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(57) Abstract: A sensor device for diagnosis of tuberculosis includes a sensor including a substrate, a first electrode, a second electrode
spaced from the first electrode, and a sensor medium on the substrate between the first electrode and the second electrode. The sensor
medium includes nanostructures and at least one of one or more recognition entities including at least one active binding site for Ag85
antigen. A liquid is deposited over the sensor medium. An ionic strength of the liquid is selected at which binding of the Ag85 antigen
to the one or more recognition entities occurs. The ionic strength and mass loading of the one or more recognition entities immobilized
on the plurality of nanostructures are selected so that an average height of immobilized recognition entities is within a determined range
of a maximum mass loading at which the average height remains within a Debye screening length of the liquid.
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NANOSTRUCTURE-BASED DIAGNOSIS OF TUBERCULOSIS
CROSS-REFERENCE TO RELATED APPLICATIONS

{00017 This application claims benefit of US, Provisional Patemt Application Serigl
No. 63/320,728, filed August 21, 2023, the disclosure of which is mcorporated herein by

reference,

BACKGROUND

00021 The following iwformation 1s provided to assist the reader i wnderstanding techmologies
disclosed below and the enviromment in which such technologies may tvpically be used. The
terms used herein are not miended to be Limited to any particular narrow interpretation unless
clearly stated otherwize in this document. References set forth herein may faciluate
understanding of the technologies or the background thereof. The disclosure of all references

cited herein are incorporated by reference.

(00037 Tuberculosis {TB), caused by myveebacterim tuberculosis {(MTB), 18 a highly
contagious and airborne disease spread through the air when g patient coughs, speaks, or
sneezes. According to the World Health Organization {WHQ), MTB is one of infectious agents
that kill the most people i the world, and TB remains a leading cause of morbidity and
mortality m many developmg countries. T8 s cinically dichotornized into active TB and latent
TB forms. Latent TB is the case where the concentration of MTB 13 too low to show symptoms.
The latest data from the Centers for Disease Control and Prevention (CDC) show that there are
13 mitlion people with latent T8 in the USA. If left untreated, fatent TB can nurn into active

TH. Thus. the early diagnosis of TH is essential in preventing 1ts burden.

(00041 Currently, TB diagnosis focuses on screening tools (that 1s, chest Xeray), the detection
of bacilli by microscopic techiiques (1.e., smear microscopy) and bacterial growth caltures,
detection of host immune response to the pathogen (that is, Mantoux test), and bacterial nucleic
acid anplification methods. The interferon-y releass assays like QuantiFERON-TB Gold Plus,
widely used i the USA and Europe, can also diagnose TB by detecting IFN-y secretion from
the collected blood lymphocyies after their stimulation with ESAT-6 and CFP-10 antigens that
are quite specific for MTB. A chest X-ray shows low seasitivity to latent TB, The Mantoux
test reqaires several days before result reading, and the accuracy of 1t depends on previcus

vaccinations. Although the molecular and functional immunological assays have high
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spectficity, sensitivity, and accoracy, they are time-consuming, and reguire speciahized
equipment, reagents, and operators, making them inappropriate for developing regions and

limiting thewr widespread use.

(00037 At the forefront of digital-health technology, there 18 an wrgent demand for a rapid,
simple, and effective TB diagnostic method. Nanobiosensors, which are analytical detection
tools based on functional nanomaterials that transduce biological responses mto measurable
signals, may have significant potential to satisfy above requirements. A number of
nancbiosensors have been developed for TB diagnosis throngh the detection of MTB specific
DNA, cells or antigens. For example, carbon nanotabe~ and nanowire polypyrrole (nw-Ppy)-
based biosensors have been developed. Both sensors were functionalized with PAMAM
dendrimers, ferrocenyl group, and DNA probe and successtully detected the MTR DNA in real
samples by cvelic voltammetry {CV) and square wave voltammetry (SWV) Although DNA
detection provided bigh specificity in TB diagnosis, the real TB samples needed pretreatment
such as amplification by polymerase chain reaction (PCR) before sensing, which is complex
and time-consuming. There bave also been attempts to develop an inwnune-resistive hiosensor
to sereen the MTB cells and the MTB amtigen MTP64 theough the functionalization of carbon
nanotubes with specific antibodies. The Hmits of detection (LODs) were 10 CFU/mL for cells
and 100 ng/ml for MPT64 in tongue swab samples within 30 min. Such work sought to achieve
the apphication of cells or antigens as the biomarker in TB screening but showed low seasitivity.
Furthermore, when antibodies are used as recepiors, antigens are move favorable than cells as
biomarkers due to antigen-antibody specific interactions, which can decrease the LOD and
mcrease the spectficity, motivating their use in TB diagnostics. For instance, 8 nanobiosensor
was developed which was fabricated with antibody and CdSe-ZnS quantum dots/silica
nanoparticles/screen~-printed carbon elecirode-meodified electrode to detect CFPI10-ESATE
antigen complex. The LOD was improved to 0.15 pg/ml. by linking enzyme catalase 1o the

clectrode and measuring generated differential pulse voltammenry (DPV) currents.

&

[0006] Field-effect wansistor {FET)-based biosensors are increasingly recognized as a
promising type of biosensor for their ability to provide rapid, sensitive, label-free, and highly-
specific detection of analvtes. An FET-based immunosensor for the detection of antigen 83
complex B {Ag8SB) has been developed which is the major MTB-secreted product. That
unmunosensor has g high potential for binding anti-TB antibodies. Through the mtegration of
the silicon nitvide laver and glutaraldehyde, the monoclonal antibody against recombinant

>
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Ag85B protemn was immobitized onto the biosensor for antigen detection and the LOD was
deternnined as €.12 pg'mi. Recently, a silicon nanowire-based field-effect transistor (SINW-
FET) biosensing platform was developed to detect the MTB. Based on the binding between
AgBSB and anti-Ag83B antibody, that biosensor demonstrated sensitivity and obtained
responses trom sputam samples of TB patients. Such studies demonstrated the feasibility of
TB diagnosis through the detection of MTR antigen-antibody interactions using nanowmaterial-

based FET biosensors,

(00071 Since 1998, single-walled carbon nanotubes (SWONTx) have been utilized to create
FETs, showcasing outstanding performance in biosensing as a resuli of theyw vnique physical
properties. With an average diameter of approximately 1 am, SWONTSs are comparable in size
o biomolecnles. They also exhibit relatively low charge-carrier density and high mitrinsic
carrier mobility that are preferred in detecting electrostatic interactions and charge transfer
during biclogical processes. In contrast to other FET functional nanomaterials, such as
graphene, silicon nitride, and silicon nanowires, SWONTs with their extremely small diamseter
can reduce gate leakage and demonstrate high conductivity, brocompatibility, charge-mobility,
and stability. Additionally, a variety of proteins have been reported to be attached onto the
sidewalls of SWUONTs throngh noncovalent {e.g., m-x stacking or polymer wrapping) or
covalent functionalization {e.g., fluorination of SWUNTs or protein coupling via carboxyl
groups), making SWUONTs well-snited for biosensing. Several researchers have fabricated
SWONT FET biosensors for medical apphications, including the detection of SARS-CoV-2
antigens, cancer exosomal miRNA, and Alzhenner’s disease biomarkers, demonstrating LOD
comparable to that of sophisticated methods hike nucleic acid amplification tests (NAATs) and

erzvme-linked smmunosorbent assay {ELISA).
SUMMARY

[D00R] In one aspect, a sensor device for diagnosis of tuberculosis mcludes a sensor including
a substrate, a first electrode, a second electrode spaced from the first electrode, and a sensor
medivm on the substrate between the first electrade and the second electrode. The sensor
medium inchudes a plurality of nanostroctires and at least one of one or more recogaition
entities selected from the group consisting of antibodies and antibody fragments immobilized
on the plurality of nanostructures, each of the one or more recognition entities comprising at

feast one active binding site for AgRS antigen. A liquid is deposited over the sensor medium,
3
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wherein an wonie sirength of the higuid 15 selected at which binding of the Ag83 antigen fo the
recognition enfities occurs. The jonic strength and mass loading of the recogmition entities
immobilized on the plurality of nanostructures are selected so that an average height of
immobilized recognition entittes is within a determined range of a maximum mass loading at
which the average height remoatns within a Debye screening length of the Hguid (for example,
o achieve a determined lout of detection). The sensor device further mcludes electronic
circuitey including at least one measurement system 1n operative connection with the seasor to
measwre a variabide providing a measure of change in at least one property of the sensor medium
which is dependent upon the presence of the Ag85 antigen. The one or more antibodies may,
for example, be selected from the group consisting of a human or nonhuman Ag85A, Ag85B,
Ap83C, and Ap85G antibady or the one or more antibody fragments are selected from the
gronp consisting of fragments of buman or nonhuman Ag8SA, Ap8SB, AgS3C, and Ag8SG
antibody. In a number of embediments, the one or more antibodies are nonhuman Ag&SB
antibodies or the one or more antibody fragments are fragments of vonhuman Ag8SB
antibodies. In a number of embodiments, the sensor device is a {icld-effect transistor device

and the ligoid functions as a gating hgud.

00097 A blocking buffer which is interactive with non-selective binding sites may be applied
to the sensar before the hiquid s deposited thereon. The blockmg buffer may, for example,
include a protein. The protein may, for example, be covalently attached to the nanostructures,
The protein may be crosshinked via a crosshinking agent. In a number of embodiments, the
protein is bovise seram atbumin. In a number of embodiments, the protein is bovine serum

atbumin and the crosslinking agent 1s plutaraldebyde.

{0010} The average height of immobilized recoguition entities may, for example, be within 0.2
to 2.0 tmes of the maximum mass loading at which the average height remains within a Debye
screening length of the liguid, within 0.5 0 1.5 times of the maximum mass loading at which
the averags height remains within a Debye screening length of the liquid, or within 0.75 0 1.25
times of the maximum mass loading at which the average height remamns within a Debve
sereeniug length of the hiquid. The maximum mass loading at the selected onic strength may,
for example, be determined by experimentally determining a maximum response for a
determined Ag8S antigen concentration over varying mass loading. The selected 1onic strength
way, for example, be determined experimentally by determuning response to the Ag83 antigen

at each of a plurality of ionic strengths.
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(0011} In a number of embodiments, the nanostractures are carbon nanotubes. The carbon
nanotubes may, for example, be single walled carbon nanotubes. The single-walled carbon
nanotubes may, for example, be semiconductor enriched single-walled carbon nanotubes. Ina
number of embodunents, a semiconducting content of the semiconductor enviched single-

walled carbon nanotubes 1s at teast 90%, at least 95%, at least 99%, or at least 99.9%,.

[0012] The ionic strength of the liquid mav be experimentally optimized based on the limit of
detection for a given sensor configuration. The mass loading of the recognition entities may be

experimenally optimized based upon a lmit of detection for & given sensor configuration.

(00137 In a number of embodimenis, the one or more recognition entities are immobilized upon
a metal nanopaticles immobilized wpon the plurality of napostructares. In a number of

embodiments, the metal nanoparticles are gold nanoparticles.

(00147 In a number of embodiments, the plurality of sanostructures comprise a plurality of
semicondactor enviched single-walled carbon nanotabes, and a plurality of rabbit polyclonal
Ag85B antibodies are covalently attached to the phurality of semiconductor enriched single-
walled carbon nanotubes. The hquid may include phosphate buttered saline ma concentration
range of approximately 0.1x to 0.001x. A blocking buffer may be applied to the sensor before
the liquid is deposited thereon, wherein the blocking buffer comprising bovine serum altbunun,
a non-lonic surfactant and polyethylene glveol. The mass loading of rabbit polyclonal Ag83B
autibodies may, for example, be in the range of approximately 0.5 10 pa for a SWUONT-device
with an I-F, curve off-current {at approximately +0.6 V) between approximately -1 and 1 gA
and an on~current {at approximately ~0.6 V) larger than 10 AL In a number of embodunents,
the concentration of the phosphate buffered saline is approximately 0.01x and the mass loading

is approximately 3 pg.

00157 In another aspect, a method of detecting tuberculosis includes applying a body fluid
sample 10 & sensor device and measuring a variable which provides a measure of change i at
least one property of a sensor medium which is dependent upon the presence of the Ag8S
antigen. The sensor device includes a sensor incloding g substrate, a fivst electrode, a second
electrode spaced from the first electrode, and the sensor medivm on the substrate between the
first electrode and the second electrode. The sensor medium mclodes a plorality of
nanostructures. At least one of one or more recognition entities selected from the group

consisting of antibodies and antibody fragments s inumobilized on the plurality of

3
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nanostructares. Each of the one or more recognition entities includes at least one active binding
site for Ag8S antigen. A liquid is deposited over the sensor medinm. An tonic strength of the
liquid 1s selecied at which binding of the Ag85 antigen to the one or more recogniiion entities
occurs. The jonic strength and mass loading of the recognition entities immobilized on the
plurahity of nanostructures are selected so that an average height of innuobilized one or more
recognition entities s within a determined of a wmaximom mass loadmg at whach the average
height remains within a Debye screening length of the liguid {(for example, to achicve a
determined hmit of detection). The sensor device further includes at least one measurement
system in operative connection with the sensor. The sensor device may be otherwise
characterized as described above and elsewhere herein. The body flaid sample may, for

example, be sputum or a blood fluid. The body Thuid sample may, for example, be a blood flnid.

[0016] In another aspect, a sensor device for detecting an antigen includes a sensor including
a substrate, a fivst electrode, a second electrode spaced from the first electrode, and a sensor
medium on the substrate between the first electrode and the second electrade. The sensor
medium includes a plurality of nanostructures. At least one of one or more recognition entities
selected from the group consisting of antibodies and antibody fragments are immobilized on
the plorality of nanostructures. Each of the one or more recognition entifies includes at least
one active binding site for the antigen. A Hquid 1s deposited over the sensor medinm. An ronic
strength of the hiquid is selected at which binding of the antigen to the recognition entities
occurs. The tonic strength and mass loading of the one or more recognition entities immobilized
on the plurality of nanostructwres are selected so that an average height of immebilized
recognition entities 1s within a determuned range of a maximum mass loading at which the
average height remams within a Debyve screening length of the liquid (for example, to achieve
a determined linut of detection). The sensor device forther includes electronic cireuitry
mchuding at least one measurement system in operative connection with the sensor to measure
a vartable providing a measure of change 11 at least one property of the sensor medivm which

1s dependent upon the presence of the antigen.

[0017] In a number of embodiments, the sensor device 1s a field-effect transistor device and
the Liquid fanctions as a gating hquid. A blocking buffer which is interactive with non-selective
binding sites may be applied to the sensor before the liquid is deposited thereon. The protein
way be covalently attached to the nanostruciures, In a number of emboduments, the protein is

crossiinked via a crosshinking agent. The protein may, for example, be bovine seram albumin,
6
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In g number of embodiments, the protein is bovine seram albuwmin and the crosslinking agent

13 glutaraldehyde.

[(G018] The average height of the one or more mmmobilized recognition entities may, for
example, be within 0.2 to 2.0 times of the maximum mass loading at which the average height
remains within a Debye screening length of the hquid, within 0.5 t0 1.5 times of the maximum
mass loading at which the average height remains within a Debye scresning length of the hqud,
or within 0.75 to 125 times of the maximum mass Ioading at which the average height remains
within a Debye sereening length of the iquid. The maximum mass loading at the selected ionic
strength may, for example, be determined by experimentally determining a maxinum response
for a determined Ag8S antigen concentration over varying mass loading. The selected ionic
strength may, for example, be determined experimentally by determining response to the

antigen at each of a plurality of jonic strengths.

[0019] The maximum mass loading at the selected ifontc strength may be deternyined by
experimentally determining a maximam response for 4 determuned antigen concentration over
varying mass loading. The selected ionic strength may be determined expermmentally by

detenmining response 1o the antigen at each of a plurality of 1onie strengths.

(00207 In a number of exnbodiments, the nanostructures are carbon nanotubes, The carbon
nanotubes may, for example, be single walled carbon nanotubes. In a number of embodiments,
the single-walled carbon nanotubes are semiconductor enriched single-walled carbon
nanotubes. The semiconducting content of the semiconductor enniched single-walled cartbon

nanotubes may be at least 90%, at least 95%%, at least 9%, or at least 99.9%.

[0021] As described above, the ionic strength of the liquid may experimentally optimized
based on the Hmit of detection for a given sensor configuration. The mass loading of the
recognition entities may be experimentally optimyized based upen Bmit of detection for a given

sensor configuration.

100221 As also described ahove, the one or more recognition eatities may be immohilized vpon
a metfal nanoparticles immobilized upon the plurality of nanostructures. In a number of

embodiments, the metal nanoparticles include or are gold nanoparticles.



WO 2025/042890 PCT/US2024/043037

(00237 In a number of embodiments, the plarality of nanostructures includes 8 plurality of
semuconductor enviched single-walled carbon nanotubes, and a plurality of the antibodies o
antibody fragments are covalently attached to the plurality of senuconductor enriched single-

walled carbon nanotubes.

(0024} In a further aspect, a8 method of detecting an antigen meludes applving a body fuid
sample to a sensor device and measuring a variable which provides a measure of change in at
least one property of a sensor medium which is dependent upon the presence of the antizen.
The sensor device includes a sensor including a substrate, a first electrode, & second electrode
spaced from the firstelectrode, and a sensor medium on the substrate between the first electrode
and the second electrede. The sensor medinm includes a plurality of nanostroctures. At least

group consisting of antibodies and

P

one of one or more recognition entities selected from the
antibody fragments is immaobilized on the plurality of nanostructures. Each of the one or more
recognition entities includes at least one active binding site tor the antigen. A liquid is deposited
over the sensor medium. An jonic strength of the hiquid is selected at which binding of the
antigen to the one or more recognition entities occurs. The iomic strenath and mass loading of
the one or more recognition entities immobilized on the plurality of nanostructures are selected
so that an average height of immobilized recognition entities is within a determined of a
maximwn mass loading at which the average height remains within a Debye screening lenath
of the liguid {for example, to achieve a determined Hmit of detection). The sensor device further
mcludes at least one measwement svstem i operative connection with the sensor. The sensor
device may be otherwise characterized as described above and elsewhere herein. The body
fluid sarople may, for example, be sputum or g bleod fluid. The body flud sample may, for

example, be a blood fluid.

100257 In sull a further aspect, a method of fabricating a sensor device for detecting an antigen
wherein the sensor device includes a sensor meluding a substrate, a first electrode, a second
electrode spaced from the first electrode, and a sensor medium on the substrate between the
first electrode and the second electrode, the sensor medium including a plurality of
nanostroctures, at least one or one or more recognition entities selected from the growp
consisting of anttbodies and antibody fragments 15 tnunebilized on the plurality of
nanostructures, each ot the one or more recognition entities includes at least one active binding
site for the antigen, a tupud being deposited over the sensor medium, and electronic cirouitey

mcloding at least one measurement syslem in gperative connection with the sensor 1o measure
8
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a variahle providing a measure of change in at least one property of the sensor medivwm which
13 dependent upon the presence of the antigen. The method meludes determining an ionic
strength of the liguid at which binding of the antigen to the one or more recognition entities
ocours and determining a mass loading of the one or more recognition entities unmobilized on
the plurality of nanostructares so that an average height of innobnlized recognition entities is
within a determined range of a maximuom mass foading at which the average height remams
within a Debve screening length of the Hguid {(for example, 1o achieve a determined limit of

detection).

[0026] The present devices, systems, and methods, along with the atiributes and attendant
advantages thercof, will best be appreciated and understood in view of the following detatled

description taken 1o conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

(00271 FIG. 1A illustrates a schematic iHlustration of & ABBSB-SWOUNT FET for detection of
MTB antigen Ag83B inchuding interdigitated gold electrodes (ilustrated as blocks). contacting
a network of SWONTSs (iHustrated as transparent}, which are configured as the source (8) and
drain {D) electrodes, wherein in a munber of embodiments, the source-drain voltage {V.a) was

S0 mV, and the gate voltage (V) was apphied through an Ag/ApCl reference slectrode inserted

Poc

into the gating electrolyte,

(00287 FIG. 1B dlustrates a scanning electron microscopy (SEM) image of a bare-SWONT

FET device.
(00291 FIG. 1C iHustrates an SEM image of SWONT network deposited between channels.
FO0307 FIG. 11 tllustrates an AFM image of an ADSIB-SWUNT FET device.

(00317 FiG. 1E illusirates schematic representation of an embodiment of an FET sensor device

hereof.

00321 FIG. IF tHustrates schematic representation of an embodiment of a chemiresistor sensor

device.
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(0033 FIG 2A illustrates relative responses after adding 10 pll (100 pgiml) of Ag8SB

solutions onto the SWONT devices functionalized with different amount of AbSSH; relative

("" f o . , - . . o
responsg = - wherein all data points plotted in the histogram are mean * standard error of
g

the mean based on 3 devices.

0034] FIG. 2B illustrates calibration plots showing the effect of the gating electrolyte on the

ApSSHE detection, wherein all data points plotied 10 the calibration plots are mean + standard

grror of the mean based on 5 devices.

00357 FIG 3A sllustrates FET characteristic curves of an AbSSB-SWUONT FET device upon
exposure to increasing concentrations of AgRSR i PBY, wherein response is shown o increase

with increasing concentration as represented by arrow A from blank to 100 ug/ml samples.

[0036] FIG. 3B ilustrates ealibration plot for Ag83B detection, effect from solvent and non-
specific binding detection, wherein all data points plotted in the calibration plots are mean &

standard error of the mean and the number of devices (n}) used ts indicated in the parenthesis.

(0037} FIG. 4A ilustrates FET characteristic curves of ADSSB-SWONT FET devices upon

exposure to mereasing concentrations of AgS3B in artificial sputum.

[0038] FIG. 4B illustrates a calibration plot showing the detection of Ag83B in artificial
sputum and the corresponding control experiment studying the effect of artificial sputum,
wherein all data points plotied in the calibration plots are mean + standard error of the mean

hased ond devices.

{00391 FIG. 4C illustrates FPET characteristic curves of BSA-blocked-AbRSB-SWONT FET
devices upon exposure 1o Increasing concentrations of Ag85B 1 human peripheral blood

sgngn.

1004071 FIG. 41 tdlustrates a cahibration plot showing the detection of Ag35B 1 senu and the

corresponding control experiment studying the nonspecific interactions.

[0041] FIG. 4E lustrates a specificity test of BSA-blocked-AbESB-SWONT FET devices,
wherein the control was pure serum (10 gL), experimental was Ag83B, SARS-CoV-2 NAg,

and SARS-CoV-2 SAg {and wherein all proteins are 10 gL, 1 ng/ mi n sevum, all data points

10
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plotted 1 the calibration plots are mean 2 standard ervor of the mean, and the number of devices

{0} used iy indicated in the parenthesis in FIGS. 4A through 4B}

[0042] FIG. 4F Hlustrates the relative responses after adding 10 gl TB clinical blood samples

onto the SWONT FET devices, wherein all data plotted are mean = standard error of the mean

and the number of devices is six for the posttive sample and seven for the negative sample.

[0043] FIG 5A illusirates schematically a surface functionalization process of an FET device
for detection of Ag85B protemn in human peripheral blood serum with ALRSB-cBSA-SWONT
FET

00441 FIG. 5B illustrates FET characteristic curves of a AbSSB-cBSA-SWONT FET device

upoen exposure (o nereasing concentrations of Ag85B i human peripheral blood serum.

(00451 FIG. 5C tHustrates a calibration plot for Ag838B detection, effect from human peripheral
blood serum and non-specitic binding detection, wherein all data points ploited in the
calibration plots are mean + standard ervor of the mean, and the number of devices (n} used is

indicated 1 the parenthesis.
DETAILED DESCRIPTION

10046] It will be readily understood that the components of the embodiments, as generally
described and thustrated 1o the Higures herein, may be arranged and designed in a wide varnety
of different coufigurations in addition to the described representative embodiments. Thas, the
following more detatled description of the representative enwbodnments, as lustrated m the
figures, 15 ot intended to hintt the scope of the embodiments, as clammed, but 15 werely

dlustrative of representative embodiments.

00477 Reference throughout this specification to “one embodiment” or “an embodiment” (or
the like) means that a particular feature, structure, or characteristic described 1 connection
with the embodiment 15 included 1 at least one embodiment. Thus, the appearance of the
phrases “in one embodiment”™ or “in an embodinient” or the ke in various places throughout

this specification are not necessarily all referring to the same embodiment.

[0048] Furthermore, described features, structures, or characteristics may be combined in any

suitable manner in one or more embodiments. In the following description, numerous specific

11



WO 2025/042890 PCT/US2024/043037

details are provided to give a thorough understanding of embodiments. Oue skilled in the
relevant art will recognize, however, that the various embodiments can be practiced without
one or more of the specific details, or with other methods, components, matenials, et cetera. In
other mstances, well known structures, matertals, or operations are not shown or described in

detail to avoid obfuscation.

(00497 As used herein and i the appended claims, the singular forms “a,” “an”, and “the”
melude plural references unless the context clearly dictates otherwise. Thus, for example,
reference to “an antibody”™ includes a plurality of such antibodies and equivalents thereof
known to those skilled in the art, and so forth, and reference to “the antibody™ is a reference to
one or more such antibodies and equivalents thereot known to those skilled io the art, and so
forth. Recitation of ranges of values herein are merely intended to serve as a shorthand method
of referring individually to sach separate value falling within the range. Unless otherwise
indicated berein, each separate value, as well as intermediate ranges, are incorpovated into the
specification as if individually recited herein. All methods described herein can be performed
in any suitable order unless otherwise indicated herein or otherwise clearly contraindicated by
the text. As used herein with respect to a value, the term “approximately”, means within 10%

{or typically more desirably within 3%) of the stated value (or of each value in a state range).

{00507 The terms “electronic circaitry™, “circuitey” or “circurt,” as used herein include, but are
not limited to, hardware, firmyware, software, oy combinations of each to perform a function{s)
or an action{s). For example, based on a destred feature or need, a circuit may include a
software controlled microprocessor, discrete logic such as an apphication specific integrated
circuit {ASICY, or other programmad logic device. A circuit may alse be fully embodied as
software. As used heretn, “circuit” is considered synonymons with “logic.” The teon “logic”,
as used herein includes, but is not imited 1o, hardware, finmware, software, or combinations of
each to perform a fonction{s) or gn action(s), or 1o cause a fuuction or action from another
component. For example, based on a desived application or need, logic may include a seftware
controlled microprocessor, discrete logic such as an application specific integrated cirguit

{ASIC), or other prograrumed logic device. Logie may also be fully embodied as software.

(00511 The term “processor,” as used herein includes, but is not lintited to, one or more of
virtually any number of processor systems or stand-alone processors, such as microprocessors,

microcontroliers, ceniral processing units ((PUs), and digital signal processors {DSPs}, in any
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combination, The processor may be associated with various other circuits that support
operation of the processer, such as random access memory {RAM), read-only memory (ROM),
programmable read-only memory (PROM), erasable programmable read only memory
(EPROM), clocks, decoders, memory controllers, or interrupt controllers, ete. These support
circits may be mternal or external to the processor o its associated electromc packaging. The
support circuils are in operative commumnication with the processor. The support oireuits ave

not necessarily shown separate from the processor in block diagrams or other drawings.

00521 Theterm “memory svstem” refers to a collection of electronic components that store
data and instroctions. In computerized systems, a processor system can quickly access
tnformation stoved 1 & memory system. Memory allows storage and retrieval of mformation
and way, for example, include primary memory and secondary memory. Primary memory
meludes, for example, RAM, cache memory, ete. Secondary memory includes, for example,

hard drives, havd disk drives etc.

{00537 The term “controller)” as psed herein ncludes, but is not hinited 1o, any circait or device
that coordinates and controls the operation of one or more wmput andior output devices. A
controller may, for example, tinclude a device having one or more Processors, MICTOPrOCRSSOTS,

or central processing units capable of bemyg programmed to perform fanctions.

00541 The term “software,” as used herein inchudes, but s not linuted to, one or more
computer readable or executable instructions that cause a compater or other electronic device
to perform functions, actions, or behave in a desired manner. The instructions may be entbodied
in various forms such as routines, algorithims, medules, or programs including separate
applications or code from dynamically hnked Bbravies. Software may also be implemented
various forms such as a stand-alone program, a function call, a serviet, an applet, instructions
stored & memory, part of an operating systent or other types of executable instructions. It
will be appreciated by one of ordinary skill in the art that the form of software is dependent on,
for example, requirements of a desired application, the environment it runs on, or the desires

of a designer/programmer or the like.

0551 As used heremn, an “antigen” {sometimes abbreviated Ag) s any substance that can be
specifically recognized by an antibody. Certain antigens induce a body to make an immuneg
response against the antigen. Antigens may include toxms, chemicals, viruses, bacteria, and

other substances having an origin outside the body. Antigens may include a molecule or
13
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molecular structure which, for example, may be present on the outside of a pathogen. Antigens
may also have an origin within the body. Body tissues and cells (for example, cancer cells)
may also mclude antigens that cause an immune response. Further, hormones may be antigens,
Antigens can be bound by antigen-speeific antibodies or by a B-cell antigen receptor. Antigens
may be proteing, peptides {which are chains of amino gcids) or polvsaccharides (which are
chams of monosaccharides or simple sugars). Lipids and nucleie acids may become antigens
when combined with proteins and polysaccharides, An “antibody” (sometimes abbreviated as
Al and sometimes referred 0 as an inununoglobulin or Ig), i3 a relatively large, Y-shaped
protein that is used by the immune system to identify and neutralize foreign objects (including
pathogenic bacteria and viruses). As used herein, an “aniigen receptor” s a protews which

selectively binds/interacts with an antigen.

[0036] In general, nanostructures are structures of mtermediate size between microscopic and
molecolar stroctores. Nanostractures may, for example, have at least one dimension 1 the
range of 0.1 1o hundreds of nanometers. Many nanostructures have at least one dimension i
the range of 1 to 100am. Nanotwbes are, for example, considered two-dimensional
nanostructures and may have a diameter in the range of, for example, 0.1 am 1o hundreds of

nm and a length that mav be stgnificantly greater than the diameter.

{00571 Chemically sensitive solid-state resistors {(chemiresistors) and field-effect transistors
{FETs) hereof may, for example, exhibi roow temperatore hiquid phase sensitivity to antigens
{or antibodies) in, for example, 8 clinical sample such as a sabiva, nasopharyngeal swabs,
serurn/plasma, bronchoalveolar lavage (BAL), or endotracheal aspirate (ETA} In general, any
biological fluid/fluid sample may be analyzed o determing if the flowd sample inchudes an
analyte ahove the detection level of a device hereof. In certain embodiments, 1t i3 also possible
to analyze breath (for example, droplets of fluid from breath). In a nanostructure-based FET
device, one, for example, measwes electrical current through ngnostructures such as
semiconductor-enriched SWONTs  {(sc-SWONT) under an applied gate voltage. In
chemiresistor devices, a gate voltage is not applied.  In both tvpes of devices, an electrical
property {for example, conductance or resistance} of nanostractures such as nanotubes changes
gpon exposure to an analyie, thereby providing a sensor signal. Depending on the
semiconducting nature of the nanostructwes, application of a gate voltage can provide
amplification of the sensor signal, Nanotubes such as sigle-walled carbon nasotubes or

SWONTSs and, particwdarly, senuconductor-enriched (5¢-3-SWUNTs provide an ideal candidate
14
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for incorporation into extremely small and low power devices hereof because they demonstrate
extreme envirommental sensitivity, high electrical conductivity, and inherent compatibility with
existing microelectronmic fabrication techniques. In a number of representative embodiment of
devices, systems, and methods hereof an se-SWONT FET device was studied for the detection

of an anti-MTH antigen in, for example, seram/plasma.

[O058] In that regard, in a number of embodiments hergof an anti-MTB antigen 85B antibody-
functionalized SWONT (ABSSB-SWUONT) FET device was studied to detect the major MTB-
secreted  antigen 85B  {Ag83B) in biclogical floids. Fabricated from commercial
semiconductor-enriched SWUNTs {se-SWUNTs}), the studied FET devices hereof had a high
onfoff ratio of ~10%. Tn g number of enibodiments, taking advantage of the presence of carboxyl
groups on the sidewalls of commercial SWUONTs, AbR3B was functionalized onto SWUNTs
through EDC/Sulfo-NHS coupling. To obtam the optimal sensing result, the effects of
mass/mass loading of antibody to decoration and the 1on concentration of the gating electrolyte
were investigated with calibration samples. Calibration plots demonstrated that the AbR3B-
SWONT FET device could successtully detect Ag8SB spiked in PBS with a LOD of 005
fe'mL. As current TB diagnostic methods concentrate on detecting MTB in sputum and serum
matrices, the performance of embodiments of ABSSB-SWONT FET devices hereof were
studied m artificial sputum and serum samples spiked with varying concentrations of AgBSB.
The devices hereof can identify the presence of Ag85B spiked in artificial sputom and serum.
Moreover, AB&IB-SWONT FET devices hereot with blocking buffer (for example; bovine-
serum-albumin- or BSA-blocked devices hereof) can detect Au85B spiked in serum and can
distinguish TB positive climical samples from negative samples i approximately 10 min with,
for example, a portable potentiostat, highlighting the potential practicality of the biosensor
devices, systems, and methods hereof for TB diagnosis. The robustoess of & number of
embodiments of the ADESB-SWUNT devices to biofluids was further enhanced by integrating
a BSA cross-linking blocking layer onto SWUNT networks. Representative AbR3B-cBSA-
SWONT FET devices hereof underwent 12 serum tests without the blocking layer being
washed away. The devices, systems, and methods hereof provide oppornunities for the

development of robust biosensors for medical diagnostics

[0059] Studied representative embodiments of anti-MTB AgBSB antibody-functionalized
SWONT {AbSSB-SWUONT) FET devices for spectfic detection of Ag8SB proteins were

fabricated on silicon chips with gold mterdigitated electrodes (1DEs) Gllostrated schematically
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i FHG. 1A). The full name for ABESE antibody is anti-miyeobacterium tuberculosis Ag8SB
antthody, In the present studies, rabbit polyelonal to mycobacterium tuberculosis AgSSB
{antigen) was used as a representative example. The antibody 18 8 full-length IgG-type antibody
with a typical weight of 150 kDa. AbBSE can be covalently bound to the carboxyl groups on
semiconducting-SWONT through EDC/Hsulfo-NHS coupling as described below, SWUONT3
were deposited using dielectrophoresis (DEP} between the interdigitated gold electrodes {see
FIG. 1B}, Scanming clectron microscopy (SEM) umaging revealed the formation of
interconnected networks of carbon napotubes between the fingers of interdigitated gold
electrodes  (FIG. 1C). Through I-ethvl-3-(3-(dimethviamino} propyD) carbodiimide/N-
hydroxysulfosuecinimide (EDC/sulfo-NHS)Y coupling, carboxyl groups on SWONTs were
activated into amine reactive O-acylisourea tmtermediates, where ALZSB was conjugated.
Raman spectroscopy tracked the activation of carboxyl groups and functionalization of AbSSB
proteins. Several peaks were observed in the radial breathing mode (RBM) region {150 - 250
cm!y, indicating the diameter distribution of SWCNTs. The decrease of peak intensity in the
RBM region mdicated the successful EDC/sulfo-NHS coupling and antibody conjugation
becanse the functionalization broke the svmmetry of SWUONT. The Raman specira also featured
the D peak {1302 con'') and G peak (1369 cm), and the ratio between the intensities of D and
G peaks (Ipdle) reflected the defects on SWONTs, D and G peak regions of Raman spectra of
the SWONTs during functionalization, wherein the RBM region was recorded using a 785 nm
excitation laser, all spectra were normalized to the Si peak at 520 om™'. D and G peak regions
were recorded using a 638 nm excitation laser, and all spectra were normalized to the G peak
at 15369 cm™'. The observed increase of /ifle corresponded to the increase in defect degree
caused by the antibody functionalization. The antibody decoration was also characterized by
atomic force microscopy (AFM) (FIG. 1D). Based on the caleulation of 20 AFM height
profiles, the surface height increased by 4.05 nim after the decoration of AbRSH, mdicating the
successful conjugation of ABESB to carbon panctube sidewalls. Xeray photoelectron
spectroscopy {XPS) has provided further evidence of AbRSB conjugation onto SWONTs, After
the immobilization of AbSSB onto SWUNTS, the O=C-N {399 4 eV} peak appeared in XPS
speetra of N 1s. Before incorporating AbESB oo SWONT, the C-0 (5332.3 eV) peak n O s
XPS spectra indicated the presence of defects on SWONTs. After i, N=C-(r at 5333 eV, -0
at 332.3 eV, and COO at 331 4eV can be identified in the ADSSB-SWONT O 1s XPS spectra

by deconvolution of a single broad peak, demonstrating the successful functionalization of
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carbon nanotubes with antibodies. The -N (28335 V) peak was also observed in the

deconveoluted C 1s XPS spectra due 1o the intraduction of ALESE.

[0060] Schematic representation of embodiment of an FET sensor device 16 hereof s set forth
m FIG. LE, while an embodiment of a chemiresistor sensor device 10a hereof 13 iltustrated in
FIG. 1F. The illustrated sensor devices 10, 10a include a sensing medivm material inchuding
one Of more representative nanostructures. Such nanostructures include, for example,
se~-SWONTs 20, 20a. In a sumber of embodiments, the nanostructures are a network of
se-SWONTs).  Single-walled carbon nanotubes are classified based on thewr electnical
properties. Nanotubes may, for example, be considered to be either senuconducting or metallic.
The nanotube synthests process typically yields a mix of both metallic and senuconducting
nanotabes. Purification steps are reguived to enrich the samples to be either mostly metallic or
mostly sensconducting.  Either mixed or purified nanostructures may be used in the sensor
systems hereof. However, punfied semicondocting nanostroctures may provide Improved,
lower levels of detection and a wider dynamic range in devices, systems, and methods hereof.
As used herein, the term “semiconductor enriched” (in reference 10 nanostructures such as
se-SWONTs) indicates that there is a semiconducting content of at least 66%. In a number of
embodiments, the semiconducting content is at least 90%, at feast 93%, at least 99%, or a1 least

99 9%. In general, a greater semiconducting content will result in a better output signal.

(00617 In single-walled carbon nanotubes, all carbon atoms are located on the surface where
current flows, making a stable conduction channel that s extremely sensifive 1o a swrounding
chennical environment.  Naootubes and other nanostructures, including  single-walled
nanotubes (SWNTY) such as SWONT s, have the ability to change conductance it response (o
mteraction with analvtes. This characteristic is, for example, implemented m a number of

erabodinments of systems 10 and 10a (see FIGS. 1E and 1F).

(00621 Various nanostructures other than SWUONTs are suitable for use i the present
mvention. Such nanostructures inchude, but are not limited to, myulii-walled carbon nanotubes,
graphene nanosheets and thetr derivatives (for example, reduced graphene oxide and holey
graphene), nanowires, nanofthers, nanorods, nanospheres, nanotibbons {(for example,
mterconnected nanoribbons of holey reduced graphene oxide} or the like, or muxtures of such
nanostructures. Moreover, in addition to carbon, those skilled in the art will appreciate that the

nanostructures of the presemt invention can be formed of boren, boron nitride, and carbon boron
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niride, sificon, germanium, gallium nitnde, zine oxide, indium phosphide, molybdenam
disulfide, silver, andior other suiiable materials. The formation andéor function of reduced
graphene oxide and holey graphene compositions are, for example, discassed in ULS. Patent
Nos. 8,920,764, 9482638, and 10,301,982, and U.S. Patent Application Publication No.

2021/0122638, the disclosures of which are incorporated herein by reference.

(00637 As ilustrated in FIGS. 1E and 1F, the sensing medivm or material, including
sermconducting sc-SWONTs or a network of se-SWONTSs 20 {or other nanostructures}), may,
for example, be disposed upon a substrate 30 {for example, silicon dioxide or quartz) and
contacted by two conductive {for example, metallic - such as Au andéor Ti) electrodes
representing 8 source {S) {a conductive electrode or terminal) and a drain (D) {a conductive
electrode or terminal). Inthe operation of an FET circoit such as ilustrated in FIG. 1E, changes
melectrical conductivity may, for example, be measured for an applied gate voltage. One may,
for example, measure current flow between sowce (8) and drain (D) as a function of a

swept/varied gate voltage range. Liquid gating was used m the studied sensors hereof.

00647 As described above, a chemiresistor sensor device such as device 10a need not include
an apphied gate vohiage, In chemiresistor 10a the sensing medium or material, ncluding
nanostructures 20a, bridges the gap between lwo conductive electrodes 40a and 40a™ (for
example, gold electrodes), which may be referred to & source and a drain. The sensing medium
or waterial may altermatively be immobilized vpon a set of imterdigitated electrodes. The
resistance/conductance between electrodes 40a and 408" can be readily measured. The sensing
medium or material has an inherent resistance/conductance that is changed by the presence of
the analvte. In a chemiresistor, a source-drain bias voltage may, for example, be swept through
a range of voltages, and drain current may be measured. As known in the art, sensor devices
such as sensor devices 10 and 10a may be controlled, and responses thereof measured, using
electronic cirenitry 100 and 100a, respectively. As known i the ant, electronic circatiry 100,
1004 may inclode a processor system in conumunicative connection with a memory system in
which one or more software algorithms executable by the processor system {for example, to

achieve biosensor control and response measurement) are stored.

(00651 In a number of emboduments, aotibodies 24, 248 are covalently attached to
nanostructures 20, 20a or 1o a blocking layer formed thereon to provide detection of antigens.

By insmobilizing the antibodies on the nanostructures or a blocking layer, more robust sensors

18



WO 2025/042890 PCT/US2024/043037

mayv be achieved compared to various & number of other immobilization techuiques. Qne may,
for example, readily remove (for example, via simple rinsing or washing) unbound molecular
species. The immobilization methodologies hereof may altow the achievement of increased

sensitivities.

F0066] An mportant factor that contributes to the sensitivity of SWUNT-based FET biosensors
is the Debye screening length. In principle, as the negative gate voltage is applied, there is a
charge separation resuliing in two electrical double lavers (EDLs). Specifically, cations
accumulate at the interface between the gate electrode and the electrolvte while anions
accnmulate at the interface between the SWONTSs and the electrolvte. The width of each EDL

is referred as Debye screening fength (Ap), which can be calculated by equation (1):

__ jeoerkpT ;
Ap = \/ 2N Aq21 (1)

where £, 18 the vacuum permittivity, €, is the relative permittivity of the medium, ky 13 the
Boltzmann constant, T is the temperature, Ny 15 the Avogadro number, g is the elementary
charge, and { is the jonic strength. Both EDLs will screen the rest of the ions from them. For
example, for biomolecales functionahzed on SWONTS, the charged species that are beyond
the Debye length will be screened. Therefore, one stratepy toward mitigating the Debye
screening effect is 1o optimize the loading of Ab¥SB on the SWONT surfaces so that the
available binding sites can be maximized while keeping the height of the biorecognition layer
within the Debye screening length. To study such optimization, activated bare-SWONT devices

were incubated with O {control), 0.5 pg, 2.5 pg, S ug. 7.5 pg and 10 gy of AbRSB {(with a

concentration of 500 pa /mb) for 12 b for surface functionalization to find to an optimized
mass. After blocking, the devices were immersed in 10 pl, Ag858 solation (100 pg/mlL. in PBS)
before FET measurements. The hustogram of the refative response vs. mass of AbS3B used 18
hustrated n FIG. 2A. The response showed a nising trend when Ab8SE was added from 0 to
3 ug. However, the response decreased from 534.1% to 27.88% when the mass of Ab8SE was
further added to 10 pg, indicating that the antibody-antigen fnteractions canuot be detected by
SWONT devices, which may be due to the formation of a new antibody configuration where
the excess antibody proteins staved nonspecifically on the device, leadmg to the biorecognition
fayer away from the Debve fength, FET measurernents were performed on SWONT devices

before and after the antibody functionalization. The calibration plot showed a decreasing trend
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first (0-5 pe), which can be explained as the change of electronic properties of the metal-
nanotube contact due to protein adsorption. Then, the response became relatively stable,
proving the antibody loading sataration happened when § g of Ab8SB was miroduced onto
SWONT devices. SWUNT devices were further characterized with different amounis of
antibody by fluorescence microscopy. The fluorescence intensity of 10 gg-AbESE SWONT
devices was higher than § pg-ADSSE SWOUNT devices, indicating the existence of excess
antibodies on the biosensor. Therefore, 5§ pug AbSSB was chosen in the subsequent antibody

functionalization studies hereof.

(0007} Liquid gating was used as 1 1s a favorable techmque for biosensing, generating higher
transconductance than back gating, and reducing noise. The gating electrolyvtes of different
concentrations have different onic strength 7, as shown in equation (2):

=3} (2)

where {7} 1s the concentration of the electrolyte and 7 18 the charge of 1on. Gating electrolvies
of different concentrations have different ionic strength and thus provide different Debye
screening lengths. The representative gating media used v studies bereof were PBS solotions
of varying concentrations, resulting i different onic strengths and Debve screening length
(1o, 1xPBS: 0.7 nm, 0.1xPBS: 2.4 nm, 0.01=PBS: 7.4 nin, and 0.001=PBS: 20 nm), which
may have an mmpact on the detection ovtcomes. Therefore, the effect of a series of PBS
solutions (1x 10 0.001PBS) as the gating electrolyte for the detection of AgSSB by Ab3SB-
SWONT FET devices was studied. The calibration plot showed that when using 0.01xPBS as
the gating hquid, the relative response was stignificantly larger than other gating elettrolytes
{F1G. 2B). Previous studies bave concluded that the sensing responses optinyized when the
distance of the bound charges w receptor-tigand complexes to the SWONT surface was within

gth. Afier the introduction of Ag8SH, it would bind specifically o

o

the Debye screeming len
AbBSE. Therefore, one could assume the height of bound charged species as the average heigln
of the antibody (4.05 nm), which is within the Debye scregning length of 0.01xPBS {7.4 nm)
and 0.001=PBS (20 nm). However, the relative response of 0.001xPBS was not satisfactory in
comparison to 0.01xPBS, possibly {and without hmitation to any mechanism) because the low
on concentration is not favorable to the protein binding. PBS concentration, jonic strength and

Debye screening length for the various PBS concentrations ave set forth in Table 1 below
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Table 1
PBS Concentration fonic Strength (mM} Debve Screening  length
{ram}
I=PBS 162.7 0.7
0.1xPBS 16.27 24
0.01xPBS 1.627 7.4
0.001=PBS 0.1627 20

[0068] In a number of embodiments, the amount of antibody immobilized in the studied
devices hereot may, for example, be in the range of approximately 0.5-10 pg. An opimized
armount 18 approxirmately S ug as described above. In a mumnber of embodiments, for the test
conditions of the studies hereof, ionic strength can range from approximately 0.1 to 0.001~
PBS (Debve screening length between 2.4 and 20 nmy}, with approximately 0.01x PBS being
optimal. 1% PBS (phosphate buffered saline) is a ready-to~-use, sterile, pH adiusted blend of
phosphate butfer and saline solution of 10 mM NaH:POy, 137 M NaCL 2.7 mM KCL and 1.8
mdM KH2POy at pH 7.4, Composition examples. 17 10 mM NaHaPOs, 137 mM NaCl, 2.7 mM
KOL 1.8 mM KHRPOS (pH 7.4) 0.0 1M NalaPOs 137 mM NaCl, 0.27 mM K, 018
mM KHPOs.

30691 Such ranges and optimal values are applicable for the particular antibody studied, the
attachment scheme thereof, and the blocking strategy nsed. One can reasonably anticipate that
such values will vary for different antibodies {for example, goat antibodies instead of rabbit,
antibody fragments, antibodies for different antigens, etc.), attachments schemes {for example,

via gold nanoparticles rather than direct couplimg), and blocking strategy (for example,
crosslinking BSA, different proteins, polymers, surfactants ete.) - that is, for a particular sensor
configuration, Thus, ton concentration and amount'mass of a particular recognition entity
{anttbodv/antibody  fragments) unmobilized may be opiimized wusing theorv and
experimentation (based, for example, on schieving a determined lower limit of detection) fora
give sensorfsensor device configuration. {n geperal, for a hquid depostied over the sensor
medinm, the tonic strengthiion concentration of the liquid may be selected to provide a
determined Debye sereening tength while being within a range in which binding of the antigen
to the recognition element occurs. The lonic strengthiion concentration may be optimized on
21
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the basts of response. Further the mass loading of recognition elements immobtlized on the
plurality of nanostruoctures may be deternvined so that an average height of immobilized
recognition entities is within determined range of a maxinmum mass loading at which the
average height remains within a Debye screening length of the liquid to achieve a determined
fmit of detection. For the selected ionic strength, for example, the mass loading of the
recognition entities immobilized on the pherality of nanostructures may be selected to be within
predetermined range of a value at which relative response 15 a maximwm. The present studies
describe the design and optimization of a representative sensor device including AbSSb
antibodies in the sensor medium thereof for binding with Ag858 proteins in the detection of
TB. However, one skilled in the art appreciates that the devices, systems and methods hereof
are applicable to any recognition entity/antigen pair 1o provide limits of detection lower than

previously atiainable.

(00707 After identifying improved or optimized factors for device fabrication as described
above, the performance and sensing mechanmism of the AbSSB-SWONT FET devices for the
detection of AgBSB protemns spiked in PBS as a calibration was investigated. FIG. 3A shows
the FET transfer characteristics, that 1s, / — Vg curves, of an ABSSB-SWONT FET device after
exposure to Ag83B solutions {1 fg/mi to 100 pp/ml). With increasing antigen concentration,
the characteristic curves shified t© more positive gate voltages, and both the threshold voliage
and the absolute valuve of the curve’s hivear region slope showed an increasing trend. Without
Himitation to any mechanisin, all these changes can be explained by the adsorption of negatively
charged AgBSB (pf = 8.5) onto SWONTs inducing positive charges that p-doping SWUNTs
and the Schottky barvier effect. The calibration curve for the detection of Ag8SH proteins
spiked in PBS i3 depicted in FIG. 3B, The calibration curve was Hneartly ft (y =
0.4066 % log{x) + 6.6724) and a linear corvelation coecfficient of 0.9804 was obtained,
showing a large dynamic range of this ABBIB-SWONT device. The calibration sensitivity,
defined as the slope of the calibration curve, is 0.4066. Furthermore, non-specific binding was
investigated by examining the responses of bare-SWONT FET devices to Ag85B spiked n
PBS. The influence of solvent was also explored by mmcubating ABSSB-SWONT FET devices
with pure PBS 12 times. The extremely low relative responses of these two control experiments
shown in FIG. 3B showed that relative responses of the ABSSB-SWONT FET devices upon
exposwre 1o Ag85B solution came from the specitic binding between AL8SB and Ap&SB. To

deterniine the LOD of AbSSB-SWUNT FET devices, measuring the signal of a blank device
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was repeated 20 times. Based on a signal that exceeds 3-times the noise response, the log scale

of the LOD was log{x}=-16.3. Therefore, the LOD was antilog(-16.3) = 107 or 0.03 fgrmL,

which is lower than the immuone-polymerase chain reaction {I-PCR) method.

0071] Representative AbSSB-SWUNT FET devices hereof were further studied to assess the
detection of Ag8SB proteins spiked in artificial sputum. The artificial sputum was prepaved
with | wt.% methyl cellulose. See Banik, S.; Mahony, 1. Selvaganapathy, P. R. Elution of
Artificial Sputum from Swab by Rotating Magnetic Field-Induced Mechanical Impingement.
Appl. Sci. 2817, 7 (12), 1255 FIG. 4A shows the [V, curves of the AbSSB-SWONT FET
device after exposure to Ag85B solutions in artificial sputum. Similar to the detection of
Ag85B in PBS, a shift of the cuwrves loward more positive gate voltage was observed, indicating
the saccessful detection of Ag85B protetns in artificial sputom. The calibration curve for the
detection of Ag85B proteins v axtificial sputum was plotted (FI1G. 4B) and further hinearly
fitted. Compared with the calibration plot of calibration samples, refatively larger ervor bars
and smaller response change, calibration sensiivity (0 1197) and linear correlation coefficient
{0.9683} were observed due to the effect of artificial sputumy. Therefore, the performance of
our ADSSB-SWONT PET devices with the control experiment was [urther evaluated by
exposing them to pure artifictal sputom 12 times, and the calibration curve 1s plotted i
FIG. 4B, The difference of the relative responses between the experimental and control groups
was observed from Hg/ml., indicating that the devices hereof could detect Ag83B at relatively
tow concenirations i artificial sputum samples. Despite the difference i responses, the
mcreasing response from pure artificial sputum could not be ignored. The possible reason for
the increased response may be that the negatively charged methyl cellulose {pl = 4.6) brouglt
additional hole carriers to the SWONTs and thus the devices were p-doped due 1o electrostatic

gating effect,

(00721 AB&SB-SWUNT FET devices hereof were further evaluated for detection of Ag83B
spiked i human peripheral blood serum. A control experinment examining the interference from
serum to the biosensor was also performed. The response trend for detecting Ag8SB in serum
with AbSAB-SWONT FET devices deviated from the trend for detecting Ag85B in PBS and
overlapped with the control group trend, indicative of a compromised sensing capability toward
Ag85B in human serum. This can be amtnbuted to the ponspecific binding of serum

components, such as albumin and globulin, to the device surface, causing interfering responses
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in the device, even though a blocking buffer with Tween 20 and PEG was applied. The
enhancement of the blocking buffer is thus important for testing 1o the human serum.

(00731 To eliminate the influence from serum, sevum, non~fat dry mitk (NFDM), bovine serum
atbumin (BSA), and BSA & NFDM were mtroduced into the Tween 2Z0-polvethylene glyeol
{PEG) blocking buffer. In general, a blocking buffer is a solution of blocking component such
as a foreign protein, a combination of proteins, or another compound that absorbs all remaining
{non-selective) binding surfaces. The blocking buffer binds to potential sites of nonspecific
mteraction and eliminates background noise without altering the epitope for antibody binding.
The blocking agent improves sensttivity by reducing background interference and improving
signal-to-noise ratie. Protews, polymers, serum (for example, monse serumy) and surfactants
may, for example, be used as non-specific blocking agent. To compare with the detection of
Ap83B in PBS, Ag85H in serum was tested from 1 fg/ml to 100 yp/mb for each order of
magnitnde with ABSSB-SWUNT FET devices blocked by the three kinds of blocking butfer
described above. The resulting calibration plot for detecting AgBSB protems in serum
demonstrated a negative relative response produced by senwm blocked AbRSB-SWONT FET
devices {demonstrating the fatlure of AgB3B detection) which may be a result of excessive
blocking by serwm. The calibration plot for BSA-, NFDM-, and BSA&NFDM -blocked AbS3B-
SWONT FET devices exhibited the same increasing trend i the few concenwration
measursments at the beginning. However, then the calibration corves for all three kinds of
devices showed a decreasing trend. This phenomenon could be attribuied o the number of iests
performed or other experimental factors. To obtain a calibration curve and explote the dynamic
range, antigen sohutions were typically tested from 1 fgfml to 100 pgfml, covering each order
of magnitude from low to high. In this experiment, 12 tests were performed to detect 12
different concentrations of Ag8SB solutions. However, due to the incubation and washing
process, which may cause the dissociation of NFDM or BSA and the recovery of serum

mfluence, a reduction tn relative response after 8 certain number of tests was observed. To test

this hypothesis, Ag8SH detection was performied from 1 fgfml while reducing the number of

tests 10 6, 4, and 3 by adjusting the concentrations used in the detection with BSA blocked-
AbSIB-SWUNT FET devices. A control expeniment testing the non-specific bindings between
the devices and serum was also performed. During the six-test experiment, a decrease in
refative response was observed starting from the fifth test (100 ng/mbL). Addinonally, a

difference in relative responses between the experimental and the control group was observed
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as early a3 1 fgrmb. On the other hand, when four tests were performed, only an increasing
trend of the relative response was observed. Based on this evidence, one can conclude that the
decrease n relative response was not dependent on a specific concentration, but rather related
to the number of tests pecformed. To mitigate this influence, the performance of devices hereof
was texted in detecting Ag85B n serum by evaluating three different concentrations {1 fgfiml.,
I ngfml., and 100 pgfml) using the BSA-blocked-Ag83B-SWUONT FET devices. As shown in
FIG. 4, the T~V curves of the device after exposure to Agé3B in seram shifted toward a
more positive gate voltage, similar to the detection of AgR3B m PBS, demonstrating successful
detection of Ag83B proteins in serwrn. FIG. 4D shows the calibration curve for the detection
of Ag85B in sernm along with the calibration curve depicting the effect of serun on devices
hereof and the nonspecific binding between the antigen and electrode. The different trends i
the experimental and control groups further demonstrated the feasibility of the BSA-blocked-
ABSSB-SWONT FET devices in detecting Ag85B in serum.

100741 To further evaluate the spearficity of BSA-blocked-AbRIB-SWONT FET devices to
Ag83B, an interference test was performed. The pure serum (10 pl.) was incubated onto sensor
chips for 10 min as the control group. Due to the Coronavirus disease 2019 (COVID-19)
pandemic, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) aucleocapsid
protem (N antigen, NAg) and SARS-CoV-2 spake protein (S antigen, SAg) (10 pl, 10 ng/mbL
in serum) were chosen as related proteins for this specificity test. As ilustrated in FIG. 4K, the
relative responses from NAg and SAg were significantly lower than those from Ap83B,

mdicating the high specificity of the BSA-blocked-AbBSB-SWUNT devices hereof to Ag858.

[0075] The BSA-blocked-AbSSB-SWUNT FET devices were further tested with TB clinical
samples. One positive sample and one negative sample were tested separately with a potable
TH detection device nclading SWONT FET devices hereot and a Mewrohm potentiostat
{available from Metrohm USA, Inc. of Riverview, FL, USA). Afler the 10 min-sample
incubation, the device can give the result n several seconds. FIG. 4F shows the relative
response of the biosensor for the detection of TB positive and negative clinical samples. The
histogram demonstrates that portable biosensors hereof can distinguish between the TB-
positive and TB-negative samples successfully with a p-value of 7.0446 x 10 (o= 0.05) and

have significant potential in TB POC diagnosis.
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[0076] The robustness of the devices to biofhuids and the stability of the blocking laver may be
mproved by, for example, binding the blocking layer 1o the devices hereot such that the
blocking  laver 13 difficell 0 remove doring  washing. A wixture of
nanostructwres/BSAdglutaraldehyde (GA)}, for example, can form a stable and antifouling
biosensor coating laver as a result of the formation of a thick and porous BSA matrix around
the nanostructures/manotubes. The matrix can significantly reduce the non-specific bindmg at

the same time,

00777 In a number of studied embodiments of devices hereof, BSA was bound directly onto
the SWONT and was crosslinked with GA. SEM imaging characterized the process of BSA
binding and crosslinking, It has been demonstrated that streptavidia protems could adsorb on
{UNTs through non-covalent hydrophobic interactions. Therefore, the SWONT FET device was
first blocked with a BSA cross-linking laver noncovalently for Ag83B detection. The resulis
demonstrated that the variation in response trend could still be seen after a fow tests, indicating
the weak affinity between SWONTSs and BSA protems. Thus, other studies were conducted in
which the BSA cross-linking layer was bound to SWONTs covalently through EDCY Salfo-
NHS coupling. The sarface fimctionalization process of the AbBSB functionalized-cross-hinked
BSA-blocked-SWONT (Ab83B-¢BSA-SWONT) FET devices is shown m FIG. 5A. SEM
imagmg charactenized the process of BSA binding and cross-Imkmg and showed the BSA
proteins binding to SWONT devices. After the introduction of GA 1w BSA, a dense layser
covering SWONT and aggregated particles was observed on the device surface, which was
further characterized by fluorescence images. The devices exhibited green and red
fluorescence, confirming the existence of a BSA cross-linking laver and some aggregated BSA

protein.

[0078] To evaluate the performance of our AbESB-cBSA-SWUNT FET devices, Ag85B in
serwn form was tested 1 fog/mb to 100 ggfmlb for cach order of magnitude. Although the
addition of the BSA cross-linking layer between SWONT and AbBSB increases the height of
the biorecogrution layer, it also helps mitigate the Debye screening effect. Due to the high cost
of entropy for ton partition from the sohution to the cross-linking layer, the concentration of
tons 18 significantly smaller at the interface between the cross-hnking layer and the solution.
Therefore, the Debye screening length is increased and is higher than the biorecognition laver.
Thus, 0.01= PBS was still chosen as the gating hqud. FIG. §B shows the &~ F curves of an

ALSIB-cBSA-SWUNT FET device after exposure to Ag835B sohutions. A shift of the carves
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toward more positive gate voltage was observed, mdicating the successtul detection of Ag85SB
i serum. The comresponding calibration curve 1s plotted tn FIG. SC and presents a single
mcreasing trend sinnfar to the detection m PBS. Compared with BSA-blocked-AbSSE-
SWONT devices, the AbRIB-cBSA-SWONT FET device can withstand 12 tests without the
biocking layer being washed away, demonstrating the improved robusiness of SWUNT-based
biosensors and stronger evidence of the large dynamic range of SWONT FET devices in
detecting Ag85H in buman serom. The effect of serum on the devices and nonspecific bindings
between the cBSA-SWONT device and AgBSB were also evaluated as control experiments and
are plotted tn FIG. 5C. The deviation in the relative responses between the experimental and
control groups can be observed from 1 fg/ml., indicating the increasing response frend coming
frony the antigen-antibody mteractions and good sensitivity of the ALESB-cBSA-SWUNTFET
device. Further improvement can be achieved via optimiization of the ratio between SWONT,
GA, and BSA to maintain good robusiness while minimizing the Mocking laver thickness and
maximizing the sensor response. Additionatly, antibody fragments could be used instead of the

whole antibody to minimize the distance between SWONTs and the antigen binding site.

(00797 Although the sensitivity of devices hereof in detecting AgS83B are slightly less in the
case of nse of a crosslinked blocking laver, the seasitivity is still significantly better than, for
example, ELISA. If greater sensitivity is desired {for example, in early diagnosis), a device
hereof in which the antibody is covalently attached to the nanostructures and covered by a
mixture of, for example, BSA, PEG and Tween 20, as described herein may be used. Such
devices may, for example, be useful for two to four tests with intervening washing. If repeated
uses greater than two to fowr tests are desired and shghtly less sensitivily is suntable, a

crosstinked blocking laver may be used.

00807 As described above, one or more antibody fragments which mclude an active binding
site for the antigen can be used in device hereof. The one or more antibody fragments may, for
example, include reduced antibody fragments as described in U5, Patent Application Serial
No. 18/631 488, The one or more antibodies or one or more antibody fragments hereof may,
for example, be covalently attached to at least a portion of the nanostructures of the devices
hereof. Altematively, one or more antibodies may be atiached to at least a portion of & plurality
of metal {for example, gold) nanoparticles immobilized upon the nanostructures (for example,
single-walled carbon nanotubes). See, for example, US. Patent Application Seral No

IRB3ITARR.
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008 1] In sunumary of the studies of representative devices, systems, and methods hereof, anti-
mycobacterium tuberculosis antigen 85B anubody-fiumctionalized SWONT FET devices weare
fabricated for potential TR diagnostics. Through mvestigating the influence of the mass loading
of antibody and gating electrolyte, the hiosensor demonstrated high specificity and large
dysamic range toward the detection of MTB-secreted Ag83B with an LOD of 0.05 fg/al in
calibration samples. The performance of the ABSSB-SWUNT FET devices hereof were also
studied by detecting Ag8&3B spiked in complex matrices. The difference in relative responses
between the experimental and control groups indicates that the devices hereof have the ability
to identify Ag85B in artificial sputum. The addition of a blocking protein {BSA) ito a
Tween20-PEG blocking buffer demonstrated that the AbBSSB-SWUNT FET devices hereof can
detect Ag85B in serum and distinguish TB positive clinical samples. If required for a particular
use, the robustness (for example, to repeated usefintervening washing) of devices hereof in TB
diagnosis in biofluids can be improved by crosslinking the BSA faver. In a number of studies,
a GA-~crosslinked BSA laver was attached divectly to the SWONT device. Furthermore, the
fabrication of each sensor s economical, and the test time is around 10 mun, which indicates
the possibility of developing a complete integrated point-of-care {(POC) device with the

antibody-functionalized SWONT FET for the diagnosts of TB.

{0082} Tuberculosis (1B}, a commaon infectious disease caused by myeobacterium tuberculosis
(MTB), 15 a major cause of death worldwide. However, current TB diagnostic strategies
focusing on the detection of bactili by microscopy methods, bacterial growth cultares, and host
mmmune response to the pathogen presemt less accuracy. While immunelogical assays are
spectfic and sensitive, they are expensive, time-consuming, and operator-dependent, making
them inappropriate for use i resource-poor settings and limiting their widespread uvse,
Therefore, the need for rapid, affordable, and reliable TB diagnostic methods has emerged.
Representative devices hereof provide a quick, economical, sensitive and specific diagnostic
test for TB based on rapid detection of MTB 30 kDa secretory antigen protein {Ag85RB), which
is the most abundant protem expressed by MTB serving as a feasible target for developing
mnovative approaches for TB diagnosis. A representative field-effect transistor (FET)
nanobiosensor by employing semiconducting single-walled carbon nanotube {SWONT)-
functionalized with antibodv-antigen §3B (AbS3B) was developed and Ag85B detection was

demonstrated mn PBS, artificial sputum, and human blood serum.
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[0083] The devices, system, and methods hereof may provide, for example, a pomt-ofe-care
device for the fast, inexpensive but sensitive and reliable detection of MTB AgBSB in differemt
biological flnids. The FET-based biosensing devices hereof exhibit the advantages of high
sensitivity, small size, label-free, and real-time detection. In a number of embodiments, the use
of semiconducting SWONT 1o FET devices hereof yields high on-state conductance and high
ow/off ratio for FETs, which in turn achieve higher analytical sensitivity toward the target
analytes compared to other FET devices. Based on results of a number of studies thereof, the
biosensor devices hereof exhibit a lmit of detection (LODY of .03 fw/ml. in PBS and have the

ability to identify the Ag83B in sputum and serom in 10 min.

{00847 A comparison between, for example, 3 SWONT FET biosensor deviee hereof and
previously reported sensor technologies for TB diagnosis dicates that the SWONT-based
biosensors hereof are more sensitive than most existing TB diagnostic methods. Moreover,
biosensor devices, systems, and methods hereof can be used with both artificial sputum and
blood serum and can wdentify the existence of AgR3SB at extremely low concentrations.
Blocking laver-enhanced SWUNT FET devices hereof can also recogmize Ag85B m blood
serum above 1 fg/mb. The large dynamic range is maintained even when exposed to biofluids.
Additionally, the total test cost, including the sensor chip fabrication and antibody

functionalization, 1s less expensive than present commercially available TB tests.
{00851 Expertmental

[0086] Device Fabrication. By using photolithography, the mnterdigitated gold electrodes were
patterned onto the 2.6 * 2.6 mm SIS0 wafers to form & wm channels. The chips were wire-
bonded onto the standard 40-pin ceramic doal inhee package and secured with
polvdimethyisiloxane (FDMS) by heating at 200 °C for 20 min. For the anti-MTB Ag835B
antibody-functionalized  SWONT  {(ABSSB-SWONTY  FET  devices, commerciagl
semiconducting single-walled carbon nanotubes {(SWUNTS) (Is080l-5 100, Nanolntegris) were
used for the fabrication of sensors. 2 gl IsoSol-SWONT (0.02 mg/mlL in toluene) were
deposited between gold electrodes by dielectrophoresis (DEP) with an applied bias voltage of
1V and AC frequency of 100 kHz for 2 mun. Isopropyl alcobol was used to wash excess
B30Sol-SWONT and the devices were annealed at 200 “C for 12 b, SWONT-devices were
further sent to FET measurement for sereening before use, Specially, devices with an off-

current {at approximately +0.6 V) between approximately -1 and 1 gA and an on-current {(at

29



WO 2025/042890 PCT/US2024/043037

approximately -0.6 V) larger than 10 g& will be used for further sensing experiments. Ta
functiopalize anti- mycobacterium tuberculosis Ag838 antibody (AbSSB) onto the device, 1-
ethyl-3-(3-  dimethylaminopropylicarboditmide  (EDC)yN-hydroxysulfosuccinimide  {sulfo-
NHS) coupling was used. Specifically, the devices were incubated with 100 pb of EDC/sulfo-
NHS solution [50 mM/50 mM m phosphate-buffered saline (PBS}] for 30 min to activate the
carboxyl groups on IsoSol- SWONT into an amine reactive O-aeyvlisonrea intermediate. The
excess EDC/sulfo-NHS solution was washed away with nanopure water. Then the devices were
incubated with 10 pl AD&SH (500 pp/mb m PBS) (ab43019; Abcam, USA) for 12 hat 4 °C.
After a thorough washing with nanopure water, the devices were coverad by a blocking butfer
{0.1% TWEE

NR 20 (poly(oxyethyleneh-sorbitan-monolaurate, 8 non-jonic surfactant) and
4% polyethvlene glycol in PBS) for 30 min to prevent unspecific interactions. The devices
were washed with nanopuore waler again (o remove any excess chemicals before the antigen

83B {AgBSB} incubation and FET measurements.

[DORT] For the ADLSSB functionalized-crosslinked BSA blocked-SWONT (AbRSB-cBSA-
SWONT) FET devices, the deposition of SWUONT was the same as stated above. To link BSA
omo the SWONT, the devices were incubated with 100 ul. of EDCisulfo-NHS solution (50
mM/SOmM in PBS) for 30 min to activate the carboxyl groups on IsoSol-SWONT. The excess
EDRC/sulto-NHS solution was washed away with nanopure water. Then the devices were
covered by a Tween2O0/PEG/BSA buffer (0.1% Tween 20, 4% polyethvlene glyeol and 1%
BSA in PBS} for 1 hour. The excess buffer was washed away with nanopare water. Then the
devices were incubated with 1% ghnaraldebyde (GA) solution (in PBS) for 2 hours for
crosstinking. The excess GA solution was washed away with nanopure water. After that, the
devices were incubated with 100 b of EDC/sulfo-NHS solution (50 mM/50 mM in PBS) for
30 mun to activate the carboxyl groups on BSA crosslinking layer. The excess EDC/sulto- NHS
sofution was washed away with nanopure water, Then the devices were incubated with 10 uL.

AbSSB (300 pgimL m PBS) for 12 hat 4 °C for the antibody functionalization.

{O088] FET Measuremems. FET devices for the detection of Ag85B were mvestigated through
hqud-gated FET device configuration by Keithley Source Meter Unit 2400, A T M Ag/AgCl
elecirode (CH Instruments, Inc.) was used as the gate electrode and PBS was used as the gating
electrolyvte. In FET measurements, the gate voltage (V) was swept from +0.6 10 ~0.6 V witha

source-dram voltage { V) of 30 mV,
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0089 A sertes of recombinant mycobactertom toberculosts Ag83B protem (abR3471; Abcam,
LISAY sotutions from 1 fa/ml to 100 pgiml were prepared with PBS. For each experiment,
Ag838B solutions were tested from the lowest 10 the highest concentration. Specifically, the
devices were incubated with 10 gt of the AgB5B solution for 10 oin, which was then washed
away with vanopure water thoroughly. Then the FET wmeaswements were done with PBS

solution as gating electrolvte.

00907 The relative response of each FET device was calculated as A7 at V= ~03 ¥V, where
Al = Ig — o, Ly 18 the dratn curvent in PBS after antigen exposure and % i3 the drain current
PBS before antigen exposure at Vy = -0.3 V. The figures were plotted with averaged relative
responses of several devices with standard error of the mean as ervor bars. The number of

devices (n) tested for each experiment was spectlied in the caption and figure.

[0091] For control experiments studying the effect of solvent, the FET devices were moubated
with 10 ul of the solvent for 10 min, which was then washed away with nanopure water
thoroughly. Then the FET measurements were done with PBS solution as gatmg electrolyte.
This step was repeated 12 times since we studied antigen solutions with 12 orders of magnitude.

The relative response of each FET device is set forth above,

{00927 Scanning Electron Microscopy Imaging. Scanning electron microscopy (SEM} was

performed with Zeiss Sigma VP Scanning Electron Microscope.

093] Atomic Foree Microscopy. Atomic foree microscopy (AFM) data were collected by a
Bruker Multimode 8 AFM svstem with a Veeco Nanoscope 1 a controlier in the tapping mode.

The AFM image and beight profiles were processed and obtained by Gwyddion.

{0094} X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) data were
generated on a Thermo ESCALAB 230 Xi XPS using monochromated Al Ka Xerays as the
source. A 650 pm spot size was nsed, and the samples were charge-compensated using an

electron food gun.

{0095 Raman Spectroscopy. Raman spectrum was recorded with the XplorA Raman-
AFM/TERS gystem. The radial breathing mode (RBM) region was recorded using a 785 nm
{100 mW) excitation laser operating at 1% power. D and G peaks region was recorded using a

638 nm (24 mW) excitation laser operating at 1% power,
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100961 Floorescence Imaging, Fluorescence mages were taken with an Olympus TXSE1X2-
UCB microscope. Fluorescence image of AbSSB-¢BSA-SWONT devices taken wunder

exciation 0f 532 am and 633 am respectively.

0097} Preparation of Arntificial Sputum and Detection of Ag83B m Artificial Sputum,
Artificial Sputum was prepared from methyl cellulose {Sigma-Aldrich, USA; Viscosity: 400
cP). Specifically, 20 mL water was preheated to 80 °C. The methyvl cellulose {1 wi.9%) was put
o the hot water and the mixture was stirred unti the particles were well dispersed. Then 40
ml water was poured into the beaker and the mixtore was stired for another half an hour to
get trapsparent artificial sputam. The sputum could be stored at 47C for 1 month. The artificial
sputiun was incubated onto AbSSB-SWUNT FET devices 12 times to examine the effect from

artificial sputum.

(00987 A series of Ag8AB protein solutions from 1 fg/ml to 100 yg/ml were prepared with
artificial sputum for antigen detection. Ag8SB solutions were tested from the lowest to the

hughest concentration and the FET measarement operation was the same as stated above,

(00991 Detection of Ag&3B i Senwn, Human serum (Fisher Scientific, USA, Cat#
BP26537100) was used for this work. To reduce the influence from serum, four kinds of
blocking buffer were prepared to block the non-specific sites on the ABSSB-SWUONT devices
respectively. Specifically, the serom blocking buflfer was prepared with 0.1%% Tween 20, 4%
polvethylene glycol and 5% serum in PBS; the non-fat dry milk blacking butfer was prepared
with 0.1% Tween 20, 4% polvethylene glvcol and 5% NFDM in PRS; the BSA blockmng buffer
was prepared with 0.1% Tween 20, 4% polvethvlene glycol and 1% BSA in PBY and the
BSA&NFDM blocking buffer was preparved with €.1% Tween 20, 4% polyethylene glycol, 3%
NFDM and 1% BSA in PBS. The devices were blocked by a buffer for 60 min. A senies of
Ap838 protein solutions from 1 f'mL 1o 100 pg/mb were prepared in blood serun for antigen
detection. To prove the number of tests affecting the sensing result, detections for Ag83B in
servan with different number of tests were performed. When testing twelve times, a series of
Ag8S5B protein solutions in serum from 1 fofml o 100 pg/ml were tested by each order of
magnitade; when testing six thnes, a series of Ag85B protein solotions inserum {1 fefml, 100
fefml, 10 pg/ml 1 ng/ml., 100 pg/ml and 10 pg/ml.) were tested; when testing four times, a
series of AgBSB protein solutions in serum (1 fg/mLl, 1 pg/mbl, | ng/ml and T pg'mL) were

tested; when testing three times, a senies of AgBSB protein solutions v sevum (1 fufmi., |

32



WO 2025/042890 PCT/US2024/043037

ng/ml and 1 pg/mbl ) were tested. Each test was performed from the low 1o high concentration
of Ag83B solution. For nop-specific interactions test, the serwm was incubated onto the BSA
blocked ADSSB-SWONT FET devices 12 times.

[00100] When using AbBRIB-cBSA-SWONT FET devices for detecting AgR3SR in
serumn, a series of Ag858 protein solutions from 1 fg/m to 100 peg/ml. were prepared in blood

serum for antigen detection. The FET measurement process was the same as stated above,

[00101] Detection of TB Clintcal Samples. Remnant samples from QuantiFeron test,
whicls were mainly plasma, were used for this clinical detection. Clincal samples were kept
frozen at -30°C before test. 10 pl sample was incubated onto the BSA-blocked AbSAB-

SWONT devices for 10 min. Then the sample was washed away thoroughly. The FET

measurement operation was the same as stated above.

[00102] The foregomg description and accompanying drawings set forth a number of
representative embodiments at the present time. Various modifications, additions and
alternative designs will, of course, become apparent to those skilled in the art in bght of the
foregoing teachings without departing from the scope hereof, which s indicated by the
following claims rather than by the foregoing description. All changes and variations that fall
within the meaning and range of equivalency of the claims are to be embraced withun their

scope.
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WHAT IS CLAIMED IS:
i A sensor device for diagnosis of tuberculosss, comprising:

& sensor compnsing a substrate, a first electrode, a second electrode spaced from the first
efectrode, and a sensor medinm on the sobstrate between the first electrode and the second
electrode, the sensor medium mcluding a plurality of nanostructures and at {east one of one o
more recogrition entities selected from the group consisting of antibodies and antibody
fragments immobilized on the plurality of nanostructures, each of the one or more recognition

entities comprising at feast one active binding site for AgRS antigen,

a hiquid deposited over the sensor medium, wherein an ionic strength of the liquid is selected
at which binding of the Ag83 antigen to the one or more recognition entities occurs, and the
ionic strength and mass foading of the one or moare recognition entities immobilized on the
plurality of nanostructures are selected so that an average height of immobilized one or more
recognition eatities s within a determined range of a maximum mass loading at which the
average beight remains within a Debye screening length of the liquid to achieve a deternined

limit of detection, and

electromic circuitry including at least one measurement system in operative connection with the
sensor {0 measure a variable providing a measure of change i at least one property of the

sensor medinm which is depeandent upon the presence of the Ag8S antigen.

2. The sensor device of claim 1 wherein the antibodies are selected from the group
consisting of a homan or nonbuman Ag854, Ag83B, AglSC, and AgBSG antibody or the
antibody fragments are selected from the group consisting of fragments of human or nonhuman

AgBSA, Ap83B, Ag83C, and AgBSG antibody.

3. The sensor device of claim 1 wherein the antibodies ave nonhuman ApS3B

&

antibodies or the antibody fragments are fragments of nonhuman Ag85B antibodies.

4. The sensor device of claim 2 wherein the sensor device is a field-effect transistor

device and the Houid fonctions as a gating hgud.

5. The sensor device of claim 4 wherein a blocking buffer which s interactive with

non-selective binding sites is applied to the sensor before the liguid is deposited thereon.
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&, The sensor device of claim 5 wherein the blocking buffer comprises a protein,
7. The sensor device of ¢laim 6 wherein the protem is bovine serunt altbumin,

R The sensor device of claim ¢ wherein the protein is covalently attached to the

nanostruciures.

Q. The sensor device of claim 8 wherein the protein i3 crosslinked via a

crossiinking agent.

0. The sensor device of claim 9 wherein the protein is bovine serum albumin and

the crosshnking agent i3 glutaraldehyde.

e

11, The sensor device of claim 1 wherein the average height of mmobilired
recognition entities is within 0.2 to 2.0 times of the maximmm mass loading at which the

average height remams within the Debye screening length of the liquid.

12, The sensor device of claim 1 wherein the average height of immobilized
recognition entities is within 0.3 to 1.5 times of the maximum mass loading at which the

average height reroains within the Debye screemng length of the liguid

13, The sensor device of claim | wherein the average height of immobilized
recognition entities IS within 0.75 to 1.25 times of the maxinmum mass loading at which the

average height remains within the Debye screening length of the hqud,

14, The sensor device of claim | wherein the maximum mass loading at the selected
wonic strength as determined by experimentally determining a maximuwmn response for a

determined A(’g* ’il}fi IR concentration over \dYVHl(’ NAss IOddH'l;.\

15, The sensor device of claim 12 wherein the maximam mass loading at the
selected ionic strength s determined by experimentally determining a maximum response for

a determined Ag8S antigen concentration over varying mass loading.

16.  The seasor device of claim | wherein the selected ionic strength of the liquid is
determined experimentally by determining response to the Ag8S antigen at each of a pluraliy

of 1onic strengths.
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17.  The sensor device of any one of claims 1 through 16 wherein the navostractures

are carbon nanoiubes,

18  The sensor device of claim 17 wherein the carbon nanotubes are single walled

carhon nanotobes.

12, The sensor device of claim 18 whergin the single-walled carbon nanotubes are

semiconductor enviched single-walled carbon nanotubes.

20, The sensor device of claim 19 wheretn a semiconducting content of the
semicenductor enviched sinple-walled carbon nanotubes is at least 90%, at least 95%, at least

99%, or at least 99.9%.

21 The sensor device of claim | wherein the ionic strength of the liquid s

experimentally optimized based on the limit of detection for a given sensor configuration.

22, The sensor device of claim 1 wherein the mass loading of the recognition
entities i1s experimentally optimized based upon the lmit of detection for a given sensor

configuration.

23, The sensor device of claim 1 wherein the one or more recognition entities are

tmmobilized upon metal nanoparticles immobilized upon the plurality of nanostructures.

24, The sensor device of clabm 23 wherein the metal nanoparticles comprise gold

nanoparticles.

25, The seosor device of claim 1 wherein the plurality of nanostructures comprise
a plurality of semitconductor enriched single-walled carbon nanotubes, and a plurality of rabbit
polvclonal Ag&3H antibodies or a plurality of rabbit polyclonal Ag8SB antibody fragments are

covalently attached to the plurality of semiconductor enriched single-walled carbon nanotubes,

26, The sensor device of claim 25 wherein the liquid comprises phosphate buffered
saline in a concentration range of approximately 0. 1x 10 0.001x, a blocking bufter 1s applied 1o
the sensor before the Hiquid is deposited thereon, the blocking buffer comprising bovine serum
atbumin, a non-ionic surfactant and polvethvlene glveol, and the mass loading of rabbu

&

polvclonal AgR3B antibodies is in the range of approximately 0.5-10 pg for sensor device
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having an I-F, carve off-current, at approximately +0.6 V, between approximately -1 and 1 A

and an on-current, at approximately -0.6 'V, larger than 10 uaA.

7. The sensor device of claim 26 wherein the concentration of the phosphate

buffered salme 15 approximately 0.01x and the mass loading 15 approximately § ug.
28. A method of detecting tuberculosis, comprising:
applving a body fluid sample to a sensor device comprising

a sensor comprising a substrate, a first electrode, a second electrode spaced from the first
electrode, and g sensor medim on the subsirate between the first electrode and the second
etectrode, the sensor medinm mcluding a plurality of nanestructures, at least one of one or
more recognition entities selected from the group consisting of antibodies and antibody
fragments is immobilized on the plurality of nanostructures, each of the one or more

TeCOEnIoD entities comprising at least one active binding site for AgS3 antigen,

a hqud deposited over the sensor mecdium, wherein an e strength of the hqud is
selected at which binding ot the Ag85 antigen {o the one or more recognition entities ocours,
and the tonic strength and mass loading of the one or more recognition entities inumobilized
on the phirality of nanostructures are selected so that an average height of immobilized one
or more recognition entities is within a determined of a maximum mass loading at which
the average height remaing within a Debve screening length of the liguid to achieve a

determmed it of detection, and

electromic circuitey including at {east one measurement systeny in operative connection with

the sensor: and

measuring & variable which provides a measure of change in at least one propesty of the sensor

medium which 1s dependent upon the presence of the AgBS antigen.

29 The method of claim 28 wherein the body fluid sample is sputum or a blood

fluid,
30, The method of claim 28 wherein the body fhuid sample is a bload fluid.

31, A sensor device for detecting an antigen, comprising:

fe
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a sensor comprising a substrate, a first electrode, a second electrode spaced from the first
electrode, and a sensor medium on the substrate between the first electrode and the second
electrode, the sensor mediom inchuding a plurality of nanostructures, at least one of one or more
recognition entities selected from the group consisting of antibodies and antibody fragments is
tnwmoebilized on the plurality of nanosiractures, each of the one or more recognition entities

comprising at least one active binding site for the antigen,

a liquid deposited over the sensor medium, wherein an onic strength of the liquid is selected
at which binding of the antigen to the one or more recogaition entities occwrs, and the ioaic
strength and mass joading of the one or more recognition entities immobilized on the plurality
of nanostructures are selected so that an average height of tnmobilized recognition entities s
within @ determined range of a maxipvum mass loading at which the average height remains

within a Debve sereening length of the hiquid to achieve a determined limit of detection, and

electronic circuitry including at least one measurement svstem in operative connection with the
sensor to measure a variable providing a measure of change in at least one property of the

sensor medinm which is dependent upon the presence of the antigen.

32, The sensor device of claim 31 wherein the sensor device i a field-effect

rransistor device and the liguid functions as a gating hqud.

33, The sensor device of claim 32 wherein a blocking buffer which is interactive

with non-selective binding sites is applied to the sensor before the liquid is deposited thereon.
34,  The sensor device of claim 33 wherein the blocking buffer comprises a protein.
35, The sensor device of claim 34 wherein the protein is bovine serpm athumin,

36, The sensor device of claim 34 wherein the protein is covalently attached 1o the

nanestrugciures.

37, The sensor device of claim 36 wherein the protein is crosslinked via a

crosstinking agent.

~

38, The sensor device of claim 37 wherein the protein is bovine serom atbumin and

the crosslinking agent is ghitaraldehyde.
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39, The sensor device of clatm 31 wherein the average height of inmobilized
recopnition entities is within 0.2 to 2.0 times of the maximum mass loading at which the

average height remains within the Debye sereening length of the liguid,

40, The sensor device of claim 31 wheremn the average height of inumobilized
recognition entities is within 0.5 1o 1.5 umes of the maximum mass loading at which the

average height remains within the Debye screening length of the liguid

41.  The sensor device of claim 31 wherein the average height of mmobilized
recognition entities 15 within 0.75 10 1.25 tiwes of the maximom mass loading at which the

averaze height remains within the Debye screening length of the liquid.

43, The sensor device of claim 31 wherain the maximam mass loading at the
selected wnie strength s determined by experimentally deterniming 8 roaximum respoase for

a determyined antigen concentration over varying mass loading.

43, The sensar device of claim 39 wherein the maximum mass loading at the
selected tonte strength s determined by experimentally determining a maximum response for

a determined antigen concentration over varying mass loading.

44, The sensor device of claim 31 wherein the selected fonic strength of the liquid
1s determined experimentally by determining response to the antigen at each of a plurality of

ionic strengths.

45 The sensor device of any one of claims 31 through 44 wherein the

nanostructures are carbon nanotubes.

46, The sensor device of claim 45 wheren the carbon nanotubes are single-walled

carbon nanotubes.,

47, The sensor device of claim 46 wherain the smgle-walled carbon navnotubes are

senuconductor enviched single-walled carbon nanotubes.

48.  The sensor device of claim 47 wherein 3 semiconducting content of the
senmconductor enriched single-walled carbon nanotubes 15 at least 90%, at least 95%, at least

99%, or at least 99.9%.
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49 The seunsor device of clann 31 wheremn the 1onie sirength of the Hgoid s

expertmentally optimized based on the fimit of detection for a given sensor configuration.

50.  The sensor device of claim 31 wherein the mass loading of the recogmition
entities 18 experimentally optimized based upon the imit of detection for a given sensor

configuration.

51, The sensor device of clatm 31 wherein the one or more recognition entities are

tmmobilized upon metal nanoparticles immobilized upon the plarality of nanostructures.

52, The sensor device of claim 51 wherein the metal nanoparticles comprise gold

nanoparticles.

83, The sensor device of claim 31 wherein the plurality of nanostructures comprise
a plurality of senticonductor enriched single-walled carbon nanotubes, and a plurality of the
anttbodies or antibody fragments are covalently attached 1o the pluality of semicouductor

enviched single-walled carbon nanotubes.

54, A method of fabricating a sensor device for detecting an antigen, the sensor
device mcluding a sensor incloding a substrate, a first electrode, a second electrode spaced
from the first electrode, and a sensor medium on the substrate between the first electrode and
the second electrode, the sensor medium including a plurality of nanostrciures, at least one or
one oF more recogmition entities selected from the group consisting of antibodies and antbody
fragments 15 immobilized on the plurality of nanostructures, each of the one or more
recognition entilies comprising at least one active binding site for the antigen, a hquid deposited
over the seasor medmm, and electronic circuitry including at least one measurgment system i
operative connection with the sensor to measure a variable providing a measure of change in
at least one property of the sensor medium which is dependent upon the presence of the antigen,
the method comprising: determining an jome strength of the hguwd at which binding of the
antigen to the one or more recognition entities securs, and determining a mass loading of the
one of more recognition entities inmobilized on the phaality of nanostructures so that an
average height of mmobilized recognition entities is within a determined range of a maximum
mass loading at which the average height remains within a Debye screening length of the liguid

to achieve a determined Hnut of detection.
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INTERNATIONAL SEARCH REPORT International application No.
PCT/US2024/043037

Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

This application contains the following inventions or groups of inventions which are not so linked as to form a
single general inventive concept under PCT Rule 13.1.

Group I, claims 1-27, 31-53, directed to a sensor device for detecting an antigen (for diagnosis of tuberculosis).

Group 11, claims 28-30, directed to a method of detecting tuberculosis, comprising applying body fluid sample
to a sensor device.

Group 111, claim 54, directed to a method of fabricating a sensor device for detecting an antigen.

The inventions listed as Groups I-III do not relate to a single special technical feature under PCT Rule 13.1
because, under PCT Rule 13.2, they lack the same or corresponding special technical features for the following
reasons:

Special technical features:

Group I has the special technical feature of an article consisting of a sensor device, that is not required by
Group IT or III.

Group II has the special technical feature of a method of detecting tuberculosis, comprising applying body fluid
sample to a sensor device, that is not required by Group I or IIL.

Group III has the special technical feature of a method of fabricating a sensor device, that is not required by
Group I or II.

Common technical features:

Groups I-III share the common technical feature of (use of) a sensor device for diagnosis of tuberculosis (by
antigen detection), comprising:

a sensor comprising a substrate, a first electrode, a second electrode spaced from the first electrode, and a sensor
medium on the substrate between the first electrode and the second electrode, the sensor medium including

a plurality of nanostructures and at least one of one or more recognition entities selected from the group
consisting of antibodies and antibody fragments immobilized on the plurality of nanostructures, each of the one
or more recognition entities comprising at least one active binding site for Ag85 antigen,

a liquid deposited over the sensor medium, wherein an ionic strength of the liquid is selected at which binding
of the Ag85 antigen to the one or more recognition entities occurs, and the ionic strength and mass loading

of the one or more recognition entities immobilized on the plurality of nanostructures are selected so that an
average height of immobilized one or more recognition entities is within a determined range of a maximum
mass loading at which the average height remains within a Debye screening length of the liquid to achieve a
determined limit of detection, and

electronic circuitry including at least one measurement system in operative connection with the sensor to
measure a variable providing a measure of change in at least one property of the sensor medium which is
dependent upon the presence of the Ag85 antigen.

However, this shared technical feature does not represent a contribution over prior art, because this shared
technical feature is previously made obvious by US 2022/0365078 A1 to University of Pittsburgh - of the
Commonwealth System of Higher Education (hereinafter Pittsburgh’), in view of the article entitled "Ultrahigh
Frequency Surface Acoustic Wave Sensor with Giant Mass-loading Effect on Electrodes” to Chen et al., (ACS
Sens. 11 May 2020, Vol 5, No 6, p. 1657-1664), (hereinafter 'Chen’), and US 2021/0072235 Al to Sugentech,
Inc., (hereinafter "Sugentech").

Pittsburgh teaches a sensor device for detecting an antigen (para [0007] - "... detecting an analyte which is an
antigen... in a fluid sample includes providing a sensor device") comprising:

a sensor comprising as substrate, a first electrode, a second electrode spaced from the first electrode, and
a sensor medium on the substrate between the first electrode and the second electrode, the sensor medium
including a plurality of nanostructures, at least one of one or more recognition entities selected from the
group consisting of antibodies and antibody fragments is immobilized on the plurality of nanostructures,
each of the one or more recognition entities comprising at least one active binding site to the antigen (para
[0007] "including a sensor including a substrate and a sensor medium on the substrate (such that the fluid
sample contacts the sensor medium). The sensor medium includes a plurality of nanostructures having an
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enriched semiconducting content and one or more of at least one agent selected from the group consisting

of an antibody... immobilized upon at least a portion of the plurality of nanostructures. The sensor device
further includes electronic circuitry including at least one measurement system in operative connection with
the sensor to measure a variable providing a measure of change in at least one property of the sensor medium
which is dependent upon the presence of the analyte. The at least one agent is an antibody..."; para [0023] -
"FIG. 1b illustrated schematically a liquid-gated SWCNT FET for detection of SARS-CoV-2 SAg and NAg.
Interdigitated gold electrodes are configured as the source (So) and drain (Dr)."; Figure 1b; Note, Figure 1b
depicts a first electrode separated from a second electrode (i.e., source (So) and drain (Dr) electrodes), wherein
between the first and second electrodes is a sensor medium covering a nanotube-based sensor medium with
immobilized antibodies.),

a liquid deposited over the sensor medium, wherein an ionic strength of the liquid is selected (para [0007]

"the liquid of known ionic strength over or covering the sensor medium/sensor. The liquid having a known
ionic strength may be chosen to have an ionic strength that is less than the fluid sample to increase sensitivity";
Figure 1b; para [0074]-[0077] - "Sensitivity can be increased in sensor hereof through use of a low - ionic
strength fluid through reducing or eliminating the Debye screening effect. As known in the art, Debye screening
length (D)... Because of the limitation of Debye screening length, only the interactions within the Debye
screening length can be probed... For example, the length of a typical immunoglobulin O or IgG type antibody
is around 10-15 nm. Therefore, to sense the binding between the antigen and the antibody, it is desirable to use
a liquid that has a Debye screening length longer than 10 nm for the measurements. In that regard, it is desirable
that the screening length exceed the length of the immobilized antibody, an antigen receptor or an antigen
hereof. According to the above equation for the Debye screening length, the ionic strength of the liquid should
be lower than 0.94 nmol / L to provide a Debye screening length longer than 10 nm. One may thus, readily
determine a desirable ionic strength for liquids used in measurement methodologies of sensors hereof..."), and

electronic circuitry including at least one measurement system in operative connection with the sensor to
measure a variable providing a measure of change in at least one property of the sensor medium which is
dependent upon the presence of the antigen (para [0007] "The sensor device further includes electronic circuitry
including at least one measurement system in operative connection with the sensor to measure a variable
providing a measure of change in at least one property of the sensor medium which is dependent upon the
presence of the analyte"), but does not explicitly teach wherein an ionic strength of the liquid is selected at
which binding of the antigen to the one or more recognition entities occurs, and the ionic strength and mass
loading of the one or more recognition entities immobilized on the plurality of nanostructures are selected
so that an average height of immobilized recognition entities is within a determined range of a maximum
mass loading at which the average height remains within a Debye screening length of the liquid to achieve a
determined limit of detection.

Chen teaches the impact of altering mass-loading on the results obtained from a biosensor (Figure 2; Note,
Figure 2 depicts a plurality of states of mass loading which results in an altered result.). Since Pittsburgh
teaches selecting a liquid with a desirable ionic strength to limit the Debye screening effect as well as increase
sensor sensitivity, which in practice results in selecting a liquid with a longer Debye screening length than

that of the antibody used (para [0007]; para [0074]-[0077]), it is well known in the art that that altering the
mass load altering the sensitivity to detect a signal, it is well known in the art to take an average of a plurality
of measurements to increase confidence in the observed result, and it would have obvious through the course
of routine experimentation to optimize the parameters to obtain the best results and/or sensitivity of the
instrumentation used; it would have been obvious to one of ordinary skill in the art that the selection of a liquid
with a desirable ionic strength used with the biosensor taught by Pittsburgh as well as the mass loading be
optimized as taught by Chen to obtain a desirable and/or the highest sensitivity such the optimization results in
the average measurement height remains within a Debye screening length of the liquid, so that the sensor can
lower concentrations of samples better.

Pittsburgh further teaches the sensor device comprising antibodies specific for tuberculosis antigens (para
[0010] "the at least one agent is an antibody and the analyte is an antigen. The antigen may, for example, be an
antigen of a pathogen selected from the group of a viral pathogen and a bacterial pathogen...tuberculosis"), yet
does not specifically teach detection of an Ag85A antigen.

Sugentech teaches detection of an Ag85A antigen in a patient sample for diagnosis of tuberculosis (claim 1 "A
method for diagnosing tuberculosis..."; claim 3 "wherein the antigen is selected from...an antigen 85 complex
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(Ag85), Ag85A™). It would have been obvious to one of ordinary skill in the art to use antibodies specific to
detect an Ag85A antigen in a patient sample for diagnosis of tuberculosis using the sensors of Pittsburgh.

As the technical features were known in the art at the time of the invention, they cannot be considered special
technical features that would otherwise unify the groups.

Therefore, Groups I-III inventions lack unity under PCT Rule 13 because they do not share the same or
corresponding special technical feature.

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
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