less than about 2 micrometers, and
may have thicknesses of less than about 100 nanometers.
Thin-film resonators are generally preferred because of their
high resonance frequencies and the theoretically higher
sensitivities. Depending on the applications, a thin-film
resonator used as the sensing element may be formed to
support either longitudinal or shear bulk-acoustic wave
resonant modes. Preferably, the sensing element is formed to
support shear bulk-acoustic wave resonant modes, as they
are more suitable for use in a liquid sample.

[0035] Additional details regarding sensor devices and
systems that may employ TFRs are described in, for
example, U.S. Pat. No. 5,932,953 issued Aug. 3, 1999 to
Drees et al., which patent is hereby incorporated herein by
reference in its entirety to the extent that it does not conflict
with the disclosure presented herein.

[0036] TFR sensors may be made in any suitable manner
and of any suitable material. By way of example, a resonator
may include a substrate such as a silicon wafer or sapphire,
a Bragg mirror layer or other suitable acoustic isolation
means, a bottom electrode, a piezoelectric material, and a
top electrode.

[0037] Any suitable piezoelectric material may be used in
a TFR. Examples of suitable piezoelectric substrates include
lithium tantalate (LiTaO,), lithium niobate (LiNbO,), Zinc
Oxide (ZnO), aluminum nitride (AIN), plumbum zirconate
titanate (PZT) and the like.

[0038] Electrodes may be formed of any suitable material,
such as aluminum, tungsten, gold, titanium, molybdenum, or
the like. Electrodes may be deposited by vapor deposition or
may be formed by any other suitable process.

[0039] Any suitable device or system may employ a thin
film resonator and amplification as described herein. By way
of example and with reference to FIG. 2, a system for
detecting an analyte may include a container 10 (or more
than one container), the thin film resonator 20, actuation
circuitry 22, measurement circuitry 29, and control electron-
ics 30. A fluid path couples the one or more containers 10 to
the resonator 20. The control electronics 30 are operably
coupled to the actuation circuitry and the measurement
circuitry. In embodiments, control electronics 30 are con-
figured to modify the frequency at which the actuation
circuitry 22 oscillates the resonator 20 based on input from
the measurement circuitry 29.

[0040] Still with reference to FIG. 2, the container 10 (or
more than one container) may house an amplification mol-
ecule, an amplification element-linked second recognition
component or components thereof, and optionally one or
more of a tag, an analyte molecule, and a first recognition
component. Each of these reagents is described in more
detail below. Control electronics 30 may control the flow of
such reagents from container 10 to resonator 20; e.g., via a
pump, vacuum, or the like.

[0041] Any suitable control electronics 30 may be
employed. For example, control electronics may include a
processor, controller, memory, or the like. Memory may
include computer-readable instructions that, when executed
by processor or controller cause the device and control
electronics to perform various functions attributed to device
and control electronics described herein. Memory may
include any volatile, non-volatile, magnetic, optical, or
electrical media, such as a random-access memory (RAM),
read-only memory (ROM), non-volatile RAM (NVRAM),
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electrically-erasable programmable ROM (EEPROM), flash
memory, or any other digital media. Control electronics 30
may include any one or more of a microprocessor, a con-
troller, a digital signal processor (DSP), an application
specific integrated circuit (ASIC), a field-programmable
gate array (FPGA), or equivalent discrete or integrated logic
circuitry. In some examples, control electronics 30 may
include multiple components, such as any combination of
one or more microprocessors, one or more controllers, one
or more DSPs, one or more ASICs, or one or more FPGAs,
as well as other discrete or integrated logic circuitry. The
functions attributed to control electronics herein may be
embodied as software, firmware, hardware or any combina-
tion thereof.

Molecular Recognition and Signal Amplification

[0042] Molecular recognition of a sample comprising a
significant background signal may be facilitated by ampli-
fication of the signal. The sensors, systems and methods
described herein employ a second recognition component
comprising an amplification element such as a linked
enzyme. The BAW resonator sensors, at the higher fre-
quency ranges described herein, responded very efficiently
to mass increase of the sensor surface due to precipitation of
a substrate cleaved by an enzyme.

[0043] Referring now to FIGS. 3A-D, schematic drawings
illustration enzyme amplification on a BAW resonator are
shown. As depicted in FIG. 3A, a molecular recognition
component 100 configured to bind to an analyte is immo-
bilized on a surface 26 of a resonator 20. The resonator 20
having immobilized molecular recognition component 100
may be contacted with a composition comprising an analyte
110, which may bind molecular recognition component 100
(see FIG. 3B). The resonator 20 having immobilized
molecular recognition component 100 to which analyte 110
is bound may be contacted with a composition comprising a
second molecular recognition component 120 linked to an
amplification element 130 such as an enzyme. The second
molecular recognition component 120 is configured to bind
to analyte 110 such that the second molecular recognition
component 120 and linked amplification element 130 are
immobilized relative to the surface 26 (see FIG. 3C). In the
depicted embodiments, a soluble substrate 140 may be
converted by amplification element 130 to an insoluble
product 150, which precipitates and accumulates on the
surface 26 of the sensor 20, thereby amplifying the mass
signal as a function of amount or concentration of bound
analyte 110 (see FIG. 3D).

[0044] It will be understood that the series of events
depicted in FIGS. 3A-3D are shown for purposes of illus-
tration and that any other suitable sequence of events may be
employed. For example, the analyte 110 may be contacted
with the second molecular recognition component 120 (and
bound amplification element 130) before the analyte (with
bound second molecular recognition component) is con-
tacted to the surface 26 of the resonator 20 relative to which
the molecular recognition component 100 is immobilized.
The substrate 140 may be present at the time the second
molecular recognition component 120—amplification ele-
ment 130 is added or may be added later. In any case,
washing may be performed prior to amplification.

[0045] Non-limiting examples of target analytes include
nucleic acids, proteins, peptides, antibodies, enzymes, car-
bohydrates, chemical compounds, or infectious species such



US 2024/0183822 Al

as bacteria, fungi, protozoa, viruses, and the like. In certain
applications, the target analyte is capable of binding more
than one molecular recognition component.

[0046] Any suitable molecular recognition component
(e.g., 100 in FIG. 3) may be bound to the surface of a
resonator. The molecular recognition component preferably
selectively binds to the analyte of interest. By way of
example, the molecular recognition component may be
selected from the group consisting of nucleic acids, nucleo-
tide, nucleoside, nucleic acids analogues such as PNA and
LNA molecules, proteins, peptides, antibodies including
IgA, IgG, IgM, IgE, lectins, enzymes, enzymes cofactors,
enzyme substrates, enzymes inhibitors, receptors, ligands,
kinases, Protein A, Poly U, Poly A, Poly lysine, triazine dye,
boronic acid, thiol, heparin, polysaccharides, coomassie
blue, azure A, metal-binding peptides, sugar, carbohydrate,
chelating agents, prokaryotic cells and eukaryotic cells.
[0047] Any suitable method for immobilizing a molecular
recognition component on a surface of a BAW resonator
may be used. By way of example, a uniform coating of
epoxy silane may be deposited on the sensor surface using
a vapor deposition process. Test and reference molecular
recognition components, such as antibodies, may then be
deposited onto the test and reference resonators using, for
example, piezo-based nanodispensing technology. Primary
amines on the antibodies react with the epoxide groups
covalently binding the antibody to the sensor surface. By
way of further example, a thiol group, if present, of the
molecular recognition component bind to a surface of the
BAW RESONATOR. The surface of the BAW RESONA-
TOR may be modified, as appropriate or necessary, to permit
binding of the molecular recognition component.

[0048] Any suitable molecular recognition components,
such as those described above, may be used as the second
molecular recognition component (e.g., 120 in FIG. 3). The
second molecular recognition component may be linked to
any suitable amplification element, such as an enzyme.
Preferably, the second molecular recognition component is
an antibody and the amplification element is an enzyme.
[0049] Any suitable amplification element may be linked
to the second molecular recognition component. In embodi-
ments, the amplification element is an activatable polymer-
ization initiator, such as a photoinitiator, a chemical initiator,
or a thermoinitiator. The polymerization initiator may be
activated in the presence of one or more monomers to cause
a polymer to graft from the second molecular recognition
component. In embodiments, the amplification element is an
enzyme. In embodiments, the enzyme is capable of convert-
ing a substrate that is soluble in the assay environment to an
insoluble product that precipitates on the surface of the
sensor. Examples of suitable enzymes include alkaline phos-
phatase (ALP), horse radish peroxidase (HRP), beta galac-
tosidase, and glucose oxidase.

[0050] Examples of enzyme/substrate systems that are
capable of producing an insoluble product which is capable
of accumulating on a surface of a BAW resonator include
alkaline phosphatase and 5-bromo-4-chloro-3-indolylphos-
phate/nitro-blue tetrazolium chloride (BCIP/NBT). The
enzymatically catalyzed hydrolysis of BCIP produces an
insoluble dimer, which may precipitate on the surface of the
sensors. Other analogous substrates having the phosphate
moiety replaced with such hydrolytically cleavable func-
tionalities as galactose, glucose, fatty acids, fatty acid esters
and amino acids can be used with their complementary
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enzymes. Other enzyme/substrate systems include peroxi-
dase enzymes, for example horse radish peroxidase (HRP)
or myeloperoxidase, and one of the following: benzidene,
benzidene dihydrochloride, diaminobenzidene, o-tolidene,
o-dianisidine and tetramethyl-benzidene, carbazoles, par-
ticularly 3-amino-9-ethylcarbazole, and various phenolic
compounds all of which have been reported to form pre-
cipitates upon reaction with peroxidases. Also, oxidases
such as alphahydroxy acid oxidase, aldehyde oxidase, glu-
cose oxidase, L-amino acid oxidase and xanthine oxidase
can be used with oxidizable substrate systems such as a
phenazine methosulfate-nitriblue tetrazolium mixture.
[0051] It will be understood that any type of competition
assay may be employed. It will be further understood that
the analyte may be modified to include a tag recognizable by
the first or second recognition complex, such as a strepta-
vidin tag; biotin tag; a chitin binding protein tag; a maltose
binding protein tag; a glutathione-S-transferase tag; a poly
(His) tag; an epitope tag such as a Myc tag, a HA tag, or a
V5 tag; or the like. It will be further understood that the
tag-linked analyte may include a variant or derivative of the
analyte. The variant or derivative is a variant or derivative
that is selectively recognizable by the first or second
molecular recognition component that is configured to rec-
ognize the analyte. In some situations, it may be desirable
that the variant or derivative analyte have an affinity for the
first or second molecular recognition component that is
different than the affinity of the non-tag-linked analyte. The
variant or derivative of the analyte may be a variant or
derivative that allows for ease of manufacture of the tag-
linked analyte. For example, the tag-linked analyte may
comprise a recombinant polypeptide, etc.

[0052] When competition assays employing tag-linked
analyte molecules are performed, the tag-linked analyte
molecule, rather than or in addition to the analyte, may bind
a first molecular recognition component immobilized on a
surface of a resonator.

[0053] In disclosed devices the at least two BAW resona-
tor sensors have different sensitivities to the analyte of
interest: the high sensitivity sensor and the low sensitivity
sensor. The sensitivity of the low sensitivity sensor can be
tailored with respect to the high sensitivity sensor by immo-
bilizing on the low sensitivity sensor a molecular recogni-
tion component with a lower affinity, a molecular recogni-
tion component with a lower capacity, or a combination
thereof than is present on the high sensitivity sensor. This
can of course also be explained with respect to the high
sensitivity sensor, which would have immobilized thereon a
molecular recognition component with a higher affinity, a
molecular recognition component with a higher capacity or
a combination thereof than is present on the low sensitivity
sensor. The affinity, capacity, or both of the molecular
recognition component can be tailored by modifying the
coating (amount, concentration, etc.) of the same molecular
recognition component, using a different molecular recog-
nition component, or a combination thereof.

[0054] In some embodiments, where the coating is modi-
fied various parameters can be utilized to affect the relative
sensitivities, including for example the concentration of the
molecular recognition component in the coating for
example. In some embodiments, a filler molecule, which
could also be referred to as a non-specific component can be
mixed in the coating composition along with the molecular
recognition component. The relative amounts of the non-
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specific component and the molecular recognition compo-
nent can then be chosen to determine the sensitivity level of
the low sensitivity sensor.

[0055] In some embodiments, different molecular recog-
nition components can be utilized to affect the relative
sensitivities. For example, molecular recognition compo-
nents with different sensitivities to the analyte of interest can
be included on the two sensors. For example, a molecular
recognition component with a lower affinity for the analyte
of interest than that on the high sensitivity sensor can be
coated on the low sensitivity sensor and a molecular recog-
nition component with a higher affinity than that on the low
sensitivity sensor can be coated on the high sensitivity
sensor.

[0056] The devices, systems, and methods described
herein may be employed to detect a target analyte in a
sample. The devices may find use in numerous chemical,
environmental, food safety, or medial applications. By way
of' example, a sample to be tested may be, or may be derived
from blood, serum, plasma, cerebrospinal fluid, saliva, urine,
and the like. Other test compositions that are not fluid
compositions may be dissolved or suspended in an appro-
priate solution or solvent for analysis.

[0057] Non-limiting examples of target analytes include
nucleic acids, proteins, peptides, antibodies, enzymes, car-
bohydrates, chemical compounds, or infectious species such
as bacteria, fungi, protozoa, viruses, pesticides and the like.
In certain applications, the target analyte is capable of
binding more than one molecular recognition component.
[0058] The present disclosure is illustrated by the follow-
ing examples. It is to be understood that the particular
examples, assumptions, modeling, and procedures are to be
interpreted broadly in accordance with the scope and spirit
of the disclosure as set forth herein.

Device for Detecting Thyroid Stimulating Hormone (TSH)

[0059] Table 1 shows the dynamic range of a few central-
lab based human TSH tests currently available. Normal
range levels for children and adults have been shown to be
0.27-4.2 ulU/ml (95th percentile) (Roche Elecsys TSH Fact-
sheet).

TABLE 1
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the Access TSH (3rd IS) a 7-fold increase in dynamic range
is needed. While some improvements can be made with
improved electronics and software algorithms, this may only
amount to a 2-fold increase.

[0061] FIG. 5 shows that at high concentrations the track-
ing algorithm is unable to track the high level of frequency
shift employing a system generally as described in U.S.
2015/0377834 Al. Frequency tracking is lost at about 12
seconds. Even if the first 10 seconds are fit, a large amount
of variability is observed from part to part due to the large
signals and extreme dampening of the resonators.

[0062] By incorporating two resonators, the dynamic
range of the BAW immunoassay may be increased. The first
resonator is a high sensitivity resonator capable of generat-
ing a response similar to that shown in FIG. 4. The second
resonator is a lower sensitivity resonator capable of mea-
suring at higher concentration levels without saturating the
measurement system. The second resonator is made lower in
sensitivity by immobilizing a mixture of specific capture
ligand and non-specific filler molecule at a fixed ratio such
as 1:4 (or any other suitable ratio). This is effective because,
in the enzyme enhanced BAW system, the limit in the
dynamic range is not the immunoassay itself, but the ability
of the system to track the rapidly shifting resonators. In
many cases the immunoassay binds much less than 10% of
the total surface capacity. Therefore, when immobilizing a
1:4 mixture of specific to non-specific capture molecules,
the resultant signal produced from the resonator should be
scaled by the mixture ratio, and therefore increase the
dynamic range by the same ratio. When the concentrations
exceed the dynamic range of the high sensitivity resonator,
the instrument then uses the lower sensitivity resonator to
report the concentration value. For intermediate concentra-
tions both resonators could be used to improve precision of
the result.

[0063] As an alternative to mixing, the lower sensitivity
resonator can be prepared using a lower affinity antibody.
This would effectively reduce the sensitivity by the ratio of
the antibody affinities and thereby increase the dynamic
range similarly.

Measurement ranges of a few central-lab TSH tests. Only Access TSH
(3rd IS) is based on the 3rd WHO reference TSH preparation. All others are based
on the 2nd WHO reference TSH preparation. 6.8 IU/ng conversion is based on
the scripps TSH antigen used to make the BAW sensor assay measurements.

Measuring
range (uIU/ml)

Approximate range
(pg/ml) (6.8 IU/mg)

Roche Elecsys TSH 0.005-100 0.735-14705

Beckman Coulter Access 0.005-50 0.735-7353

TSH (37 18)

Beckman Coulter Access 0.015-100 2.21-14705

HYPERsensitive hTSH

Beckman Coulter Access 0.030-100 4.41-14705

Fast hTSH

[0060] FIG. 4 shows a calibration curve of a BAW sensor [0064] Thus, embodiments of BULK ACOUSTIC WAVE

immunoassay for human TSH. At the upper limit the 1000
pg/ml the frequency is shifting over 350 kHz/sec. At higher
concentrations the rapid shift of the BAW sensor becomes
difficult to track and the precipitate significantly dampens
the resonator. In order to compare with the dynamic range of

RESONATOR WITH INCREASED DYNANMIC RANGE
are disclosed. The implementations described above and
other implementations are within the scope of the following
claims. One skilled in the art will appreciate that the present
disclosure can be practiced with embodiments other than
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those disclosed. The disclosed embodiments are presented
for purposes of illustration and not limitation.

What is claimed is:

1. A system for detecting an analyte in a sample, com-
prising:

a first bulk acoustic wave (BAW) resonator sensor com-

prising a surface to which

a first recognition component is immobilized,
the first recognition component being configured to

selectively bind:

(a) the analyte, (b) an analyte molecule to which
atag is linked, (c) a tag, or (d) any combination
thereof, to which an amplification element-
linked recognition component is bound;

a second BAW resonator sensor comprising a surface to
which a second recognition component is immobi-
lized,
the second recognition component being configured

to selectively bind:

(a) the analyte, (b) an analyte molecule to which
atag is linked, (c) a tag, or (d) any combination
thereof, to which an amplification element-
linked recognition component is bound;

wherein the first recognition component has an affinity,
capacity, or
combination thereof for binding: (a) the analyte, (b)

the analyte molecule to which the tag is linked, (c)

the tag, or (d) any combination thereof, that is

different from the affinity, capacity, or any com-

bination thereof for binding: (a) the analyte, (b)

the analyte molecule to which the tag is linked, (c)

the tag, or (d) any combination thereof, of the

second recognition component.

2. The system of claim 1, wherein the first and second
recognition components are different.

3. The system claim 2, wherein the first recognition
component has an affinity for binding: (a) the analyte, (b) the
analyte molecule to which the tag is linked, (c) the tag, or (d)
any combination thereof, that is lower than an affinity of the
second recognition component for binding: (a) the analyte,
(b) the analyte molecule to which the tag is linked, (c) the
tag, or (d) any combination thereof.

4. The system of claim 1, wherein the first and second
recognition components are the same and wherein the first
recognition component has a concentration on the surface of
the first BAW resonator sensor to which it is immobilized
that is different from a concentration of the second recog-
nition component on the surface of the second BAW reso-
nator sensor to which it is immobilized.

5. The system of claim 1, further comprising a controller,
wherein the controller utilizes an output signal from the first
BAW resonator sensor, the second BAW resonator sensor, or
both.

6. The system of claim 1, further comprising a controller,
wherein the controller utilizes an output signal from the first
BAW resonator sensor, or the second BAW resonator sensor,
but not both.

7. The system of claim 1, further comprising a controller,
wherein the controller utilizes both an output signal from the
first BAW resonator sensor and the second BAW resonator
Sensor.

8. The system of claim 1, wherein an amplification
element of the amplification element-linked recognition
component is configured to contact an amplification precur-
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sor and convert the amplification precursor into a molecule
that adds mass at the surface of the first BAW resonator
sensor, the second BAW resonator sensor, or both.

9. The system of claim 8, wherein the amplification
element comprises an enzyme and the amplification precur-
sor comprises a substrate, and wherein the enzyme is con-
figured to convert the substrate to a precipitate that adds
mass at the surface of the first BAW resonator sensor, the
second BAW resonator sensor, or both.

10. A system for detecting an analyte in a sample, com-
prising:

a first bulk acoustic wave (BAW) resonator sensor com-

prising a surface to which
a first recognition component is immobilized,
the first recognition component being configured to
selectively bind:

(a) the analyte, (b) an analyte molecule to which
atag is linked, (c) a tag, or (d) any combination
thereof;

a second BAW resonator sensor comprising a surface to
which a second recognition component is immobilized,
the second recognition component being configured to

selectively bind:

(a) the analyte, (b) an analyte molecule to which a
tag is linked, (c) a tag, or (d) any combination
thereof;

wherein the first recognition component has an affinity,
capacity, or combination thereof for binding: (a) the
analyte, (b) the analyte molecule to which the tag is
linked, (c) the tag, or (d) any combination thereof,
that is different from the affinity, capacity, or com-
bination thereof for binding (a) the analyte, (b) the
analyte molecule to which the tag is linked, (c) the
tag, or (d) any combination thereof, of the second
recognition component.

11. The kit of claim 10, wherein an amplification element-
linked recognition component is bound to (a) the analyte, (b)
the analyte molecule to which the tag is linked, (c) the tag,
or (d) any combination thereof, and an amplification element
of the amplification element-linked recognition component
is configured to contact an amplification precursor and
convert the amplification precursor into a molecule that adds
mass at the surface of the first BAW resonator sensor, the
second BAW resonator sensor, or both.

12. The kit of claim 11, wherein the amplification element
comprises an enzyme and the amplification precursor com-
prises a substrate, and wherein the enzyme is configured to
convert the substrate to a precipitate that adds mass at the
surface of the first BAW resonator sensor, the second BAW
resonator sensor, or both.

13. A method of increasing a dynamic range of a bulk
acoustic wave (BAW) immunoassay, comprising:

contacting an analyte or an analyte molecule to which a
tag is linked, a first recognition component, and an
amplification element-linked recognition component to
generate a complex comprising the first recognition
component and the amplification element-linked rec-
ognition component,
wherein the first recognition component is immobilized

relative to a surface of a first BAW resonator sensor
and is configured to selectively bind: (a) the analyte,
(b) the analyte molecule to which the tag is linked,
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(c) the tag, or (d) any combination thereof, to which
the amplification element-linked recognition compo-
nent is bound;

contacting an analyte or an analyte molecule to which a

tag is linked, a second recognition component, and an

amplification element-linked recognition component to

generate a complex comprising the second recognition

component and the amplification element-linked rec-

ognition component,

wherein the second recognition component is immobi-
lized relative to a surface of a second BAW resonator
sensor and is configured to selectively bind: (a) the
analyte, (b) the analyte molecule to which the tag is
linked, (c) the tag, or any combination thereof, to
which the amplification element-linked recognition
component is bound; and

wherein the first recognition component has an affinity,

capacity, or combination thereof for binding: (a) the
analyte, (b) the analyte molecule to which the tag is
linked, (c) the tag, or (d) any combination thereof, that
is different from the affinity, capacity, or combination
thereof for binding (a) the analyte, (b) the analyte
molecule to which the tag is linked, (c) the tag, or (d)
any combination thereof, of the second recognition
component.

14. The method of claim 13, further comprising contact-
ing an amplification element of the amplification element-
linked recognition component with an amplification precur-
sor, wherein the amplification element comprises an enzyme
and the amplification precursor comprises a substrate, and
wherein the enzyme is configured to convert the substrate to
a precipitate that adds mass at the surface of the first BAW
resonator sensor, the second BAW resonator sensor, or both.
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15. The method of claim 13, wherein the analyte or the
analyte molecule to which the tag is linked are contacted
with the amplification element-linked recognition compo-
nent prior to contact with both the first and second recog-
nition components immobilized relative to the surface of the
first and second BAW resonator sensors, respectively.

16. The method of claim 15, wherein the analyte or the
analyte molecule to which the tag is linked are contacted
with the first and second recognition components prior to
contact with the amplification element-linked recognition
component.

17. The method of claim 15, wherein the analyte or the
analyte molecule to which the tag is linked, the first recog-
nition component, the second recognition component, and
the amplification element-linked recognition component are
contacted simultaneously.

18. The method of claim 13, wherein the first and second
recognition components are different.

19. The method of claim 18, wherein the first recognition
component has an affinity for binding: (a) the analyte, (b) the
analyte molecule to which the tag is linked, (¢) the tag, or (d)
any combination thereof, that is lower than an affinity of the
second recognition component for binding (a) the analyte,
(b) the analyte molecule to which the tag is linked, (c) the
tag, or (d) any combination thereof.

20. The method of claim 13, wherein the first and second
recognition components are the same and wherein the first
recognition component has a concentration on the surface of
the first BAW resonator sensor to which it is immobilized
that is different from a concentration of the second recog-
nition component on the surface of the second BAW reso-
nator sensor to which it is immobilized.
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