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(57) Abstract: A surface acoustic wave (SAW) performs a rapid, label-free detection of biological species. Biosensing and detection
of multiple analytes multiplexed by an array of sensing lanes is configured to enable bio-amplification using engineered DNA encoded
libraries as the probe through a phage display procedure to enhance specificity, capture statistics for the detection, screening and
analyzing of the analyte in vitro. A biochemical formulation minimizes the limit of detection (LOD) at a threshold magnitude on the
order of a femtomolar concentration. Additional enhancement of the apparatus is achieved by use of an analog front end to amplify

biochemical events.
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ENCODED LIBRARIES TO JMPROVED LIMIT OF DETECTION (LOD) WITH EXEMPLARY
APPARATUS OF THE SAME,

01} Background of the Invention
{02} Field of the Invention
{03} The mvention relates to the field of rosensing emploving a swrface acoustic wave {(SAW), where

the principle of operation 13 hased on rapid, label-free detection of biological species. More particularly, the
wwvention is directed to biosensing and detection of multiple analvtes nndtiplexed by an arrays of sensing lane(s}
configured to enable bio-amphification asing engineered DNA encoded libraries as a probe while emploving a
phage display procedure to enhance speoificity, capiure statistics for the detection, soreening and analysis of the
analyte m vitro. A iochemical enhancoment minimizes the Hmit of detection (LOD) at a threshold magoitude at
fomtomolar concentrations. Additional enhancement of the apparatus 1s realized using an analog front end (AFE)

to anphify the biochemical events.

{04} Prier Art

{03} “High-Frequeney Shear-Horizontal Surface Acoustic Wave Sensor™ US Patent No. 8,436,500
May 7, 2013, and “Carbon Nasotube BioFET with a Local Amplifier in a Svstem Array for Analvsis of
Biomarkers and Method of Analvais of Same”™, US Patent Application No 12/581,738 filed 10/19/2009, are

hereby incorporated by referance in their entirety.

{06} Brenner S, Bemer RA (June 1992}, "Encoded contbinatorial chemistryv®, Proc. Natl. Acad. Sci.
LS AL RQ{12) 53813 is a foundational disclosure relevant to the biochemical enbhancement utitized in the

lustrated embodiments,

{07} Background to the invention

{08} in the ficlds of analytical and phvsical chemistry, moedscal diagnostics and biotechnology there is
an mcreasing demand of hughly selective and sensstive anadyvtical techmigues which optimally allow a real-time
label-fres monitosing with casy to use, rehiable, miniatunzed and low cost devices. Biosensors meet many of the
above features, which have led them to gain a place 1 the analvtical bench top as alternative or complementary
methods for routine classical analvsis. Dhfferent sensing technologies are bemg used for biosensors. Categonized
by the transducer mechanism, optical and acoustic wave sensing technologics have emerged as very promising
biogensors fechnologies. Optical seasing represents the most of the technology currently used m biosensors

applications, Among others, surface plasmon resonance {SPR) is probably one of the better-knewn label-froe
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optical techmigues, but its high cost is the main shortcorning of this method.

j09] Acoustic wave devices represent a cost-effective altemative to these advanced optical approaches,
since they combine their direct detection (label-free), sumplicity in handling, real-time monstoring, and good
sensitivity and selectivity. Such capabilities are aclueved with a reduced cost and above all considerations, is the
ability of such apparatus to be used in the field without the necessary techmeal know-how.

{10} toThe principle challenge of the use of acoustic techmigues, which remain 1o be resolved, is:
Improvement of sensitivity with the objective of reducing the Hmit of detection (LOD), Synchronous detection of
multi-gnalyie presed in a complex assay {high-throughput screening svsterns), and integration of such
capabilities 1 a portable, lower cost and ficld deplovable biosensor.

{11} The most obvious paramoter dafinng the resolution and accuracy of the proposed sensor s ity
mberent mit of detection (LOD), which can be measured and defined as; the smallest detoctable concentration of
a certaim substance or the lowest detectable molecular mass of a cortam concentration of molecules, or the lowest
detectable affinity of a chemical reaction or for surface-based sensors, or the lowest detectable swrface mass
density. We therefore employ the defimition of the smallest detectable sarface mass as the focus. This definition is
set, due to the physical nature of employing a surface acoustic wave platform to measure mass accunnglation over
the sensing lane duc to conjugation~-depeadence on a specific binlogical probe, this physical attribute entails that
mass and only mass addition is the measured (ndependont) variable 1 a complex acousto~mechanical set of
parameters.

{12} The dependency on the transducer design with the aim of improving the LOD is the central
chemical/enginecring task. Other parameters ke the smallest detectable concentration, is lughly depended on
factors which are independent from the transducer design, including the functionalization of surface chenistry,
tmker affinity, tvpe of antibody specificity, use of fragmented antibody, spacer molecule and antibody onentation
Jmeasures such as spacer-molocules density and compaction geometry of probes or the microfhudsic chamber
hydrostatic tlow, are some of the primary ingredients which contribute to the LOD resolution. However, other
parameters besides the senstiivity measure, are also equally mportant: The required sample volume 1s cructal if
many substances or many difforent concentrations are measured like wn high-throughput sereemng or, where
sample volume s avalable w very limited amounts or the transducer ability to resolve cases, where the analvie
concentration s so high relative to the sensing lane capacity, resulting in carly saturation and therefore the
apparatus reports an unrepresentative valne relabive to the analyvie’s true concentration n the assay.

{13} Therefore, there 1s a need for an apparatus that can optimize the complex parametric exchange
noted above and provide a maltiplexang with multi~variable analvies, where paraliel measarements are performed
without significantly inercasing the equapment size and #s cost of fabrication. It needs to be a portable device and

its analvtical data 15 comparable to clinical standards such as PCR..
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{14} The so-called gravismetnic technigque, based on the change m the resonance frequency
experimented by the resonator dee to a mass attached on the sensor surface, has opened a great deal of
applications in bio-chomical sensing in both gas and ligrad media.

{15} Traditionally, the most commonly used acoustic wave biosensor is based on guartz crystal
microbatance {QUM} devices. Love Wave (LW) acoustic sensors have attracted a great deal of attention in the
scientific commumity during the {ast two decades, due to its reported tugh sensitivity in liguid media compared to
traditional QCM-based sensors. In slectrodynamics, Love waves are horizontally- polarized surface waves. The
Love wave is a rosult of the interference of many shear waves {(S—waves) guided by an clastic layer, the
piezoelectric laver govermned by Helmboltz equation ¥° A +%° A =0, where ¥ is the Laplacian, k is the wave
number, and A is the amplitude. The § waves are the result of the electrical impulse due to polarization of the
piczoclectric substrate resulting in stress-strain relationship in an isotropic solid, thereby reducing the measured
vartable 0 mags change due o hybndization between the analvte and itg specific probe.

j16} Nevertheless, there are still some issues to be refined, clanfied and/or improved about ths
assusiplion, as the accuracy of the sensor ax a sensitive mass balance apparatus, is dircetly melated to the apparatus
ability to resolve a molecular mass in the order of 107 moles per volumse of analvie within the microfluidic
chamber, typically in the order of 0.13-1.3 ml of a samples size.

{17} This chalicnge of confining the sheer horizontal waves (SH) gonerated by the surface acoustic
wave (SAW), enables a resolution for detecting analyte with minimal LOD {(femtomolar concentration. This
effort of optimization is sot along the sensor design of the crystal resonator formed out of LiTaOs, where the
characteristic S-waves are isotropic within the liquad median and the freguency doman 1s set within the band of
300MHz-400MHz and that selection of the frequency-generator is suited to achieve the desired resolation,

{18} SH SAW devices are able to operate at higher frequencies than traditional QCMs; typical
operation frequencies are between 80-400 MHz: higher frequencies lead in principle to higher sensitivity because
the acoustic wave penetration depth into the adjacent media s reduced. However, the increase m the operation
frequeney alse rosults in an inorcased noise fevel, thus restricting the LOD. The LOD determines the minimum
surface mass that can be detected, In this sense, the optimization of the read out and characterization svstem for
these high frequeney deviees is one of the key aspect for improving the LOD. The carful design of the analog
front end of the proposed biosensor, addressos the inherent conflict of bigher frequency-higher resolution with the
relative SNR increase of the read-out, by gating the gain and suppressing the parasitic noise.

{191 Another aspoct of SAW ehnodogy is the optimization of the fluidics chamber to meet the LOD
throshiold, especially the cell hydrodyvaamic flow characteristics. Tlas clement of the system level dosign unpact
on reduction of noise |, due to flow disturbasce such as Huid rotation about the chamber axis and, vortices

(“secondary flows™), due to swirling-motion with high local velocity often caused by separation, or sudden
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enlargement i surface area 1 which the analyte 1s eotered to the nucrofluidic chamber. The above hydrostatic
considerations contributes fo the alility of the apparatus in resolving LOD of the order necessary in mesting the
objoctive of fumtomolar conesntration Bmits.

{20} The analvsis and interprotation of the results obtained with sarface acoustic wave blosensor niust
resolve and detect the analvte in question at a concentration of 107 moles per liter. Since the acoustic signal
presents & mixed contribution of changes in the mass and the viscoalasticity of the adsorbed lavers (due to
mteractions of the lomoleeules), a deliberate effort is to set and wlentify the conditions of which the transdaction
mechanism in SH SAW sensors must be identified, where the ainy is a fommtomolar Himit of detection. However,
the inherent complexity of the sensor fabrication and trade-off between resolatron and sensitivity leadstoa
design of saboptimal performance of the device, unless the variables comprising such complexaty and its
exchanged parametors, are defined with a careful trade off studies assessed relative to reduction of LOD

concentration per volume,

{21} Prior Art Review
{221 US Patent No. 8,436,509 titled “High-Frequency Shear-Horizontal Surface Acoustic Wave

Sensor” describes a Love Wave sensor, which uses a single-phase unidirectional interdigital transducer (DT on a
piezoclectric substrate for leaky surface acoustic wave generation. The 1DT design minimizes propagation losses,
bulk wave interferences, provides a hnear phase response, and ehinunates the need for impedance matehing. As an
example, a high frequency (~300-400 MHz2} surface acoustic wave (SAW) transducer cuables efficient exeitation
of shear-horizontal Waves on 36° Y-cut lithium tantalate (LTO) giving a highly linear phase response (2.8° P-P).
The sensor has the ability to detect at the pg/mm” level and can perform multi-analyte detection in real time. The
scnsor used. for rapid avtonomous detection of pathogenic macroorganisms and bicagents as field deplovable
platforms.

{23} Surface Acoustic Wave Biosensing method where nieasured output of biological species with high
mass and viscous sensitivity and with a pummal need for additional reagents, label free 1s presented. Minimizing
the use of reagents is destrable for field deployable chomical and biodetection svstems. The transduction mechanism
for SH SAW sensors 1s based on propagating waves with a shear horizontal (SH) polarization along the propagation
direction.

{24 As shown by the above description and its implementation, there are still limitations, which need
to be solved in the case of a sheer horizontal surface acoustic wave biosensor with respect to the problem of
optimizing the chemical- scaffolding of the biological probe, while combining such advances with novel use of a
LiTa0; erystal with iz 36° Y-cut X-propagation wave.

{25} The bivagents acting as a probe (for the conjugating antibody/analyvte) are configured to mprove
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capture rate statistics, increase specificity, and reduce signal-to-noise ratios (SNR) by the carefud tailoring of the
chenucal recipe, surface functionalization, as svell as the clectronics i which a small biological signal is to be
separated from s noisy cnvironment, this is the task where the use of an analog front end {AFE) is intended to
sotve and it iy described below, An improved signal is obtamed with a chemical recipe of fragmented antibody and
spacer molecules, which amphify and preserve the pative signal without distortion.  Sigaal fidelity, improved
specificity and statistical capture-rate above that achieved in the prior art is presented.

{26} The prior art as Hlustrated by the “309 patent above describes a mucrofabricated biological sensor
based on an acoustic device that combunes a biologically active interface, whick iads biological species (e,
analvtes) from an enviromment with a physical transdacer that generates an electrical output proportional to the
amount of bound analvie. A commonky used acoustic device for biwological sensing inchades leaky surface acoustic
wave (LSAWY sensors that rely on the electrical excitation of a shear-horizontal suwrface acoustic wave on a
prezoelectric substrate. Typically, a wave is established on a surface and the collection of analyte mass on the
surface influences the propagation of the surface wave. In particular, these analvte-induced changes which m tum
are sensed as vanations in the velocity-time constant (1) and amplitude (A) of the surface wave.

{27 The use of shear horizontal (SH) polarnization minimizes attepuation of the surface acoustic wave
into viscous media permithing detection in hiquids, and an integrated microfluidic and s SAW interdigitated
clectrodes which are optimized fo the sensing range are aspects of focus below,

{28] Love Wave sensors comprise a piezociectric substrate that primarily excites SH waves, which are
subsequently confined by a thin guiding laver. In general, if the layer material loads the substrate (1., the shear
velocity in the layver is smaler than in the substrate), the SH bulk mode will become a surface mode having a single,
transverse component of displacement confined within a few wavelengths of the swrface. In particular, at high
frequencies, such that the wavelength s less than the layer thickness, a surtace Love Wave can be concentrated m
the thin waveguide layer, Therefore, the waveguide laver is crucial to achieve high sensitivity by having a low shear
veloeity compared to the substrate.

{29} For nodetection, the waveguide faver can also provide a mechamsm for stable chomical attachment
through covalent linkage of antibodics, DNA, or other biomolecules to achiove the required selectivity, Wavegnide
materials such as polyvmers, silicon dioxide (5:10:), are used in the lustrated emboduments below,

{30} However, piezoclectric substrates that support such leaky surface acoustic Waves, such as Love
Waves, requare advanced transducer designs to avoid excitation of undesired modes. Unlike Ravleigh Wave devices,
where a true surface wave exists m the absence of dispersion, LSAW transducers requive that bulk waves are
suppressed and that infra-device acoustic reflections are minndzed. Existing bidirectional transducers have major
drawbacks in this regard, since waves are launched iy both the forward and backward divections and are complicated

by bulk wave generation. Above aboat 100 MHz, the phase is highly non-linear and other modes interfere with the

5



WO 2018/057201 PCT/US2017/048055

main SH sensing mode. Although edge reflections from backward travehing waves can be casily suppressed on
substrates that support Ravleigh Waves, by use of absorbers, thiy is not possible on substrates that support leaky
waves. Moreover, since surface-skimming bulk waves (BSBW) propagate with a velocity very close to the leaky or
shear hontzontal mode on piezoelectic substrates, such as 36° YX lithium tantalate, the design of the transducer is
hughly eritical to the excitation of the proper mode, especially at high frequencies. The design is further complicated
by the fact that the clectrode metal thickness determines the degree of propagation loss for leaky waves on lithium
tantalate crystal.
Theretore, a need exasts for a SH surface acoustic wave (Love Wave) sensor having a high-

frequency mterdigital transducer that provides low insertion loss and high out of band rejection. while suppressing
bulk wave excitation at the stop band 1o enable high sensitnvity datection of biological and chemical analvtes n a

flud.

[32] SUMMARY OF THE INVENTION

The lustrated embodiments are based on Dr. Roger Komberg’s overarching view that in
structural biology winjerstanding of a biological process is primordially a study of the mechanism and function of
chenuical attributes in which the components of molecules must on the one hand be porfectly rigid in order to have
a defined shape, much like the parts of a machine, to execute thetr function,wiile at the sasie tume aand at
appropriate times thev are capable of bending, so that they can adopt multiple states of organization as appropriate
for their function. But the underying principle ¢ one of rigidity and a precise definition 1n much the same manner
as one woueld envisage a picee of combustion engine.

The amplification of small biological signals are represented by an clectrical equivalent creates a
class of analytical machines for the study of biochenuical processes.

Two areas of such approach to bio-amphification are presented, an improved capture statistics of
conjugation between the target analve and iy speeific probe while emploving a DNA encoded hibraries, to
gngincer a an improved anttbody with molecular affinity, multi-cpitopes and optimized dircetionality. A phage
display in combinatorial ibranies s employed as a method to achieve inproved specificity and reduction of the
bt of detection (LOD). The signal fidelity obtamed by the wse of high-density compaction and daectional
orientation of the biochemical sensing probe undergoes a conformational transaction where the biochemical
events are electrically represented,. A careful implementation of an electronic scheme uses an analog front end
(AFE) to achieve the clectnical representation. Both techiuigues of bioamplification and electromie transduction of
the small biological events achicve a low level of detection with Bimits set at femtomolar concentration of 1079

{(LOD) molecules per volame,
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{34} One feature of the ilustrated embodinents is the ability to amplify the native biological signal of
detection bebween the functionalized serface of the sensing lane and #s target analyte without the customary
technigee of polvmerase cham reaction (PCR), and to further provide means for electronic amplification as well
as biological amplification of a label-free analvte/antibody comjugation by means, such as described by the use of
encoded DNA hibraries, to form an effective probe as well as an equivalent signal with clectronic amplifier,
defined by use of an analog front end (AFE).

{35} To answer the challenges posed above, thus application 1s centered on the ability of the biosensing
apparatus to cnable two distinet complementary niethods by which a reduction of LOD is possible: 1) bio-
amplification by the use of encoded DNA libraries to generate a potent probe with hugh speaificiiy and improved
statistical capture rate, achioved by the use of phage display in combinatorial kbranies and 2) electronse
amplification of small biologival signals with the use of a analog front end (AFE) whese electronic means is used
to amplify the biological signal with an improved signal to noise ratio (SNR), spurious-froe dynmmic range
(SFDR}, which is the strength ratio of the fundamental signal to the strongest spurrous signal m the outpat and
dvnamic range (DR} which enable the sensing platform o resolve hineady few orders of magnitudes of measured
variables.

{36} Both techniques; bioamplification and electronic amphification, used in improving the minimal
LOD’s parameter on the sensor platform, are detatled by the apphication and noted by s figuves and
accompanving descriptions.

{37} The fabrication process of the transducer, such as self assembled monolaver {SAM) "head
groups” such as: thiol, sifanes or phosphonates on gold and assembled together on the substrate, while the tail
groups assemble far from the substrate with a directionality suitable for mcrcase statistical capture and where
areas of close~-packed molecules nucleate and grow until the surface of the substrate in a single monolayer. We
employ a mux of the functionalized group (+OH, -NH2, ~COO), with spacer molecules {aternary surface
monolayer. comprsed of co-assembled thiolated capture probes), to climinate the phenomenon of monatomic
vacancy islandsWe discuss foatures of the apparatus such as substrate materials, sizes of interdigitated sensing
clectrodes, structured packaging of antibodies, compaction of probe ratio to surface area and consistent
functionahization of the sensing lanes, which contnibate to LOD and ways to optinmzed such effects.

{381 The ilhustrated embodiments inchde hand-held, portable, guided lithiom tantalate {LiTa0;) swrface
acoustic wave biosensors fo be used as antibody-based biosensors for pathogens and protein biontarkers, In one
embodiment, a derivative of the SAW biosensor is used for rapid nucleic acids analysis by combining a SAW
brosensor with electrochemical detection strategy for nucleic actd analvsis. This biosensor technology provides a
versatile madical tool capable of rapedly screening samples of biological fluid for biomarkers associated with many

formas of pathogenic infection, cancer, and genctic disorders. Since many {fe-threatening forms of infectious
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discases, cancers and genetic disorders require Jong term mavagement of thevapy, this svstern can play a vital vole
i optipuzing {reatment regimens at minimal time and cost.

{391 Bioscnsors are analviical devices that combine biological recognition with a physical or chemical
transduction event, The recorded bimolecular interactions are transformed by the use of a novel analog front end
{AFE) into digital signals, which are interpreted by a computing device or a smart device such as smart phone. This
smbodiment allows real-time or pear real-time anadvais. Reduced time of analysis is critical when i could lead to
reduced times for the administration of treatments.

{404 Biosensors can be separated into two groups, divect and indirect. It a label must be used in order to
make a measwrement. the techiigue is considered an indirect method. In contrast, if no labels were required, the
sensor would be considered a dimet sensor. As an example, the biosensor divectly measures the change m mass
loading on piezogtectric material. Therefore, this method 15 considored a dinzet {label-free) measurement. Surface
acoustic wave {SAW) biosensors are among a Hmited number of dircet biosensing techniques that are curremtly
avalable. The seasitivity measure of these assavs 18 dependent on the substrate used, the temperature, and the
guality of the targeting molecoles used. The blosensor includes a fimectionalized sensor surface where the analvte
is recognized and bound. A transducer converts the binding event into an electrical signal, which is processed or
analvzed and then communicated to the biosensor output. The biosensor uses cither a covalently immobilized
protem or smgle-stranded pucleic acid sequence mmmobtlized on a gold surface emploving atkyi thiol linkers.

41} A monolithic SAW biosensor system fabricated on. a Hibiws tantalite substeate (LaTaOs) tvpically
utilizes the strategies based on binding of the pathogen to an antibody, nucleic acid, bacteriopbage or protein
agglatinant for conducting real-time or near real-time detection of pathogen, disease biomarkers and coupled with
a clectrochemical system for rapid nucleic acid analbvsis. The SAW biosensors are spectfically configured for the
detection of completely microbial pathogens, protemn biomarkers and nuclee acid m a biological matrix. The
SAW biosensors provide relevant information for exampile to patients who are likely to respond to a given
therapy, as well as iomarkers that have the ability to measere a patient’s response to therapy. In one
embaodiment, the use of such measures is necessary for personalizing the drug treatent for cach patient, The
SAW devices provide preventative information with respect to rapid, pomnt-of-care detection of biological
contaminations ov mfection.

{42} Ong sxample of the use of this invention is in the field of food safety or monttoring food quality
before food items are consemed.

{43} Interdigitated gold acoustic wave biosensors on lithium tantalite substrates are platforms ideally
suited as label-free biosensors for agueous-based samples. This technology is a portable, rapid and sensitive
deteetion systom, primarily in the &lecompnomcations ndustry. Recent advancements in the technology, has

allowed for the creation guided shear surface acoustic wave (SAW) devices that can opeorate n Hguid
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environments. These devices can be functionalized through wmmobilization of antibodies or antibody fragments to
target biomarkers, which will deamatically enhance the use of such systems over previous generation of SAW
devices. Enbanced serfacs chemistry techniqucs along with methods of attaching antibody fragments that bind
specifically to biomarkers for various diseases are disclosed in this application.

{44} When perfornung studies with SAW biosensing n liquid environments for the detection of
microbes, sukarvotie cells, protein biomarkers or nucleic acd sequences, there is a strong toss of longitudinal
butk modes sach as Raleigh surface waves and most Lamb-wave modes, Surface waves with displacements
nonngd {o the surface pencrate compressional waves, whach dissipate wave energy m the liquid. For this reason,
acoustic waves that have the particle displacement parallel to the device surface, normal to the wave propagation
direction i3 employed by this application. These waves, which are referred o as shear-horizontal {(SH) waves,
propagate without coupling acoustic energy into the higumd. In partivular, Love-Waves are SH waves that
propagate 1o a thin guiding laver on SH-SAW devices. Wa no-slip boundary condition is assumed at the sensing
surface. a thin laver of liquid becomes entrained with a shear movement at the surface for viscous i_iquids. This
viscous foading affects the Love-Wave n two ways. First, the entrainment results o mass loading of the wave-
guiding layer, resudting in changes to the wave pumber. Second, the wave is damped due to viscous losses in the
tiquid. To reduce aqueous offects, the guiding laver is shiclded in gold to provent electrical Toading of the 1DTs.
Love~-Waves are SH and are confined to the thin laver between the wave~guides with the requirement that the
shear veloceity in this guiding layer (the velowty in the matenial fornung the wave~-guides) is less than the shear
velocity in the piezoclectric substrate. For this reason, the waveguide 1s a sigaficant stractire for proper Love
mode operation as mass-sensgive hosensors,

{451 SAW sensors are well known to offer high surface-mass detection sensttivity for chenncal
sensing. It is possible 1o measure mass sensitivities from surface loading in the 1-100 ng/er” range. The
traditional configuration of SAW devices myvolves a chemically functionalized area that immobilizes a targeted
spectes with a selective sarface coating. The attachment of the targeted spectes parturbs a propagating serface
acoustic wavye that is geperated by the interdigitated {TDT) o.g. gold (Au) electrode or aluminum (Al The system
also uses a reforcnce lane, which uses an antibody that is not specific to the target. This reference lane 15 used to
accout for non-specific binding on the sensing area. The acoustic wave is detected by a second set of IDT located
dowastream from the first set of IDT, If the targeted spocies is present, then the propagating wave will be
pertarbed in such a way to cause a shift in the phase, frequency or amplitude, relative to wave that propagated
across the reference electrode. These mimature biosensors are contigured in an avmay format where nndtiple delay
lines are scanned i parallel for a single target, but the device could also be operated in series to scan for muldtiple
biomarkers for different discases. Operating a SAW array allows rapid, point-of-care diagnostic using smalf

portable devices. The use of miature monolithic SAW sensor arrays allows on-clup sigaal processing, and
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allows the chips to be fully imtenrated into a larger svstem and easily packaged.

{461 Temperature compensation is inherent to this system since the SAW’s reference and the sensing
channels are on the same substrate and thevefore experiencs the same temperature fuctuations. Therefore, the
controdfer antomatically sets any adjustment to the phase due to temperature fluctuations. The deternunation of
the phase shuft is detocted by using a civcuitry, which identifies phase shift proportional to the mass foading due
to hvbridization of the analvie to its specific antibody, {a mass loading change, alter the frequency and amplitude
in the isotropic Hiquad media). The phase detector extracts the difference in phase between the resonance
frequency from the reference and the wesonance freguency of the delay line being probed. The resulting phase
shift 1s then calibrated for changes in the mass loading of the surface. This process cancels out any temperature
dependence. Measwrements 1 all channels are differential meastrements relative to the reference lane. Both the
reference and the delay lanes experionce the same changes singe the reference and sensing lanes are both
subjected simultancously 1o the buffer as well as the analvte m question. Heoce, the referenee lanes act as a bwle-
1 control and the cutput is the result of a differential signal between the sensing lane and the reference lane
thronghout the measurement. This feature of the preferred embodiment provides the system with a built-in
standard as the relative freqaency shift depends only on the hyvbnidization, or mass loading, on the sensing lane
relative to the reforence lane (which is functionalized with a non-specific antibody ). Hence, selative frequency or
amplitude shuft is the only measure for defining the performance of the sensor, as the major advantage of the
novel SAW binsensor is in it invariance to an absoltute calibration standard.

{47} Antibodv-based coated SAW biosensors permiit the rapid and seositive analysis of a range of
pathogens amd their assoctated toxins, The presence of bacterial pathogens, fungus and viral particles, which are
ubiguutous i our enviromment, Therefore, monitoring for the presence of microorganisms is essential i
mantaiing proper health. This is especially true for shot shelf-life foods, where mass-based piezoelectric
biosensors operating on the pnneiple that a change in the wass, resulting from the molecudar mteractions between
a targeting molecule and the target can be determined. For example, mass changes result m alterations in the
resonance frequency of a Lithuum tantalite crystal. These piezoeleatric inmmume-sensors awe affordable and
disposable options for pathogen deteetion of bichazard.

48] Gutbreaks of food-bome and water-bome pathogens remain a major cause of discase and
mertality throughout the world. The rapid detection of these pathogenic microorganisss is necessary for the
prevention of public health epidemics, The quantitative identification of microorpanisnis has becone one of the
key points in areas of biodefense and food safety. To date, the detection and identification of pathogens rely
prinzarily on classic nucrobiology methods of culturing. In such cases, the technician 1s required to go through a
series of handling steps. There are several rapid methods that are now also used in microbiology that utilize

gnzyme-tinked immunosorbent assayvs (ELISA} or polymerase chamn reaction (PCR) assavs. These methods are
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laborious and tine consuming. These methods are also not able to deliver real-tine analysis or point-of-care
analysts, The use of portable biosensors to rapidly identify pathogens i food and water offers several advantages
over the other rapid methods.

49 The prior art ag noted by Branch & at demonstrated the detection of the endospores from the gram
negative bactertal specie Bacillus thuringicosis, (Biosensors and Bioelectronies 19 {2004) 849-859) a simulant of
Bacillus anthracis. Bacillos anthracts 1s the causative agent for anthrax, a potentially fatal bactenal infection that
has been uvsed as a bioterrorist agent. A LiTa0: Love-wave biosensor was used {0 demonstrate a detection level of
1 ngfent when using a polvimide guided laver and bovine serunt albumin {BSA) as the blacking agent. The
detection of such low fevels of anthrax simudants revealed the ability to detect climcally refevant doses of Bacillus
antracis endospores. Larson et al {Joumal of Clinical Microbiology p. 168531681 June 2013 Volume 31 Number
£} used a similar dovice to detect both HIV and Ebola viruses at chintcally rolovant doses. AH three devices used
antibodies conjugated to a Si0; laver on a LiTaO; substrate, In preliminary experiments, the SAW proved capable
of detecting concentrations spanning three orders of magnitude, with an estimated linit of detection (LOD) of 74
cells. While the cell mass is not a tree concentration, the use of an accurate standard carve will allow the rapid
correlation to a potential threat concentration. In other stedies, SAW biosensors have been used to detect Ebola
virus as a potontial point-of-can: diagnostic tool.

{50} Polvelonal. monoclonal and recombinant antibodies have frequently been selected for a wide

variety of apphications including biomarker detection. Their production involves the exploitation of the tmmune

svatem of a host orgamism fo produce antibody against the targeted specie. Tyvpically, a bost orgamism is
mmunized yith cells or inactivated microorganisms, Polvclonal antibodies ane typically raised m larger
mamnals. The antibodics are widely used in immunosensor assavs for pathogens. However, the inherent nature of
potvcional antibody 1s 1o bind different epitopes on a single target. In cases where this 1s undesizable, monoclonal
or recombinant antibodies are used. Monoclonal antibodies are often generated through the use of hybrdomas
technology and murnine hosts, The bone marrow, primary hvmph nodes and spleen are selected as a source of
antibody-praducing B cells, which are harvested and fosed to immortal prveloma cells. The resulting hybrid cells

{hvbridomas) seerete full-length antibodics that are divected towards a single epitope. Recombinant antibodies ave

generated with a phage display technology and the biopanning of antibody reporters agamst a target of interest.

Three tvpes of librarics pray be used as sources of antibody pools: syathetic, naive and immune.
{31 The attachment of active recognition molecules, such as antibodies, at high-density to the

transducer surface is one of the most eritical steps in biosensor development to achieve an LOD at a concentration
17 level. The proper strategies for attachment of an antibody fragment, such as Fab or single domain region,
depend on the substrate. The S0 coated LaTa0; SAW devices employ APTES for a covalent immobilization of

antibody fragments. Often, biosensors employ protein immobilization strategies are randomly adsorbed on the
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surface (SAM). In the Hlustrated embodiments, either APTES for antibody attachments or gold-thiol chenustry
for nucleie acid imymobilization 1s ased.

{32} Love-wave sensors have been used where the antigens were kiown to have low moleoular
weights so that their diffusion times to the surface are estimated o be a fow seeconds, In whole nucrobial cell
detection, the cell sizes can be up to a fow microns in diameter (assunting a sphere or evlindvical celf). In the
regime where large colls i the range from 0.3 — 5 pwm are captured, the diffesion ttime may require capture times
up to tens of sumetes. Moreover, larger particles can settle due to gravimetne settling. Despite these dithoulties,
wheols celt detection has several distinet advantages including: minimal sample preparation and the antigen site do
not need to be known as fong as antibodies are available.

{33} The formation of organosilanc~based thin films provides a simple means to meorporate
chemically well-defined fimetional groaps on glass-type surfaces. Variations m either the terminal groups or
structure of organosilanes have greatly extended the utility of SAW devices by presenting specific chemical
groups and altering the physical propertics of SAW devices and extending these devices to many now
applications. The sensing arca 1s incorporated to the waveguides by the construction of the imegrated
microfinidic chamber. For example, the anuno-terminated orgamic thin films freated with silane agent 3~
aminopropyitrethoxyveilane (APTES) on a silica dioxsde waveguide in a SAW device allows further chenucal
dertvatizations of sarface amino groups feading to the itroduction oft N-hwvdroxvsuccinimide (NHS} esters,
hvdrazide and maleimude esters Silica-based substrates contaiming these grafted chenncal groups have been
frequently adopted for site-controlled immobilization of biomolecules such as antibodies, dunng the fabrication of
iununoassay-based biosensors.

{34} APTES is often used to form covalent bonds between proteiny such as antibodies and insoluble
suppart with very httle {oakage of proteins from the surface. The construction of lavered organized systems has
attracted considerable attention due 1o 1ts ability to attach targeting molecules in biosensors, this application
describe a method and its chemical recipes to improve surface adbesion, surface compachon of the antibodies as
wel as direct seif assembled monelavers of spacer molecule to cnable the sensing swrface with closed compaction
of fragmoented antibodies on the sensing lane to avoid false negative or false positive results due to contamination
of nonspecific attraction to the sensing lane.

{35} in one embodiment the diagnosis for hife-threatening diseases such as cancers, generally reguire a
biopsy to be performed. This is, however, a hughly invasive procedure. Often this analysis is followed by
protommics and genomies studies that roguire the use of sophisticated instruments and highly tramned personnel for
data analysiz. As an alternative, physiological changes that occur during illvesses can be analvzed making use of
noninvasive procedures. The diagnosis of lung cancer is one such area where the llness can be identified by

analvzing the exhaled breath of patients for velatile organic compounds. These molecules inclade hvdrocarbons
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such as hexane, methvlpentane and a nummber of benzene derfvatives.

{36} In onc other embodiment, the application addresses the problem of how to reliably measure the
degree and time sequencing of a plorality of biomarkers i1 an agqueous media in real time, where the degree and
tine sequencing of the pluraliy of biomarkers in a live cell is minucked and resolved. This problem is solved by
providing an array of SAW cells while employing functionalized sensing lanes, whereby the specifie probe, be #t
antibody, an antigen, & protein, a receptor, an aptamer, a peptide, a DNA strand, or an enzvme are set iy a matrix
array, mcorporating maltiple antibodies for the purpose of cross validation and increased reliability of the
resultant sensor outputs, A peptide is a linear organic polvmer consisting of a large numiber of amino-acid
residues bonded together in a chain, forming part of {or the whole of) a protein molecule. Antibodies and all
protoias are formed as a class of peptides. A polypeptide 1z a cham of amine acids. Gue end of the change 1s the
N-terminal (amine terminal} and the other end is the C-terminal {carboxyd terminal). Amino acids bond together
with peptide bonds m order to tornm the polypeptide.

{37} The SAW cells are paired as sensor and reference cells it an areay, which is coupled through an
analog signal processing and computational front end circuitry, and where a digital back end aircuit controls the
frequency sweep cveling of the array, the data storage and data processing of the cell phase shift magnitwde. A
phase space density matrix of the plurality of biomarkers can thus be generated from which the diffusion equation
of the corresponding underlving cellular biologscal activities of the corresponding phurahity of biomarkers can be
solved and statistical counting of hvbridization of protein and analvie in real time is achieved.

5K The binding of these two molecules, antibodv-antigen (Ab+Ag), modulates the threshold voltage
of a cirentt, while changing the frequency andfor amplitede of the circuit. The sensing arca 1s further characterized
by a substrate. which cahances the affinity between the antibody molecules and the analytes.

{391 The combined array of SAW units integrally forming a fluid cell 15 configured to divect the flow
the analyvte samples onto the achive surfaces of a plarality of SAW cells. The array of paraliel SAW cells with its
sensing arca act as bias represented by the phase shufy, which is proporfional to the nxass loading on the surface.

{607 in one enbodiment, the SAW iosensor s fitted with an analog front-cnd (AFE) cireattry enables
an analog computational module to measure the sensory output(s) contimuously over the time and frequency
domains, further enabling detection, analysis, and data~-storage which in tum further enables reporting of
biomarker hybridization measurcments, Morcover, this configuration of the SAW detector array accourately
measuores a quantifiable rate of change of the analyte/molecules in vitro, providing real time-municry of the
cellular biowmarker{s) hybridization’s kinetics, a feature of the invention which enable the apparates to measure the
time constant ().

{61} The apparatus and method is further generalized to enable the constraction of an analog

biological computing device. The embodiment is directed to chenncal biosensors with an architectare where each
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cell of the sensor’s array, is formed as a SH SAW and where the sensing area 15 fabricated as s shown i the
embodiments of thix apphcation. The cellular network of SAW transducers is further imfegrated to form an analog
computationat apparatus by the use of the SAW array within the muicro-fhadic-chamber,

{62} The ilustrated embodiment of this application shows that the conjugated bio-molecules can be
detected by the use of a SAW array coupled with an analog interface usit in a mamer that efficiently and
markedly improves the current art of counting and wdentifving the sequencing of stochastic biological events, and
where the need to identify the timing and location, inchuding statistical measures of hvbridization, is essential in
uncovermg the nature and speeificity of cascading effects of protein sequences (including the uncovering of
apparent statistical causal correlations.

{63} The illustrated embodiment emplovs the data generated by measurements conducted on sample
protein and reported by “Carbon Nanotube BioFET with a Local Amplifier in a System Array for Analysis of
Biomarkers and Methed of Analysis of Same™, US Patent Application No. 12/581,738 filed 10/19/2009 which is
meorporated in its entirety. For example detection of the protemn such as VEGF . demonsteates the effective use
of the apparatus and its method of detection, inchiding calcalating as well as reporting of the resalts of
hybridization in a manner that is not previously observed.

{641 The disclosed process emplovs a sensor niolecule {the probe~-analyte antibody combination), as
the biasing clement attached to the fimctionalized surface of the SAW, where the sensing area geometry and its
charge sarrounding the channel of the SAW 1 changed doe to hybridization. This change in charge causes a
change in frequency {Af) of the SAW chanpel, which shifis the register within the analog front-end cireuitry.
Whes the SAW biosensor is biascd in the sub-threshold region, {a critical parameater dependent on the geometry
and metsic of the sensing area design and its LOD), a lincar change in the frequency (Afi} due to hybndization of
the target moleaude results in a corresponding phase shift proportional to mass loading in the sensing arca.

a3y in one embodiment, the cellular arvay of SH SAW s signal output(s) is processed by the analog
circuitry and a digital processing unit. The analeg computation s sigmficatly more efficient in 1fs ase of
resources than determistic digital computation. The disclosed method and apparatus cnable couttinng and
recording of the underiving stochastic non-linear events and measwremaent of biological process which follows
the hyvbridization of the analyte to its target probe and provide information on the sequencing of the hiological
evolation of the assay, for example, counting how many VEGE 5. biomarker are avatlable in the sample, by
further defining the time constant of hvbridization, hence sunucking the diffusion mode! of protemn cascade, the
apparatus with its analogue conputational machinery is able of mimicking the Boltzmann exponential laws of
thenmodynanucs and by sinalar togarithmie electrochemical potentials ocourring during the biological process of
hybrdization.

{66} The tracking and mimicking of biclogical processes is centered on the use of an improved SH
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SAW cell unit, 1 which a biosensor of this type combined with civeust operators sununing, subtracting,
mtegrating and ditfercntiating the outpats available from the array of the SAW matrix using an analog
computation unit, will increase the information content of the measurement(s) by providing the information on the
bio-kmetics and other dynaniical parameters which are essential in understanding biological process.

In one embodiment, the biosensor (SH SAW) includes a local source follower amplifier to
capture fow magnitade biological signals in a cirawst that measures the hybridization counts. This parameter is

. : . dr . ) ;
used by the apparatus in order to account for the time constast, — = =1 Yyidlyy, computed by the analog front

end thereby cnabling a predictive tool acting in parallel by the analog front end and s computational module. The
use of the time constant and the coefficient as described formallv use the data gathered during the hybridization
between the analyte and its antibody while accounting for the “kinetic bits™ of the molecule-ensemble-
hybridization. A femtomolar threshold setting of the SAW bioseusor clectronic detection emploved by the
apparatus, using sample and holds (5/H) measurement at ¢ g YkHz2 scan sate thereby using such scan sate m
determining the rate of change. The arthmetical unit withan the apparatus then compute the time constant { 5? i
and its denvative while following the detection of label-free processes and where such mass loading on the
sensing lane can be estimated by the algonthmic computation modide of the apparatus. This embodiment of the
apparabss provides a predictable ool to estimate the bybaidization curve and farther act as a control measurs for
the comparison of the results obtained by incorporating the individual data points with the results obtained from a
least square fitting (LSF} algorithm. Ths arithmetical process provides for additional validation between the
experimental data and the predictive data generated through the process of kinetic time constant analvsis.

In one embodiment, the device s realized by forming a matrix array of SAWSs acting ag parallel
detecting” sensors which forms the clectrical configuration of adding the paraliel hyvbridization, this feature of the
mvention aliows a realization of a low cost, portable biosensor apparatas as a fully integrated deviee for detecting,
measuring and computing the relevant parameters i an array form.

The present discloswre is directed to 2 biosensor in the form of an SH SAW cell arvay and, more
particularly, inchades a plerality of outputs {phase shift) from an amay of an integrated platform of SAWs It s
fabricated using solid state tochnigues in conjunction with a sensing lane and reference lane operated in a
differential mode snd where an ehigonucleotide cloment, such as aptamers (oligonucleotide ligands that are
selocted for high-affinity binding to molecular targets), or altematively an improved antibody descrbed by the use
of a half antibody which provides a mass loading differentiation due to the hnvbedization on the surface of the
sensing arca (the delay associated with is respective phase shift relative to hvbndization of the analyte and its
sensing probe.

in one embodiment of this application the apparatus supports a diagnostic measure, namely to
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emulate the kinetic growth rate of the sensor hyvbridization as a fiunchion of its analvie level sensed n the SAW
sensing area chamber (effective geometry}, while measuring the binding rate of the analvte mudecules onto the
sensing plate. The ability to mimie the vectorial trends of a biomarker(s) binding rate of analvie(s) molecules
{biomarkers} is sunulated by the equivalent circuit of the apparatus, and further provides an effective tool for
recoding biotogical sequences, thereby enabling a means for reproducing the sequence of which specific analvie
within the assav is hybrdized while providing the dynamic of conjugation based on the ability of the ressdent
microcontrolier to smmple and hold (SH) the regpective measared output{s). The SAW phase shift or amplitude
change mass loading reports are added by the computational apparatus load, which in turm calculate thereby
providing an accurate measure for the state of the system in question.

{71} fn one smbodiment, the SAW cell{s) within the array detect the presence of the biomarker
mefecules by the use of & mechamism bazed on an electrochomical binding of an aptamerfantibody suitable to bind
to such an analvie, while the reference lane is differentially scanned synclronousty with a nonspecific antibody or
probe with a similar molecular weight. The anmtibody basic structure and its molecular weight plays an miportant
role in the accoracy consideration of the SH SAW biosensor as its electrical equivalent of the sensing output is
configured ax a differential mode phase shift. The basic structural unit of most mammalian antibodies is a
zlveoprotein with MW ~1530,000 Daltons comprising four polvpeptide chains—two light chains and two heavy
chains, which are connected by disulfide bonds. Each light chain bas a molecular weight of ~235 000 Daltons and
is composed of teo domains, one vanable domain (VL) and one constant domain (CL). There are two types of
tight chains, lambda (&) and kappa (x). In humans, 60% of the light chans are «, and 40% are A, whereas 1n mice,
5% of the hight chaing are wand only 3% are 2. A single antibody molecule comtains either « light chains or &
tight chains, but never both, The proposed functionalization of the sensor 18 set to account for the relative
molecular weight of the specific probe on the sensing lane and #is reference lane to account for their relative
magmitude of the nonspecific antshody at the reference lane and the specific antibody at the sensing lane. The
biosensor electrical equivalent signal is the result of a differential outpat between the sensing lane and the
reference lane measured as a phase shift or ampltude change due to the added mass due to bybridization on the
sonsing lane while the reference lane is stable and wnchanged.

{72} There are five antibody classes—Igls, IgA, IgM, 1gF and IgD—which are distinguished by their
heavy chains vy, a. g, £ and &, respectively.

{73} In one embodiment of this application, we employ an example of a biomarkers used by the SAW
sensing lane{s). The example eniploved 1s a demonstration of the SH SAW bioseusor in providing a readily
available indication for vanety of pathogens, vivases, bacteria, protein, cell, DNA, RNA and small molecudes
without the custontary laboratory seftings where expensive equipment and trained personnel are necessary in

order to perform the diagnostic tasks of identifving, asalvzing and weporting of such biological orgasic or
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morganic chenueal compounds present within an assay. The appheation emplovs one of the knows antibody
classes i iy reforence lane where non-hybridizing events provide a stable reference in a differential mode output
to identify the phase shift or amphitude change due to the hybnidization, and where the device provides for
continuous sampling of the hybndization timestamp and phase shift to secord the kinetics of mass accumutation
over the scasor. This feature of the invention cnables the computational wnt residing within the apparvatus to
computte the curve prior to saturation and provide an indication of the mass loading rate of chaage which can be
estimated asing algonthmic technigue of predicting the exponential based on time constant (¥). This predictive
tool provides additonal modality of corroboration in paraliel to the system respouse whereby in cases where the
analvic quantity 1s large, and safuration occurs rapidiy, the algorthmic predictive tool residing within the
apparatus climinates the problem associated with premature saturation of the sensing lane due to the amount of
antibodics packed over the surface.

{74} An electromie circwit and algornithm enable an effective anthmetical procedure to be performed as
two distinct clectrical measurcments in paratie! (in a background meode), by measuring time constant v, which
further enables prediction of the outcome of the SAW biosensing apparatus in cases of saturation of the sensing
ane.

{75} An oscillator generate the appropriate waveform, which travels and excites the surface acoustic,
. the transduction from electric encrgy to machanical cnergy (in the form of SAWSs piezoclectric materials). The
apparatus cmplovs an additional algorithm to ncasure the rise and fall of the RC network due to hvbnidization of
the analyte and is respective antibody.

{76} The process of this measurement is first 10 identify the stavting and final values of the
hyvbridization based on the threshold valee set (as an equivalent quantity of the capacitive change versus time). The
starting value is set as “zero” by the cireait, prior {o the mijection of the analyte o the microffuidic chamber; that
18, whatever quantity the reactive component is holding constant.

{7 For the SAW biosensor, the time 1s defined as  “indhial vahwe of the caleulated variable™ and s
equal to the hyvbridization minimum capacitive change i.e. the limit of detection of the SAW thresheld, (LOD).
This quantity is noted @ the apparatus as the Vevoltage.

78} When the hvbridization starts, a digital “switch™ in a cireuit mimics the defecting voltage change
where it is “closed” or “opened”, based on a set voltage change (proportional to concentration of the analyie, e.g.
LOD of fomtomolar magnitude, equivalent to a capacitor value in microfarads).

{791 The reactive component that drives the circuit altenipts to maintain that quantity Ve~ V) at the

same fevel as it was before the switch transition, so that value is used as the “starting™ value.
{80} The final value is the value of the capacitive loading G, which is the quantity that represents the

total span of the event from rise to fall tme, or otherwise deseribed as the delta change of the capacitive value that
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is asymptotically constant compared with its previousty measured value, This can be deternmned by analvzing a
capacitive circuit as though the capacitive change is 3 maximum for the period measwred by the detector, [AC=G-
Ciad is approxamately equal to zero between ts and 4.

{811 The next step is to calculate the time constant of the circuit: the amount of time it takes voltage
value to change approximately 63 percent from their stanting values to their final values o a transient situation. In
a series RC cirenit, the time constant is equal to the total resistance in ohims muldtiplied by the total capacitance in
farads. In this case, the time coustant 1s expressed i anits of seconds and symbalized by the Greek letter “tau™ (1)
= R

{82} The “rise” and “fall” of circeit values such ag voltage in sesponse (o a trangient 13, as mentioned
before, asymyptotic. Being so. the values begin o rapidly change soon after the transient and settle down over
tinte. If plotied on a graph, the approach to the final values of voltage and current form exponential curves.

{831 As stated before, one time constant is the amount of time 1t takes for any of these values to
change about 63 percent from their starting values to their (ultimate) final values. For every time constant, these
values move {approximately) 63 percent closer to their eventual goal, The mathematical fornwula for determining

1

the precise percentage is: percentage of change = (1 - pcyrd 2
{84} Where ¢, stands for Euler 1s constant, which ix approximately 2.7182818. derived from calculus

technigue, mathematically analyzing the asvmptotic approach of the ewrcuit values. After one time constant’s
worth of time, the percentage of change from starting value to final value s
(=5 )X 100%=63.212%, (15 )x 100%=86.386%, (13 ) x 100%+99.995%

{83} The process of measurement and caleulation s repeated during the entire time the SAW biosensor
is active in detecting, secording and analvzing the biological paviead within the microfluidic chamber 139, and
the more time that passes since the transient application of voltage from the SAW biosensor 34, the larger the
value of the denominator 1o the faction, which makes for a smaller value for the whole fraction, which makes for
a grand total (1 minus the fraction) approaching 1, or 100 percent,

{86} The expression of change is equal to: (Final ~ Start), {l—;:*};r;) Where “Final™ s the calculated
vanable of hybridization after the comparator residing at the microcontrolier indicates that the AC is approaching
a small variation of capacitive change (in microfarads). The Instial value of the caleulated variable is setat the
mnitial startup of the system and prior to any change in capacttive loading on the cironit. e, 1s equal to (2.7182818),
t. is the time wm seconds and 1, 1s the caloulated time constant.

{87} Figs. 10 and 10A are graphic depictions with an exponential decay of the RC network
represcnting a typioal hvbridization of analvee with its antibody, where cireatt 121 switches “off™ and “on™ its

output 106 (phase sluft Mcasurcmoent step), using its saturation detection cireuit 911 to measure the time
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constant T. Thus procedurs is a depiction of the SAW biosensor cutput 48 where the RF driver 96 {oscillator)
circuit with its electronic detector 911 and its resident microcontroller 01, measure and analyvze the square-wave
output from the function generator, the peak-to~peak voltage to at least X volts and as noted by the position of
the waveform,

{881 The process of analvzing the fime constant T is calculated by the arthoetical module 300 and
data strings are presented to the puicrocontrolier. The process is graphically shown in Fig. 7A.

{891 Time constant measurement provides the apparatus | and 34 a measure for conputing the
exponential curve and prodicting its nature 1o sobve the problem of saturation due to a boundary condition’s case
associated with an event, where the amount of antibodies on the sensing lane 129, ¢ insufficient to account for a
massive quantity of the analvte present in the sample.

{90 By the use of Saturation Detection step and the time constant measurements, the system and its
algorithm are enabled with the nformation to predict the final value present within the sample analyvte, thereby
predicting the cutcome based on the time constant and #s coefficient of expansion  yicly;. Emploving the
Maclaurin series expansion %3 = ity YyidYi, the algorithm computes the tinte constant ratio %E s the
expression, while the svstem reduces #s dervative to 1ts coefficient value vy, thereby enabling the a measure of
the rate of change {i#s dernvative} and by such use of the coefficient of expansion the anthmetical conyputation
module generates the predicted outcome’s curve. The apparatus and #is sensig mechamsm as a parallel method to
improve detection of label-free processes and further to enable a mass loading estimate of seasing lane by the
algorithmic computation module of the apparatus use this process.

{91 In one embodiment, we employ the example of near real tinie, label free detection of a vascular
endothelial growth factor, (VEGF s} which plays a enitical role duning nommal anglogenesis and in the
pathological angiogenesis that occurs in a manber of diseases, inclading cancer, angiogenesis is a hallmark of
wound healing, the menstryal cvele, cancer, and vanous ischemic and inflammatory diseases. Vascular
endothelial growth factor {VEGE} i1s an inducer of angiogenesis and lvmph-angiogenesis, because it is a lughly
specific mutogen for endothelial cells. Signal transduction mvolves binding to tyrosine kinase receptors and results
i endothelsal coll probiferation, nugration, and neve vessel formation. The application of the SH SAW biosensor
in diagnostics enables detection of how modulation of VEGF expression creates new thorapoutic possibilitics and
describes recent developments in this field.

{92} Initial attempts to block VEGF by using a sensory apparatus are limited by the complexity and
length of processing times associated with the current art. The use of the apparatas to detect the humanized
monoclonal antibody bevacizamab (Avasan, Genentech/Roche), and two kinase inhubitors soraferib (Nexavar;

Baver) and sumtinik {Satent, Plizer) wiich target the VEGF receptor (VEGFR) tyrosine kinases, is essential,
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since such steps are beginning to show promise in buman cancer patients, including the ability to optinize VEGY
blockade, Therefore, a portable  vitro or in-vivo device that accurately provides real-time feedback on VEGF
fevels is able to regulate, attenuate or modiy the intake of anti-angiogenic-agents is necded for any finely tuned
anti~angiogengsis therapy .

{93} The lustrated embodiment is capable of measuring VEGF levels by enmulating the process where
VEGF mwolecales binds to an immobilized VEGF aptamer antibody withun 3 known time domin, providing an
appropriate feedback based on the VEGF level m any regulated diagnostic and/or themapandic procedare where
such a measure s used for treating malignancy.

jud] in one other embodiment, we employ interactions between VEGF protein and their receptors as
the respective binding of the aptamers or antibody and the VEGF receptor within the controlled conditions w the
apparates microfhudic chamber, and demonstrate the offective use of such embodiment and s wsefulness relative
to the priorart. Details of signaling events and their biological outcome are conaisely illustrated by simulating the
binding rate of the for example a VEGF molecule-binding to the aptamer or its antibody present in the apparates”
chamber; hence, such a parallel process of detecting as well as counting of such biological processes, provides the
necessary guantitative trends and concentration values 1 the equivalent circuit of the apparatus,

{95] The application, describe the method of the proposed VEGE SH SAW biodetection, using the
poprovements made in techmigue and equupment for fabricating nuniature devices such as: the geometry of the
SAW and its ancillary analog front-end or its hvbrid digital module, and consequently, the improvements
stheon fabrication and lugh~-precision micro-clectromechanical systems (MEMS), which enable such apparatus.
Specifically, the application 1s directed to the novel asd improves bie chomical conjugation techniqees defined by
detail description of the embodiment described in this application as “Functionalization of SH SAW- sensing

Lane”.

{a6] in another embodiment, the SAW cell fabrication technigue emplovs an electrical polarnity
seeding, {0 natorally attract the intrinsically negative electric charge of, for example, vasaudar endothelial growth
factor (VEGE) molecules, white further modulating the threshold voltage of the circuit. This and many other
examples used throughout this application arc emploved as ithsstrations of the preferred eimbodiments, but one
familiar with the art of analytic chomistry and electronios can find other suitable examples to Wustrate the method
presenged.

{97} In another embodiment, the electneal polanity can be modulated fo attract and then release the
VEGF molecules to prevent a buildup of onic molecules on the sensor surface {the layering of spacer molecules
and closed compaction of fragmented antibodies on the seusing lane to avoid false negative or false positive
results due to coptapmnation of nonspecific attraction to the sensing lane, hence altering the mass loading of the

sensor.} while preventing sedimentation and nonspecific bindings of ionic residue within the buffer solution,
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thereby enabling a continuous flow of biological fluids flowing through the SAW microfluidic chamber,

o)} In another embodiment, the SAW IDT s fabricated with & preferably p-doped Si substrate to
enhance the affinmity between the ¢.g. VEGF molecules and the antibody or aptamaers causing the change i the
inypedance {due o capacitance loading) of the circuit contatmng the SAW cell array. The array is configured to
provide an unobstructed flow of the VEGF samples on the active surface of the sensing lane, due to its use of
flow’s geometry layoud.

{90} in one embodiment, the device 1s formed, as an amray of parallel DT s, which act as integrated
uwdividual counter-clectrodes. The device is further equipped with a computational apparatus o render the sensory
outputs over the time domain, resulting in detection of the analyvtic data of specific bybridization with its time
stamps. This foature arises from the signal fidelity provided by connecting the clectrical outpul(s) of the SH SWA
to a source follower amplifier configuration. The apparatus is further infegrated with A/D converter, resulting in a
computation device based on a sampling algorithm for reporting on the statistical shices of time-domain activity as
well as frequency domain changes resulting from the hybridization kinetics.

{100} in another embodiment, the device can provide an accurately measured and guantifiable rate of
change of VEGF moleceles in-vive and enabdes for example an improved diagnosts of temor markers. As a regalt
of such information (VEGF level and veotorial trends), the device with its auxiliary cireuwit improves the
diagnostic capability of the medical staff in providing an early detection of minute changes of a quastifiable
biomarkers within the blood, hence improving the odds of therapewtic outcome by providing base statistics,
swithout the lengthy and expensive labeling techmgoes known i the art as enzyme-linked momuonosorbent assav
{ELISA).

(101 In one embodiment of the proposed SH SAW biosensor, the immobilized binding group is
located m one or more argas on the surface of a scosing lanes whose locations on the membrane, sizes and area
mmobilization densities are designed to maxinuze the observed frequency andfor amplitude shifts m the target
analvie binding and to maximize the discrimination between all combinations of specific and non-specific
binding. This discramination may take three forms: (a) change in resonant trequency of the effective arca formed
on the sensing vs. weforence lanes with the immobilized cheomical hoker, (b) appearance or disappearance of a
higher order harmonic shift, or {¢) change in amplitade docay rafes, a process detected by the analog front end of
the proposed apparates. In such a bioscasor (a unit celf comprised of a SAW 15 alteratively be loaded with
plurality of antibodics/antigens), a single array of SAW units mayv be compnsed of a plurality of ndividually
addressable elements for actuation and for sensing prurposes, as well as comparative measwrement relative to
timing and density of processes occurring within the cells. This technigoe pernnits the specific measare of the
sequencing order{s) of selected modes and enables simuttancous actuation of an alamm circuit or like devices. The

principles of measuring biological cascading effects {of multiple proteins within the analyie), is essential
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parameter in uncovering the interdependence of causal statistics m the relation between the different biological
spectes sinmltancousty available m the analvie.

11024 In ong smbodiment, a simple and robust, as well as reversible method i3 provided which can
roliably detoct in one operation an analvie molecule.

[103} An object of the Hustrated embodinent s achieved according to at least one embodiment by
binding of specified analvtes in a sequence of method steps by using the SAW ¢cell.

{104} in at keast one smbodiment, measurement is carried out 8 cach case after the antibody s bound to
crrculating analvies, and s clectrical value is counted in the time domain, stored, and reported.

[105] At least one device for monitoring and controlling the hyvbridization of, for examiple, VEGF
medecules over the matiix aray posiions of the sensing lane and one device for controlhing the rate of hguid flow
in the associated detection device ane prosent in the embodiment of the proposed apparatus. For this purpose, the
sensot lane 18 conneeted to a microfluidic system,

[106} Various embodiuents relating to signal amplification metbhods for multiple biological assays is
employved by the invention. In one of the preferred embodiments, the SAW cell or its array s electrically
connected 1o a source follower amplifier (SFA) where the amplification of g low-level signal 1s augmented. In
another embodiment, the signal amplification is inherently biclogical in natwe where the substrate of the sensor
formed out of sihica dioxide (8:0:11s functionalized with a dense packing of the antibodics. The signal
amplification is further enhanced by the use of linker group formed on gold wanoparticle(s) GNP~ Au. The
nanoparticle-hased nanostructures produce an elaborate label-free mass senstog device.

107} The biological target complexes are tagged by a seed substance GNP- Au on the a surface-
enhanced substrate, such that organic or in organic aptamers or antibody, coll, DNA, RNA, virus or bactenia,
protein or small molecule are tagged and provide a multi- epitope, thereby incrcasing the capture statistics by an
order of magnitude . The process of lavening the fimctionalized GNP with s engineered probes follows the
procedure described by this application, The target complexes then bind the capture reagents with its
antibody, The SH SAW duxe 1o #ts added mass, which 18 represented by an increase phase shift or amplitude
change, then senses the hybndized complex. This application emplovs the method of signal amplitication by
emploving clectrical techniques known in the art as well as ifs novel engineered probes due to Hs use of encoded
DNA encoded  sequences to increase the native biological signal therely reducing the LOD o a femtomolar
concentration.

[108] Accordingly, i one ambodiment, a biological target complex including a target analvte
associated with a first specific binding member 15 provided. The target complex further imcludes a second specific
binding member that binds to the first specific binding member forming a tagget complex. The second specific

binding member includes a seed particle suitable for catalyzing the formation of a surface-enhanced aptamer or
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antibody such as a VEGF. Subsequently, the complex substrate can be activated by means of the electronic circmt
to provide the necessary change in impedance, frequency shift, and amplitade change 1n a differential mode.

{109} In ong aspect, the invention includes a SH SAW sensor apparatus emulating a binding event
between a ligand and ligand-binding agent. The apparatus has a SAW surface composed of chemical Linker
suitable for the targeted molecule(s), and two-subunit heterodimer complexes carmied on the surface. The
complexes are composed of a first and second, preferably oppositely charged-peptides that together form a-helical
coiled-coil heterodimer. The first peptide is attached to the SAW surface, and a ligand is covalently attached to
the second peptide, accessible for binding by a ligand-binding agent. The SAW sensing lane (areay) detects
binding of an anti-ligand agent to the ligand and the signal is enhanced by the electronic circuit such as a source
follower mmphfier.

{114} In ong general emboduneat, the SAW surface includes a monodaver composed of chomical chains
anchored at their proximal ends to the SAW surface, and having free distal ends defining an exposed monolayer
surface. The heterodimer complexes in this embodiment ave preferably embedded in the monolaver with chenucal
linker as shown by the SAW functionalization methods, where in one iHustrated option an epoxide nucleophilic
substitution chemistry 15 emploved and where amino-meodified aptamer can be covalently linked fo the poly
{zivcidyl methacrvlate ) (PGMA), or an alternate process of functionalization of the active surface s achieved
usmg pyrene through w-w intoractions, where a non~covalent funchionalization of the active surface can be
achieved using pyrene and pyrene dervivatives. Many other variations, such as covalent immobilization of
antibodies to carboxyl groups through amide Hukage can be used and are deseribed by the figures and thewr
accompanyving descriptions, All the above methods of functionalization of the sensing lane(s) of the SAW
bioscnsor are dlustrations for use by the apparatus, to improve the LOD to set a minimal Tunit at a fomtomolar
concontration level. The fuschionalized linker group as noted above, comprises a monolaver surface, the
monolaver may be formed alternatrvely on ametal, e g, gold film, aheninum, and may be composed of a
monolayer surface with a thiel group linkage.

(114} in one entbodiraent, the proposed apparatus contains a chamber, which is adapted to contain an
agquoous solution of redox species 1 contact with the monolaver, and the detector includes a circuit for measuring
ion-mediated current across the monolayer, in response to binding events ocenrring between the receptor and
ligand.

{112} More generally, we disclose construction of an array of different, selected iological reagents
attached to different, selected regions on an assay support surtace comprised of the SH SAW connected
electrically to source following amplifier which form the basic unit of the analogue signal chain resolting i an
clectrical output(S} equivalent to the binding events ocourring at the seasing sarface of the SH SAW bicsensor.

{113} in one embodiment a micro-machined or printable structure (cavity), 12 generally formed usmg a
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semiconductor substrate such as a sihcon wafer. One of the objects of the present mvention 1s {o realize further
reduction m cost by itegrating a ounefe structure and a semiconductor clement controlling the minute struchyre
over one insulating surface in one-step, A minuts structure has a stracturs in which a fivst laver formed into a
frame-~shape ts provided over an insulating serface, a space being fornted inside the frame, and a second layer is
forned over the first laver. Such a minute structure and a thin filor metalized IDT can be integrated on one
insudating surface 1 one-step.

{114} Further mnprovements of the device are iltustrated by the architecture of the SAW, where the
hybrid constraction of the substrate and its geometry {the scasing and reference 1)'s on the 50 substrate) awe
formed to enable a transduction of the hvbridization between the antibody and the analvte, while mimicking the
biological process dynamics, and as it s deseribed and realized by the cavity geometry and the electrical
charactenistics of the SAW.

[115] In one embodiment the SAW is constructed as an mdependent cell out of an active areay of
elements in the form of a matrix, resalting s an effective analog computation device, where each of the cell unit
(SAW resonator) reports to a resident microcontrolier of the event activity and is summed, integrated oy
undergoes the process of measurement and counting via the arithmetical of the proposed apparatus.

{116} The aim of the apparatus s to measure and puntic the hvbridization process between antibody(s)
and analvte{s) by further providing a means for counting/measuring such processes while emulating biological
kinetics” process with mathematical analogs such as known in the wit as: counting, sunvmation, mtegration and
differentiation.

[117] Some embodiments demonstrate the advantages of the SAW architecture compared to the
traditional optical methods as well as existing field effect transistor (FET), where a direct, label-free, {near) real-
tane, continuous signal is obtained, and where highly selective sensing 15 used followed by the binding between
an antibody and an antigen, achieving a specificity with resolution and accuracy which is improved over the
current art. The above state of tmproved device charactenstics 1s duc to 1t higher surface-to-vohume ratio of the
sensing surface in the saropling cell and thus an mereased modulation of the conductancs by the biomolecules. A
concentration dependent merease while the phase shift or amphitude changes s directly connected 10 a source
follower mmphfier and where the source-drain curent 1s observed m the regme of climeal significance with a
detection limit of approximately 36fM (d30pg).

{118} In one embodiment, the surface arca of the sensing lane between the IDT s resonators s
minimized. henee the amount of the required analvie concentration 1s proportionally reduced, and this featare of
the invention nunimizes the amount of analvte needed in performing the measwrement. Due to such constraction,
the device characteristics (DC) offer an order of magnitads increase of analyte/antibody statistics of covalent

matching and the SAW cell sensor benetits from further miniaturization and ncreased detection rate. The
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wuprovements in device charactenistics are due 1o the lithographic process emploved and the integration of the
metalized IDT7s over the sucraftuidic chamber similar to the integration of field effect transistor fabrication,
which enables scasing protein-protein interactions, and protein interaction mechanisms. These improvements are
due not only to the sheer fact of the device charactenstics of real<time and a label-free detection, but also to s
high sensitivity and selectivity, whereas the IDT geometry increases mobility and facilitates transpovtation by
improving the spatial opportumity access of the analyte and its antibody as the assay travels throagh the SAW
mternal microfuidic chamber. The statistical indices of accelerated hybridization are due to the electrical design
of the seasing lane(s), which further increases propulsion of antibody/antigen, due 1o molecular affinity of the
cvtoskeleton speaificity of the analyvte and the antibody.

F119 fn one smbodiment, the topological lavout of the SAW sensing lane is desaribed where the length
ay well as the thivkness iy proportional o its wavelength and i3 goiding laver has a wavegoide coating.

{120} These and other features of the ilustrated SAW coable an accurate, near real-time computation of
the data generated by the transducer action by the label free SAW cell and its peripheral electronics, to define the
tome constant T {tau} of the measured process. This embodiment is enhanced by bigh sampling rate by the use of a
resident nucrocontreller, aclueving an accurate and consistent count of hybndization rate on a scale consistent
with medical diagnostic valoes having a resolation of Ipg/mL (3 671pmol/l), while measuring the analvte flow
through the SAW’'s microfhadic chamber.

{124y Many studies outlining the quantitative correlation of senum levels and tumor expression of
vascular endothelial growth factor (VEGF) in patients indicate that those serum fovels of VEGF may provide
useful progrostic information in patients with various tvpes of cancers. The ability to measure such vectorial
expression can provide a progaostic as well as therapeutic tool i the hands of the phvsician {oncologist). To
enable such resolition and accuracy of the measuring apparatus, it must be capable of resolving the process of

hvbridization product with magnitude of 40 pg/mL minimum, to achieve the degree of statistical confidence

roquired.
11221 In one embodimet, the operation of the SAW i a conducting buffer environment demonstsates
that the device characteristios improve the relation bobween the V. - Lo outpat due to its electronic scheme. The

SH SAW sensing lane coupled with its reference lane {functionalized with a nonspecific class of antibodies such
as TgG, IgA, IgM, ioF and lgD) formed m a differential amplifier mode, readily responds to changes 1 the local
environment. Such effects have been demonstrated by this application as noted in Hs incorporation of the prior art
as well as s chinical studies which validate such application of the proposed modification to the prior &t

123} In ong other embodiment the substrate (8:0:) of the biosensor was coated with lavers of poly
{ghyeery! methacrvlate) (PGMA), emploving self-assembled monolaver (SAM), where a VEGF s moleaudes and

finker (thiol group) was studied and tested by the aathors, resulting i an improved propertics of adhesion.

25



WO 2018/057201 PCT/US2017/048055

[124] in one embodiment, the SAW topology enables reduction in variation between the diffevent
devices fabrication dee to the ease g one-step production technigue, associated with the construction amd
functionalization of the SAW s chemistry, as it is further annotated by the figures and their accompanying
descriptions.

{125} In one embodiment, the apparatus addresses the problem of biomolecular time-scales, which
wirdergo a variety of fluctaations and conformational changes that span several orders of magnitude. This feature
of the mvention i related to the analog front end {AFE} which emiploys a logarithmic amplificr, which linearized
the output where the compression of wide dvnamic range is available when mcasuring fast hvbridizing
biomalecular cvents.

1126} The ability of such studics (measuring repeatedly i short time intervals) s hmited by the fact that
focal, real-time m vive/ i vitre's measuwrement of the VEGT level is limited and the neads for such an
embodunent and its usefulness is described by the method and apparatus presented, and where the SH SAW
brosensor enables repeated measurements of the patient without the customary use of laboratory equipment and
trained personnel, while achieving an indication of a process involving VEGFE, and Fik-I/KDR RTK; The process
deseribed above can benefit from the invention as this biclogical exchange has been imphicated as the key
endothelial coll-specific factor signaling pathway in which pathological angiogenesis-including tumor
neovascularization is present. This tvpe of measuremoent can assist in some therapeutic apphcations, where
inhibiting the VEGF tyrosine kinase signaling pathway, blocks new blood vessel formation n growing tumors,
thereby leading to stasis or regression of tumor growth. Advances in understanding the biology of anglogenesis
have {ed to the development of several therapeatic modalities for the mhibition of the VEGYF tyrosine kinase-
signating pathway. A mumber of these modalitios are under investigation in clinieal studies to evaluate thewr
potential to treat vertics of the VEGF transduction, where a label-free, real time mdication and low cost can use
the invention in improving therapeutic outcomes. This and other biological processes can be wproved by
cmploying the disclosed method and its implomentation. By using the disclosed apparatus, the sequencing and s
tinie stamips can be emulated in evaluating tumor progression, activation of VEGYE pathways that promotes tumor
vasculanization, facilitating tumor growth and metastasis. Abnormal VEGF fimenon is also associated with other
discases including atherosclerosis, psoriasis, age-related macular degencration, diabetic blindness, rheumatoid
arthritis, and hvperthyroidisos. The members of the VEGEF and VEGF-receptor protein fasnilies have distinet but
overfapping Hgand-receptor spoctficitios, celi-tvpe expression, and function of VEGE receptor activation which in
tumn regulates a network of signaling processes in the body that promote endothelial cell growth, migration, and
survival. The ability of anv apparatus to differentiate such a complex assay requures an apparates that can emulate
and mimic the stochastic-statistical hvbridization of the protein and its sequences, a task that these application

addresses, by emploving a label free, hand held device with the embodiments annotated by the tigures and the
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descriptions, which follow.
(127} These and other objects and fegtures of the invention will become more fully apparent when the

following detatled description of the invention is read in conjunction with the accompanying drawings.

[128] BRIEF DESCRIPTION OF THE DRAWINGS
{129} The follovwing description of the invention 1s provided to faciitate an understanding of some of

the innovative features unigue 1o the present mvention and i not intended to be a full desenption. A fifl
appreciation of the various aspects of the invention can be gained by taking the entive specification, clams,
drawings. and abstract as 8 whole, Additional objects and advantages of the current invention will become
apparent to one of ordiary skill m the ant spon reading the specification.

1138 The accompanyving drawings m which bike reference numerals sefer o identical or functionally-
similar clements throughout the separate views and winch are tncorporated m and form past of the specification,
further iHustrate the present invention and together with the detailed description of the mvention, serve to explain
the principles of the present invention._

{131} Fig. | iy sumple representation of a biosensor. Fall-length antibodies are captured by an
organosifane hoker on silica dioxide for immobifizing protein in solution.

[132} Fig. LA 18 a surface acoustic wave dovice with a single delay line, fabricated on a piezociecinic
substrate. The output signal is compare to the signal from a reference lane and the phase, frequency or amplitude

differences determined using a mixing cell,

1334 Fig. 2 is an orthographic reprosentation of the functionalization of SAW with Silicon laver (81),

Siticon Onade laver (8102}, LiTa0: {pezo} laver, Functionalized {ayer, Linker molecule, Spacer molecule,
Antibody Fragments, Analyie protem
{134} Fig. 2A is a side cross soctional view of a diagram of the SAW sensor fabrication using

conventional lithographic or sercen printing methodologies with notes on functionalization of SH SAW sensing

lane.

[135] Fig. 2B is a schematic sepresentation with iis functional block compnsing of phase shift cirenit
and amplifier.

{136} Fig. 2C is a schematic representation of a dual SAW scnsor configured with a common RF source
and a common processing uait.

[137} Fig. 3 is a standard curve established using SAW biosensor for measuring E. coli Q157 H7 cell
dengities over a concentration spanning three orders of magnitade.

{138] Fig. 4 iz a diagrammatic schematic of the array configeration of SAW cell wnits each configured

with a source follower amplifier.
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[139] Fig. 4A 15 a perspective view of a scaffold for an array of cells in the form of a torus.

[ 1407 Fig. 3 is a diggram of a fhad flow cell including a sensor cell and corsesponding reference cell
paiy.

[141] Fig. 6 is a block diagram of a pathfinder/reader desenbing the analog front end coupled to the

array of cells that are multiplexed and digitized into its microcontroller.

{142} Fig, 7 and 7A are graphs of an exponential decay of the RC network representing a typical
hybridization of anabyvte with s antibody, where a circuit switches its output “off ™ and “on™ as shown in Fig. TA
and where a saturation detection eircuit measures the time constant t as shows in Fig. 7.

{143} Fig. § ix 3 molecolar diagram of the functionalization of the active swrface using epoxide
nucieophific substitution chemistry,

{144} Fig. 915 a molecular diagram of the process of functionalization of the active surface using
pyvrene through - interactions.

[145) Fig. 10 13 a molecdar diagram of the covalent immobilization of antibodies to carboxyl groups
through apude hnkage.

[1dea] Fig. 11A 15 a molecular diagram of the mteraction between the aptamer and single-strand
oligonucleotides.

{1471 Fig. 11B is a molecular diagram of how aptamer binds antigen on the active surface forming the
substrate of the SAW scasing lane.

[148] Fig. 124 -12C are molecular diagrams of the captuve of analyte, proteins and microorganisms
with the SAW sensor.

[ 1491 Fig. 13 13 a block diagram of the slectronic circuit, for the detection, analysis and data processing
of the SAW binscasor.

{150} Fig. 14 s o graph representing the phase shift coverage range, with and without employing the
analog front end (AFE) and dimsct digital svathestzer {DDS).

ERY Fig. 13 is a schematic of a partial multi-gain stage post amplificr circuit that increases the range
of inpedance.

(152} Fig. 16 15 a schematic of a partial saturation detection circunit, which takes the post amplified
signal (0 to 3.3 V) provided to the AD3933 impedance converter, and compares it with the high (VrefH = 315 V)

and fow {(Vrefl. = 0.13 V) thresholds.

{133} Fig. 17 15 a flowchart detailing the auto gain selection software fogic designed to select the proper

post-ampiifier gain based on the saturation detection cirowt output to insure the vopedance signal witlan the
ADSS33 impedance converter hine.

{134} Fig. 18 is a sereenshot of a graphic yser interface {GUTY used in the apparatus of the ilustrated
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embodinents.
[135] Fig. 19 15 an equivalent circuit of the sensor andfor reference ceil.
{1536} Fig. 20 ig a graph of the impedance and corresponding phase change as a function of the applicd

freguency. Pathfinder observed the data. Two sety of data were plotted together.

{137} Fig. 21 iz a schematic vepresentation of the micvo flaidic chamber with detail of the chavging and
discharging of the capacitive load on the SAW cell’s array.

{138] Fig. 22A - 22D are schomatics for the computational circuits of the Hustrated embodiment
incorporating the principles of cellular SAW arvay. Fig, 22(A) is the swonung amplifier, Fig. 22(B) the difference

amplifier. Fig. 22(C) the mstegrator, and Fig. 22(D) the differentiator.

159 Fig. 23 15 one example of a schematic representation of an analog front end (AFE) with

selectively connectivity to the analog processing platforon.

[160} Fig. 23A is schematic representation of an addressable multiplexer {eniversal switch) module
coupled to the output of an array of biosensors and thenee to an analog arithmetic module before being
maltiplexed and digitized mto a microcontroller,

{161} Fig. 238 is one example of a schematic diagram of the SAW sensors 8§, and §; connectad to the
analog arithmetic module (ALY, genorating an operation on data generated by the SAW sensor (fanh) and the
dertvative of the same function {d/dt of tanh).

[162] Fig. 24 Schematic for the fabrication of a surface acoustic wave biosensor on a LiTa0: substrate
(36%, v-cut, x~propagation LiTa0:) with a PDMS microfluidic channel for whole cell, protein biomarker and
nacleic acid detection in realtime.

{163} Figs. 33Aand 33B are schematic depictions of a photolithographic process of creating PDMS
molds by replica modeling,

{164} Figs. 34A- 34C are schematic depictions of the nucrofluidic SAW device m Fig. 26A with the
PDMS microfhuidic channel. in Fig, 268 showing the structure of the final device and i Fig. 26C Hlustrating the

process flow dingram of the fabrication process.

[165] Fig. 27 1s a schematic depiction of a shear horizontal wave and a droplet of bquid loading the
SN,
1166} Figs. 36A and 368 are schomatic depictions of the phase shift before muass loading in Fig. 36A

and after mass loading in Fig, 368,

[167] Fig, 29 is a diagram of a SAW delay line.
[168] Fig. 30 is a graph of the phase shift as function of the mass toading by E. Coli organisms.
{169} Figs. 31A-31C shows the displacements in Figs, 31B and 31C at two different frequencies in the

lithium tantabite crvstal SAW device of Fig, 31A.
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(170 Fig. 32A1s a plan diagram of an IDT i a SAW device, and Fig. 32B is a graph of the amplitade
of the SAW wave as a function of frequency created by such an IDT.

[171} Fig. 32C is an orthographic representation of the Ealor angles, a means of representing the spatial
orientation of the crvstal LiTa0s cut and 118 wave- propagation reference frame {coordinate system or basis} as a

composition of three clemental rotations starting from a known standard orientation of 36° relative to its x axis

franse.

{172} Fig. 33 is a diagram of a SAW device having its inpat coupled to an RF source and its output to a
signal processor

[173] Fig. 34 is a molecular diagram showing the functionalization of a silicon dioxide layver with an

msular silicon layer,

[174] Figs. 35a - 354 are diagrammatic examples of the fwctionalization of silicon using organo-
functional groups and hvdrolysable groups.

[175} Figs. 36a and 36b are molecular diagrams showing two different types of ternary self-assembled

monolaver (SAM) in a SAM-based DNA hybridization bosensor.

{176} Figs. 37a - 37¢ illustrate three examples of antibody fragments optimized sensing surfaces,
(177} Figs. 38a — 38d diagrammiatically ilhsstrate four examples of methods by which a phage display in

combinatorial library enable the production of multi-opitope antibodies enabling improved specificity of capture.
{178} Figs. 38e-38f are a graphic iHustration and examples of implementation of an encoded DNA
Hibrary and a method for generating a combinatorial antibody classes using phage display for the diagnostie
parpose for minnmizing the LOD to a fomtomedar concentration.
[179] Fig. 3% 1y a schematic of the microfluidic saw device with the PDMS microflidic channels with

the structure of the sensor array shown in Fig. 3Yb,

{180} Figs. 40a - 40f diagrammatically itlustrate the PDMS molding process.
{181} Fig. 41 is a molecolar diagram of an IgG antibody comprising heavy chain and Hight chamn with

Fragment Fab and fragment Fe along with the antigen binding sites.

[182] Fig. 42 are molecular diagrams of amino groups wnn APTES film on silica dioxide (510}
chenically modified to carboxyl forms, NHE ester, hydrazide or maleimide groups.

183} Figs. 433 and 43b are molecular diagrams illustrating APTES hydrolysis in solution i Fig. 43a

and condensation of sitlanols on the silica dioxide surface ia Fig. 43b.

[184] Detailed Deseription of the Preferred Embodiments
{185 PRINCIPLE OF OPERATION OF SAW DEVICES
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186} Surface Acoustic Wave- Sensor-Boandary Conditions
{187} The aim of this mtroductory section is to set the theoretical as well as engincening guidelines to

achicve a biosensor platform where the linuit of detection (LOD) is capable of detecting an analvie concentration
i femtomolar level. Setting the boundary conditions for such an objective must include the elements, which form
the sensor construction, be it the physical characteristics of the resonator, the crvstal oscillator, the geometry of
the inferdigitated electrodes, the chemical probes and their functionalization ay well as the biological probes,
which determine the sensor specificity. These facts and other considerations in fornung such a platform s further
complicated by the fact that biological signal measurements are sensitive to the kineties of hyvbhridization where
such information 1s cssential i evaluating the rosultant data,

1188} This application addrosses the boundary conditions, which fead to the fabreation of an improved
analytical biosensing, label free platformn. It further addresses the theoretical as well as the engineering
considerations in fabricating a low cost, label free, SH SAW biosensor for field deplovment.

{189} The apparatus and its embodiments demonstrate a LOD of biological pavioads where the am of
the novel construction of the biosensor platform is to enable an LOD measure with femtomolar concentrations.
The detection fimut, lower linit of detection, or LOD, 1s the lowest quantity of a substance that can be
distingaushed from the absence of that substance (a blank value) within a stated confidence hmat {generally 1%).
Lee et al, in a study titled”™ Surface acoustic wave immunosensor for real-time detection of hepatitis B surface
antibodies in whole blood samples”™ 2000, 2431203125, {PubMed], have demonstrated an appheation of low-
wave mode SAW imanmosensor to detect an HBs antibody in agueous conditions. The resonance frequency shift
has been monitored to detect specific binding of HBs antibody to the mmmobilized HBsAg. The sensor shows
binding specificity to HBs antibody and a hinear relationship between the frequency shift and antibody
concentration with sensitivity of .74 Ha/ (pg/ul) and detection limat <010 pe/gl. The SAW mumunosensor can
sacoassfully detect HBs antibody in whole blood samples without any pretreatmient. This and other studies
indicate that the LOD measure in clintcally relevant concentrations can be improved if the complex boundaty
conditions of scnsor fabrication are defined and their paraneters accurately determmed. Tias process involves the
proper selection of the orvstal lattice, the moetallization of the IDT, as well as the selection of biological or
morgamc probes, compaction of the antibody painng, and the electronic circuit that captures the biclogical events
through a senes of amplification and data capture.

[190] An overall schematic of the components of the biosensor is shown in Fig. 1. The blosensor 34
includes a functionalized sensor surface 36 where the analyte 42 s recognized and bound using a bio-recogmtion

clement 40, which i3 bound to a surface functionalized agent, here shown ag 3-aminopropyl triethoxysifane
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{APTES). A transducer 44 converts the detected binding event into an electrical signal, which is conditioned ov
analyzed by a processor or data circuit 38 and then commanicated to the biosensor outpat 48,

{191} The operation of the SAW device of Fig. 1 is based on acoustic wave propagation near the
surface of piezoelectric solids diagrammatically depicted in Fig. 1A, A piezoclectric substrate 60 has a guiding
laver 62 formed thercon i which there s an nput interdigatated transducer (IDT) 66 and output mterdigitated
tranaducer {(IDT) 68 compnsing transducer 44 of Fig. 1. Between IDTs 66 and 68 is a sensitive layver 64, which
may be a functionalized gold layer. An RF driver 70 creates the SAW waves in the guiding layer 62 by means of
IDT 66, which are then transmitted or launched mio sensitive layer 64, whach will be Inaded by the detected
analvte. The output IDT 68 15 excited by the modified SAW wave, and transduces it into an clectrical signal,
which 1s detected in data crvenit 38 and then compusicated to output 48 as the frequency, phase andfor amplitede
of the modified SAW wave. The wave can be trapped or otherwise modified while propagating in a fraverse
made i laver 64. The displacements decay exponentiatly away from the surface, so that the most of the wave

energy 1s confined within a depth egual to one wavelength.

{192} The nterdigital transdacer 66, 68 is comprised of a senes of intedeaved electrodes made of a
metal film deposited on a piczoclectric substrate. The width of the eleetrodes vsvally equals the width of the mter-

glectrode gaps (typicatly ~0.3 um) giving the maximal conversion of electrical to mechanical signal, and vice

[ 193] Controlling the covalent bonding of antibodies onto fimctionalized substrate 64 using a SH SAW
platform is a key step i the design and preparation of label free-based transducer for targeting cancer cells,
biomarkers and svnthetic ohgonuclete acid or peptide. The chenncal biosensors forming the sensing substrate 64,
their chemical probes and architecture {cethular arrayvs) which undergo the conformational electrical impedance
{phase shift) changes due to hybndization of bicagents 1s realized with resolubion on a scale of femtomolar
merements.

{194} Devices of the type illustrated 1 Fig. 1A are provided as pairs, one as a sensing lane and the other
as a reference lang. Whereas the prior art SH SAW transducer controls the mass loading of the analvie and its

targeted probe (namely an antibody, an antigen, a profein, a receptor, an aptamer, a peptide, a DNA strand, or an
enzyvme) by hvbridization of the analvte o its specific antibody, thereby changing the mass loading on the sensing
and referance lanes, the iHustrated embodiments center on the abiity of the transducer’s design to control the
boundary conditions patamctors, thereby leading to contnbuting effects that improve the signal-to~-noise ratio of
the resultant measured output, which s represented by the phase shift in the frequeney domain and Hs time
constant.

{1935} The complexity associated with the optimization of such an apparates is deternmned by the

variability and characteristics relating to the crvstal tvpe, waveguide design, waveguide delay layver, microfluidic
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acoustic properties, snalog front-end circuitry, interdigitated clectrode, frequeney domamn charactenistics and the
use of chemical fimetionalization of the biological probe.

1196} This task is further complicated by the fact that a label free, near real time response of such a
device, for the detection of an anttbady, an antigen, a protein, a receptor, an aptamer, a pephide, a DNA strand, or
an snpzyme requires a carctul analvsis of the contetbuting factors, which impact the resultant phase shift as a
consequence of the mass loading on the sensing lane. The lustrated embodiments solve some of the hinutations
of the prior art by sorting the primary contributing factors which enables us to detect and reliably measure the
degree and fune-sequencing of a pluraliny of biomarkers in a microfhdic chamber.

[197] In Fig. 1 and 14, full-length antibodies are captured by an organosilane linker on silica diowide
for mamobilizing protein in solution. A monolithic SAW brosensor svstem s fabricated on a lithium tantalite
substrate {LiTa0;) that utilizes the strategics outlined in Fig. 1 for conducting real-time or near real-time detection
of pathogen, discase biomarkers and coupled with an clectrochemical system for rapid nucleic acid analysis, The
SAW biosensors are specifically targeted towards the detection of whole microbial pathogens, protems bromarkers
and nucleic acid in a biological matrix. The ilhustrated SAW biosensors provide relevant information for patients
who are Bkely o respond to a given therapy, as well as biomarkers that have the ability to measure @ patient’s
response to therapy. These two measures are necessary for personalizing the drug treatment for cach patient. The
SAW devices will provide preventative information with respect to rapid, potnt-of-care detection of biological
contaminations or infection. One example is in the field of food safety, namely monitoring food gquality before
food tters ave consumed.

198} The ase of terdigitated gold acoustic wave biosensors on lithiwm tantalite substrates presents
platforms ideally suited as label-free biosensors for agqueous-based sanples. This general tochnology has been
used extensively as a portable, rapid and sensitive detection system for decades, primandy in the
telecommunications industry. Recent advancements in the technology, has allowed for the creation guided shear
surface acoustic wave (SAW) deviees that can operate i {iquid environments, These devices can be
finctionalized through imunobilization of antibodies or antibody fragments to target biorarkers to dramatically
enhance the use of this system over previous generation of SAW devices. This nvolves enhanced swrface
chemustry techmigques along with methods of attaching antibody fragments that bind specifically to biomarkers for
vartous diseases.

[199] When perfornung SAW bosensing i liquid environments for the detection of microbes,
eukarvotic cells, protein biomarkers or nucleic acid sequences, there is a strong loss of longiudinal bolk modes
such as Raleigh surface waves and most Lamb-wave modes. Surface waves with displacements normal to the
surface generate comypressional waves, which dissipate wave energy in the liquid. For this reason, acoastic waves

that have the particke displacement parallel to the device surface and normal to the wave propagation divection are
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essential. These waves. which are referred to as shear-horizontal (SH) waves, propagate without conpling acoustic
engrgy inte the higetd. SH type acoustic waves include thickness shear modes {TSM), acoustic plate modes
{APM), surface skimming butk waves (STW), Love-waves, Leaky surface acoustic waves (LSAW) and
Bleustein-Gulvaev waves. In particular, Love-waves are SH waves that propagate m a thin guding laver on SH-
SAW devices. If a no-ship boundary condition 1s assumed at the sensing surface, a thin laver of liqud becomes
ehtrained with a shear movemaent at the surface for viscous iquids. This viscous loading affects the Love~wave in
tyee wavs. First, the entrainment resudts in mass loading of the wave-guiding faver, resulting in changes to the
wave number, Second, the wave becomes damped due fo viscous losses in the liquid. To reduce aqueous effects,
the guiding laver can be shielded in gold to prevent electrical loading of the IDTs. Love-wave that are SH are
confined to the thin laver between the wave-goides with the requirernent that the shear velocity in this gaiding
laver {the velooity m the matenial forming the wave-gaides) 1s less than the shear velocity in the piczoelsctric
substrate. For this reason, the waveguide i3 the most significant structure for proper Love mode operation as @
mass~sensitive biosensor.

{200} SAW sensors are well known to offer high surface-mass detection sensitivity for chenucal
sensing, It is possible to measure mass sensitivities from surface loading in the 1-100 ng/em® range. The
traditional configuration of SAW devices mvolves a chemically functionalized arca that inunobilizes a targeted
specics with a selective surface coating. The attachment of the targeted species perturbs a propagating surface
acoustic wave that is generated by the mterdigitated (IDT) gold electrode. The system also uses a reference line,
which uses an antibody that is not specific to the target. Thus reference line 15 used to account for non-specific
binding on the sensing area, The acoustic wave 1s detected by a second set of IDT 68 located across from the first
sct of IDT 66, If the targeted species 1s present, then the propagating wave will be perturbed in such a way to
cause a shift i the phase, froquency or amphitude, relative to wave that propagated across the reference electrode.
This configuration 1s sHhustrated in Fig. 1A, These mimature brosensors are often used m an areay format where
maltiple delay lines cam be scanned for a single target in parallel, but the device could also be operated in series to
scan for multiple biomarkers for different discases. Operating a SAW array allows rapid, point-of-care diagoostic
usting small portable devices. The use of mimiature monolithic SAW sensor arravs allows on~chap signal
processing, and alfows the chips to be fully integrated mito a larger system and can be casily packaged.

201 Temperature compensation is inherent to this system singce the SAW s reference and the sensing
lanes are on the same substrate and therefore experience the same temperature fluctuations, Therefore, any
adjustment to the phase due to temperature fluctuation is automatically adjusted. The deternination of the phase
shift is determined by asing homodyue mixing esing a Gilbert cell mixer. The mixer extracts the differcnce in
phase between the resonance frequency from the reference and the resonance frequency of the delay ling being

probed. The resulting phase shift is then calibrated for changes in the mass loading of the surface. This process
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cancels any temperature dependence. Measarements 1o all lanes are differential measurements relative to the
reference line. Both the reference and the delay lines experience the same changes since the reference lanes are
exsentradiv a built-in control.

In a surface acoustic wave device with a single delay line, fabricated on a piezoeclectiie substrate,
the output signal 18 compared to the signal from a reference lane and the phase, frequency or amplhitude ditferences
determined using a mising ol

Antibody-based coated SAW biosensors permit the rapid and sensitive analysis of a range of
pathogens and their associated toxins. The presence of bacterial pathogens, fungus and viral particles are ubiquitous
i our environment and can pose considerable risk to persons, who are exposed to these pathogens, Therefore,
menitoring for the presence of microorganisms will be entical for mamtaming proper health. This is especially true
for short sheif-life foods. Mass-based prezoelectric biosensors operate on the principle that a change i the mass,
resulting from the molecular inferactions between a targeting molecule and the target can be determined. For
example, mass changes vesult in alterations in the resonance frequency of a lithtum tantalite crvstal. These
prezoelectric sensors are affordable and disposable options for pathogen and biomarker detection.

Outbreaks of food-borne and water-borne pathogens remain a major cause of disease and
mortality throughout the world. The rapid detection of these pathogenic microorganisms is critical for the
prevention of public health epidemies. The guantitative wentification of microorganisms has become one of the
kev points in areas of biodefense and food safety, To date, the detection and identification of pathogens vely
primarily on classic microbiology methods of cultunng. lu such cases, the techincran s requured to go through a
series of handling steps, There are several rapid methods that are now also esed in microbiology that stilize
enzyme-inked immunosorbent assays {ELISA} or polvmerase chain reaction (PCR) assays. These methods are
laborious and time consunung. These methods are also not able to deliver real-time analvsis or point-of-care
analvsis. The use of portable brosensors to rapidly idestify pathogens m food and water offers several advantages
over the other rapid methaods.

Branch and Brozik denonstrated the detection of the endospores from the gram-negative bactena
specic Bacillus thurmgionsis BS, a siomdant of Bacillus anthracts. Use bacillus anthiracis is the causative agont for
anthrax, a potentially fatal bactenial ifection that has as a biotwrronst agent. A LiTa0; Love-wave biosensor was
used o demonstrate a detection lovel of 1 ngfom? whes using a polvimide guided layver and BSA as the blocking
agent. The detection of such low levels of anthrax simulants revealed the ability detects chintcally relevant doses of
anthrax. Larson et al. used a similar device to detect both HIV and Ebola viruses at clinically relevant doses. All
three devices used antibodies conjugated to a Si0; laver on a LiTa0; sobstrate. In preliminary expenments, the
SAW proved capable of detecting concentrations spanning three orders of magnitude, with an estimated Hmit of

detection (LOD) of 74 cells, as seen m Fig. 3. While the cell mass is not a true concentration, the use of an accurate

35



WO 2018/057201 PCT/US2017/048055

standard curve will allow the rapid correlation to a potential start concentration. SAW biosensors, have been used

to detect Ebola virus as a potential point-of care diagnostic tool.

[206] A schematic representation of a full-length antibody is shown in Fig. 41, Polvclonal, monocional

(2071
[208]

[200]
[210]

and recombinant antibodies have frequently been seleeted for a wide vartety of applications ncluding biomarker
detection. Their production involves the exploitation of the immune system of a host organism to produce antibody
agaunst target specie, Typically, a host organism s inunumized with cells or mactivated microorganisms, Polyclonal
anttbodies are typically raised i larger mammals, The antibodies are widely used m immanosensor assays for
pathogens. However, the inherent nature of polyclonal antibodies is that they bind different epitopes on a single
target. In cases where this is undesirable, monoclonal or recombinant antibodies are used. Monoclonal antibodies
are often generated throogh the use of hybndoma technology and murine hosts. The bone marrow, primary hvmph
nodes and splesn are selected as a sowrce of antibody-producing B cells, which are harvested and fused to immortal
myeloma cells, The resulting hybrid cells (hybridomas) secrete full-length antibodies that are directed towards a
single epitope. Recombinant antibodies are generated using a phage display technology and the biopanming of
antthody reporters against a target of interest. Three types of libraries may be used as sources of antibody pools:

synthetic, nalve amd immune,

Limit of Detection (LOD) and Frequency Domain

The Love wave and its subspecies SAW biosensor operating in the shear hovizontal mode with its
guiding laver are devices which are able to operate at lugher frequencies than tradittonal QUMs. Typical operation
frequencics are between 80-300 MHz Higher frequencies as described below, lead in principle, to higher
scnsitivity because the acoustic wave penetration depth into the adjacent media is reduced. However, the increase
in the operation frequency also results i an increased noise level, thus restricting the LOD. The LOD determines
the nunimuom surface mass that can be detected. In this sense, the optimization of the read out electronics or
analog front end (AFE) and characterization system, which in the ilustrated embodiment, includes an analog
sensor coupled to an analog wterface (AFE) and analog computation module (ACM) for the Love wave and SAW
biosensor, 18 the means for improving the LOD. The SAW proved capable of detecting concentrations spasning
throe orders of magnitads, with an ostimated hout of detection (LOD) of 74 cells, as seen i Fig, 3, which shows

phase shift of the SAW wave as a fimction of the namber of E. Colt organisms in graph hine 143,

Shear Horizontal SAW
The design and performance of guided shear hovizontal surface acoustic wave (guided SH-SAW)
devices emploving a erystal LiTa0; substrate 18 introduced for high-sensttivity chemical and biochemical sensors

in liquids. A schematic depiction of 3 shear horizontal surface acoustic wave loaded by a liquid droplet is
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exaggerated i‘brm in Fig, 27, Liguid or a droplet 115 on sensitive laver 64 interacts with the shock wave to induce
streaming within the droplet and hguid or droplet movement across sensitive laver 64, The sensitive laver 64 has
been fimctionalized and selective hybridization may have occurred with tareets in the houid. The result will be
that the mass of the hyvbridized or captured targets will load and/or act flow resistive or viscous agents on the
shockwave, which will be received by DT 68 and transduced into an clectrical signal. The recetved signal

generated by IDT 68 will differ from the launched signal by 1DT 66 1n amplitude, phase and/or frequency. The
differences will be indicative of the target that has been captured.

(214 Despie their structural similanity to Rayleigh SAW devices, SH-SAW devices often propagate
slightly more deeply within the substrate, bence preventing the waplementation of high-sensitivity detectors, The
device senstfivity to masy and viscoelastic loading is icreased using a thin goiding laver on the device sasface
Because of thew relatively low shear wave velocity, vantous polymers mcluding polymethylmethacrylate
{(PMMA) is proposed as the guiding Taver to frap the acoustic energy near the sensing surface. The devices have
been tested 1n biosensing and chenncal seasing experiments described below and given as examples of the use of

H SAW biosensor. Suitable design principles for these applications are discussed with regard to wave guidance,
clectrical passivation of the mxterdigital transducers from the liguid enviromments, acoustic loss, and sensor signal
distortion, In biosensing experiments, using near-optimal PMMA thickness of ~2 wm, mass sensitivity greater

than 1300 Hz/(ng/imni2) is demonstrated, resulting in a mintmum detection Hmit less than 20 ps fmm®

{212} Impedance and Phase Shift
213} One way to improve the SH SAW phase-shift as a function of the mmpedance change dae to mass

loading as diagrammatically depicted in Figs. 28a and 28D, is to emplov the Bode plot of both the logarithe of the
absobute tmpedance {([£]) and the phase shift {¢p), plotted agamnst the loganthm of the excitation frequency. The
phase angle 8y changes before loading in Fig. 36a compared to that as graphically shown for after loading in Fig.
36b. The Fig. fusther describes a simulation emploving COMSOL Muluphysices, which facilitates computational
modeting of the SAW biosensor as a resonant cavity, which is pertirbed from resonance upon apphication of
functionalizing lavers at the seasor surface. These SAW devices in practice actually measare g Ag -phase change,
not Af- frequency change, but one can be deduced from the other by the changes in acoustic wave velocity, Av,
upont layer addition. The perturbation of the media that incurs a certain amount of Av has been detervuned
theoretically for some ideal matenals and expenmentally venfied as deseribad by the example “Low-level
detection of a Bacillus anthracis stmulant using Love-wave biosensors on 36-YX LiTa0y"”, Biosensors and
Biocleetronies 19 (2004) 8349-859_ where the SH SAW sensor was emploved in clinical field setting. The

agreomoent between the theoretical prediction and the actual ficld testing took into account the appheation of a
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tinear elastic mass due to the displacement of the hiquid meda with its analyte by the excitation energy (375

MHz) generated by the RF driver 96 acting on the LiTaQ3 piezoelectiic laver 60, and where such prediction of the
actual measarement used the combined clastic change of the antibody/analvie on the IDT s impact (perturbation)
on the mass. The resulting phase shift {Ap) was predicted, while the actual counts of the analyvte in the expeniment
was further established by using a comparative asalysis of the sample(s) by florescent technique of ELISA. The
phase shift using bidirectional input IDT s, is detatled in Fig. 36B demonstrating the preferred embodiment of
cmployving a dual resonators where the IDT inpet s matched with the wave energy in its cutput™s IDT, resalting
it a phase change Ap value which is i good gpproxmmation to the predicted value.

[214] Enabling a redaction of the LOD, which is a measure of the concentration of a solute in a
sohution, or of any chemical species, in temms of amount of substawes 1w a gven volume, while nunimizing the
concentration Hmits to 10 molar relative to surface area is a task, which is realized by incorporating
bioimpedance amphfication. This effort is achioved by this application by the use of fragmented antibodies with
mauiti-epitopes and modification of the antibody fragment where the capture probe {Ab) 1s modified using encoded
DNA library to generate the embodiment (see Fig. 37A). This process enables a compaction of the modified
antibody to form 3 uniform and directional geometry, thereby increasing the density of the antibodies per the
available surface arca of the sensing and neference lanes. As a corollary of the smproved fragmented antibodies,
spacer molecules and surface adhesion chenistry, the biosensor amplification s mereased proportionally by the
order of compaction rate. The benefits of such approach desertbed by Schreiber, G; et all in “"Computational
design of protem-~protein interactions”. Cuar. Opin. Struct. Biol. 2013, 23, 903-910 which desenbes the
biologically refevant conformations amtong the dynanyic ensemble of target protein conformational sampling.

215} We ase the advancements of fragmented DNA encoded libraries to enhance the phenomenon of
mmpedance amplification by improving functionabization of antibody - density and directional stability mcluding
the design of multi~ epitopes to enable a mininnun threshold impedance 7 value in which the captured molecules
will vield a reliable, statistically significant detection without the need for Iarge ensemble of the targeted
biological clements. Henee, 2 phase shift mdicative of a fonstomolar resolution can be calculated by the relative
density of the fragmented antibodics over the linear surface arca, and where the effective geometry of the sensor
gquivalent capacitive valug as a ratio of the linear sarface is noted below in section titled “Performance
Charactenistics of Cells”. Using the standard impedance measure along the axis of propagation and its surface arca
as defined by its geomeinoeal term.

V(O 1 Vysin{Zufl)

BT el EE o BN e ey foeometrical te
Z o T S e {geometrical 1orm)

j216] One feature of the llustrated embodiment and its computational machinery includes the use of an
analog front end (AFE) with an analog compatation module {ACM) to enable the measunng, analvzing and
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reporting of the undertving kinctics of the bybridization and its representation by the phase shuft as a linear
fanction of mass loading. The data generated s represented by a continuous analog plofiing curve, as a
consegqacnce the analog front end (AFE) geperating a dafa string used in plotting a signal for which the time
varving feature (such as phase shift and or amplitude) of the signal is a representation of some other ime varving
quantity, i.e., analogous to another time varying signal. For example, i employing the SAW biosensor the analog
audio signal, the instantancous voltage of the signal varies continuoushy with the hyvbhridization and the mass

loading over the seasing lanes proportionally to the phase shift change over the time domain.

Delay line and sensitivity of the sensor based on wavegnide and guiding layer

217 In one of the embodiments, the apphcation wses Snell’s law to wdentify the characteristic behavior
of the wave propagation and #s reflective as well as tranamitted impact on the sensitivity measure of such
magneto-optical noise disturbance. The design of the waveguide and its coating play a signtficant role m
determining the ability of the sensor (SH SAW) to be able to meet the threshold minimal LOD with a fomtomolar
concentration value,

{218} The sensor platform comprises waveguide geometry where a shear-wave SAW dovice i3 overlaid
by a layer of a dielectric matenial (Fig. 1A, 47 A reforence designator 64). The main advantage of the wavegade
device ig that the acoustic encrgy s contined to the scosing surface, vosulting m hugher sensitivity Yo surface
pertarbations. Waveguides comprise a single laver {deseribed 1 Fig. 39A) of silica polymethvimethaervlate
(PMMA) and photoresist. In general, polymer waveguides are desirable, since they can be ecasily constructed by
using a spin coating method mstead of the laborious procedures requured for silica deposition. Acoustic
wavegaide devices cmploving polvimer and silica layers have been used n biosensing applications to detect

antibody-antigen and antibodyv-peptides interactions as well as the formation of supported lipid bilayers

{219} in order to use the acoustic wavegmde device for biosensing, W is important to optimize the
acoustic geometry, One of the parameters that have been extensively studied is the effect of the wavegnide

thickness on the device sensitivity.  These studies mvolve the utilization of both various SH-wave devices and
biological molecules. Since the sensitivity of biosensors depends on both the transducer and biological molecule
used, 1t is important to compare difforent acoustic wave devices for the detection of the same biological
mteraction,

[220] Smce the seasitivity of biosensors depends on both the transducer physical and clectrical
elentents and the biochemical interaction of the sensing lane with its trget analvte, the apparatus” waveguide is
then configured in a manner commensurable with magneto-optical principle, therehy, enable the system with
gwiding layer to achiove a minimal reflection and avoid the oritical angles of transmission to avoid total interal

reflection, due to geometrical teatures which form the microfluidic chamber, the 1DT dimensionality and the wave
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length selected for the application. To that extent the application carefid analysis of the waveguide transoussion is
compared isotropic modeling of Snell’s faw behavior, where different material diclectric-relative permittivity, a
measan of sesistance encounterad when forming an clectric ficld in a meditun such as the microfluidic chamber
with polvdimethyisiloxane (PDMS jand where such measure attenuate and reduce wave reflection.

{221} Waveguide geometry coating on the surface of SH-SAW devices is covered with an overplayved
with 8 diglectric material, which has a lower shear acoustic velocity {vo} than the plezoelectric substrate (vy), and
then the SH-SAW is converted to a guided wave known as the Love wave, For a speetfic frequency, the velocity
of the Love wave (Vi depends on the thickness of the over laver and can vary between ve and vi, 18, vaovi vy,
The use of silica or photoresist such as Novolac is applied as a waveguide layver on the surface. The effect of the
thickness of the laver on the frequency and, thas, propagating veloctty of the SH SAW must satisfy the wequality
of reducing the wave velocity to satisfy the velooity of the guided wave as close to that of the substrate and the
freguency change 1s small.  As the overlaver thickness increases, the velocity decreases unti! eventually it will
reach the velocity of the dielectric of either §;0; . for example Novelae. Hence, resulting in a larger frequency
drop, matching the desived inegaality noted above.

222} The mass sensitivity (8.} of acoustic wave seasors 1s defined as the relative change in the

frequeney due to mass {oading divided by the surface density of the deposited mass:

Al g
{223} Smo= lim lﬁl where Afis the frequency change, §, the operating frequency and Am/A the
LRI D0 §

deposited mass per unit arca A-{a detail procedure of how to evaluate and caleulate the equivalent capacitive
foading and the effective active area of the sensing lane on the SAW biosensor, is deseribed by Fig. 2D, The
sensing serfoce A s related to the effective change in phase shift measured and 1s welated to frequency through
the tollowing relationship:

{224} :35 2 %ﬁi’- where Fis the wave phase in degrees, ks 15 the acoustic wavelength in the substrate and
L is the length of the propagation path of the wave. Based on expression above and on the assumption that for low
concentrations the antibody mass deposition iz proportionat to bulk antibody concerdration, where for example,
and where [1gGl is the bulk antibody concentration in solution and C is an arbitrary constant proportional 1o the

stk concentration of Ig, by simpldfving, yeo obtain:

= Agld ;
[223] S = i lim |2
: 360LL gG -0 Laflgl]
226 By estimating the slope of Afversus {IgGl and by nserting the correspondmg data for the
] 3 i) P AR ] 3 2 P 2

concentration constant €. we can evaluate the impact of the guiding layver which form the waveguide,

{227} Snell’s law cnables the design of a guiding laver, which forms the wavegaide. The wave-guide s

40



WO 2018/057201 PCT/US2017/048055

2 feature of the sensor that reduce the refractive response of the surface wave from refracting and thereby
reducing the transnussion guality of the wave energy. The increased noise emanating from the seccondary optical

phenomenos of total imternal refiection, caused by the incident angle, is estimated and is further optimized. The

value to a femtomolar threshold.

The use of Snell’s law in the context of reducing the edge effect of reflecting waves and the
reduction of additional noixe contribating factor is achieved by deposition of & delay line deposition of S0z,
Refraction takes place at an interface due to the different velocities of the acoustic waves within the two materials
comprising the sensor clements. The velocity of sound o cach material is deternuned by the material properties
{clastic modulus and density) for that material selected in forming the sensor, ¢.g. the LTO ervstal, the
microfieidic chamber, the interdigitated electrodes, the peometry terms (metnic of the chamber and the number of
the IDT ). The intent of this application is to uncover and analyze the boundary conditions of the SH SAW
biosensor structure. where the measure of mproved performance is aimed at mimimization of LOD concentration,

to improve the rehability and resolation of the apparatus, meeting clinical refevant standards ¢ ¢ such as ELISA

or PCR and where the sensor platform is able o resolve concentration of analvte 1 question at order of

femtomolar conceniration.

[229] An optimization method comprising of a strategy to reduce LOD concentration, by employing

first an amplification of the biological love-signal value with the aid of analog front end (AFE) and second
bicamplification of the capture statistics between the analyte and its probe by the use of a DNA encoded library,
where sensor fimctionalization is modified by the ase of fragmented, nutti-epitopes engineered antibodices, Both

embodiments vield an improve LOD punimanization. thereby, vielding an inproved sensitivity wiale enabling

{230} To moded the sensor performance we employ Snell’s Lasy for acoustic impedance m order {o reduce energy losses,

due to the dicleetric change between the hquid/solid edge, sumilar to the reflection and refraction of electromagnetic
radiation in an anisotropte media. T, Nomura ¢t al m study titled “Liquid sensor probe using reflecting SH-5AW
complote reflection at the free edges of the sabstrate. Snell’s observation that sounds travels af different speeds in
difforent materials due o mass of the atomic particles and where force constants are different for differont materials
diglectric. The mass of the particles is related to the density of the material, and the interatomie foree constant is

related to the elastie constants of a material, The gencral relationship between the speed of sound in 8 solid and its

-
density and elastic constants is given by the following expression: V = \f —;—‘- where V is the speed of soumnd, C s
the clastic constant, and p matenal density, This equation mayv fake a nenther of different fonms depending on the
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tvpe of wave {Longitudmnal or Shear) and the applicable substitution of the clastic constants used. The typical elastic
constants of matenals include Young's Modulug, E: a proportionality constant between uniaxial stresses. Poisson's
ratio ¥, the ratio of radial strain to axial strain budk modalus, K a measure of the mcompressilslity of a body
subyjected to hyvdrostatic pressure. Shear Modulus, G: also called nigidity, & measure of a substance's resistance o
shear. Lame's Constants, & and 115 the matenal constants derived from Young's Modulus and Poisson's Ratio. When
calculating the velocity of a shear wave, the shear modudus 15 used. It is often most convendent to make the
caloulations ysing Lame's Constants, which are dentved from Young's Modulus and Poisson's Ratio. Sound travels
through materials under the influence of sound pressure. Because molecules or atoms of a solid are bound clastically
to one another, the excess prossure rosults v a wave propagating through the solid. The acoustic mmpedasce {Z) of
a material, defined as product of its density {p) and acoustic velosity (V).

{2311 Hence, Z=pV where ultrasomc waves are reflectod at boundarnies where there is a difference in acoustic
inpedances (£) of the materials on cach side of the boundary. This difference in Z is conunonly referred {o as the
mpedance mismatch. The greater the impedance mismatehy, the greater the percentage of energy that will be

reflected at the interface or boundary between one medium and another.

; Ly & coe s ; . ” . ; .
{232} R= ( Z) zi ) the optimization of the geometry and the reduction of the reflection due to
Fadad

dielectric vanations of the 1DT s and the mterfaces on the microfluidic ss mutigated by the use of impedance
matehing and carful peometrical featwres such as it analvzed by Snell’s law

{233} Since the amount of reflected energy plus the transmitted encrgy must cqual the total amount of

JSod

incident eacigy, the transmission coefficient is calculated by simply sulbviracting the reflection cocfficient from
one. This simple measure defines the total contribution of all the fabrication steps associated with the delay line
matenial, the IDT s deposition and their geometry, the energy wavegde architecture and the cut angle of the
crvstal.

{234} The fraction of the incident wave brensity that is reflected can be derved because particke
velocity and local particle pressures mast be continuous across the boundary. When the acoustic impedances of
the matenals on both sides of the boundary are known, the fraction of the incident wave intensity that is reflected
can be calculated with the equation exprossed above, where Refraction takes place at an interface due to the
difforent veloeitios of the acoustic waves within the two materials. The velocity of sound in cach material is
determungd by the {elastic modulus and density) for that material. The use of Snell's faw of reflection provides for
a good estimate based on the material properties enploved when sclecting the delay line.

{235} The selection of the delav hine yoaterial such as Si0: simply acts as 8 wave absorber at the
reflecting edge thereby reducing the noise charactenistics associated with the edge reflection, which alter the SHS

SAW propagation, and mducing an additional nontinear tom fo the sensor. A simple expernniental measure o
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gvaluate the effect of the delay hne contribution to the signal quality s to caleulate the value produced based on
the matenial properties selocted to absorb the edpe reclection and is known as the reffection coefficient,

Multiplving the reflection cocfficient by 100 vields the amount of encrgy reflected as a percentage of the original

transmitted energy.

{236} 1DT's Talloring Geometry
[237] Th SH-SAW is excited on a 36° YX LiTaOx and the right angle edge of the substrate is ased to

reflect the SAW. The SAW has two components of particke displacement. One is paralle! to the surface along the
direction of the wave propagation, and the other 18 normal to the surface. The desire to sense the Hguid phase
using & SAW device 1s complicatod by the excessive encrgy losses experienced at a sohd and hiquid mterface.
Displacements normal to the surface gencrate compression waves, which dissipate the wave energy in the hqud.
Therctore, iquid phase sensing using the SAW device is difficult. It is possible to use shear honzontal mode
SAW (SH-SAW) that are not affected by the described energy loss mechanism.

{238} The magnitude of the outpat signal is the function of the ratio of the signal’s wavelength 127 and
the distance 2d. The sinusoidal eloctrical input signal generates an alternating polarity between the fingers of the
interdigitated transducer. Betwoen two adjacent sets of fingers, polarity of IDE fingers is switched based on
polarization g.g. {- + - +3. Az a result, the dircction of the electric ficld betwean two fingars will alzrnate between
adjacent scts of fingers. This creates alternating regions of tenstle and compressive strain between fingers of the
clectrode by the piezoclectrie effect, producing a mechanical wave at the surfice. As fingers on the input 1DE s of
the sensor, where o experience the same level of compression or tenston, the space between them-—known as the
piteh---ig the wavelength X of the mechanmieal wave. The synchronous frequency i of the device with phase

velocity v, and pitch p iz defined by the expression:

. ; v
pEie e
|239] fg =
{240} Defining the pitch and the electrodes length deposited over the orvstal LiTa0: 15 a enitical

parameter in cstablishing the resolution of the seasor resolution. Henee, the limit of detection is directly related to
the frequency domain that operates the device and st s linearly related to the froqueney, the higher the frequency
the hagher 1s the resolution.

{241 If the distance 2d is equal to the wavelength, the magnitade of the output voltage 1s maximal.
The corresponding fregoeney is called the “center”™ or the synchronous frequency of the apparatues. The magnitude
of the cutput voltage decays as the froguency shifts from the conter frequency. B means basicallv, a SAW device
15 a transversal bandpass filter, wlich in the proposed configuration is capable of being altered by the added mass,
whereby the device 1s attenuated with added mass. In transversal filters, the phase charactenstic is a function of

the distances between the clectrodes and the amplitude charactenistic s a fimetion of the number of electrodes and

43



WO 2018/057201 PCT/US2017/048055

their lengths. The IDT geometry 131 is capable of almost endless vanation, leading to a wide vanety of devices.
1f the electrodes are umiformly spaced, the phase chargctenstic s a hincar function of freguency, g, the phase
delay is constant in the appropriate froguency range, This type of the SAW device 1s then called delay hine as
diagrammatically depicted in Fig. 29 showing a reference lane (Rmctionalized with non- specific antibody) 129
and saniple hine {functionalized with specific antibody) 131, Input IDT 66 1s coupled to an amplifier 119 which is
also coupled fo a phase shifter 121 coupled 1o outpat IDT 68, The phase shufter outputs from reference hne 129
and sampie line 131 arc coupled to a nuxer 123, whose output is coupled through fow pass filter 123 to frequency

counter 127,

2421 Mauss Loading
{243} Sensor phase changes dae to mass loading by the hyvbnidization of the analyte conjugation depend

on the sabstrate’s length and its clasticity constants. These changes cause veloeity and phase delay vanations,
which then proportionally change the center and resonant frequency, attenuation and time delay of the device.
{244} Time delay t of the SAW delay line sensor, is the ratio of acoustical length L and SAW
velocity v. The design of the sensor boundary conditions wo set the following: L and v are changed due to mass
loading from the hybridization over the sarface laver. Therefore, the relative change of the delay due to the

variation of the measurand v is expressed as follows:

g dr 8L 1dvy
[245) T (P15 dy = v,y

T v 8y
{246} Where vy is termed the delay sensitivity y. It is deternined by the onentation and type of
crystaliine material (367 Y -cut X-propagating LiTa0Os} used in fabrication of the proposed biosensor, As shown in
proportional to the measurand.
The acaanulation of mass on the surface of an acoastic wave sensor will affect the surface acoustic wave as it
travels across the delay line. The velocity v of & wave traveling through the sensing and reference laneds) 1s

propertional o the square root of product of the Young's modulus E and the density p of the material, and as

m———

noted by the exprossion: v \j Efp, describing the proportionality relationship between mass and phase shify,

simmilar to mechanica spring k characteristic,

{247} Mass Loading and linear Phase Shift
[248] The apparatus presented herein was subjected 1o a set of expenimental test, which resulted with

the data presented. A graph of the phase shuft as function of the mass loading by K. coli orgamisms s depicted

Fig. 30. The phase shift in the SAW signal above that introduced by the reference lane fitted with nonspecific
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antibody (no hvbridization of the pathogen in the analvte e.g. E Coli will be conjugated as the reference Lane was
fitted with buffor sobution and 1gA}. As shows in dotied hine 135 where the measured phase shift i constant-the
use of nonspecific antibody s set as a control line for the apparatus, to perform a differential detection betwesn
the speeific sensing fane where the fane was functionalized with the specific E. colt serotype 0157, where region
recognized by this antibody 1s LPS obigosaccharide and where the antibody was non-reactive with serotvpes:
O1HL 0125, 020 and O35 and K12,

{249} The measured hybndization over different concentration was repeatedly detected and its data was
linearized with least square titting algorithm. The data shown is the results of differential phase shift between the
reference lane and the sensing lane. The oscillations are sustamed if the following conditions are met:

To further analyvze the results we employ the following nudes: the amphification in the open loop 1s greater than }
and where the net phase in the closed loop{ acoustical plas clectnical), equals 2mn, where n is the number of the

mode, e.g.

1250} 2k alf) = 2mn
{251} Where f is the osaillation frequency and ©4 1s the phase of the amplifier. Since the electnical

delay is much smaller than acoustical, from the two expressions we obtan;
af _ ~dr

1252} e Yydy
{2531 The mass loading changes on the sensing surface provide the straight mfluence of the nicasurand

on the frequency while the apparatus electronics {AFE) amplify the sensor output signal which is then computed
and scaled by the arithmetical modute {AU) as a continuous graph, the AU further subtracting the phase-shift
output generated by the reference lane and the sensing fane,

{254} it more than one SAW sensor is present in the configuration, (such as in an array form of
sensors) and where parallel measurenents conducted with a substrate functiomalized with the same antibody, then

the relative change in the delay found, 1s calovlated as a Hnear additron:

. o
[255] == T vudy;

v
Lo
O”*.
o

where 1 is the number of measarand on the sensing lanes., to avoid errors caused by cross
sensifivities of the array of sensors on a connnon nucrofiaidic chamber, 3 differential measwrements of delay is
conducted by the apparatus and where the encrgy excitation 18 triggered by a time delay {¢..g. five millisecond
apan hetween measurements)
(257} Fig. 31A is an ovthographic representation of a surface acoustic wave orvstal formed 1w a mode of
SH SAW by using & Y cut with X-axis propagation, where its encrgy, with surface velocty of 4160 nv's directad
and confined o the crvstal's edge, such as LiTaOx The crvstal energy is reduced to a shear honzontal (SH) wave

at a rotation angle of about 36°. The three dimensional displacernents of o SAW m the crvstal undercath the
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IDTs 66, 68 shown in Fig. la are depicted and are represented 1o graphs at two different frequencies in Figs. 318
and 31C, which further depict the relationship of the wave propagation to the seasitivity parameter associated
with the input frequency and s mmpact on pressure, straimn, torgue, temperature, and mass, The figures graphically
depict a surface of LTO fabricated with two IDTs separated by some distance on the piezoelectnc substrate. These
phenomena can cause a change 1 length along the surface of the device. A change tn length will affect both the
spacing between the interdigitated electrodes, (altering the pitch), and the spacing between 1DTs, (altering the
delay). This phenomenon is sensed ag a phase-shifl, snpliade change, or time-delay in the output electrical
signal. As reported by Shickawa, S.7 Design of SAW seasor m liguid™ {Jp. J. Appl. Phys, 1988, 27, 142-144),
that when conducting measurements in water, an additional problem arises due to the dielectric constant of water
(g ~ 80) which is significantly lugher than that of quartz (&, = 4.7}, This leads to a dramatic decrease i the
acoustosleetric couphing and to a significant clectrical impedance mismateh, which causes short-circuit of the
1D¥s through the water, The later can be nunimized by using substrate materials for the device with a s{o)

closer 1o that of water; for example, LiTa0: with relative primitively value of & = 47,

{238} The 36° Y -cat Xeaxis propagation of 1iTad; ervstal (depicted in Fig. 32C) has been ased
extensively due to their low insertion loss, very large slectromechanical coupling factor KB, and fow propagation
loss. Using these SH wave devices, Love modes will propagate within a thin guiding laver if the shear velocity in
the depostted layer 1s less than the shear velocity i the substrate. The guding layer selection defines the
characteristic bebavior of the propagation and its operation as a hiosensing platform is due to its confinement of
the energy dispersion where it 1s mintmizes the insertion loss. The fabrication of the orvstal 1s accomplished by
the use of ST-cat quartz defined by Fig. 32C where the cut is 90%-off the x-axis dircction and s orientation is set
at 367 relative to Y-axis of crvstal sved of Li1Ta03.

[239] The frequency responses for both sensing and reference lane are tlustrated when it was used
expenimentally by the authors —~ (see Fig. 3, the  data generated when vsing the LTQO ervstal with s SH SAW
mode at a frequency domain of 373MHz established the performance of the sensor).

{260} it is further noted by the experimental data cited by the literature that for ST-cut quartz the

response 18 noisy, with only a fow crossings with 07, The 07 crossings are usually the operation points of the
sensors, given the fact that enough amplifier gain 1s supplicd to the system. For the 367 Y -cut hthvom tantalate
guartz, the response is less noisy with several 07 crossings, which sesults in excitation of several modes as
provided by the optimization schema of the iHastrated embodiments. This application emplovs the  36° Y-cut

lithiwm tantalate quartz, with a frequency domain of 373 MHz.

{261} Senser Design
{262} SAW sensor, schematically shown in Fig. 1A include a transducing area and & sensing area. The
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transducing area inclodes the interdigital transducers (TDTs) 66, 68, which are metal electrodes, sandwiched
between the piezosiectnc suebstrate and the guiding laver. A typical IDT pattem s diagrasvmatically depicted in
Fig. 32a. The inpuot IDT 66 15 excited electrically {applying an RF signal) and faunches a mechamcal acoustic
wave into the piezostectric material as graphically deprcted 1n Fig. 32b. The design and analvsis of SAW devices,
a SAW delay line model has been created using Simulink®, which provides a graphical interface for the
development of dynantc sudti-domain (clectrical, mechanical and piezoelectric} simudations.
{263} The model ealouiates the radiation conductance G, the acoustic susceptance Y, {the mverse of
wpedance Z) and the frequency response for the systent. The model includes optimization for the aperture height.
The effects of triple transit echoes have been added to the model from the Impulse Response model, where one
¢

cant caleulate the wavelength (1) and the number of finger pairs (Np) using the following equations: A= o

where Vs the acoustic velocity 1 the media, fo is the center or svnchronous frequency. The frequency noted
Fig 40b 15 an mdication of where “sweet spot™ taning occyr and the center frequency optumal design must match
the IDT resistance {real impedance} to the source resistance.

{264} The device aperture 1s adjusted so that the DT design aclieves the corvect resistance. Where the
wave energy s guided through the guding laver Gwaveguide) up to the output IDT 68, where it 1s transformed
back info a measurable clectrical siznal. The sensing arca 64 15 the area of the sensor surface, located between the
mput IDT 66 and output IDT 68, which is exposed to the analyvte. A simplified diagram of a SAW device is
depicted in Fig. 33, whach is substantially the same as that shown m Fig. 1A,

{265} The sensor uses shear horizontal {SH) surface acoustic waves, which are frequently used for
Liquid-loaded biosensing apphcations. In SH-SAWSs, the particle displacement ix in the plane of the surface. SH-
SAWs are not affected or damped by higuid loading, as compared to Ravicigh waves. On the other hand, almost

all SH wave propagation on various substrates results in leaky waves (not pure waves like Rayleigh waves),
swhich also feak into longitadingl and shear vertical wave compounents when excited. For this reason, special cuts
of typical wafer tvpes of waters are tvpically used for SH waves, i which the energy is highly concentrated on
the SH mode. Typical water types used in this application employ a SH-SAW with ST cut quarnz, at 36° Y-cut
ithiwm tantalate (LiTaOs).

[266] The sensing mechanism of SH-SAW sensors relies on the change of SAW speed either by change
in mass foading {most biological and chemical sensors) or by changing physical parameters, such as the sensor
native frequency, mode of detection ¢..g. phase shift or amplitade change, geometry lavout of the 1IDT s, orthe
delay diclectric matenal forming the waveguide).

{267} in general, the majority of SAW sensors melude surface treatments and extra lavers to effectively
and specifically sense the target analvie. Sevoral SH-SAW sensors have been reported using 36 Y-cut LiTa0:. In

the iHustrated cmbodiment, the SH-SAW generating walers is an ST-cut quartz, 36°Y-Cut, LiTa0; with dalay
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path designs and surface funchionalization steps which were validated experimentally as shown below. It was
observed that ST caet quartz 1s the most stable and the cagiest 1o operate among those tested. ST-cut guarntz i also
favorable for narrower bandwidth operation, and it dogs not need additional lavers or gratings fo concentrate the
engrgy in the surface. SH waves are present i the direction of 90° off the x-axis in STweut guarntz, so the features

were designed to obtain wave the propagation direction s z, the normal divection v, and the plane of the substrate

is ix the x-axis, as it is graphically Mustrated by Fig. 32C

-

268 The substrates used in the tustrated embodiments are a 3-inch, single-gide-polished, 300um-
. Sing P ; §

thick ST-cut guartz wafers. The SH-SAWSs were generated and sensed by a pair of interdigital transducers
separated with a delav path on these wafers. The piteh (corresponding to the wavelength of the SAW) is chosen as
300pm, ensunng fabrication vield and tolerable wave attenuation through the delay path, Each finger of the DT
was set af a 73pm wide corresponding to the one guarter of wavedength for the most efficient SAW goneration.
The design parameters of the sensor are illustrated by the embodiments and their accompanying figwres. The most
mportant parameter for SAW device design 1s the center frequency, which is determined by the period of the IDT
fingers and the acoustic velocity. The goveming equation that determunes the operation freguency 18 fg =

Veaw F4

1269 Where A 15 the wavelength, deternuned by the periodicity of the IDT and v, 5 the acoustic
wave velogity A == p = finger width ~ 4 with the finger width as shows in Fig, 2B 1s determined by the design rule

(270}
[271]

of the tochnology which sets the miniswem metal to metal distance. vy, which is the surface acoustic wave
velocity, The example shown by the table is a sample’s use of the method for finding the “sweat frequency value™

for its miended application.

Wavelength (1} 300um
Finger Width (0./4) Tipm
Finger length H230um
Number of IDT finger pairs (P) P= 20

Total sensor size 220 x 22oun
Belay path length 1 2rm (40R)
Resonance frequency 16 8MHz

Waveguide layer
fn osder to achieve high sensitivity in SAW sensors, i is essential to confine a masimum amount

of acoustic encrgy near the surface of the substrate and minsize wave scaffering nto the bulk of the substrate. To
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achieve this 1 Love-mode SAW devices, a wavegmde laver Fig. 1B made of a diclectne material is used to
confine acoustic energy close to the surface of the devices. For high waveguide efficiency, the coated material
should have a wave velocity less than that of the base pleroclectric sabstrate matenial. Diclectric materials such as
silicon dioxide, parviene, polvmethvimethacrvlate, and others are good wavezuide matesials.

[272} Silicon on Insulator (SO} technology is a lavered silicon insulator silicon substeate combined
with LiTaOx i place of conventional silicon substrates in semiconductor manafacturing, especially
microelectronics, to redace parasitic device capacitance, thereby improving performance of the biosensor
substrate, where the LiTa0; is layered with the metalized IDT formed in a geometry on the wafer and 1z then
deposited with a Si0: film to form the waveguide laver. A silicon diowide layer with an insular sthicon layer

being functionalized theroon iy shovwn 1 the molecular diagram of Fig. 34,

{273} Wavegunide

274} One of the clements formung the boundary conditions defining the sensor performance for low-
level detection (LOD) of bioagents in an aqueous enviromment 1s the mass sensitivity optimization of the Love-
Wave acoustic sensor. The Hustrated embodiment is an experimental study of 36°Y X cut on LiTa0; based crvstal
for detection of pathogenic spores in aqueous conditions. The detection Limit (DL) of Love~-Wave based sensor is
a function strongly dependent on the overlying wavegmde,

[275] Sensors that operate on shear horizontal surface acoustic waves (SH-SAWs) are now widely used
for the charactenization of hquids, including biclogical flaids. SH-SAW3s do vot involve a normal component of
mechagical displacement and extubit weak damping when the wave-beanng surface contacts with a viscous hiquad
medium, which makes it possible to use these waves i sensors 1o characterize hquids. There is extensive
literature devoted to the development and application of SH SAW sensors, including those of the electronse
tongae tvpe for detecting and identifving hguid phase substances. In the case of SH SAW sensors, differences
between the response signals fo vanous analvites are achieved by using difforent thin filim coatings tn the SAW
delay hines or using SAW delay lines at several different frequencies. SAW delay ines, which form the
waveguide, impact the shear-horizontal waves propagating on the top laver of a coated laver, direct and reduces
the acoustic noise, Attention to this eloment within the boundary conditions of the device must be focused on the
seloction of a material, which would effectively guide the Love wave. Silica and polynsethyl methacoviate were
used as guiding lavers and the mass seasitivity of the corresponding sensors was tested in air. Low-shear-acoustic
veloeity polymer over lavers was found to gwde the SH SAW most ¢ffectively with a maximuon sensitivity. The
potymer wavegaide sensor was further used to detect proten adsorption on the polymer surface from IpQG
solutions within the concentration range suitable for chinical range. Finally, the effect of the acoustoelectric

uteraction on hquid-based applicaticns was studied by utilizing a three-laver waveguide georseiry. Bt was found
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1 The SH polarized acoustic waves are very effectively reflected by the substrate edges and various
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that the evaporation of a 50 nm gold layer on the polvmer over layver can be used to ehminate acoustoelectnic
mteraetions without mterforing with the Love wave propagation. After activation with protein A and IgG, the
above svstem was used saccessfully to detect the direct binding of 400 ppb of an herbicide such as atrazine.
This application emplovs the SH SAW sensor, where the crvstal is based on a 36%rotated Y cut X
axis propagating wave (LiTa0;) (36"YX LTO} on piczoclectric substrates, in which SAWs are generated and
detected using conventional fabrication of lithographic technique in order to form the interdigital transdacers
(ID'Ts) metal deposition. As ts knovn, IDTx excite both the surface skimming bulk acoustic waves with SH-
polarization and the leaky SH SAW. The phase veloaities of the waves of two tvpes on the free substrate surtace
are almost equal (a difference being on the order of 10" and the SAWs are effectively converted into volume
waves. In order to inhibit this conversion, a conducting film that “presses”™ the SAW to the substrate surface
usually coats the region between IDTs. In some cases, the wave energy concentration at the surface (and, hence,
the sensttivity) 18 increased by applyving a several nucron-thick dislectric film (e.g., S10:) possessing waveguide
properties with respeet to SH SAW. Thus, the sensor structures on 36°YX LTQ substrates may contain surface

regions with different electrical and acoustical properties {t.e.. they can be mhomogeneous).

m-homogeneities present on the surface, {an noise generating sources that this applicabion take into
considerations by applving magneto-optical analysis-{Sacll’s Law), to reducse the art effects of wave reflective
and refractive response, as the wave travel through the puding laver . Sensors that operate in a continwous mode,
used in most experiments, generate reflections, which lead to distortions in the amplitude and phase
characteristics of the sensors. In order to ensare a correct measwrement of the system response (which usaally
represents a change i the signal amplitude andfor phase), it 1s pecessary to take special measures either to
decrease these distortions or eliminate them, ¢.g.. by vsing SAW excitation in @ pulsed mode or by tailoring the
microfhudic chamber geometry with its guiding layer through the analytical use of magneto-optical optimization

and the use of the material properties o reduce such art effects.

Fanctionalized layer

i The functionalization of the sensing lane and Hs counterpart reforence lane on the SAW hiosensor

cannot be overestimated, as it 1s one of the entical parameters within the family of causes, which affect the SH
SAW sensitivity and its ability 1o mininize the LOD. This application teaches a set of steps with its chemical
recipe fo inprove the fictionalization of the linker-molecule and provide for a stable probe for the subsaquent
corjugation of the probe with its analyte, Consider the chemical functionalization of surfaces for building three-
dimensional engincered brosensors and in particalar the Linker molecule chemistry. Modular, self-assembling

peptide hinkers are used for stable and re-gencrable biosensor interfaces. The formation of organosilanc-hased thin
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filows provides a simple mesns o incorporate chemically well-defined functional groups on glass-tvpe surfaces.
Variations i cither the terminal groups or structure of organositanes have greatly extended the wiidity of SAW
devices by prosenting specific chemical groups and altening the phvsical property of SAW the devices and
exiending these devices to many now applications. A disgrammatic example of such functionalization is shows n

Figs. 35z ~ 354,

{280} Biomolecules Immobilization
{28 1] Consider molecular covalent immobikization of antibodies to carboxyl groups through an amide

linkage. The sensing area is incorporated into the wave-guides. For exmmple, the amino~terminated orgamic thin
films from the treatment with silane agent 3-amunopropyl toothoxysilane (APTES), on a silica dioxide waveguide
o a SAW device, can allow further chemical derivatizations of surface amino groups leading to the mntroduction
of N-hvdroxysucctminude {(NHS) esters, hvdrazide and maleimide esterase seen it Fig. 42, A consensus regarding
APTES film formation is that salinization begins with hvdrolvsis of the ethoxy groups in APTES, a process
catabvzed by water, teading to the formation of silanols, as seen in Fig. 43a. The APTES silonals then condense
with surface silanoly forming a monolaver of APTES via lateral siloxane network in which amino groups are
oriented away from the underiving silica dioxide surface, as seen in Fig. 43a. Other configurations are shown i
Fig. 43b.

{282} Silica-based substrates contaming these gratted chemical groups have been frequently adopted for

site~-controlled immobilization of biomolecules such as antibodies, during the fabrication of mmunocassay-based

biosensors.
[283] Spacer Molecule
{284} To tmprove specrficity and geometrically optimized layering of antibody fragments, the

iflustrated embodiments use 3 spacer molecule — a temary surface monolayer, comprised of co-assembled
tiuolated capture probes, As shown by the experimental data, the temary spacer provides the highest sigial-to-
neise ratio of bislogical capture with a single application of the mixture between the antibody and the spacers. In
one of the embodiments, the use of temary surface monolavers for ultrasensitive (Zeptomole) detection of nuclesc
acid hyvbridization without signal amplification is enployed. Pluronic F127 (Sigma Aldrich, St Louis, MO) is
adsorbed to obtain a nonfouling surface for highly selective Bel-2, VEGF, P33 and other biomarkers probes to
capture the analyie, an essential step for a diagnostically applicable sensor as it increases specificity and capture
statistics. The Pluronic, a tri-block copolymer whose non-fouling nature is mediated by its two polvethylene
glveol {PEG) chains, prevents other molecales from non-specifically attaching to the sensor surface. The sensor ig

submerged m 10pg/mt Phoome FI27 i deronized water for one hour and then rinsed with delonized water.
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[285] in the dlustrated embodunents, we will imcorporate 8 temary surface monolayer as a more recent
stady has shown that such a surface eshances DNA hybrndization and mcreases sensifivity. A facile swrface
fanctionalization process, sunilar to the one ntroduced by Wu ot al, 2010 where a detection of specific DNA
sequences i climcal samples is a koyv goal of studies on DNA biosensors and gene chips. This application
meorporates a highly sensitive clectrochemical probe for divect measurements of specific DNA sequences in
wirdifuted and untreated haman serum and wrine samples, Such probe relies on a new ternary interface involving
hexanedithiol (HDT) co-immobifized with the thiolated capture probe (SHCP) on gold surfaces, followed by the
incorporation of d-mercapto- | -hexanol (MCH) as diluents. The performance of temnary monolayers prepared with
tinear dithiols of different lengths is systematically examined, compared and characterized by evelie voltwmmetry
and electrochemical impedance spectroscopy, with HDT exinbiting the most favorable analvtical performance.
The new SHCP/HDTHMCH monolaver, led to a 30-fold improvement in the signal-to-noise ratio (S/N) for | nM
target DNA in undiluted human serum over the common SHCP/MCH binary alkanctluol interface, and allowed
the direct quantification of the target DNA down to 7 pM (28 amol) and 17 pM (68 amol) in andilwtedAmtreated
serum and unne, respectively. It also displaved attractive antifoahing properties, as indicated from the favorable
SNR. These attractive featares of the SHCPHDTYMCH sensor interface indicate considerable promise for a wide
range of clinical applications and the alkanedsthiol dithiothreitol {DTD), followed by the assembly of the specific
antibody. This temary self-assembled monolayer (SAM]) assembly dramatically improves the signal~to-noise
characteristics and lowers the detection limits of SAM-based DNA while functionalizing the sensing lane of the
SAW biosensors. The two types of surfaces are shown i Figs. 36a and 36h.

[2861 The SAW device 1s then ased to perform micro gravunetnic analysis. The LaTa0: substrate (367,
v-cut, X-propagation LiTa(s:) with a polvdimethyvisiioxane (PDMS) microfluidic channel biosensor was used to
deternune DNA hybadszation to the probe on the gold-coated surface. The gold-coated sensing arca on the SAW
device 1s incubated 3 hr. w thiolated DNA at 8 concentration of 0.5 gM, then incubated another 8 hr. ma 3 pM
Tris phosphine hvdrochloride m 200 pM Tris-HC! buffer solution at pH 7.4, The resulting sensmyg fane (The
reforence lane is troated with the same procedure) is rinsed in distilied detonized water. The phase or freguency
shift in the SAW device is then measured. The mass of the modified crystal is swonitored by observing the phase
shift in the resonance frequency after attachment. The shult is also measured after hyvbridization of the target DNA
to the probe. From this proceduare emploving the phase shift catput(s) and the amplification as well as the
loganthmic scaling of the outpat, the apparatus AFE and its analog computation module tatlored the output signal
for the GUL, where the rosulis of the measured event is displaved, this process can extract the amount of DNA that

bound and use a correlation to deduce the starting concentration of DNA m the sample.

287} Boundary Condition for Limit of Detection

52



WO 2018/057201 PCT/US2017/048055

taslormg of the boundary conditions of the sensor platformy. The process of imyproving LOD by increasing the
basndwidth of the sensor, i#ts accuracy and resolution must address the difforent disciplines of the sensor
construction:

288} a) Crvstal resonator with electro~acoustic characteristic such as selected by thos application,
namely the use of 36°, Y-out, X-propagation LiTaDs

{289} b) Microfleidic chamber integrated with its inferdigitated inpet! output electrodes with their
tatlored wave energy {frequency domain) and their appropriate frequency matching as defined by algorithe noted
it this application.

j 2901 ¢} BElectronic wierface such as proposed by the novel analog front end (AFE} and its

computational modude.

291} d) Algorithmic data analvsis and reporting residing with the microcontroller of the proposed
apparatus.
{292} £} Biochemical probe suitable For detection with LOD meeting clinical threshold valve, and

where false positive or false negative are climinated. This process 15 detailed and defined by the use of compact
layering of antibodies, fragmented Ab, the use of spacer- molecule, and the implementation of regimented
chemical recipe to accommodate a commercially priced fabrication methodology.

[293] {) Protein engineering using phage display in combinatorial library to generate hughly specific
antibody with high affinity exceeding monoclonal antibody (inAbs) capture statistics, where the sensing lane of
the sensor is deploved.

{2941 g} Combinatorial antibody library technology represents a powerful tool for discovenng and
designing antibodies that bind targets with high affinity and spectficity cloned antibody genes in smgle-cham Fv
{scFv) or Fab format for convenent manipulation and where the DNA encoding that sequence, peruts a
fimctional Hitkage between target recognition and sequence replication that facilitates the rapid screening and
wdentification of polvpeptides with novel and  desirable propertics,

[295] Although lustonscally, combinatonal antibody library technology has represented a powerful tool
for discovenng and designing antibodies, that bind targets with high affimity and specificity, this application
adapts this techaology i order to mprove the it of detection by the ability of sach antibody phage display
libraries. Antibody phage display libraries ebviate the need for longthy development and laborious hvbridoma
protocels for obtaining a specific mAbs with the potency reguired to improve diagnostic measure as envisaged by
this application. The technigoe, which directly cloned antibody genes in single~chain Fv {seFe} or Fab format for
copverient maniputation, and, wnportantly, can be denved from the human antibody repertoire. In the phage-

display screening format antibedies fused to the capsid or “coat™” profeins of filamentous bacteriophage are
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displaved for targeted selection on the phage particles that alse encapsulate the cognate genes. Hence, the
structural linkage between a polvpeptids seguence expressed on the phage surface, and the DNA encoding that
sequences, permits a functional linkage bebween target recognition and sequence replication that facilitates the
rapid screening and identification of polvpeptides with novel and desirable properties. These properties assoctated
with the technique noted above 15 the mainstay of the application as it will result in an tmproved LOD based on
improved specificity, multi-epitope sites capturing the analvte in guestion, improved density packing of antibody
with proper ortentation, all of the above and many of the associated embodiments of the DNA-encoded library 13
the atm of this application in achieving a femtomolar concentration limait of detection,

[296] Fig 38¢ 15 a schomatic diagram of the structure of a typical IgG molecule. As noted in the
previousty cited paper by Lemer et al, and further deseribed in Intemational Immunology 26012}, August 2016,
by Chan et al, “The Role of Phage Display in Therapeutic Antibody Discovery™, cach anttbody comprises two
heavy and two light chains each of which bave fouwr and two mmunoglobulin domaius, respeetively, The
application notes the process of formation of such libraries as an exemplary ase of these libraries, where such
technique is known to those familiar with the art, but such ase is vot prevalent in the diagnostic arena, and where
this application emplovs such technique to amplify the detection limits and lower the LOD to a level
commensurable with clinically relevant measure,

297 The first domamn is vanable and determines speasficity (VL and VH) while the second domain of
the light chan (CL) and the second fo founth domains of the heavy (CHI-3) are constant across all antibodies of
the same 1sotype. The lght chain and first two domains of the heavy chain form the Fab, which is the
postion expressed on the phage. The last two domains of the heavy chain form the Fe and are
responsible for ummume funchion through ongagement of receptors on imnmumne cells. Heavy and light chamms are
lmked through a single disulfide bond (orange) between the CL and CHI domams and the two beavy
chans have mudtiple disulfide bonds at the hmge region between the CHU and CH2. An scFv consists of
just variable light and variable heavy domains jomed by a flexible polvpeptide Hinker while a single domain
antibody (sdAb), as the name maples, 15 only a single imnmnoglobulin (usually VH) domain wiich is sufficient
for binding. (B) Varable doman genetie structure and construchon of a natural phage display hbrarv. Each
vanable domain consists of three hvper vanable CDRs interspersed botween the more conserved
framework regions {FRs). The immuno-globulin domain folds sach that the CDRs are brought together to form
the antigen-binding surface at the tip of the Fab. Degencrate primers {arrows) are used to anplify the entire
variable heavy and Hght chains (or alternatively variable and fivst constant domain) from a source of B cells and
cloned in-frame with the phage coat protein (usually gene HI) into E. coli to produsce an Fab, soFyv or sdAb
library. The rest of the phage genome i supplied through replication defctive helper phage to prodace antibody-

displaving phage.
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[208] Fig. 38f s a diagram demonstrating a general method for phage panning. Polvclonal phage
expressing recombinant antibodics on thew surface 13 applied fo target antigen presented as cither immobilized
ofn a magaetic bead, pobvstvrene surface or on the swrface of 2 whols cell. Phage carrving antigen-binding Fab
bind and non-spectfic Fab are removed through stringent washing, Antigen-bound phage is eluted off, either
typically through pH change, or protease digestion and re-infected into E. coli, from which a new Iibravy enriched
for antigen-binding clones are made. After soveral oveles, the Hbrary would be sufficiently ennched so that
the individual clones can be isolated from E. Colt stock, exprassed as monocional phage, tested, sequenced

and the specific antibodies expressed recombinantly.

2991 Selection of Biochemical Probe
30KH The past fow yeoars, maltiple protein biomarkers have been suggested as a diagnostic target based

o genomic or profemmic studies. Devices such as biosensors that could measure those biomarkers rapdly {e.g.
within 10 minutes) and at very low concentrations {e.g. at fghnl) would be advantageous in diagnostic
development. In particular, the capacity of the biosensor to meet challenges such as sensitive detection and low-
level qeantitication of analvies will undoubtedly put them as Point of Care Standard. Biosensors are built up of a
biological target-recognition clement {the probe) connected to a transduction element using a suitable interface
layer. Binding events occuring at this functionalized mierface layer are translated by the transduocer into an
analvtical data point and then displaved on a suitable GUT as indicated by this application. These biosensors
provide a rapid, convenient, Jow cost alternative 1o conventional analviical methods such as, ELISA, PCR or

Mass-Spectrometry, for detecting or assaving a biomarker.

{301} One of the essential embodiments of this apphication, address the fact that LOD and resolution of
the sensor performance must address the advances made through  proteomic analvses for generating biomarkers,
which possess highly specific probus able to recognize those targets. Antibodies are considered the first chotee as
molecular recognition units due to therr target specificity and affingy, which make them excellent probes in
biosensor development. However, several problems such as difficult directional immobihization, unstable
behavior, loss of speerficity and sterse hindrance, may anse from vsing these large molecules. Protein engincenng
technigaes offer designed antibody formats suitable for bicmarker analysis, the minimization strategics of
antibodies into fragment antigen binding (Fab) fragments, single chain variable fragment (scFv) or sven single~
domain antibody fragments hike heavy (Vig, light (Vi) chains of wmuonoglobulins or single-domain antibody
fragments { VHHs) are fabricated as s further detailed by this application with its appended figures and their
accompanying desenpiion.

{302} A diagranumatic depiction of an lgG antibody iz shown it Fig. 41, which outline the use of the
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fragment antigen binding, The Fiab) fragment is an amtibody structure that still binds to antigens butis
maonoyvalent with no Fo portion. As antibody digested by the enzyme papain yields two Flab) fragments of abowt
36 kDa cach and an Fe fragment.

[R03] In conteast, Fab')2 fragment antibodies are generated by pepsin digestion of whole 1eG
antrbodios to remove most of the Fe rogion while leaving intact some of the hinge regron. F{ab'): fragments have
two antigen-hinding Flab) portions linked together by disulfide bonds, and therefore are bivalent with a8 molecular
weight of about 110 kDa,

{304} Not only the size of the probe but also other 1ssues tike choice of immobilization tag, type of solid
support and probe stability are of critical importance in assay development for brosensing. In this respect, nudtiple
approaches to specifically onont and couple antibody fragments in a generic one-step procediwre directly on a
biosensor substrate are smploved. Figs. 37z - 37¢ illastrate theee examples of antibody fragments optimized
sensing surfaces. Fig. 378 dlustrated a random biotinvlated Ab fragment as compared to an onended biotinyvlated
Ab fragment using {streptlavidin, A study by Cho TH at ¢l, titled “Stte-directed biotinylation of antibodies for
controlied nmobilization on sold surfaces™. Anal Biochem. 2007 Fan 1; 365(1):14-23. The study noted above
deseribes a site-dirceted biotinviation of antibodies at the hinge region, developed to immobilize antibodics in an
oriented manner via biotin-streptavidin linkage. When intact antibody is biotinylated with maleimide-activated
biotin after reduction, the reaction proferentiallv occurred at the sulflwwdnvd groups between the C(H1) and the
C({L) domains and, provided that the reagent concentration exceeded a certam level, at those between the C(H2)
and the C{H2) domains at the hinge. Based on this result, the authors devised an approach i which free
maleimide was added to compete with the activated biotin for the preferential sites between the C (H and the C
(L) domains. Since the smaller molecular size of fioe maleimide made it more accessible for the reaction than
biotin, maletmide bound to the groups between the C(H1) and the C(L) domains first and thus conceded the
groups between the C(H2) and the C(H2) domains to biotin under optimal conditions. In an alternative approach,
sefective biotinviation at the hinge was also achioved by reacting activated biotin with F(ab'} (2) fragment
prepared by enzvmatic cleavage. This result indicated that, when free of Fe, the hinge structure, which contains
the functional groups, of the fragment was open, allowing casy access to the biotin derivative from the aqueous
median. Both site-directed biotinviation preparations were tosted as caphure antibodies in sandwich-type
imununeassays and compared o whole antibody randomdy biotinvlated at amino groups on the srolecule,
Preparations of both the intact antibody and the F(ab") (2) showed consistently enhanced detection capabihitics that
were 2.6 and 20 times that of the control, respectively. Fig. 37b diagrammatically ithustrates a surface-specific Ab
fragment bound to a target-specific fragment. Fig. 37¢ llustrates two Fab fragments bound to a single Fe
fragment. i one preforred smbodiment, the application emplovs the techoique of fragmented antibody in order to

waprove specificity, statistical capture rate, stability of the conjugating event, all the above features are set as the

56



WO 2018/057201 PCT/US2017/048055

combined strategy for the purpose of optsnizning the sensor sensitivity. by mereasing the frequency, which results

m pusinizing the LOD of the analyie concentration,

{305} Analyte -example-Biomarkers as Prognostic Indicator
In a study titled “"Molecular Biomarkers for Breast Cancer Prognosis: Expression of ¢-crbB-2 and p53 Prognostic
Valtue of Vascutar Endothehial Growth Factor in Breast Cancer™, the authors deseribe selective capture of protein
B-cell lymphoma 2 (Bel-2}, which is elevated in many cancer types inclyding ovarian cancer. The inununosensor
was designed, fabricated, and experimentally characterized. An application-specific surface functionalization
scheme with monoclonal antibodies, protein AfG and Pluronic F127 was developed and apphed. Characterzation
was done using the oscillation frogoeney shift of with sensor used as the feedback eloment of an oscillator civeuit.
Detection of Bel-2 with target seasitivity of 0.5 nghml from bufler solutions was presented. A lingar relation
between frequency shift and Bel-2 concentration was observed. The selectivity was shown with experiments by
wtroducing another protein, in addition to Bel-2, 1o the buffer. It was seen that similar detection performance of
Bel-2 was obtained even with presence of control protein in very high concentrations. The results were also
analvzed with perterbation equations. This study and others cited by the literatere demonstrate the prognostic
value of a label free surface acoustic biosensor. However, it is clear that the needs for a robust, hand held device
with the embodiments cited by thus application, will render such capabilities and use to the entire class of disease
model, wherehy the medical staff will be able to improve the detection and treatment modality for the patient and
its personahized approach to medicine. A diagrasmumatic depiction of four examples of antibody capture is
itustrated in Figs. 38a- 38d. Fig. 38315 a diagrammatically shows bactenia 50 bound to surface 36 by one or
more spectfic antibodies 32, Fig. 38b diagrammatically shows surface 36 fimctionalized by nucleic acids 54, Fig.
I8¢ diagrammatically shows bactenia 30 bound to surface 36 by one or more bacteriophages 36, Fig. 38d
dingrasumatically shows bacteria 50 bound to surface 36 by one or more molecules of lectin 58, an agglabinating
proten. All the above iltustrations are a miere examples of the methods by which thus application address the
ability of such bioseasing modality cmployving a SH SAW techoology 1o accownt for detection of biological

specics in an assayv under the minimal LOD of fomtomolar resolution.

[306] SAW Phatform with PDMS Microfluidic Chip
{307 The mtegration of a microfluidic chamber with the SH SAW iosensor allows for the hquid

buffer with analvte to be dropped directly on the sensor surface, leading to liquids flows with inconsistent results.
To mintmize wnsertion losses as well as solve the acoustic reflection associated with the wave propagation, this
application iy dirceted to resolve the limitations noted by the prior art, whereby insertion losses (IL), and flow of

butfer with the analyie turbulence are muminuzed. The setting of boundary conditions for such errors with the use

57



WO 2018/057201 PCT/US2017/048055

of an integrated microfluidic chamber is described by defining the linuts of acoustic wave phase {Vp) and group
{(Vg) velootty where the relateve froguency shult is Hoear and g defined. Emploving the following relation we

adapt an objective measure for the insertion loses and thetr contributing clastic/mechanical elements;

[308} R
T fo Ve Vp
309 The acoastic sensor is based on a piezoelectric delay line with a transmitter and a receiver

comprised of interdigital transducers (FDTs) fo create and propagate an acoustic wave through an agueous
medinm. The integration of the SH SAW sensor with its sucrofluidic chamber, necessitate the formation layers
comprised of a quartz substrate, transmitter and recesver IDTs and a 510 guiding layer, which form the
wavegmde. In this application, the sensor is formaed out of LiTa(h quartz substrate with a cut ot 367 ange! rotated
on the Y-axs refative to X crystaliographic axis with the IDT wave propagation perpendicalar to X,
crystaltographic axis.

[310} Lab-0On-Chip for shear horizontal polarization of SAW limits dispersion in Hiquid and insertion
losses. However, i a highly viseous environment, insertion losses due to viscous coupling increase drastically.
While using the sensor in an oscillator loop, it leads to a limitation in the measurable viscosity range, as the
osciflation conditions, resaliing in suboptimal perfonmnance due to nsertion loses wihich cannot be satistied,
unless a modification to the echo chambers are nutigated. To overcome this limitation, the illustrated
embodiments, employ a nucrofluidic polydimethvlsiloxane (PDMS) chip bonded on the acoustic sensor.

{311} The bonding ability of PDMS allows, due to an UV ozone treatment, the creation of covalemt
bonds batween microflaidic chip and 8i0; guiding laver, PDMS is also acoustically absorbent, and has a low
glastic shear modudus compared to the S10; guiding laver,

{312} Compared to classical experimental apparatus, where hguids are dropped divectly on the sensor
surface, the illustrated embodiment uses a hguid flows mamfold where the flow chavactenstic ts antomated
leading to a consistent application of hybridization kinetics and reduced statistical evrors in inferface
manipuiations. Thauks to decreased insertion losses, highlv viscous environments are sensed in an oscillator set-
up, without the nsertion losses due 1o viscous coupling.

{313} The now SAW-based biosensors are designed and fabricated in a series of relatively simple
ithographic steps, as outhingd 1 Fig. 24, The LiTa0y piezoclectric laver 6{ 1s propared i step 61 and alumiman
IDTs 66, 68 selectively disposed on laver 60 as step 63, A Si0; laver 70 is disposed over the IDTs 66, 68 and
exposed portions of prezoelectric laver 60 at step 65, A gold/chronuum sensitive laver 64 is sputtered onto
selected portion of S10: taver 70 at step 67, A photoresist mask 72 is selectively disposed over sensitive laver 64

~

and certain exposed portions of SiO: layer 70 and cored with ultraviolat ight at step 69, The portions of the Si0;
laver 70 left exposcd by the photomask 72 are etched away at step 71 providing electrical access to selected
pottions of the metallization or IDFs 66, 68 at step 71, the photomask 72 remwved. Wire bondmng to the sclected
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partions of the metallization or IDTs 66, 68 and other packaging or passtvation processes o stractures,
terminating with wire pads 137 are put into place at step 73,

314} A Lita(: Love-Wave biosensor is used for detecting pathogens, protein biomarkers and sucleic
acids on a series of related platforms. These devices feature a LiTaO;: sebstrate with a 5i10; guiding laver, an
optional 10 mm gold metalhic layer covering the puiding laver, and two sets of interdigitated gold electrodes. A
PDMS microfhuidic system delivers the sample. The sensor is prepared similardy to the biosensor produced by
Zhang etal. 2013; however, the device we use employs antibody fragments and not fidl-length antibodies.
Additionally, we use a temnary surface treatment for efficient immobilization of DNA on the optional gold
metalfic layer for nucleie acid immobilization. A schematic of the microfhuidic SAW device 139 is shown in Fig.
39a with the PDMS microflwdic channels with the stracture of the final array of multiple devices shown in Fig.
39b. Fig. 393 shows a single mierofiaidic SAW device 139 15 a side cross-sectional view incladed in a surface
mowted SMD package 141 and electnically connected through wire pads 137, Fig. 39b 13 a pla view of a

plurality of devices 139 mounted on g PCB in an SMD package 141

[31

T

i Microfluidic Channel Micro Channel-Guided Antibody Patterning of Antibody-Coated
Gold Nanoparticles for Multiplexed Biosensing
[316] in this section, a method is presented to enhance a rapid fabvication of custom arrayvs of targeting
molecules, on silica dioxide {510;) substmte vsing a nucrochanne! to guide a flow of gold nanoparticles by a
gravity driven flow. The commercially avalable 40-nm gold nanoparticles in citrate baffer provide a robast
surface to graft captare antibodies. The difforent target antigens are subsequently boend and analvzed in parallel
in different microtinidic channels on a single sensing device. This techiique allows multiplexed detection on a
single platform.
(317} The fabncation and control of a nanostructare on S10: or any other sthica-based polymer are
subjects of interest to many surface chenusts. Nobel metal nanoparticles exhibit unique chemical, optical and
phvsical properties. These mclude the fact that gold does not formt oxides, eastly forns a strong bond with sulfur
containing molecules and is a coinage metal. Gold {Au} nanoparticles (GNP) also exhibit unique optical responses
that are absent 1 budk gold of localized surface plasmon resonance (LSPR}. Therefore, Au nanoparticle-based
nanostroctures produce elaborate fabel-free mass sensing devices. As shown in Fig. 24, using a bottom-up
approach, colloidal suspensions of gold nanoparticles are deposited on a swrface by self~assembly. The gold
nanoparticles are protected by bifunctional alkyl thiol, which permit the formation of covalent chemical bonding
with vanouos surfaces. However, nanoparticles ased to synthesize these stractores only have diameters that are less
than 1G-nm. The kechmgue cannot be applied when larger nanopasticles are required ¢.g. 20-um. Several research

groups have reported that GNPs in a citrate buffer are strongly adsorbed on glass surfaces coated with
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bifunctional organosianes.

[318] The following process is followed 1 order to fabricate a GNP surface laver:
A fabricated hithuwm fantadate {LiTa0:) shear horizontal surface acoustic wave {SH SAW) device with a silica
dioxide (5104} guiding layer; 40-nny gold nanoparticles {GNPs} in citrate buffer (aqua regia (3.1 HCUHNO:),
dilute alkaline detergent; a 3-Aminopropyl-tiethoxvsilane (APTMS) and ethyltrimethoxysitane (ETMS) mixture;
a Su-B photo~-resist Bisphenol A Novolac epoxy; polvdimethvisiloxane (PDMS); ulirapure water; phosphate
buttered saline (PBS): and Thiol torminated nucleic acid, protein or carbohydrate targeting molecale. This
treatoient of the sensing lane creates a 3-dimenstonally seeded surface fo enable high compaction of the capture

probe on the mited surface available on a SAW sensor

{319} Experimental Setup and Procedure
{320} Creation of molecalar functionalized sensing zones for the SH SAW devices in an array format is

reatized as follows. Kuowing the geometry of the merdigitated (IDT) input and outpat electrodes, the size of the
sensing area is determent by the optimization algonthm. The dimensions (area) of the surface over which the
acoustic wave travels provides the dimensions of the arca needed o form a monolayer of GNP that are
fumctionalized with a targeting molecule 1.2, an antthody, nucleic acid or carbohydrate such as wheat germ
agglutinm.

(324 The use of a nucroflaidic chamber on the proposed SAW biosensor improves the fimetionality of
the device. As indicated in this application, the use of microfluidic technology on SAW platforms has been shown
to greatly enhance the device functionality. In the illustrated embodiment, the microfhudic channel components
are fabricated from PDMS. PDMS 13 chosen for its good biocompatibility and optical transparency. The
microfluidic channels were designed using the methodology as shown s Fig.26. The center portion 90 of a
defined cavity m a PDMS package as shown i Fig. 26 is the reaction chamber mcludimg the sensitive layer 64
while the rectanguolar scotions 92 were designed to cover the [DTy 66, 68. The package device combined with a
printed circuit board ¥4 on which the PDMS microfluidic package is mounted s depicted i Fig. 26b. A process
flow diagrant is shown in Fig. 26¢. This embodument employs an exemplary material such as SU-8 (SU-8 2000,
MicroChem, Newton MA USAY: The maold for casting the PDMS shown by item 90, a SU-8 (s the most common
moiding media ased for PDMS-based microfluidic structure fabrication. ) Ustng SU-8 with a single spin coat
fimits our maximum mold thickness to around 230 pmy; here we will aim for a thickness of 200 um. The process s
as follows,

{322} (1) Spin coat SU-8 polvimer photoresist as poured onto a wafer sabstrate; St is ideal for this
purpese. Spin curves available from the vendor are useful for estimating the appropriate spin rate to obtain the

desired thickaess of 200 pm; here we ramp up fo 500 rpm spin rate and hold for 135 1o flatten the wesist, followed
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by a 30s spin at 1250 rpm which gives us a final filo thuckoess of 20523 pm. The spin acceleration 1s 100 tpmfs
throughout.

|32

i

| {2} Any bubbles scen in the photoresist must be removed, preforably by degassing the photoresist

priot to use. Heatme the resst to 30-60 “C will help.

{324} (3} Prebake (soft bake) the SU-R to evaporate its sohvent mn preparation for exposure. Here we
prebake the SU-8 coated wafer at 90 °C on a polished Al hot plate for 75 min; we ramp ap the tomperature to this
temperature at 3 *Cinin to give improved film adhesion. Generally, the thicker the film, the longer it takes to
compicte evaporation of the solvent; this represeats one linut in the maxmum thickness of the spun-on film.

[325] {4 Mount SU-8 covered wafer with mask atop it and expose it with UV radiation with a
wavelengih of 330-400 mm, The vendor should provide an exposure encrgy eshimate varsus fibm thickness graph,
bat it will be at best an estimate and requires some triad and ervor to obtain good wesults, OQur approach wses 300
mltm2 of exposure energy on a standard mask aligner (MA-UVEO0, SUSS Microtee, Garching, Germany) with
350400 nm UV light source.

{326} (3} Making thicker structures can be accomplished by repeating steps | to 4 and then continuing
omward,

{327} {6} Post-exposure baking aids i cross~linking the exposed portions of the SU-8 in preparation for
its development. This step will also require some tnial and ervor; we ramp up to a bake of 13 nun at 90 °Cat 5
°Cun and ramp down afier this time at the same rate. Care m ramping the temperature up and down in baking
will reduce the appearance of cracks and bowing from internal stresses.

{328} (7} Development asing MicroChem’s SU-8 developer is straightforward, requiring about 16 nun
for immersion development, leaving the finished mold for use in casting. The above steps are indicated sertally by
the figure 24 and its product geometry 1s optional, 1t 18 shown as a mere representation of a generse sucrofluidie
chamber.

{329} A diagram of the PDMS molding process for defining the microfhudic chambers in which is

tHustrated m Fig. 25, which is substantially the same as that shown o Figs. 24, namely preparing a photoresist

laver 78 on a sibieon substrate 76 in Fig. 23, using a mask 80 to define the microfluidic channels in Fig. 25,

developing the microfluidic channels m the resist 78 m Fig. 23a, pounmg the PDMS 88 and curing it over the

developed microfluidic channels defined in the resist 78 i Fig. 25b, detaching the PDMS laver 88 from the resist

78 and silicon substrate 76 in Fig. 26 to result in the fimshed PDMS package 88 having the microflmdic channels

defined therein in Fig. 26¢.

Analog Cemputational Unit and Analog Front End
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(3301 in one of the preferred embodiments, the apparatus employ a method for solving the optinization

3

-
i

133

problem of SAW measure of seasitivity and the ability of the apparatus in defining the minimum threshold of the
sensor’s LOD. Schomatically the biclogical event on the sensing lane of the apparatus is anyplified and it i
accomplished by the use of the analog front end 904, the svstem further is enabled by an automatic gain control
circuit based on input obtained as a results of the change 1 phase shift measwved. The rate of hvbridization rate
is dynasically varving, where an anadog interface accommodate the kinetics in a closed-loop feedback regulating
circuit deseribed in figare 13, The purpose of which s to provide a controlied signal amplitude at its output,
despite variation of the amplitude in the input signal | shown and described by figure 14, The average or peak
output- signal level is ased 1o dvnamically adjust the input-to-output gain to a sutable vahue, further enabling the
cirewit, desenibed by Fig, 13, 16, and schematically sdentified by block diagram in Fig. 17 This feature of the
mvention enable a satisfactory performance with hinear and with order of magnitude range of input signal levels,
and were saturation detection circyit 911 and alarm 912 with ts switching resistor bank 913 am sef o 3 mumanum

threshold.

1} To analvze how the signal 1s amplified when the analyvte/ antibody are conjugating, the svstem

2

{

define the logarithmic amplification factor (LA} between two activated intermediates in a signal change X* and
Y {with Y¥ ix the downstream event in the pathway). Using the following equation, the svstem provides

selection- mechanism for the “comnter™, thereby enabling the apparatus to account for hybndization kinetics:

Where first, the source follower amplifier inerease the signal with constant gain for the duration
of stimulation event registers as t, it follow that when the LA value-the logarithm of the ratio betsween the total
productions of both the intenmediates time during the stgnaling process detected, defined as the mimimum
threshold value of detection LOD of e.g.10°" per volume. The total duration of an intermediate event is described
1 the expression noted above as the mtegral of the net activation rate (hybridization) during the stinmdation
process, Considening thos defimition, the event i amphified between two steps in the SAW sensing lane- (a
differcatial output of phase-shift change between sensing lave and reference lang), the svstem assign value when
LA 1s lngher than “zero™, and or in cases where LA is smaller than zero. The systent provokes an attenuation of

the signal and record the event. A value mdicated by “one™, implies for example, that on average, each event of
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X¥ is equald to a phase shift vahse of Y*, while a value of minus one {+1) represents that the threshold mininuam
X* produce on average nomingl value below the sensitivity of the systern which s the LOD minmom of ¥¥, and
itis indicated as an “attenuation” until the thseshold value is attained. This process of “counting™ hybridization
events act as a state machine with single parametric relating solely to analve-concentration and its rate of
hybridization, thereby, providing a measure of kinetics, which is proportional to the LOD set limits, e.g.
fomtomolar {1071, or picomolar valae (107 sot by fiat,

{333} Fig. 22A - 22D are schematics of analog operational circuits that may be ased in an analog
compitational analvzer cmploved by the application incorporatmg the principles of cellular SAW amrav, where a
parallel computing paradigss similar to neural networks is applied m order to solve the diffasion as well as the
hybrdization problem for a varisty of proteins and DNA captured by the apparatus 800 in a manner in which the
cetlutar biological process-dynamics 1s municked and its undedying protein sequences observed in the sensor 1A,
and where such events are counted and corfam arthmetical procedures are applied. ¥ is to be understood that
many other analog operational circuits in addition to those shown in Fig. 224 - 22D could be incladed.

{334} Following Shannon, CE 1941, "Mathematical Theory of the Differential Analvzer”, this
application cmploy an analog computation, which 1s an improved method for analvtical modeling, as #t resembles
the physical laws(biological process of diffusion and hybridization), and where computation s realized as a
continuous function, and further is observed that analog circuits often use fower devices than corresponding
digital circuits.  For example, a four-quadrant adder {capable of adding two signed numbers) can be fabricated
from four transistors, and where two transistors are sufficient fo compute the logarithm or exponential, five for the
hyperbolic tangent {ywhich is very wseful i neural computation), and threg for the square root. As discussed
herein, an analog computation unit is incorporated to onable the apparatus 900 with its SAW | in a sensor array
configuration 261, to generate a data stream manipulated by the anthmetical operators such as deseribed by Fig,
22A 22D and as shown by example of computing a derteative.

{333} Fig. 22A shows a semming amplifier, Fig. 22B shows a difference amplificr, Fig. 22C shows an
uttegrator and Fip. 22D shows a differentiator. The analog computation devices of Fig. 22A - D eowploymg the
SAW cell umit 34 in an array matrix-configuration are combined and arranged to perform algebraie and mitegro-
difforential operations acting upon continaous or analog signals as reguired by the appheation at band. The high
gain D.C. source foower amplifier 27 as exhibited by the configuration of SAW cell 1 forms the basic
operational clement of detection. 1f the passtve components m both feedback and input arms are entirely resistive,
the circwits of Fig. 22A add the applied voltages in proportion 1o the ratios of the individual resistors. If the
foedback impedance is capacitive, the circuits integrate the sam of the applied voltages, as shown in Fag. 22C.
The simplest wput and teedback unpedances are replaced with complex networks, either passive or active, the

amplifier circuit develops more complicated transfor functions than those shown in Fig. 22A - 22D, but a gencral
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propose analog computer emploving a multiplior mav be used to form the product of two or more vanables. In
addition, a fixed amd variable diode Bmtion generators are available to perform various non-lingar operations,
and a comparator may maks clementary decisions based on the value of a particular vaniable,

The circuit archiecture shown in Figs. 23 includes the analog front end 904 coupled between the
sensor armay 261 of a phurality of sensor and reference cell parrs 34(n), cach patr coupled 1o a corresponding log
amp 802 and filter 908 and twough multiplexer 804 to the digital back end wcluding microprocessor 901, The
output signal from filter 908 v 3 continuous analog signal. The apparatus mimics the ynderlving biological
processes cmploving discrete state spaces; this dafa is then manipulated by the arthmetical modules (AU} 306
which mathematically deseribe the physical process operating on time-varying quantibies. The analog
computaonal unit 300 and the digital pevipherals shown i Fig. 23, record, store and analyvze the bybridization as
well as the ditfusion processes, which wnderlay the biology nvestigated by the apparatus 900,

Fig. 23A 15 a schematic block diagram desernbing the mterconnection between the sensor array
signal outputs from filters 908 into a wversal analog multiplexer 955 including 1o analog fromt end 904 1w Fig.
23 The maltiplexser Y33 further enables the sclection of the avithmetical operator 914, 815, 916, 817 fornung the
AU 300, On command from micro-controlier 801 the multiplexer 935 enables the command to select the desired
arithmetical operation within AU 300,

Fig. 23B is a schematic representation of one of optional configurations of connectivity of SAW |
(sensor S1 and S2) with the anslog arithmetical modude (AU) 300, The crrawatry is an exemplary demonstration of
the multiple configurations by which the SAW sensor anit 1 can be mterfaced with the AU 300, In one
embodiment, two SAW sensors 34 are used and are connected to the AU 300 as two inputs. I addition, the AU
300 circutt 1s fited with variable gamn in the form of the extra FET transistor Q3, where the control transistor bias
Q35 changes the gamn of the section.

The circait of Fig. 23B s an illustration of the use of the arthmetical analog caloulator in wse
with the SAW sensor comprising of two SAW sensors are shown as ST and $2. Both are connected 1o a voltage
amplifier, A1 and A2 respeetively. The sensor(s) outputs two voltages, which are proportional to the
chenical/biological activity {the hvbnidization rate of analvite/antibody). These are shows as V1 and V2. These
two signals are taken to the inputs of the anthmetical module 300, configured by four FET transistors and are
manked as Q1, Q2, Q3 and Q4. The FET Q3 serves as a biag transistor, The four transistors together compute (in
this exemplary case) the tanh (hvperbolic tangent) function of the difference betweent the two mnput signals, V1
and V2. In addition, the AU 300 also computes the derivative of the same function {(d4dt of tanh). A simple
difference between the two signals 1s also present. The (AL 904 outputs ave represented as currents, marked as

11, 12 and 13. These currents are proportional to the functions described above. It is necessary to convert these

current signals to voltages, hence the addition of the tluee resistors, R1, R2 and R3. An additional stage of
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amplification is added to cach of the signals afier conversion to voltage; indicated as A3, Ad and A3 While
considering the energy used in the detection as well as the resolted arthmetical operation, the circuit in Fig, 238
exhibited the substantial saving while performing such operation. The cnergy budget s in the range of a fow
femto~anips and it is mach more efficient then a digital mathematical computation cireuit, when performing
similar operation.

{340} In the dHhustrated embodiment, however, the analog computation unit 300 may provide familiar
operations that ase differential equations. These ichude basic anthmetic operations in Fig. 22A - 22D, such as
slgebraic sum 914 and difference 913 {uft) =v{f} & w{t)), constant muliiplication or sealing (u@) = ev(1)}, variable
nishtiplication and division (u1) = v}, oft) = v} (1)}, and inversion (ufl) = —v(t)} Transcendental functions
may be provided, such as the exponential (a{t) = exp vt loganthm (u(t) = In v({1)}, trigonometnic functions {u{l)
= gin v(t), ete), and further option 1s the use of a re-solvers for converting between polar and rectangudar
coordinates. In addition, the anthmetical unit 300 perform a definite infegration 916 {u{t) = vs + to v{0) dr), but
differentiation may also be provided 917 (ulty= "v{t).

{341} A reaction-diffusion compotation is an important example of contingous-time analog compating
within the framework of the apparatus 900, which could be computed in AU 300, In one example, the state of the
system apparatus 900 with the analvte is reprosented by a set of tme~varving chemical concentration ficlds,
C1,...Cn. These ticlds are distributed across a ong-, two-, or three-dimensional space £, so that, for x € Q, ¢ (x, 1)
reprosends the concentration of analvie (k) at location x and time t. Computation proceeds in continuous time
according to reaction~diffusion eguations, which have the form: 8¢/ft = DV2e¢ + Fo),where ¢ = (gr,....0)' ix the
vector of concentrations, D = diag (dy,....dy) is & diagonal matnx of positive diffusion rates, and ¥ is nonlincar
vector function that describes how the chemical reactions affect the concentrations,

{342} There are many vanations as well as configurations of interfacing the anthmetical vt swith the
SAW sensor apray 261 and the analog-front-end 904, in one preferred embodiment the analog anithmetic umit 300
and the analog front end 904, function as one integral signal path, to niaiitain the contingous nature of the signal
fidelity, munucking the underiving cellular biological process i which hyvbridization and s diffusion cocfficient,
including its native time constant as well as its impedance value as measwred in array 261 are preserved, prior to
any digital filtering or smoothung (Curve fitting algorithm} the resulting analog signal with ity anyplified gain and
its grithmetical mampudation, is one of the essential embodiments of the proposed apparatus.

[343] if the simple input and feedback topedances are replaced with complex networks, either passive
or active, the amplificr circuit will develop more complicated transfer functions than those shown. In addibon to
the basic amplifiers, the genoral purpose analog computational vait contams a variety of special purpose units; for
exampie, multiphers to form the product of two or more variables, fixed and vanable~diode function generators o

perform varsous nonlinear operations on the variables, switches to start and modify the operations, and

65



WO 2018/057201 PCT/US2017/048055

comparators to make clementary decisions based on the value of a particular vartable. R is the compatibility and
simplicity of interconnection of these various components that give the analog computation its flexabibity and
versatility. Ag analog computer interface (ACH is aschil in a variety of applications although a digital electronic
computer is used in the back-gad to process the daia. The analog interface 13 well suited for the solving
diffcrential equations (PDE), speaifically non-hnear differential equatons and systems of equations requred in
mimicking the biological processes. The analog computation wnit is comprised of circuits that can perform
addition 914, sublraction 913, meltiplication, division, integration 916, and differentiation 917, which enable the
proposed apparatus 904 o reliably mimic the stochastic-statistical nature of the underlving clectrochemical
processes which ultimately provide a realistic ground for the biclogical sequences investigations, as well as the
ability to capture and sunne biological processes.

{344} In one of the preforred embodiments of this application, the apparatus and its method solve
specific mathematical operations needed in resolving the diffesion equation as well as hvbndization of the
antibodv-analyte conjugate. The mimicking of such biological processes is performed by connecting SAW cells |
with analog circuits to record contimuous biological processes, iy which the hyvbridization sequencing order in
celtular process is replicated in apparates 900, by emploving a suitable memory bank. The data recorded and or
analvzed by the resident microcontroller 901 and ity asseciated mamory bank can be used as pat of the
underlying wmformation necessary to understand stochastic hybndization of such biological processes, hence
provide a window to the resulting vectorial trends which altimately contribute to the resulting protein product at
the end of the chain in the mumicked celhular process. Inputs to the aircuit are voltages, whach asually vary with
time i a presenibed manner, and measurement of the output voltage wiclds the equation’s solution as a contineous
representation of the effective capacitive loading and its mverse impedance equivalont value,

[345] The method and apparatus proposed by the mvenhion enable the measurement of such process by
1tz ability to capture and analvze the data m the time domain as well as its frequency domam, hence providing for
a realistic representation of the waderlving biology and iz equivalent circuit.

[346] in one enrbodiraent the layout of the circuit and the SAW cell’'s position are configured wi a
manner, which enables a measurement of sequence and timing of the hyvbridization process. Such data of
sequencing and tme further enable statistical mappmg of biological processes.

{3471 In other embodiments, data sampling can also be time delaved to allow for sequence processing
i the temporal domain. The definition of a svstem is a collection of independent, interacting enfities forming an
istegrated whole, whose behavior is distinet and qualitatively greater than iis parts. Althoogh data samples are
specific to mdividaat cells, global patterns in the data can emerge through application of a diffusion algorithm to
the data residing in microcontrolier 901, In this seage, the amalog front interface with its digital processor enables

multiple parallel svsterns of hvbridization to be traced, due to their dvnamics, and data pattems are derrved from
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the correlation or relationship of data sequences between the different SAW cell’s units in the armay 261 by using
different antibodies focated in different SAW cell units.

{3481 An exampile for such ase is the flow of an analyte sample contaiming nwiltiple bomarkers
{antibodies} 28 and where different SAW sensors | measure and record the hybndizations of two or more of such
bromarkers antigens 29 simultaneously. A typical diagnostic procedure which enables the correlation of such, is
noted by measunng the prosence and denstiies of multiple biomarker and their respective values such as VEGF s,
c-crB-2 AND 533 from a paticnt’s sample by obtaiming the density matrices of the three biomarkers in ong
continues dataset, by the use of apparatus 900, The stmultancoys bybridization of multiple bionarkers ts here
analyzed as a phase space of multidimensional vectors 1o enable the resultant data o lead 1o a statistical
comelation of possible causal connection between multiple biomarkers such as VEGF s, ¢-ERBbB-2 and p33. A
density matnix for a biomarker 1s thus a matnix that descnbes a svstem where different parameters are available
at the same time, such as impedance, time and geometrical location of the cell, which enables a recordation of the
physical density, location and type of antibody/antigen. This is to be contrasted with a single state vector that
deseribes an assay where multiple analvies are measured. The density matrix is the analogae to probability
measure {probability distribution of position and time of hvlridization). The classieal parameterization of phase
space statistics can be used as a tool to represent the hybridization of maltiple biomarker simultancously to enable
the rosultant data to lead to a statistical correlation of possible causal connection between multiple biomarkers
such as: VEGF 55, c-erB-2 AND p33 as clinically an avgmentation of the three biomarkers with a positive
vectorial change is stabistically significant in determuning the presence of e.g. breath cancer,

{3494 A density matrix 15 a matrix that deseribes a system in a state where different parameters arc
available at the same time, a measure of several clements within that state { time and geometrical location} within
a state onable a recordation of density, location and type of anttbodyv/antigen This should be contrasted with a
single state vector that desenbes an assay where muliple analvies are measured The density matrix is the
analogue to probability mea sure (probability distribution of position and time stamps of lnvbridization } and 1t s
assumed as the measure of phase space in classical statistical moechanies,

[350} To emulate and represent a biological sequencing by state-by-state hvbndization as analog
computing device of the kind deseribed by the apphbication s needed to enable direct solution of polvnonmal
differential equations (PDEs}. In gencral a PDE solver depends on an analogous physical process, that s, on a
process cbeving the same class of PDEs that ¥ 1s intended to solve. For example, in Mills, J W, (2008}, “The
nature of the extended analog computer.™ Physica Dt Nonlinear Phenomena 237 (%) (Elsevier). pp. 12351236,
and following Lee A, Robel, deseribe ase of analog civcwt i muimicking the diffusion of electrons in conductive
sheets or solids to solve the diffusion equations. In numickang “reaction-diffusion™ biology, a contimuous-tune

analog computing is 9 necessary step in proserving the fidelity of the process. The state is represeited by a set of
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tme-varving chenueal concentration fields, ¢f .. on. These fields are distributed across a one-, two-, or three-

1

14l
el

dimensional space . so that, for x  , ckix, 1) which represents the concentration of analvie k at location x and
time t. Computation proceeds continuousty in time according to reaction-ditfusion equations, which have the
fomy Gofct = D 2o+ Fle), where e = (el . . en)T is the vector of concentrations, D = diag(dl, . . . .dn)isa
dingonal mateix of positive diffusion rates, and F is nonlinear vector function that descrrbes how the chemical
reactions affect the concentrations. The use of the analog wmodule (AL 904 cnable such procedure and realization
of the Lee A, Ruble’s archutecture in addressing the effective solution of PDE and theiy accuracy (precision), by
preserving the actual and realistic underlying biology m a continues form and without the customary digital
discrete and filtered data reduction.

A careful review of the embodiments of the nvention, domonstrate the abiliy of the celludar array
of SAW 1 sensors {0 caplure, measure, count and analyvze the entire biological process of molecidar conjugation,
in an analog continuous and rchiable fashion to enable the tasks of mimicking computational biology it a novel,

effective and were results are consistent with scientific standards,

The SAW Cell

Figs. 2 and 2A arc a diagrammatic cross sectional view of the SAW ccll | fabricated by
conventional photolithography. A sihicon (5350 pm) wafor is used as a substrate 76. A nonconductive laver 70,
such as Si0:, is disposcd on substrate 76 and used to isolate the St substrate 76 from LiTa0: crestal with the
geometrical lavout of 36° Y-cut X- axis propagation 6{. The interdigitated 1IDT tnpuwt 66 and IDT output 68
forming the oscillator wave charactenstic cell 34 are cach produced using a simple technique for the fabrication
of interdigitated electrode (IDEs) emploving conventional hithography. A top~-down simple lithography approach
15 used o fabricate a set of Interdigitated electrodes were patterned with aluminen metal. Silicon dioxide serves

to 1solate the slectrode from the substmte.

4] The gding laver 62 of the proposed SH SAW biosensor 1 follow the study and guidelines set

by 8. E. Miller, "Iotegrated Optics: An Intraduction” The Bell System Techunical Joumal, Vol. 48(7) pp. 2059-
2069 (19691, A tvpical wavegnde used 1 mtegrated acoustic 15 a staip waveguide, tvpically a thin and narrow
region having somewhat higher refractive indices than the surrounding mediom, with tvpical transverse
dimensions of ong to several wavelengths of the radiation. This last requirsment translates into typical transverse
dimensions of #reprated acoustic strip waveguides of one to several micrometers. Such guiding structures are

generally defined and produced by lithographic techniques akin 1o those used in Integrated civeuit technology.

51 Electrical and Flow Dynamic Factors of the SAW Design

6} Multiple geonretnical lavouts are avalable to realize the SAW ccll architecture and 1o
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accommodate the bwo fundamental principles puiding the metrics of the cell 34, namely the flow chameteristics of
the butter and analvte. Specifically, the molecular stz of the item desired to be measured such as VEGF -1
moieculs ranges betwesn 35-30 kBa, while E. coli bacteria and larger protoins measan: botween 200,000 kDa 1o
500,000 kDa. The SAW cell 34 13 tosted and evaluated in terms of LOD performance parameters. Families of
phase-shuft response associated with concentration of the analyte as shown in Fig. 3 curves reveal essential device
characteristics (DO} refated 1o the performance of SAW cell 34 acting as analyvtical device- brosensor. These
parametens include transconductance, threshold voltage, miv/off ratio, mobility, cte. Biological receptors such as
antibodies 40 (also called captare probes or ligands) speeific to target biomarkers 42 are physically bound to the
surface of the sensing tane 66 via a single step linking process 38, When the antibodies 40 capture target
biomarkers 42, the binding event will cause a change in the frequency or amphtude and such change s reflected
by the apparats as a differential output of phase shift 48, The amount of signal 284 i Fig. § generated is
wversely proportional 1o the concentration of bionwarkers in the sample for & narrow range of concentrations,
called the dynamic range 285 (Fig. 3). The curve represents the logarithmic output of the SAW in operation. SAW
devices usually have a narrow response range. The typical “S™ shape (veverse) of a response curve 282 ig
itustrated in Fig. 5, where the signal intensity is plotied as a function of the biomarker capturing time. At fow
analvie concontrations, still below the detection Hmit, the sensor 1 can only displav bascline signal 280. Once the
tlweshold concentration 15 seached (hinut of detection, LOD) the sensor 1 will produce response signals hnearly
proportional to the concentration of the analyte which has bound (f plotted in loganthinic scale). This linear
response typically spans one or two orders of magnitude of analvie concentrations. As the analvte concentration
comtimses to increass, the sensor sarface will be saturated, and the lower limit of response is reached 283, Atthe
fower level, further incrvase i, for example, VEGF concentration as analvie, the plot indicates saturation and
gonerates a constant response as the capacitive load reaches sty maximum coverage threshold within the geometry
of the SAW effective arca.

{337} There are many factors that influence the dynamic range 283 of biosensors, mcluding the binding
affinity of antibodics, sensor geometry, number of active receptors on the surface, sensitivity of the transducer,
ete. The SAW sensor dynamic range 15 tuned to its spectific apphication by optimizing the device geometry, as

defined by the effective flow goomatry as well as the distance between referonce lane and the sensing lane(s)

surface.
[358] Arrays of SAW Cells
{339} Fig. 4 i a schomatic of a plurality of cells sach as shown in Fig. 4 and thewr corresponding source

follower amplifiers 27 are arranged into an arsay 261 . The array contiguration and its geometrical lavout isa

fimction of ifs use, the cells in an array can be arranged in an arbifrary number of dimensions and geometrical
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configurations, such as a square. triangle, bexagonal, or any other spatially arrangement. Topologically, the SAW
cells 34 can be arranged on an infinite plane or on a toroidad space, and the nucroflutdic chambers may asswine a
variety of hydodynamical topologics to improve Huid flow and obstruction avoidance dus to sedimentation of
proteins on chambers.

{360} Fig. 4A is a geometrical representation an array of the SAW cells | configured i a toroidal shape
640 and arranged in indesed and addressable cells of the microfuidic chamber 600 x4, 600.x:...600.x,,. The
grometry proposed is simifar to a doughnut bt rather thas having an emply central "hole”, the topology of a torus
folds in upon #tself and all points alony its surtace copverge together mto a zere-dimensional point at the conter
called the Vertex. This makes it the perfect enviromment withim which to populate the SAW cell 34 and where the
analvte fows through a tovoidal manifold 600, wiich mimics the essence of an unintorrupied flow of the
biclogical payicads of buffer and its constitucnts, Any input placed at the Vertex while the torus is "torsioned”
{folded and rotated mward) is spread out and distributed over the eatire surface of the toroid. This erabodiment of
flow charactenstics provides for an improved use of the volumetric mass of the analvte: hence increases surface
area exposuare between the analvie and its antibodies, and increases the diffusion coefficient and hybridization
T3k,

{361} Fig. 21 15 a schematic representation of an array 600 of microfluidic chambers 139 and
geometrical lavout 600 of the SAW array. There are many vanations of geometry assoctated with such device and
where the considerations that define the boundary conditions for such design are subject to the intended ase and
fow-rate considerations of the devices. Since the SAW sensor array 261 and 1t apparatus 900 1 witended for
detection of antibody, an antigen, a protein, 3 receptor. an aptamer, a peptide, a DNA strand, or an enzvime, the
metric desegnated as vanable dimension (L) of array 600 and flow characteristics may vary depending on the
sampled assayv emploved by the use of the apparatus 900, The prnesple parameters are the type of fluid used, the
dimensions of the fluid chaanels and the fluid’s velocity in these channels. The relationship between these

parameters ean be expressed as the Revnolds number (Re),

inertiad forces nd vi . . - . . ) .. ) . -
Re = = = ﬁr = = which is a dimensionless guantity useful for determining the dominant profile
HEOUS R t - N :

in a flow svstom. Pasameters such as density of fluid p, the mean fluid velocity V, the hydranbic diamater of the
channel and fleid’s viscosity g ane goneral parameters for the microfluidic chambers. Typical parameter valucs for
mucrofluidic chamber in an aqueous fluid are given to enable tlow in a laminar fashion. Fig. 21 shows a network
of micro~channels 611 included in the microfluidic chip (SAW 1) connected to the outlet port 615 by input port
614 pisrced through the chup.  An optional geometry lavout is shown in Fig. 4A where the number of cells 1 as
wel as thewr layout is sabject 1o the mtended use of the apparatus 900 1w combination with the target analyte, such
as the detection of an antibody, an amtigen, & protein, a reccptor, an aptanics, a peptide, a DNA strand, or an

enzZyme.
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3621 Charging and Discharging the Cell Arvay
{363} In ong of the embodiments, defined by Fig. 21 the details of the charging and discharging cirauiis

H02 are shown, The cirouit is set to measure the RO time constant, (1), where the tinwe constant {in seconds) of an
RC circuit, is equal to the product of the cirewit resistance (in oluns) and the circuit capacitance {in farads), 10 ¢ =
R * €, which is the time reguived to charge the capacitor (dimensionally shown i Fig. 1A of the SAW 1), through
the resistive load, by = 63,2 percent of the difference between the mutial value and final value or discharge the
capacitor to =36.% percent. This value is derived from the mathematical constant (1- ¢ ¥) more specifically as
voltage to charge the capacitor versus time. where the charging of the capacitive Toad is represented as V (1) = Ve
{1- &%), while the dischargs oboys the function V (1) =V, (- ¢ %), The aray is subject 1o a cveling of charging
and discharging as discussed above, Cirawt 602 has as s input a square wave 603 o an operational amplifier
buffer 607, and includes a current o voliage anyplifier 607, feedback resistor 603, an Op-mmp ttegration circuit
608, with an input resistor 609, and a feedback capacitor 604, SAW cell 34 has the equivalent civeuit noted by
Fig. 19B, which demonstrates a circuit consisting of two double-lavered capacitors {CDL) 221 connected in series
with g resistor of medium solution (the buffer, RSol} 222, which, in tum, is connected in paraliel with a dielectric
capacitor {CCelly 223, The lead resistance (Ricad) 224 iz the sum of the sories resistances of the connecting
wires. The impedance signal output 225 1s the same as the input square wave 603, The half persod of the mput
square wave 603 should be significantly larger than the RC counstant formed by resistor 222, and capacitor 221 of
SAW 34, so that Op amp 607 has enough time to discharge the sharp transitious caused by the square wave 603,
As the capacttance change doe to hybridization betwees the analyte and the probe capture, the SAW sensor
clectronics reflect a change in amplitude of the output signal proportional to the mass accumulating on the sensing
ane. The mpedimetric change duc to capacitive loading is measured simultaneously by the phase detector 97 to
account for the relative differential output of the sensing 206 and reference lane 207,

{364} in one of the preferred embodiments, the microflutdic chamber 139 and its SAW array i3 defined
1 a two-dimensional Euclidean space, like a grid. In one example, the chambers are organized as a parallel array
261 m a defined geornetry. However, it 1s possible to armange the cells into a thwee~-dimensional space such as
noted in Fig. 4A. However, the colls in an arrav can be defined v an arbitrary nomber of dimensions and
geometrical configurations, sach as square, triangle, hexagonal, or any other spatially arrangement. Topologically,
the SAW cells 34 can be arranged on an infinite plane or on a torowdal space and the microfluidic chambers may
agswme varietios of hvdro-dynamical topologies to improve fhad flow and obstruction-avoidance due to
sedimentation of proteing on chambers walls, In other embodiments of this application the SAW cell 3418
mtereonnected with serics or parallel intereonnections suitable for measuning hvbridization of ¢ g. antibody, an

antigen, a protom, a receptor, an aplamer, a peptide, a DNA strand, or an enzyvime,
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{365} Sensor and reference SAW Cell Pairs
1366} Fig. 3 1s a diagram of the microfhadic chamber asserbly 263 divided into a bottosy section 201

of the fluid flow cell and the top section 202, The top section 202 acts as the cover to the nicrofluidic channel
meorporating the waveguide 209, IDT output 68, the distance between the gate clectrode 18 and the internal
chamber active surface 14 ix defined as the effective sensor geometry providing the unit measure of
capacitive/mnpedance por unit of surface area of the SAW cell 34. The microfluidic chamber is fabricated from a
pobymer emploving a three dimensional printer, |t can also be fabnicated on glass, ceramics and metal using
etchung, deposition and bonding, polvdimethyisiloxane (PDMS) processing, thick-film and stereo ithography as
well as fast replication methods via electroplating, fnjection molding and embossmg. Figs. 33a and 33b
diagrammatically depicts a PDMS replica molding process using PDMS procossing. As shown in Fig. 23a
photoresist 78 is spin coated onto a silicon or glass substrate 76, The resist 78 1s baked and a mask 80 is
sefectively disposed onto resist 78, which is, then exposed portrons are UV cured, and removed to define
microfhadic channels 82 therein to provide a master pattern 84, A PDMS replica mold is made by the steps
iftustrated in Fig. 25b wherein rods 86 are disposed on the master pattorn 84 and a thick layer 88 of PDMS
polvmer rosin poured over the master pattern 84 1o the level of rods 86, The POMS laver 88 is thermally cured
and released from the master pattem 84 to result in the finished PDMS replica mold 88,

[367] The microfludic chamber contains the following featares, which enable the flow of analvte and
buffer in an aqueons form through the surface fluid channel indet 203 and the Auid channed outlet 204, which
passes through the device active area 210, which is sealed by an O-ring 205, Within the sealed chamber is the
active arca 210 set in the bottom section 201 containing the SAW sensing lane 206 and neutral reference SAW
sensor cell 207, which provides output signal through the IDT output 211, Each sensor and reference cell 206 and
207 respectively, has the architecture shown in the schematic insert 212 or the cell 33 of Fig. 4. Sensor cell 206
and reference cell 207 are wdentical or substantially identical in all circuit, geonetric, chemieal and material
parametors, except that sensor cell 206 has been functionalized with an active antibody 52 layer and reforence cell
207 has been functionalized with a non~specific antibody 39 such as IeG, IgA, IgM, IgE and IgD. The output of
the sensor and reference cells 206 and 207 sespectively can be differenced m the airautry of Fig. 6 to obtan an
output indicative of anly the specific biveffoct of the functionalized SAW or sensor cell 206,

{368} A plurality of cell pairs 206, 207 of the type shown in Fig. 8 in an array form simtlar to Figs. 7
and 7A in a ctreuit archutecture schematically depicted in Fig, 6, are each combined with analog intertace 802 and
digital processing wait 804 of apparatus 80X, also called the pathfinder reader. The source follower amplifier 27 of
cach cell 34 {also referenced as cells 206 or 207} is coupled to a corresponding log amplifier 802, The use of

logarithinic analog computational method 1s employed by the proposed cireuit to widen the dynamic range of
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input operation of the SAW |, Loganthmic transduction atfords advantages such as constant-precision sensing at
any inensity {Weber's law) and 13 a requirement in desigrung otvcut 900 which operates with a sweep frequency
of 3¢ Hz to 100 kHz, and where such use is explored in one of s embodiments where the sweep frequency 1s
capable of going to lower than 30 Hz with impedance range of 30 € to 10 MQ (resistance value lower than 100
€2, and up 1o 1) ML) are available as optional mode). If the concentration of a hvbridization factor is fixed, and as
the analyie confugation increases i vadug, it is eventually hinds all the avalable antibodies molecules and
saterates the mumber of bound antibody/analyte complexes available. In addition, if the munber of binding sites
for a complex is limited (due to the finite cells of SAW | and its arrav 261 with their effective binding sites),
these sites will eventually all be bound by complexes or optionally with a gene expression that saturates. These
two sources of saturation linut the dynamic range of bybridization and recording available in apparatus 300, Fig. 6
shows a circut approach that simultaneously alleviates both these saturation problems to widen the dynamie
range. The log mmplifier 802 has an oufput voltage Ve is K times the vatural log of the input voltage Vi,
expressed as, Vout = K i, Vin + Vi, where Ve 18 the normalization constant in volts and K 1s the scale factor. &
filter 803 is then coupled to the owtput of each log amplifier 802 for the purpose of noise filtration. A multiplexer
804 multiplexes the analog outputs of the phurality of filtered log ampliticrs and digitizes the analog signals in an
mehuded analog-to~digital converter. The data is then coupled to a computer 806 with a plurality of conventional

mput/output peripherals for data processing and display.

{369 Performance Characteristics of Cells
{3704 In other embodiments, the SAW cell array 261 and apparates 300 measure the “effective seasor
geometry” which in this appheation, is the alility of the apparatus and proposed method to measure the physical

landscape of the local hvbndization (the equivalent captured arca by the hybnidization of the antsbody with sts
analvie) to map or capture such biological activity relative to the spatial and temporal terms, (differentiating such
data relative to time domain), while recording capacitive valoes, amplitede change and phase shift, by mapping
such changes relative o spatiotemporal data reduction collected by the apparatas arithmetic logic vatt 300 m Fig.
23 where multiplexer 804 enables the biosensor § to be processed by a selection of the mathematical operation(s)
shown by example Figs. 30A ~ 30D, These electrical impedance values with thewr respective time stamps of
saturation evenis enable tracking of biological scquences ocourmning on the SAW L

(371} The change in capacitive loading on the SAW 1 and its impedance 1s directly refated to its
effective geometry, which is a term of ant, identifving the surface or vohune of the SAW 1 available to capture
analvie in a process of hvbridization and its equivalent electrical change. These and other embodiments of the
mvention relate to scaling of the geometry of the SAW array, relative to flow characteristics as well as obstruction

of protein by scdimentation in the micro-flidic chamaber. The effective cross sectional arca of the flow through
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the SAW cell 1 must be larger than the cross sectional area of the flow inlet and outlet so that the physical
geametry of the senzor docs not impede the flow characteristios of the entire svstem. The capacitance due to the
sensor geometry is dosenbed in Equation (1) using the divlectric (£ as a variable which correlates with target
analyte 42 concentration w the test sample.

{1) {:ge@metry: trep “g’

Where A is the senming arca 14 between the taput and output DTy, D is the distance 18 between
the 1DTs represented as the equivalent of capacitive plates, and & is the combuned relative permittivity (diglectric
constant} of the medium measured by the apparatus 800, consisting of the VEGF sample 43, a pH buffer 28,
specific antibody 32 to captare a target analyvie molecule 42, {such as Pogaptanib sodnmm, Macugen; mfg. by
Evetech/Plizer) Amino hybndization substance, $10: insulator, and p-Si substrate; s is the peruttivity of the free
space (g2 = 88541878176 x 107" F/m); A is the total arca of electrode plates focated between the input 66 and
output 68 IDTs (shown i Fig. 2B) with width, and length shown for example on Fig. 2E, and where D 15 effective
geometry term, indicating the open spage avatlable for the biological conjugation of antibody, an antigen, &
protein, a receptor, an aptamer, a peplide, a DNA strand, or an enzyvime to ooy batween input and output [DTs.
The valucs of A and D are chosen 5o that the electncal change in capacitance/impedance, phase shift or
amplitude, due to hybndization, is effectively measured with the hnutations associated with the circulation flow
of the analyvte through the SAW sensor unit.

An exemplary expansion of the geometry of the SAW array 261 1s realized by reducimg the
goeometrical torms to its mednics. Consmdering the fact that the thickness of the surface of VEGF163 bound fo its
anttbody i1s approx. 200 nm, the scparation between the IDT fingers can be as small as a fow micrometers without
the nisk of restricting the flow due to VEGF molecule-hybridization and sedimentation of residual nonspecific
proteins. However, because the cross sectional area formed by dep. and W, it must account for the molecular
dimension in molecular weight value. Hence, the effective geometry cross sectional arca of the covresponding
flow inlet 203 and outlet 204 in Fig. 21 must follow the Revnolds (Re) flutd flow characteristics through the
SAW- chamber during the measured event, otherwise sedimentations bound to cause flow’s obstruction.

Using an example for possible favout of the SAW sensor array 261 within @ suerofluidic chamber
139, and given the dimension of 3 Freach (0.039 of an inch) inlet diameters 614, the aggregate minimem Cross
seetional arca of fluid flow through the entire parallel arrav 261 of biosensors 1 is approximately 100 nun x 8000
mum. The only free vanable in Equation (i) is the combined dielectric constant & that is the changes with VEGF
motecule hvbridization and the sorface antibody chenueal chain. In order o maximize the effective sensing area
m a small volume, the SAW 1 gpacing botween the IDT inpat 66 and IDT output 68 {(sec Fig. 1E) and arranged in
¢.g. imtordigitated fingers pattern, to vield the desired results.

Using the example desentbed above, a method for caleulating the LOD sunimum threshold for
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generating an clectrical signal {phase shuft) is subject to the mintmunm capacitive change (in microfarad) within the
etfective surface area of the SAW cell plate 64, Assuming a sarface area of 102.02 um, with d (the distance
between the IDT input 66, and DT output 68, and the effective sensing area 64 15 100 pm, so 1t follows the total
space required for cach IDT pair. Because the plate area of 1 em” provides sufficient capacitance of around 10 gF,
A is chosen as | o and We, (the width of the plates which is the distance between IDT input 66 and IDT output
68 on ong side and the waveguide 62 {structured as top of the SAW cover), shown in Fig. 1A and 1B, chosen as
0.8 om, this exemplary peometry results i a total fongth of plates of 12300 pm. With Loy (the length of' the
plates) chosen as 623 pm, and where there are 20 SAW cell parrs arcanged in interdigitated finger pattern, Thus,
the total internal volume of the arvay modude is 8000 ym (D) x 725 pm (H) x 4040.4 wm (L}, With the dimensions
noted above the applicant, performed a study to confirm the process and validate the working assumptions wsed
by the proposed application.

(377} The measurement technique emploved in computing the total output of the electrochenncal cell,
as noted by Figs. 1 and 1A, is simply the SAW { change of dielectnie valae associated the hybrdizanion of the
analvie/antibody and where & 18 the combined relative permuttivity and dielectric of the medimm relative to the
swep frequency o) attenuating the capacitive load/impedance while changing the device characteristics (DC)
of SAW output (Vds-La)

[378] in one embodiment, the mvention teaches of an analog front end circuit 804 {shown in Fig. 21)
which enables charging and discharging of the “effective space”™ between the IDT mnput 66 and the IDT output 68,
to enhance polarity’s kinetics between the analvite the electrochemical SAW cell, at the appropriate frequency,

and measure s equivalent capacitance from the average current in hatf-period, as is noted in Equation (1),

rvny an _ Cav R
{3791 {11} avg = :E::;é' = T;;g = 2LAVE
{380} Where AV and {, arc known and {.e can be measared. This measurement technique is iHustrated

in circuit 602 m Fig. 21, which consists of two separate circuits. The op amp scurce follower 27, which increases
the input impedance of the electrochemical SAW cell 34 so that the cell can be driven by a near perfect square
wave by a digitad outpigt signal line from a nucrocontroller 901, The frequency (£} of the square wave 603 is
chosen as the maxanman frequency that completely charges and discharges the capacitor in the electrochemical
SAW cell in the half period. The charging of the capacitor arcates a charge ficld, which allows the binding of the
desired molecule and the discharging of the capacitor to free the molecules, which bind due to tonic or electrical
polarity. This allows the devies 1 1o bind and unbind nonspecific iome molecalos so that there is not 8 permanent
baild wp or binding of nonspecific proteins due to lonic mesbers within the buffor solution 28, The second part of
sguare wave 03, converts L. into voliage value with a known resistor value of resistor 63 and amplified with a

pre Op-Amp 607, 'V, at the output of the Op Amp 607 is caleulated as shown in Equation (i),
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r x vy . NV,
[381] ([ Vy = CooR; —2
3821 An op amp imfegration circait as a source follower armangement converts the transient voltage

values 606, mto a square wave 643, as shown in Equation (v},

. . 1 eV,
383 WY Vo = — — [ =2 dt

[383] @) Vou = - ¢ /2

{384} Substinsting Equation (1) into (11), the output of circuit 602, as a function of #s mput can be

calcudated as shown in Equation () leading to Equation {w).

gy oy - 1 s d¥y,

| 385} () Vo = =z f CoenRy =375 b

T i) — CC%’.‘HHE :

{386} (v1) Vo = R, e

{387} The output voltage of circutt 602 sampled by an ADC 804, (shown in Fig. 6) is proportional to

the value of Coui. The multiphication of this principle as # 1s apphied to a matnx of SAW cells 261 m an amay
format and 1ts selectod optimal geometry terms, 18 provided to achieve the desired results of parallel detection and
computing apparatas 300 switable for the specificity of the measarement. or for sunticking of such dynamics,

using muitiple parallel geomeirical arrangements as contemnplated by the invention and 1ts embodments.

[388] Proof of Concept Performance
{389} Fig. 8 is a molecular diagram of the functionabization of active surface 14 using epoxide

muclcophific substitution chemistry, The descaption provided below is an example of the chenmical bonding of the
sensing area 206 and its functionalized group while fornung the SAW effective geometry, resultng in the
attenuation of the SAW 1o generate the desired signal while hybridizing the analyte with its specific antigen. An
antibody 293 or amino-modified aptamer can be covalently linked to the poly (glveidvl methaerviate) (PGMA} 19
coated active serface {4 through a necleophilic substitution reaction. The nucleophiles on the antibody {c.g. lysine
residucs and the amdnc-terminus} will attack the electrophilic carbon of the ¢ bond, forcing the ring opening of
the highly strained epoxide group 294, The nucleophilic nng opening of the epoxide by anvines results in the
formation of a f~anuno alcokol group on the PGMA polvmer, with the antibody or anvno-aptamer 293 covalently
attached to the PGMA 19, This mucleophilic substitytion reaction between the epoxide groups on the PGMA and
nucicophiies on the antibody allows for any antibodies and amino-modificd apraners to be covalently linked to

the active susface 14,

{390}
391 Molecelar Modehing of Binding
{392} Fig. ¢ is molecular diagram of an altemate process of functionalization of the active surface 14

using pyvrene through #-n interactions. Non-covalent functionalizatron of the active surface 14 can be achieved
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using pyrene 296 and pyrene dervatives 297, The aromatic groups on the pyrene and pyrene derivatives are
bound to the surface of the active swrface 14 through non-covalent s-x iivteractions. The strong w-r interactions
between the aromatic pyreng i1s a combination of electrostatic and van der Waals inferactions. The geometry of
interactions is determined by the electrostatic effects, while the van der Waals interactions contribute to the
magnitude of the n-x interactions.

{393} Fig. 10 is a molecalar diagram of the covalent smmobilization of antibodies 40 to carboxyd groups
through amide Hnkage. Surface carboxyls on the active surface 14 or the carboxyls on the pyrene 301, s activated
using i-cthvl-3-(3-dimethyvlaminopropyl} carbodunude {(EDC) 302 for direct conjugation with primary amines via
amide bond linkage. The EDC-activated carboxylic acid forms an active O-acvlisourca ester intenmediate that can
be displaced through nucleophilic substitetion from the amines. To prevent rapid hvdrolysis of the O-aeyhsourea
estor intermediate, N-hydroxvsuecinimide (NHS) 304 is added to the reaction, forming an amine-reactive NHS-
exter that has improved the stability. The anttbody 40 will be inked to the carboxyvis through covalent mmide
linkage by displacing the NHS. This EDC/ANHS snmobilization process altow for any antibody or protein to be
immobilized on the active surface 14 through the covalent amide linkage between the amines on the antibody and
carboxylic actd groups on the pyrene or on the active surface.

[394] Figs. 17A and 178 are molecular diagrans of the iiteraction between the aptamer 2935 and single-
strand oligonucleotides. Fig. 11 A shows the interaction between the aptamer 295 and smgle-strand
ohigonucleotides and Fig. 111 shows a schematic of how aptamer 2935 binds antigen 307, Aptamers are single
stranded oligonucleotides (DNA or RNA) selected against a target molecude using systene evolation of ligands
by exponential ensichment (SELEX). Aptamers provide several advantages over antibodics including improved
stability and site~-specific modification of the aptamers to allow conjugation of a reporter molecule {dye) or a
functional linker for immobilization, long self+hife, and storage temperature, 1.0., can be stored at room
temperature for several months. The unigue sequences of the oligonucleotides allow each aptamer to fold and
adopt specific secondary and fertiary structure. The affinity and avidity an aptamer has for its target depends on
how well the aptamer will f#t into a cavity of the protet or farget moleeuls. In other words, the binding botween
an aptamer and a target moleeule is dependent on the surface residues of the antigen 307 and the structure of the
aptamer 203,

13954 Figs. 18A-C are molecular diagrams of the capture of analvie with the SAW sensor. The active
surface 14 functionalized with PGMA can be used to covalently attach antibody 40 or amino-modificd aptamer
295, while pyrene derivatives 297 can be directly tethered to the pristine active surface through mew imeractions.
The SAW sensor functionahized with the aforementioned modification process can then be used to captare any
target analyte 42 of wntorest ranging from small molecules sach as glucose, nacleie acids in Fig. 124,

‘

peptides/proteins 311 in Fig. 128 and microorganism including bacteria and viruses 314 in Fig. 12C.
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396} {astrumentation Circuits for Analytic Processing in Cell Avrays
3971 Fig. 13 is a block diagram of the clectronic circuit 900, which detects specific biomarker

antigen{s) o.g.. in serum, CSF, and bactenia in food emploving the SAW sensor | after appropnate surface
modification on the basis of application on hand. In the embodiment of Fig. 13 is a deseription of a time
dependent measurement of the saturation of the sensor cell 34 1s ased as the data point. Circuit 900 includes a
microcontrolier 901, impedance converter 902, a divect digital svnthesizer (DDSY 903, an analog front end (AFE)
S04, a Z pultiplexer {(MUX) 903, a gain multipleser (MUX) 906, and a saturation detection circuit 907, The
circuit 900 operates with a sweep frequency of 30 Hz to 100 kHz. In one embodiment, the sweep frequency is
capable of going to lower than 30 He with impedance vange of 30 Qo 13 MO, providing for example 16 sweep
points to define the lingar response curve. It s within the spurit and scope of the invention to increase the number
of sweep points 1o augment the number of data points and to further mprove the statistics to represent a smoother
linear curve. The apparatus 900 also includes additional mathematical signal processing tools within the
microprocessor ¢.8. using a least squaves or the polvnonuial curve-fitting algonthum by the Newton-Raphson
method.

[39%] The apparatus 900 1z 3 multiplexed data acquisition and analysis platform for measuring and
recording of hyvbnidization and flow cviometrie analvsis of analvie-antibodies m assays that performs
simuhtancous measwrement of multiple different analvtes. The svstem consists of an array of SAW cells 261 with
a distinct sets of specific probes and the resultant output of the hvbridization are addressable by the restdent
microcontroller 901 interfaced with a digital sigeal processing board and software. In one embodiment, we
emplov mdividaal sets of microgpheres sach as gold nanoparticles (GNPs) 29 that can be modified with reactive
components such as antigens, antibodies, or oligonucieotides, and then mixed 1o form a pwltiplexed assay set.
The digital signal-processing bardware and software provide complete control of the flow cvtometer and perform
real-time data processing. allowing multiple independent reactions to be analyzed simultancousiy, The system 900
performs qualitative and guantitative immuenoassavs for multiple serant proteins in both captures. The system can
be used to perform DNA sequence analbvsis by nudtiplexed competitive hvbridization with different sequence-
specific oligonucieotide probes.

{3991 Fig. 14 1s a diagram representing the phase shift coverage range 909 as a function of froquency
with and without the use of the analog front end (AFE) 904 and dircct digital synthesizer (DDS) 903, The unpedance
converter Y02 has limited coverage in terms of frequency range and impedance range, as shown by region A, while
region B indicates the expanded lower impedance measwrement range provided by the inchusion of the DDS circait
903, region C indicates the expanded lower frequency range afforded by the mcorporation of the AFE circuit 904,

and region D represents the fully expanded test frequency range and widened mipedance measurement range
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emploving the AFE 904 and DDS 903 together,

JdH Farther claboration of the system 900 operation is noted by following Fig. 13 signal fow, where
micocontroller 901 {such as PHCIZMXG80FSIZLY is used to direct traffic, CPU (M) 901 fasther fotches
instructions, decodes cach mstruction, fetches source operands, executes cach instruction and writes the resulis of
mstruction exccution to the proper destinations. The microcountroller 801 selects via gain multiplexer 906 a cell and
compares the outputs of the SAW sensors 34 (or array 261) with impedance converter 902 (such as AD3933). The
AD3I933 is g high precision impedance converter system solution that combines an on-board frequency generator
with a 12-bit, 1 MSPS, analog-to-digital converter (ADC). The frequency generator allows an external complex
wupedance 1o be excited with a known frequency. The response signal from the impedance cell is sampled by the
on-board ADC and a diserets Founer transform {DFT) 1s processed by an on-board DSP engine. The DFT algorithm
returns & real (R) and imaginary (I} data-word at each output frequency. Once calibrated signal 1s achieved by
comparing between biosensor signal cell and biosensor reference cell; the magiutude of the impedance and relative
phase of the impedance at each freguency point along the sweep is easily caleolated by the arthmetical unit {AU).
The DDS 903 anit {sach as AD9834) defines the clock traffic within the apparatus 900 with tts other functional
blocks of the analog front end 804, The BAW sensor outputs 18 constantly compared by the saturation detector 907
and caablos a selection of the appropriate gain necessary for lincarization as shown and deseribed by Fig. 14 with
its direct digital synthesizer (DDS), Fig. 15 where the signal vndergoes a mult gam stage which ncrcases the
wnpedance range, and Fig. 16 where saturation detection civcuit determines the appropriate value to be selected
from the gain bank resistor 806,

{401} The benefit of using the external AFE cireuit 904 is that #t provides reduced outpot impedance of
the signal source, where the impedance converter Y02 has output resistance associated with each programmable
output voltage {200 £ to 2.4 k€2), while emploving a low-output impedance {1 £) source follower amphfier 27
with sufficient bandwidth as a baffer to ehiminate the effect of noise on the wmpedance measurement sampled by
the apparatas 900,

{402} To re-bias the excitation signal, cach progranymable output voltage in impedance converter 902
has a different bias associated with 1t, and adding high pass filter 908 1o remove the DC bias from the transmit
stage and re-biasing the AU signal allows the DC bias to be re-centered at midpoiat, Ve Sinee the amplifier 910
mn Fig. 13 on the receiving path 1s also DO biased at Ve, thens 1s zero DC bias applicd to the biosensor, This
avoids possible themmal damage to the fluid sample (anttbody and analyie} due to an applied voltage over a long
measurement tme.

{403} Since the smatlest excitation signal Ve = 198 mV and Ve = 173 mV from impedance converter
902 1s greater than what the biosensor | requares, i one embodiment, op-amps are emploved to further attenuvate

the excitation signal 1o 40 mV., and to apply proper gain before foeding the sigaal back to the impedance converter
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902, Due to the complex nature of biosensor impedance over wide sweep frequency, the impedance value may be
as smmall as fow mav dozen ohm, and as large as several Mega obm. The active cireait 908 1s designed to measure
impedance from 100 Q to 10 MO namely a ratio = 10 MOQETGOL = [QO000,

{404} Fig 21 13 3 schematic of partial multi-gain stage post amplifier circuit 910 weluded i gain
multipleser Y06, which is incorporated 1o solve the wide tmpedance range problen expressed n Fig. 14, where
the impedance range spans from 10 MQ 101000 This order of magnitude range is achieved by placing a multiple
resistor bank 913 as the gain feedback rosistor of the post-amplifier 910, using in this example four switched
resistors te cover the endire sampling range. The calibration resistor bank 913 15 included 1o provide mdividual
calibration at each gain stage.

4054 Fig. 16 15 a schomatic of o partial saturation detection circuit ¥11 meluded within saturation
detection circuit 907, samples the post amplified signal {0 to 3.3 V) provided to the impedance convertor 902, and
compares if with the hugh (VeefH = 3,13 V) and low (Vrefl. = (.15 V) thresholds. If the signal is out of the range,
the comparator outputs CompH and/or Compl. will be tugh, causing the alarm to be set by the flip-flop 912, The
alarm is momitored by the microcontroller 901, and tnggers the auto gain selection software modale to lower the
mpat amplifier gain in gain multiplexer 906 by selection of an appropriate reststor value in cirawit 910 in Fig, 135,
which Iz included in gam multiplexer 906, The microcontroller 901 then clears the alarm by setting the reset pin,
CLEAR, hugh in the flip-flop 912 of circuit 911 10 Fig. 16,

[4636] Fig. 17 is a flowchant 995 detaling the auto gain selection software logie in mucrocontrolier 901
designed to select the proper post~amplifier gain based on the ouiput of saturation detection cirawt 907 o isure
the impedance signal within bupedance convertor 902 1s within its linear range. In one embodiment, the
embedded software is designed to function as a state machine to control the impedance measurement sequence of
mmpedance converter 902 over output 714, and to further provide control of DDS 903 over output 912,

{407} Fig. 17 further dlastrates the methodology of the impedance measwrement sequence of circott
detail defining the tmpedance converter, Calibration begins at step 100 followed by configuration of the cirouit
902 (impedance converter using ¢.8. a device such as ADS933) at the first frequency sweep point at step 102, The
ain of gain multiploxer 906 18 set at us highest gain at step 104, The impoedance at the fivst sweep s then
measuyed at step 106, A determunation is made at step 108 whether or not saturation has been achieved. If
saturation has been achioved, then the gain of gain multiplexer 906 iy sef to a lower level at step 110 and the
process retums to step 104 for the next series of sweeps. If saturation has not been achieved, then a measurement

result is saved by microprocessor 901 at step 112, A deternunation is then made at step 114 whether or not the
frequency syeep Just made is the last one to be made in the series or not. If not, then the next frequency sweep
point is selected at step 116 and the procoss returns to step 104, If the frequency sweep made is the last one of the

programsied series, then the calibrated magnitude and phase of the impedance is calculated at step 118,
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[408] In another embodiment, the software provides the communication protoco! with the graphic nser
mterface {(GUI} 918 over universal serial bus (USB) 919, In another embodimant, the software provides gencral-
parpose mpatioutput {GPIO) controd of gain and £ multiplexing. In another embodiment, the softwars provides an
alart in the event of saturation detection.

[409] In another embodiment, the software provides vanable gamn selection, and automatic calibration
of the svstem. The flow diagram depicts an impedance converter 903, which is a high precision wnpedance
converter system solution that combines an on-board frequency generator such as for example Analog Devices
ADS933 with a 12-bit, 1 MSPS, analog-to-digital converter (ADC). The frequency generator allows an external
complex impedance to be excited with a known frequency. The response signal from the impedance measurement
is sampled by the on-board ADC and a discrete Fourier transform (DFT) is processed by an on-board digital
signal processor DSP engine m converter $03. The DFT algonithm retams a real (R) and imaginary (1) data~word
at cach output frequency for impedance. Once calibrated, the magnitude of the impedance and relative phase of
the impedance at each frequency point along the sweep 1t calenlated. This is done by micrecontrolier %01 using
the real and imaginary register contents, which can be read from the serial IC interface. The microcontroller 901
conunands the gain maltiplexer 906 to sclect the proper resistance value as indicated and described by Frg. 14, 1f
saturation is detected by the circuit 912 defined by Fig. 16 then the microcontroller 901 conymands the multi-gain
circuit 910 deseribed 1o Fig. 15 to seloct the appropriate value, and the measuremnent is taken and stored. The
process is reinitiated upon command from the microcontroller 961,

{410} Fig. 18 depicts a display screen 918 of the graphic user interface (GUIY, indicating the vanous
parameters needed o enable the aser iterface to perform the tasks and display the relevant data and analysis of
the SAW sensor 1, The data nuning as well ax data reduction and display are noted in examples using MATLAR
for a fintte state machine, to control and model the SAW sensor amvay, can configure and modify the visual and
fields of interest on demand. Usimg finite state machines to model control logic of 3 reachive system displavs a
finite set of states and behaviors and how the svstem transitions from one state to another when certain conditions
are true. Examples of operations containing complex inypedance measureraents, includes scheduling a sequence of
tasks or steps for a svstem defining fault detection, isolation, and recovery logic supervising how to switch

between differont modes of display and analysis options.

[411] Circuit Modeling of the SAW Cell
{412} Fig. 19 shows an R/C equivalent cirenit of sensor 34 where R 218 and € 221 are in parallel.

Where R 218 = 10 k€ {9.86 kQ measured) and the value of C 221 = 10 oF (9.5 oF measured}. Using this
cquivalent circiat of sensor 34 as exemplified by a prototvpe fabricated at our laboratory, a set of experiments

were conducted m order to validate the modeling of the novel biosensor | and #'s analog-fromt-end. The device-
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measured impedance agasinst the sweep frequency from 50 Hz to 100 kHz mdicated a close correlation between
data obtained vs. theoretical prediction of the SAW sensor 1. The data were collected using the developed
impedasce measurement devies, Le., Pathfinder or Reader of Fig. 6, and the plotted data indicate the observed
impedance value against the applied frequency using excel via MATLAB, emploving the general expression for
mpedance of 30 Hz to 100 kHz CPE is as follows:

417 5 1 i(’) B
[413] Zepg e’V iy

{414} Where V is the voltage across the sensor 1, © s freguency applied to the sensor 1 and oy 18 the
froguency of 30 He to 100 kHz. Here, o value is in between § (Zepe bocomes entirely resistive) and 1 (Zepe
bacomes entirely capacitive), We have scon the alpha range from 0.5 to 0.9 depends on the data set and modeling
configuration and the o value changes during the anti-bodv/antigen conjugating process. In the time domain, a
simple exponential curve for the R/C equivalent circuit did not accurately deseribe the actual circuit equivalence
of the sensor 1. The RAC network™s impedance 18 caleulated i an Excel spreadsheet using Matlab. The test data is
collected vsing Pathfinder. The calculated and measured data are plotted against each other in Fig. 20. The graph
of Fig. 20 shows the magsaitude of the impedance and its corresponding phase change with the apphed frequency,

{415} A Dbiosensor { was tested to compare the results observed by Pathiinder of Fig. 6 and a
commercially available electrochemical impedance spectroscopy {EIS) (Zahuer, Model # IM6). Both results ave
shown in the Fig. 27. The data obscrved at the frequency mnge from 3 kHz to 300 kHz. The impedance increases
with the deercasing frequency for both cases, which is supported the theoretical model. Fig. 28 15 a graph
comparing the phase of the mpedance as observed by Pathfinder i Fig. 6 and a conunercially available

electrochemical impedance spectroscopy (Zabner, Model # IM6). The same biosensors 1 were used for both

{416} Analog Computational Unit included in the Analog Front End
[417} Fig. 224 - 30D are schematics of analog operational cirenits that may be used it an analog

comptational analvzer used 1n the application Incorporating the principles of cellular SAW array, where a
patallel computing paradigm sinular to newral networks 1s applied in order to solve the diffusion as well as the
hybridization probdem for 3 vanety of proteins and DNA captured by the apparatus 900 in 2 manner iy which the
celiular biological process-dynamics 1s mimicked and the undertving protein sequences observed in the sensor | is
counted and certain arithmetical procedures are applied. It is o be understood that many other analog opevational
circwits i addition to those shown in Fig. 224 - 30D could be included.

[4 18] Following Shannon, CE.1941. “Mathematical Theory of the Differcntial Analyzer”™ We employ
an analog compuiation method with an exemplary rendition of sach circuit, as # i3 a better analvtical tool-

modeling for capturing analvzing and weporting of biological process, as its structure as well as its operation,
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where Diffusion, Hvbridization, Bio-Kinetics, are process which its continues/non-diserete nature is bhetier
represenied amd gocurately resemble the physical laws and where computation is realized as an analogee fimetion,
One essential property of analog cirouits is the ability to use fower devices than cornssponding digital circuits, for
exampie, a four-quadrant adder {capable of adding two signed numbers} can be fabricated from four transistors,
and where two transistors are sufficient to compute the loganithm or exponential, five for the hyperbolic tangent
(which is very usefud in newral computation), and three for the square root. As discassed herein, an analog
computation wat is incorporated to snable the apparatus 900 with 1ts SAW | 1y 3 sensor array configuration 261
to generate data stream manipaixied by the arthmetical operators such as described by Fig. 224 - 30D,

Fig. 22A shows a sununing amplifier, Fig. 22B shows a difference amplifier, Fig. 22C shows an
mtegrator and Fig. 22D shows a differentiator. The analog computation devices of Fig. 224 - D employing the
SAW cell anit 1 10 an array matrix-configuration are combined and avanged to perform algebraiv and mtegro-
differential operations acting upon continuous or analog signals. The high gam D.C. source follower amplifier 27
asg exhibited by the configuration of SAW cell 1, forms the basic operational element of detection. If the passive
components i both feedback and input arms are entirely resistive, the circaits of Fig. 22A add the applied
voltages in proportion 1o the ratios of the individueal resistors. If the feedback impedance is capacitive, the circuits
mtegrate the sum of the applied voltages, as shown i Fig. 22C. The simplest input and feedback impedances are
replaced with complex networks, either passive or active, the amplifier circutt develops more complicated transfer
functions than those shown in Fig. 224 - 30D, but a general propose analog computer emploving a multiplrer
may be used o form the product of two or more variables. In addition, a fixed and variable diode function
generators are avattable to perform various non-lincar operations, and a comparator may make clementary
decistons based on the value of a particular vanable.

The cireunit architecture shown in Figs. 32 mcludes the analog front end 904 coupled between the
sensov array 261 of a plurality of sensor and reference cell pasrs 34(n), each pair coupled 1o a corresponding log
amp 8 and fitter 908 and through meltiplexer 834 1o the digital back end including microprocessor 9. The
output signal from filtor 908 is 3 continuous analog signal. The apparatus nunuics the underlyving biclogical
processes emploving discrote state spaces. This datais then manipulated by the anthmetical modules (AU) 300
which mathematically desenbe the physical process operating on time-varving quantibies, The analog
computational unit 300 and the digital peripherals shows in Fig. 23, record, store and analvze the hybridization as
well as the diffusion processes, which underlay the biology investigated by the apparatus 800,

Figs. 31{A), 3KB), 3HC) and 31D} are schematic diagrans of the arithmetical wits (AL 300
that forms the analog computational apparatus of the SAW cells 261, The use of the SAW sensor as configured in
this application i an electronte device for kne-power low-voltage digital or analog circwit application. In one of

its embodiments, we teach a low-power, low- voltage SAW s construction with its operational amplifier
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{OPAMP), fornung an analog artthmetic computing cireuit, acting as operators in an analog calculator, where the
basic building block are: an inverting amplificr, non- inverting amplifier, adder, substractor, differentiator, and
integrator. Example of such an operator acting on the data generated by hvbridization is described in Fig. 23B.

[422] Fig. 23A is a schematic block diagram describing the interconnection between the sensor array
signal outputs from filters Y08 into a umversal analog multiploxer 935 including in analog front end 904 mn Fig.

23, The meltiplexer Y535 further cnables the selection of the arithunetical operator 914, 915, 916, 917 forming the
AU 300, On command from micro-controler 801 the multiplexer 933 enables the command via analog
computational unit 933 1o seloct the desired arithmetical operation within AU 300,

[423] Fig. 23B is a schematic representation of one of optional configurations of connectivity of SAW |
{sensor §1 and $2) with the analog asthmotical modude (AU 300, The circwitry 18 an exemplary demonstration of
the maltiple configurations by which the SAW sensor anit 1 can be interfaced with the AU 300 In one
embodument, two SAW sensors 1 are used and are connected to the AU 300 as two nputs. In addition, the AU
300 circuit 18 fited with variable gain in the form of the extra FET transistor Q3, where the control transistor biag
Q3 changes the gam of the section.

{424} The circait of Fig. 23B s an illustration of the use of the artthmetical analog caladator in use
with the SAW sensor, comprising of two SAW sensors ane shown as 81 and 52, Both are connected to a voltage
amplifier. A1 and A2 respectively. The sensor(s} output two voltages, which are proportional to the
chemical/biological activity {(the hvbridization rate of analvie/antibody). These are shows as V1 and V2. These
two signals are taken to the inputs of the anthmetical module 300, configured by four FET transistors and are
maked as Q1, Q2, Q3 and Q4. The FET Q3 serves as a bias transistor. The foar transistors together compute (in
this exemyplary case) the tanh (hvperbolic tangent) function of the difference between the two nput signals, VI
and V2. In addition, the AU 300 also computes the dertvative of the same function (d/dt of tanh). A simple
difference between the two signals 15 also present. The (AL 904 outputs are represented as currents, marked as
11,12 and 13. These currents are proportional to the functions described above. It is necessary o convert these
current signals to voltages, hence the addition of the thuce resistors, RE, R2 and R3. An additional stage of
amplification 18 added to cach of the signals after conversion to voliage, indicated as A3, Ad and A3 While
conwidening the epergy used 1o the detecthion as weldl as the resulted anthimetical operation, the circuit m Fig. 23B
exhibited the substantial saving while performing such operation. The cnergy budget s in the range of a faw
fomto-amps and it is much more officient then a digital mathematical computation circutt, when performing
sinilar operation.

{425} in the dHhustrated embodiment, however, the analog computation wnit 300 may provide familiar
operations that vse differential equations. These tnclude baste arithnretic operations in Fig., 22A - 30D, such as

algebraic sum 914 and difforence 913 (D) =v{t} £ w{l}), constant reultiplication ot scaling (u(f)} = ov(l)), variable
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muttiphication and division (uft) = v{thwit), o) = v{t)¥w(i}), and inversion (aft) = —v{t}). Transcendental functions
may be provided, such as the exponentiad {08} = exp v{t))loganthm ((t) = by v(1)), gonometiie functions {a{h)
= gin vt} ete)), and further option is the use of a re-solvers for converting between polar and rectangdar
coordinates. In addition, the arithmetical unit 300 perform a definite integration 916 (a(f) = vs + [ to w{v) du), but
differentiation may also be provided 917 (u(ty= "v{t).

{426} Reaction-diffusion computation is an important example of continuous-time analog computing
within the framework of the apparatus 900, which could be computed in AU 300, In one example, the state of the
system apparatus 900 with the analyte is represented by a set of tme-varving chemical concentration fields,
Cy,....n. These ficlds are distributed across a one-, two-, or three-dimensional space 2, so that, forx € O, o{x, 1)
represents the concentration of chemical (k) at location x and tune t. Computation proceeds in continuous time
according to reaction-diffusion cquations, which have the form: d¢/ft = DV2¢ + F{c),where ¢ = (gr,....¢o)' isthe
vector of concentrations, D = diag {dy,....dq) 15 & diagonal matnx of positive diffusion rates, and ¥ is nondinear
vector function that desenbes how the chemical reactions affect the concentrations.

1427 Thers are many vanations as well as configurations of interfacing the asithmetical anit with the
SAW seasor array 261 and the analog-front-end 904, 1 one preferred embodiment the analog arithmetic unit 300
and the analog front end 904, function as one integral signal path, to sravdain the continuous nature of the signal
fidelity. munucking the underhving cellular biological process n which hvbridization and 1ts diffusion coefficient,
ncluding #ts native time constant as well as s impedance value as measured in array 261 are proserved, prior to
any digital filtering or smoothing (curve fitting algonthim) the resulting analog signal with its amplified gain and
its arithmetical manmipudation, is one of the essential embodiments of the proposed apparatus.

[428] if the simple input and feedback wmpedances are replaced with complex networks, either passive
or active, the amplifier circuit will develop more complicated transfer fanctions than those shown. In addition to
the basic amplifiers, the genoral purpose analog computational unit contains a variety of special purpose units; for
exampie, multiphers to form the product of two or more vanables, fixed and vanable~diode function generators o
perform various nonlinear operations on the vartables, switches to start and modify the operations, and
comparators to make elementary decisions based on the value of a particular vartable. 1t is the compatibility and
simplicity of interconnection of these various components that give the analog compatation s Hexability and
versatitity. An analog computer interface {ACT) 1s useful in a vanety of applications alRhough a digital electronic
computer 1s used in the back-end to process the data. The analog mterface 1s well suited for the solving
differential equations (PDE), specifically non-linear differantial equations and systems of equations required in
minueking the biclogical processes. The analog computation unit is comprised of circuits that can performs
addition 914, subtraction 915, multiplication, division, integration 916, and differentiation 917, which enable the

proposed apparatus 900 to reliably nunuc the stochastic-statistical nature of the wnderdving clectrochemical
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processes which ultimately provide a realistic ground for the biological sequences wrvestigations, as well as the
ability to capiure and mimic biological processes.

{4291 In ong of the preforred embodiments of this application, the apparatus and its method solve
specific mathematical operations needed in resolving the diffusion equation as well as hvbndization of the
antibodv-analyte conjugate. The mimicking of such biological processes is perfornied by connecting SAW cells
34 with anafog errowits fo record continuous biclogical processes, in which the hybridization sequencing order in
celtular process is replicated in apparates 900, by emploving a suitable memory bank 813, The data recorded and
or analvzed by the resident nucrocontrotier 901 and its associated memory bank can be used as part of the
underlyving information necessary to understand stochastie hybndization of such biological processes, hence
provide a window to the resalting vectonial trends which ultimately contnbute to the resulting protein produet at
the end of the chain in the municked cellular process. Inputs o the civowat any voltages which usually vary with
timme in a prescribed manner and measurement of the output voltage vields the equation’s solution as a continuous
representation of the effective capacitive loading and its inverse impedance equivalemt valtue.

{430} The method and apparatus proposed by the invention enable the measurement of such process by
1ts ability to captare and analyze the data in the tme domain ag well as its frequency domain, henee providing for
a realistic reprosentation of the underlving biclogy and its equivalent circuit.

{431} in one embodiment the layout of the cirenit and the SAW cell’s position are configured in a
manner, which enables a measurement of sequence and timing of the byvbridization process. Such data of
sequencing and time further enable statistical mapping of biological processes.

{4324 in other embodiments, data sampling can also be time delaved to allow for sequence processing
in the temporal domain, The definition of a system is a collection of independent, interacting entities formmng an
mtegrated whole, whose behavior is distinet and qualitatively greater than fis parts. Although data samples are
spectfic to mdividaal cells, global patterns in the data can emerge through application of a diffusion algorithm
the data residing in sucrocontrolier 901, In this sense, the analoy front mterface with #s digital processor enables
multiple parallel systems of hyvbridization to be traced, due o thewr dyvianuics, and data patterns are derived from
the correlation or relationship of data sequences between the different SAW cell’s usits m the array 261 by using

different antibodies located m difforent SAW cell units.

Trd
Sk

An exampile for such ase is the flow of an analyte sample contaming nwiltiple bomarkers
{antibodics) 28 and where different SAW sensors | measure and record the hybridizations of two or more of such
biomarkers antigens 29 simultaneously, A tvpical diagnostic procedure, which enables the correlation of such, 18
noted by mweasunng the prosence and densities of multiple biomarker and their respective values such as
VEGF165, C-ERBb-2 AND P33 from a paticat’s sample by obtaining the density matrices of the three

biomarkers in one continues dataset, by the use of apparatus 900, The simwltancous hybndization of swltiple
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biomarker is here analyzed as a phase space of multidimensional vectors 1o enable the vesultant datato lead to a
statistical correlation of possible causal connection between multiple biomarkers such ags VEGF163, ¢-ERBbB-2
AND p33. A density matnx for a biomarker is thus 3 matnix that desenbes a system where different parameters
are gvailable at the same time, such as impedance, time and geometrical location of the cell, which enables a
recordation of the phvsical density, location and type of antibodv/antigen. This is to be contrasted with a

single state vector that desentbes an assay where multiple analvies are measured. The density matrix is the
analogue to probability measare (probability distribution of position and time of hybridization}. The classical
parameterization of phase space statistics can be used as a tool to represert the hybridization of mutltiple
biomarker simubtancously to enable the resultant data to lead 1o a statistical correlation of possible causal
connection botweon mulliple biomarkers such as; VEGF165, C-ERBb-2 AND P33 as clinically an augmentation
of the thres iomarkers with a posiive vectonal change 13 statistically significant in determining the prosence of
¢.g. breath cancer,

A density matrix is a matrx that describes a systemt b a state where different paramneters are
avatlable at the same time, a mweasure of several clements within that state ( fime and geometrical location} within
a state cnable a recordation of density, location and tvpe of antibody/antigen This shoudd be contrasted with a
single state vector that describes an assay where multiple analvies are measured  The density matnix is the
analogue to probability mea sure (probability distribution of position and time stamps of hybndization ) and it
assumed as the measure of phase space in classical statistical mechanics.

To enutate and represent a biological sequencing as state-by-state hybrdization, an analog
computing device of the kind described by the apphication 1$ needed to enable direct solation of polynomial
differential oquations (PDEs). In general a PDE solver depends on an analogous physical process, thatis, ona
process obeving the same class of PDEs that it 1s intended to sobve. For example, in Malls, J W (2008). “The
nature of the extended analog computer.” Physica I Nonlmear Phenomena 237 {9) (Elsevier). pp. 12351236,
and following Lee A Raebel, describe use of analog circwt in nunucking the diffesion of electrons i conduactive
sheets or solids o solve the diffusion cquations. In municking “reaction-diffusion”™ bislogy, a continuous-time
analog computing, is a necossary step in preserving the fidelity of the process. The state 1s represented by a set of
time-varving chomicad concentration ficlds, ¢f . . . on. These felds are distnbuted across a one-, two-, or three-
dimensional space Q, so that, for x &, ck{x, 1) which represents the concentration of anahvie k at location x and
tine £ Computation proceeds contmuousty in time according to reaction-diffusion equations, which have the
fornu S/t =1 20 + Fle), where e ={cl. .. on)T is the vector of concentrations, D = diag{d!, ..., dn)isa
diagonal matrix of positive diffusion rates, and F is nonlinear vector function that desertbhes how the chemical
reactions affect the concentrations. The use of the analog module (ALY 904 ciable such procedurs and realization

of the Lee A, Ruble’s architecture m addressing the effective solution of PDE and thewr accuracy (precision), by
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preserving the actual and sealistic underlying biology 1n a continues form and without the customary digital
discrete and filtered data reduction. The embodiment noted is used by the appartus to solve the time variying
changes occormng due to hybridization kinetics and solve the problem of how to measure continously the
conjugation between the probe on the sensing lane and the analyte concentation. The data set generated provide an
additional measure of reliability to the appartus and enable the svtem to correlate concontarion value of the
analvis and 1is hybaidization rate.

{436] A carelul review of the embodiments of the invention, demonstrate the ability of the celflar array
of SAW 1 sensors to capture, measure, couwnt and analyze the entire biclogical process of molecular conjugation,
it an analog continnous and reliable fashion 1o enable the tasks of mimicking computational biology m a novel,

effoctive and wore resubls are consisient with scientific standards .

{437 A Clinical Example For The Use Of The Apparatus As A Prognostic Tool.
[438] One of the preferred embodiments for the effective use of the apparatus is 1o assess the prognostic

significance of molecelar biomarkers, particolardy c-erbB-2 and p33 and VEGF 163, Defuung molecular
abnormalitios in breast cancer ts an important strategy for carly detection, assessment of progrosis, and freatment
sefection. Evidence is strong that selective biomarkers, including ¢-crbB-2 and p33, have prognostic sigmficance
i breast cancer. Study conducted by Beenken SW, et al “Molecular biomarkers for breast cancer prognosss: co
expression of c-erbB-2 and p33. (PubMed 2001 Mav; 233(31630-8) support the application of the novel
apparatas 90 as the aunthor conclude that ™ Three hundred cleven patients were acorued to the Alabama Breast
Cancer Project, and paraffin-embedded breast cancer tissues for 90 patients were available for
mununchistochemical analysis of molecular biomarkers. Univarniate analysis showed nodal status, c-uibB-2
expression, and p33 expression to have prognostic significance. Co expression of c-erbB-2 and p53 was also
found to have prognostic significance by the log-rank test. Multivanate analysis showed T stage, nodal status, ¢-
crbB-2 expwession, and p33 expression © have independent progoaostic significance, These data seggest that ¢-
erbB-2 and p33 exprossion ut breast cancer bave prognostic significance. After median follow-up of 16 years, co
expression of ¢-crbB-2 and p33 may have more prognostie sigmificance thas traditional prognostic factovs such as
T stage and nodal status™, The use of the apparatus 900 with s ability to enable a label-free detection by
hybridizing multiple bomarkers simelancously without the preparation and techateal knowhow of laboratory
mununostained sections and immuonohistochemical determination atter sectioiing can be achieved by the use of
the proposed apparatus and the method we teach n thus apphication. The example of such use 1 obvious to a man
fanuliar with the ant, as a possible lavout of the apparatus 900 can be sct to contain an arvay 261 of SAW 1 with a
biomarker such as: o-crbB-2- rabbit antthuman c-erbB-2 oncoprotem and second biomarker: p33-mouss

monocional antihisnan p33 (Both antibodies are produced by DAKO, Carpentaria, CA), and where SAW array
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for both biomarkers are prepared with its specific antigen {as noted above), and where a serum of a patient is
miroduced to the microfluidic chamber 139 1o enable measiwrement of the hvbndization process while setting the
nosmal histological reforence within the apparatus lockup tables for comparison or alternatively the seference data
point can be set as resistor bank within the apparates. The apphication as noted can be expended with variations
relating to the number of SAW 34 cells i the array 261 and with different geometrical lay outs as shows m Fig.
22 and 7A respectively.

{439} Fig. 23 is a schematic representation of analog front end (AFE) 904 with its analog computational
unit 300 {arithunctical modele). The analysis and sclection of the analog computational module is based on the
fundamental laws of noise i gene and protein expression, which set lumits on the energy, ime, space, molecular
count and part-count resources neaded to compuie at a given level of precision (a biological process of
hybridization} including the fact that such process invariably take into accounts the diffusion coafficients of such
activity, such as hwbridization. The literature and comparative studies conclude that analog computation is
significantly more efficient in iis use of resources than determunistic digital computation modelmg, even at
relatively hugh levels of precision in the cell. Based on this analysis, we conclude that synthetic biology must
cmploy an analog, collective analog, probabilistic and hybrid analog-digital compatational approaches.
Otherwise, even relatively simple svnthetic computations in hybridizing protein, such as addition, {asis it
demonstrated by example below), will exceed energy and molecular-count budgets. The apphcation further
utroduces a method and an exemplary apparatus for efficiently representing analog protein-to-protein
computation i vitro. As noted by the prior art of Synthetic Biology,: analog electronie civeuits operating with
sub-threshold transistors and analog molecular flux in chemical reactions, both obev Boltzmaon exponential laws
of thermodynamics and are deseribed by similar logasithmic electrochemical potentials. It is to be noted that the
basic modeling and verification of the preferred embodiments for this apphcation i3 the ability of the
conyntational wmt (AL 304 of its apparatus 900 to nunme the underlying biological diffusion and hybridization
meodeling. This apphication uses recent work, which was conducted i our Isboratory and confirmed the use of the
uwvention emploving Escherichia coli and VEGF mwolecale by further denonsteating the effective realization of
the proposed method and s embodiments.

f444] There are sinking similaritics bebweon chemical-reaction dvnamics and electronic current Sow in
the sub-threshold regime of transistor operation: eloctron concentration at the source is analogous o meactat
concomtration; clectron concontration at the drain 1= analogous to product concentration; forward and reverse
current flows in the SAW transistor are analogous 1o forward and reverse reaction rates in a chemical reaction; the
forward and reverse currents in a SAW transistor 1 is exponential in voltage differences at its terminals analogous
to reaction rates boing exponential in the frec-energy differences within a chenucal reaction; increases in gate

voltage lower energy barrie in 3 transistor increasing current flow analogous to the effects of enzymes or
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catalysts in chenuieal reactions that increase reaction rates; and the stochastic of the Possson shot noise i sub-
threshold transistors are analogous o the stochastic of molecudar shot noise in reactions,

441 As shown by Figs. 1A and 1B and svstem diagram noted by Fig, 13, where the basic cell unit |
fornuing in array configuration 261 and where the SAW cell 34 ix a hvbrid of semiconductive substrate and a
biological element {antibody) the bio-clectronic cirenit functions as an analog device. The array of celiular
slements form a matny which enables the matnix to perform as 3 statistical engine to solve pastial differentiad
cqaations of a kind necessary to address two fundamental problems presented by computational biology:
mimicking the diffusion process of the underlving biological activities and the statistical counting of hvbridization
of protein and analyte in vear real time.

442} The disclosed method for detecting the biological process of prowin to protemn conjugation while
counting and recording it using SAW celly 34 1 an array 261 cnables continuous analysis by emploving the
anglog front end (AFE)} 904, using its analog computational unit (AU} 300, to measure the density matrix with its
thme-stamps and location of events with one step.

{443} This process iy defined by the ewmbodiments of this application as each of the SAW cells 1 and its
array shown in Fig, & with its addressabde register via the nusltiplexer (the universal switch 908} and the general
purpose MUX 804, The micgration of micro~-thuidics chamber 139 combined with its electrical impedance
spectroscopy~-analog~-front-end 904, numicking the undertving biological processes through ds equivalent eivemt.
The ability of apparatus 900 to account for ditfusion rate as well as the hybridization 1 a feature of the ithstrated
embodiments.

{444} The detinitions of the words or elements of the following claims are, therefore, defined in this
specification to include not only the combination of clements which are Iterally set forth, but all equivalent
structure, matenal or acts for perfornung substantially the same function i substantially the same way 1o obtan
substantially the same result. In this sease, ot is therefore contemplated that an equivalent substitution of two or
more clements may be made for any one of the clements in the claims below or that a single element mayv be
substituted for two or more clements in a claim. Although clements may be described above as acting i cortamn
combinations and even mstially claimed as such, 3t 15 to be expressly understood that one or move clements from a
clatmed combination can in some cases be excised from the combination and that the claimed combination may
be directed o a sub combination or vanation of a sub combination.

{4451 Insubstantial changes from the clammed subject matter as viewed by a person with ordinary skl
i the art, now known or {ater devised, are expresshy contemplated as being equivalently within the scope of the
clatms. Therefore, obvioas substitutions now or later known to one with ordinary skilf in the art are defined to be
within the scope of the defined clements.

[446] The clams are thus to be understood to inelude what is specifically ilustrated and desertbed
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above, what is conceptually equivalent, what can be obviously substituted and what essentially incorporates the

essential ides of the invention.
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i. A hilwum tantalate (LiTaQO:) swrface acoustic wave biosensor assembly for antibody-based
biosensing of pathogens or protein biomarkers comprising:

g SAW bioscensor to goneate a label free, mapid nucleic acids output signal, the SAW biosensor
having a sensor platform with selected boundary conditions which lower limits of detection (LOD) of the sensor
platform, LOD mcreasing the bandwidth of the SAW sensor, its accaracy and resolution;

a computing device; amnd

an analog frout-end circuit (AFE) coupled to the compuiing device and to the SAW biosensor to
convert the genemted mapid nucleic acids ontput signal into a digital ssgnal, which s interpreted by the computing
device to provide real-time or near real-time analysis.

2 The hthium tantalate (LiTa0;) surface acoustic wave biosensor assembly of clam 1 in combination
with a handheld disposable mstnonent for ase in the fields of food safety or monitoring food quality before food
items prior to consemphion, where the LOD, bandwidth, accaracy and resolution of the SAW bicsensor are selected
to detect a whole microbial pathogen, a profein biomarker and/or a nucleic acid in a biological matnix to provide

preventative mformation with respect to rapid, pomt-of-care detection of biologscal contaminations or mfection.

3 The hithium fantalate (LiTa0:) surface acoustic wave biosensor assembly of claim 1 where the
SAW bicsensor comprises an integrated microfhindic chamber, a waveguide laver and a sensing arca incorporated

into the waveguide laver by means of the itegrated microfluidic chamber,

4. The lithitom tantalate (LaTaOs) sarface acoustic wave biosensor assembly of claim 1 further
comprising a plurality of SAW bioseasors corresponding to a plurality of sensor and reference cell pairs in an
array, which pairs are coupled through the analog front end circuit {AFE) for signal processing and computational
preconditioning, and

whare the computing device controls a frogquency sweep eveling of the array, data storage and
data processing of cell phase shiff magnitudes detected by the plurality of SAW biosensors to form a phase space
density matrix in the computing device of a plurality of hiomarkers from which a diffasion equation of a
predeternined anderlving cellular biological activity of the corresponding plurality of biomarkers is solved and

from which statistical coanting of hvbridization of protein and analvie in real time is aclueved.

L

The hthium tantalate (LiTa0x) surface acoustic wave biosensor assembly of claim | further
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comprising a plurality of SAW biosensors corresponding to a phuabity of sensor and reference cell pans man
array, which patrs are coupled through the analog front end cireuit (AFE) for signal processing and computational
preconditianing,

where the computing device controls a frequency sweep cveling of the array, data storage and
data processing of celf phase shift magnitudes detected by the plurality of SAW biosensors to seliably measurc a
degree and time sequencing of a phurahity of biomarkers i an aqueous media n real thime, where the degree and
time sequencing of a plurality of biomarkers i a bve cell 1s mimicked and wesotved, and

where the sensor cells bave functionalized sensing lancs provided with corresponding speeaific
probes, including an antibody, an antigen, a protein, a receptor, an aptamer, a peptide, a8 DNA strand, oran
enzyne, the aray of sensor cells incorporate mudtiple probes for cross validation and inereased reliability of

resultant sensor outpigs.

&, The lithium tantalate (LiTa0) surface acoustic wave biosensor assembly of claim 1 where the
analog front end circuit measures a plerality of sensory outputs continuously over the time and frequency domains
and measures a quantificd rate of change of an analvie or a mckecule i vitro, providing real time-mimicry of at

least one cellular biomarker and biological analyie.

7. The hthuum tantalate {(LiTa0:) surface acoustic wave biosensor assembly of claim | where the
computing device wdentifies sequencing of stochastic brological events, wentifies timing, location, and statistical

measeres of hybnidization to ancover natare and specificity of cascading etfects of protein seqaences including

uncovering of apparent statistical causal correlations,

8. The lithtom tantalate (LaTaOs) sarface acoustic wave biosensor assembly of claim 1 further
comprising a source follower amplificr coupled to the SAW biosensor to capture biological signals for
determinng physical hyvbridization counts for cach analvie specimen to account for the ime constant; - =

pR Yyidy;, computed by the anatog front end circuit (AFE).

Q. The lithiam tantalate (LaTa0y) serface acoustic wave biosensor assambly of clatm | whers the
computing device provides continuous sampling of a hvbridization timestamp and phase shif! to record the
kinetics of mass accurnulation over the SAW biosensor to compute a curve of mass accumulation prior to
saturation of the SAW biosensor and to provide an mdication of the mass loading rate of change, which 1s

estimated using an algorithmie techoique of prediction based on hybndization time constant (1), so that in cases
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of a large analvte guantity where saturation occurs rapidly, premature saturation of the seasing lave due to the

amoent of antibodies packed over the surface 1s aveided.

10, The lithium tantalate (LiTa0:) surface acoustic wave biosensor assembly of claim 1 further
comprising a microfluidic chamber, where the SAW biosensor 1s disposed tn the microfluidic chamber, which is
provided with flowing biclogical Suids in a baffer solution and

where the SAW biosensor is characterized by an clectrical polarity of the sensing lane, where the
electrical polarity is modulated to attract and then release the VEGF nwlecules to prevent a butldup of ionie
molecules on the sensor lane by lavering of spacer molecules and closed compaction of fragmented antibodies on
the sensing lane, thereby avoiding false negative or false positive resuls due o contanunation of noaspecific
attraction to the sensing lane aliering the mass loading of the SAW bicsensor, while preventing sedimentation and
nonspecitic binding of 1onic residue within the butfer solution, and therehy enabling a continuous flow of the

biological thaids flowing through the microfluidic chamber.

i1 The Hthiom tantalate (LiTa04) sarface acoustic wave biosensor assembly of clainy | further
comprising an alanm cirouit coupled to the computing device,

where a plurality of SAW biosensors are combined in an array of nucrofluidic cells, which are
individually addressable with respect to measurement of timing and density of processes occurring within the
mieroflotdic cells to permit the measure of sequencing order of selected modes of biological cascading effects of
muttiple proteins within the analyte, and o enable simaltancous actuation of the alarm circuit in response to
detected mtgrdependence of causal statistics 1n a predetennined relation between different biological species

simultancously available 1 the analyte.

12, The hthiam tantalate (LiTa03) serface acoustic wave biosensor assembly of claim | where the
SAW biosensor hay a seasing swrface functionalized by an 1gG antibody sclectively constructed from a phage

displav Library.

i3, The hthim tantalate {LiTa03) surdace acoustic wave biosensor assembly of claim 1 whare the

SAW biosensor has a sensing surface functionalized by a fragnient antigen binding (Fab) fragment, single chain

variable fragment {scFv) or single-domain antibody fragment.

id, The hthiam tantalate (LiTa03) serface acoustic wave biosensor assembly of claim 13 where the

Fiab) fragment is an antibody structure that binds to an antigen but 15 monovalent with no Fe portion.
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5. The lithium tantalate (L1Ta03) surface acoustic wave biosensor assembly of clatm 12 where the
SAW bicsensor sensing surface functionalized by an IgG anttbody includes a F{aly2 fragment antibody is
generated by pepsin digestion of the whole 1gG antibody to remove most of the Fe region while leaving intact

some of a hinge region with two antigen~-binding Fab) portions hinked together by disulfide bonds.

R A SH SAW biosensor with an improved LOD, increascd bandwidth, saproved accuracy and
resolution comprising:

a cryvstal resonator with electro-acoustic characteristic selected by the use of a 367, Y-cut, X~
propagation LiTa0: substrate;

a microfhuidic chamber tegrated with interdigitated input/output frequency matched electrodes
1n which the crvstal resonator is disposed in combination with a paired sensimg lane and reference lane;

8 nuerocontroller;

an electrome analog front end interface (AFE) with a computational modude for algorithmic data
analvsis and reporting coapled with the microcontrolier; and

a biochemical probe formed mn a compaet surface array, each biochemical probe having a sensing
lane for detection with a LOD of at least clinscal threshold values, and where a false posttive or false negative is
eliminated by use of compact layering of antibadies, fragmented Ab, and the use of spacer-molecules in the
sensing lane, where the biochemical probe is a protein engineerad probe using phage display combinatorial
antibody library to utilize in the sonsing lane a highly specific antibody with high atfinity exceeding monoclonal
antibody {mAbs) capture statistics, where the combinatorial antibody library provides antibodies that bind targets
with high affimty and specificity cloned antsbody genes i single-chain Fyv {(scFv) or Fab format for convenient
manipaiation and with DNA encoding that sequences and permits a funchonal linkage between target recognition

and seqaence roplication to facilitate rapid screening and wdentification of polypeptides,
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