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(57) ABSTRACT

An carlridge is combined with a smart device which is
capable of communicating with a network 10 perform a
portable, fast. field assay of a small sample biological
analyte. A closed microfluidic cirenil for mixes the analyte
with a bufler with functionalized magnetic beads capable of
being specifically combined with the analyte. A detector
communicates with the microfluidic cirewit in which the
mixed analyte, bulfer and combined [unclionalized magnetic
beads are sensed. A microcontroller 15 coupled (o detector
for controlling the detector and for dala processing an output
assay signal from the detector. A user interface communi-
cales with the microcontroller for providing user mpul and
for providing user output through the smart device 1o the

11, 2017. network.
32
52 14
18
\ | Ferrite Core [ Ferrite Core I]
46 20 T 16
Mixing Sensor
Reservolr Chamber
| Piston ppump | | Piezo Mixer | | Coill | [ Coilz | | SAW Sensor ¥ | Temperature |
W P =t — I
Fump Inductive RF Signal RF Signal Signal
Drivers Drivers Generator Acquisition Acquisition

G/L__/

Battery
Power

50

/

User Interface:
« LEDs

Microcontroller
{Signal & Data
Processing)

= Switches
= Wi-Fi / BLE




Jan, 31,2019 Sheet 1 of 19 US 2019/0030533 Al

Patent Application Publication

I Ol

379 /141 e
Il —
sg3al e
:20e2)uT 135N

(Buissanoid
eleq R [eubis)
J13]|013U02011

&
(

1amod
Aeneg

\\J\o_

uonsinboy uomysinboy || 1ojessuan SI9ALQ SIBAQ
eubis leubis || eubis 3y | | @amonpur duing
}\r_ \ < Y — 1 F :
aimesadwa] w 105U3S MVS _ — 71100 _ _ 100 ~ 19X\ 0Z3ld aE:ni uo3sld _
;equiey) 1I0AISSSY
10sU9S Buxify
ol _ _ 4/ oz 9
2107 314194 3100 211494
g1
¥l A

(4



US 2019/0030533 A1

Jan. 31,2019 Sheet 2 of 19

Patent Application Publication

¢ Old

-5 ST kiaeg
£ [souws | . oy msamﬂau&
: S Va1

asn

[ oz souj=— =m0 735 el _ Frinser 3 2dAl

Joyuol Aiaiieg 8 20I8WD |y aFoueyy

; vz A| 8SN
E & | jossmemamiin sljom W “vingge agse LeAT A POASE|  Mod
: : = v loaik— samod
Al et 0] (JN P TS S 7R
_ EET._ PO YIM m 2 g 2 r A K
foomeurmsy ]| R | = =i 2 |2
: i :
2av mu_u_“_m-:_ _aza: 2av _ Bl - asioN Mo :
gl Th |
a31||=2poia BANg || Jopeleg 1 BZIseL] "
: 1 e o _§£_ 3 _Em.:_w _c_m%ﬁt_.m_ﬁﬁ._ml my__;b.,m_..,__u_.mmﬂ
: : BAISUBS Bumesadwa) g JnoAeT gy
 BoRLRIUT JIINUOININ W ....... w ...... m \mw ..... M ........... W ..... vmmo@_ﬂ:_sm:wm

i
E!I
o
&
o

[ |
HD
3!
,.

i
; |
nespAy Rauey | - 0 m% . x m “

- SWUSd|  g0d - abpuye apingonyy [ Sawed It T i




US 2019/0030533 Al

Jan, 31,2019 Sheet 3 of 19

Patent Application Publication

£

auli|

144
|_ wnuqynbg ‘\co_uEEmm

SUNSE3 |
(A4
\ €H
=E T
= e g
_ \\ , dwngd
L *

ﬁ dnues|) E uonoa12Qg E uoneledss

:osmmzmcou |
[ ainyde)
/ Buixiia

N / e



US 2019/0030533 A1

Jan, 31,2019 Sheet 4 of 19

Patent Application Publication

™

v Old

L9 . 7%
_\ / &
MYS \ \
Mot 03 01 sz Jloniasay
Jaquey) buisussg uoneledas ot
Iloos lon1as9y 9buliAg
aisbep saueIquIay ifosz o3 oot
811 lionsasa dung wmdas |
4" Irlsz

%

8ce

~

09

-

JIoASSaY Buixip

i J9XI|y 0Z3ld

|

_ dwng 26unAs _

0c

)

14

[44




5019 US 2019/0030533 A1

Jan, 31, 2019 Sheet

tion Publication

Applica

Patent

LS



Patent Application Publication

56

Y
N

il i;*\/

e
i
/)
N
e
N ?‘%/]'\\ﬂi‘.
% "‘\.';L\ )

Jan. 31,2019 Sheet 6 of 19 US 2019/0030533 Al

o
© <

.

/1
= L_
\
& IS
4 ’

FIG. 6

NV
)) m&n |

N
".gmc,a.r
:

)
S

)
1/




Patent Application Publication  Jan. 31,2019 Sheet 7 of 19 US 2019/0030533 Al

WV
z

|
=
- —
|

=

S Z
f‘/
0

l
VAT, VI TITIT I ST T TIIT
20
FIG. 7

7

57

/3&/,,/

58

56



Patent Application Publication  Jan. 31,2019 Sheet 8 of 19 US 2019/0030533 Al

FIG. 8




Patent Application Publication  Jan. 31,2019 Sheet 9 of 19 US 2019/0030533 A1

'\
o \m
~
B
IL;
co/’_h j:‘\"‘i
N
: N
%))
N2 (7 O
| Ty
(]
i
o0
SN[ |
2N\
e L
n
8 [ \8




Patent Application Publication

Jan. 31,2019 Sheet 10 of 19 US 2019/0030533 Al

64
\ 63

20 \ \\
w18 -
8 \ \ Total Ebola Signal
==
c 14
B 7] — Non-Specific IgG Reference Signal
5 10 - \i —me= —
u..lh A/ sl i
s 8 =
- Y S < Specific Ebola Signal
= v e e —— e i
AT | > ——
2 ' \
2 ol
o 1 \

ol

0.0 100 20.0 30.0 40.0 50.0 600| 70.0 80.0 90.0 1000

Time(s)
65

FIG. 10



Patent Application Publication  Jan, 31,2019 Sheet 11 of 19 US 2019/0030533 A1

{
hiddlda
FIG. 11

SKC SH-SAW SENSOR

|

227
&

by




Patent Application Publication  Jan, 31,2019 Sheet 12 of 19 US 2019/0030533 A1

¢l Ol

Lve

\

@ B
@ @& @38 @

WS WA WA A A YV W e

@ 8& g

W 777 V7 iz WA vz 2

oo
5 8

%

@ | <%z

\

L22

\

6%



Patent Application Publication  Jan. 31,2019 Sheet 13 of 19 US 2019/0030533 A1

e—r =20
/
202
203
A
205
207 K l i
k=
209¥ = =
Lo 00 0 0| 1208
20— "7 o Pl
212——A¥ DA, 0 G ge|
~|l A 23

FIG. 13



Patent Application Publication  Jan. 31,2019 Sheet 14 of 19 US 2019/0030533 A1

ap

s Ty

<O |

220
prg—IIL]

221

223 224




Patent Application Publication  Jan, 31,2019 Sheet 15 0f 19  US 2019/0030533 A1

201

230
B =t |

232
233

235 234
\ R R e N R e, /
—
N

R o 0 P e e
g 8 8 -
T s -

o

237
236

FIG. 15



US 2019/0030533 A1l

Jan. 31,2019 Sheet 16 of 19

Patent Application Publication

8T

9l 94
LST 9¢Z \mnu = 122
\” 7 I iz
OLo o AN \
o 8 /8
| T¥x Y oz
¥z — I
nn«.\\ ——602
ot g o I£Z ~——0I2
0£Z
s
FANA
¥02
Tor4

(444

104
w’



Patent Application Publication  Jan, 31,2019 Sheet 17 of 19 US 2019/0030533 A1

FIG. 17A



Patent Application Publication  Jan. 31,2019 Sheet 18 of 19 US 2019/0030533 A1

/63
231

< B /231 b5
WL l||l||T—Tl I B

239——-*’[ H X / H b
2377 Z / 241
SE T NN ééé: é0§ é > NL
. R \"
240

FIG. 17B



Patent Application Publication  Jan. 31,2019 Sheet 19 of 19 US 2019/0030533 A1

242

>
g==1%

23—
g . 8 241
237 = =
PRI .77 TS TR (g ¢
P~ > e \‘j) P N —
240 e

FIG. 17C



US 2019/0030533 Al

APPARATUS FOR AUTOMATIC SAMPLING
OF BIOLOGICAL SPECIES EMPLOYING AN
AMPLIFICATION WITH A MAGNETIC
NANOPARTICLE AND PROPULSION
METHOD

RELATED APPLICATIONS

[0001]  The present applicalion is related to [1.8. Provi-
sional Application Ser, No. 62/597,202. filed on Dec. 11,
2017, which is incarporated herein by reference and ro
which priority is claimed pursuant to 35 USC 119 and which
is a continuation in part ol ULS. patent application Ser. No.
15/597.090, filed on May 16, 2017, all ol which are incor-
purated herein by reference and 1o which priority is claimed
pursuant to 35 USC 120.

BACKGROUND

Field of the Technology

[0002]  The mvention relates to the field of surface acoustic
wave (SAW) analyzers for use as handheld, field portable
analyzers communicated through conventional cellphones,
tiblets, iPad or other internet connected devices to the cloud,
and methods of operating the same. More particularity, the
invention is directed 0 the use of a microfluidic cantridge
that overcomes the diffusive lmitation of a particle sus-
pended in a foid from combining with an antibody on a
sensor surface by using magnetic particles introduced into a
magnetic field in a fuid 1w enable combination with the
antibody. The use of 4 microfluidic circuit enables  series of
sequences required for an ELISA-like immuncassay sand-
wich 1o be formed from a complex serum, such as blood,
saliva or urine, onto @ sensor surface.

Description of the Prior Art

[0003]  The aim of setting humanity on the path to autono-
mous healtheare for the individual is clearly constimined hy
existing socioeconomical and geographical parameters. The
ability of an ndividual, as well a5 entire communities, 1o be
measured by their access o active diagnostic screeniogs of
potential maladies as an asymplomatic expression is the
hallmark of this echnology. The technology s defined hy
the measure of the immediacy of its success in a healthcare
system. This quantitative measure of “Health™ is defined hy
the access these communilies have 1o such disgnostic medi-
cal practices,

[0004]  As diselosed below uccess (o easy. portable and on
demand medical diagnostics is possible. but from develop-
ment to distribution. many of technological undertakings
look only o communities of aflluent individuals in the
developed markets as their largel markel, while poor and
under-developed markets are deprived of all but the most
basic or are limited (o a trickle down of medical necessities.
The development of a portable, automated sereening appa-
ratus with accessibility spanning broad swaths of socioeco-
nomic levels and geographies is an object of the invention
iind 15 deseribed under the heading of “Democratization of
Diagnustic Medicine™.

[0005]  The path for the technology to enable an individual
to test his or her medical conditions has previously been
contingent on the ability to reduce the complexity of bio-
chemical or biological tests by screenings of bodily fuids
through the vse of the services of an institulional laboralory.
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This illustrated embodiments of the invention described
below center on transferring such processes 10 a feld.
automated portable, disposable apparatus operated by an
unskilled user.

[0006]  The challenge is not solely an issue of elimination
ol the vse of lurge or complex lab equipment and highly
trained lab personnel, but requires surmounting a myriad of
physical, biochemical and other inherenm constraints out-
lined below o which illustrated embodiments of the inven-
tion are intended 1o provide a solution,

[0007] The swomation of biochemical sequencing o
deteet the presence of @ virus, protein, exosome DNA or
RNA within o complex assay of blood, saliva, urine or any
other bodily Huids does not merely involve the geometrical
and metric miniaturization of preexisting equipment, but
involves overcoming limitations of many laws ol physics.
such as the limitations imposed: (1) by the dillusion coel-
ficient ol an analyie (determined by viscosity, particle size,
and temperature): (2) by Mlow charmctenstics of the bodily
Muid sample (the modeling of rate of Qow relative o
conjugation rate): (3) by the inherent association and disso-
ciation of a particular analyte 1o its antibody (Kd): and (4)
by ultimately providing for a system and method, which
addresses the clinical resolution of the measuring apparatus,
where through its principles of its operation. it can diseern
between [alse positive and false negatives results employing
artificial intelligence algorithm to form a decision from the
data generated by the system,

SUMMARY

[0008]  The illustrated embodiments of the invention
include o system for performing o portable, tast, feld assay
ol a small sample biological analyte having a microfluidic
cartridge used with an electronic smart device.

[0009] In one embodiment of the invention includes «
method of using a syslem which in tirn includes: a closed
microfluidic circuit for mixing and homogenizing the ana-
Iyte with a buller while using functionalized magnetic
heads; a syringe pump for transporting the analyte bearing
uid 1o the detector: a pump interface cireuit coupled o the
syringe pump lhat delivers DO current from a microcon-
troller 1o the pump (o induce a displacement change and 1o
drive fuid through the various components of the cireut; o
filtration screen where large blood cells are trapped, allow-
ing for a fuidic serum of plasma and analyte to flow
therethrough; a mixing chamber whereby the magnetic
nanoparticles und the analyte are homogenized to allow for
conjugation o oceur: a shear horizontal surface acouslic
wave (SAW) detector communicated with the microfluidie
circuit and having a plurality of channels including at least
one functionalized sensing lane in which the mixed analyte
and buffer Nows and is sensed. and having a1 least one
nonfunctionalized reference lane in which the mixed analyte
and bufler Hows: o SAW interface cirouit coupled 1o the
shear horizantal surface acoustic wave (SAW) deleclor; a
retructable permanent magnoet located above the SAW that is
muovable perpendicular o the SAW surlbee; a microcon-
troller conpled to the SAW interface, to the syringe pump, to
the mixing chumber and 1o the movable permanent magnet
for contralling the SAW detector through the SAW interface
circuit, and where the microcontroller is wsed [or data
processing an outpul assay signal from the SAW dejector:
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and a vser interface communicated with the microcontroller
for providing vser input and for providing user output
through the smarl device.

[0010) The closed microfluidic circuil of the microfuidic
cartridge includes: o microfuidic chamber where the analyie
bearing sample, bufler and functionalized mass amplifying
magnetic beads are combined (an i assay sandwich is
formed out of the functionalized magnetic nanoparticles,
target analytes, and immobilized secondary antibody spe-
eilic for the target analyte); a filtration membrane coupled to
the microfluidic circuil for separation of the red and white
blood cells from plasma. buller, analyte and magnetic beads
in @ serum of hlood; an active mixer coupled (o the micro-
fuidie chamber for mixing the analyte bearing plasma,
buffer and functionalized magnetic beads into a homogenous
mixture w enable eapture of the analyte by the functional-
ized magnetic beads to form an immunoassay half sandwich
consisting of a functionalized magnelic nanoparticle and a
target amalyie; a syringe pump for providing [or a positive
pressure of the mixiure in the closed microfAuidic cireuit 1o
drive the fluid through the separation membrane and transfer
the analyte. buffer and functionalized magnetic beads
toward the shear horizontal surface acoustic wave (SAW)
detector; # sensing chamber whereby the surluce of the
[unctionalized SAW is exposed 1o the fow through fluidic
cireuil 1o allow for capiure on the analyte magnetic head
conjugates from the Nuid ono the sénsor generaling an
immunoassay: a permanent magnet located above the SAW
sensor to draw magnetic particles suspended in the sensing
chamber onto the surface of the SAW sensor: a traveling arm
mechanism that allows lor the permanent magnet or elec-
tromagnel o exert Lthe magnelic field Aux density 1o drive the
magnetic nanoparticles to the surface of sensor (the inverse
squure law of magoetic foree is used so that the varistion ol
the distance of the magnel to its larget and/or electromag-
netic intensity applics a varable {oree on the magnetic
nanoparticles): and a waste reservoir where fluid expelled
from the sensing chamber is stored.

[0011]  In one embodiment the microfluidic chamber
includes a double membrane blood filtration module,
whereby two membranes of diflering thicknesses allow for
the separation of blood 10 oceur while preventing a buildup
on the surface resulling in 8 pressure decrease.

10012]  In one embodiment the plurality of channels in the
SAW detector include vne reference lane and three func-
tionalized sensing lanes. with each lane being functionalized
(o a different target allowing for the multiplexing ol testing
targets on a single chip.

[0013]  In one embodiment the system further includes o

(5%
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[0017] In one embodiment the closed microfluidic recir-
culates the mixed analyte and buller through the closed
microflvidic circuit, whereby a microcontroller embedded
within the reader commands the permanent or electromagnet
o activate a cycling of the magnetic field 1o emable atiraction
and relaxation ol the magnetic beads circolating within the
chamber a multiplicity of times within o predetermined time
period less than one hour in duration to allow for increased
cuplure,

[0018] In one embodiment the system further includes o
power module coupled o (he microcontroller and SAW
interface circuit for providing electrical power.

[0019] In one embodimen! the system further includes
peripherals coupled 1o the microcomtroller including
memaory, 8 lemperature sensor. 3 humidity sensor, a real time
clock, a cooling fan, and an in-circuit serial programming
ICSP logic module.

[0020] 1n one embodiment the vser interface includes a
Wi-Fi module and antenna coupled o the Wi-Fi module, a
capacitive touch screen, a color thin-flm trmsistor display
and a graphic controller with memory coupled to the thin-
film transistor display with a backlight source.

[0021] In one embodiment the vser interface inclodes an
audio module with a speaker coupled thereto, o serial data
card interface, an inerial motion unit, & least one RGB
LED. and at least one program switch,

[0022] In one embodiment the SAW interface circuit
includes a clock oscillator, an RIP syathesizer coupled o the
clock oscillator, a low pass filier and splitier having an input
coupled to the RF synthesizer and an output coupled 1o the
SAW detector, a phase/gain detector coupled to the low pass
filter and splitter and having a data input coupled 1o the SAW
detector, an analog-lo-digital converler having an input
coupled to an owput of the phase/gain detecior and having
am outpt coupled to the microcontroller. o pump dniver, and
a motor with a motor driver for mechanically loading the
microflmidic cartridge components.

[0023]  The illustrated embodiment also includes an appa-
ratus in combination with a smant device which is capable of
communicaling with a network. The apparatus performs a
portable, fast, field assay of a small sample biological
analyte and includes: a closed microfuidic circuit for mixing
the analyte with a buffer with functionalized magnetic heads
capable of being specilically combined with the analyte: a
detector communicated with the microflnidic circuil in
which the mixed analyte, bufler and combined functional-
ized magnetic beads are sensed; a microcontroller coupled to
detector for controlling the detector and for data processing
an outpul assay signal from the detector: and a vser inlerface

bubble trap membrane to degas the {luid before it is | d
over the SAW sensor,

[0014] I one embodiment, the active mixer comprises of
@ rotry propeller mechanism in the mixing chamber 10
allow for rapid homogenization of the analyle and magnetic
bead via turbulence indueed by the rotation of the fuid,
[0015])  In an alternsbive embodiment the aclive mixer
comprises a piczo-pump and piezo-mixer used 1o agitate the
Auid in the mixing chamber 1o homogenize the sample.
[0016]  Inone embodiment. an electromagnet is attached o
the botlom of the sensing chamber to remove any nonspe-
cifically bound magnetic beads from the sensor surface
belore the Muid 15 transported from the sensing chamber 1o
the wasle reservoir.

ot icated with the microcontmller for providing user
input and for providing user output through the smart device
10 the network.

[0024]  In one embodiment the closed microfluidic cireuit
includes: a microfuidic chamber where the analyte and
functionalized magnetic beads are combined: an active
mixer coupled o the microfluidic chamber {or mixing the
analyle, funclionalized magnelic beads, and bufler into a
thomogenous mixture: o membrane lilier for separating the
whale blood cells from the plasma serum conlaining the
analyte; a syringe pump for providing for a positive pressure
of the mixture in the closed microfiuidic circuit o transier
the apalyte, bufler, plasma and functionalized magnetic
beads toward the detector; @ movable perniment magnet [or
drawing the captured miagnetic beads onlo the detector o
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allow conjugation of the funclionalized captured magnetic
Beads with the detector 1o allow a linul measurement (o be
made; and a wasle reservoir.

[0025] In one embodiment the smart device provides
soltware-controlied user input comrol and dat functions
and provides soltware-controlled user ontpul data functions
for the apparatus,

[0026]  The illustrated embodiments also include a method
of operating a medically diagnostic system used with a smart
device capable of communicating with a network, the medi-
cal diagnostic system lor performing a portable, fast. field
assay of o small sample biological analyle, the method
includes the steps of mixing the analyte, functionahzed
magnetic beads. and buffer into 8 homogenous mixture,
wherein at least some of the functionalized magnetic beads
capture the analyte: transferring the analyte. bulfer and
functionalized magnetic beads toward o detector: disposing
the captured magnetic beads into the detector lo allow
conjugation ol the functionalized captured magnetic beuds
with the detector: removitg vocaptured magoetic beads and
other noninteracting components of the analyte ar buffer
{rom the detector: and measuring the amount ol conjugated
functionalized captured magpetic beads in the detector.
[0027] In one embodiment the step of mixing includes
using microimpellers, eleciro-kinetic sources such as elec-
trohydrodynamics, electroosmotic  or  dieleletrophoretic
mechanisms. using acoustic ultrasonic sources, using ther-
mal sources, magnetic sources such as magnetohydrody-
namic or magneiophoretic mechanisms, or pressure sources

as lhe mixing force in o mixer. More particularly the step of

mixing may include using an electrical field us the mixing
force in a mixer with a conductive sidewall. vsing a lerro
field Aow. using circular copper electrodes, an asymmetric
lateral structure or a foating electrode, all ol which are
conventional means for mixing a thiid. The step of mixing
further includes using a pressure field us the mixing force in
a mixer using pulse width modulation, a Braille pin actuator,
a rolary peristallic micropump or single chamber micro-
pumps, all of which are conventional means for mixing o
fuid. The step of mixing may include using a magnetic field
as the mixing lorce in a mixer using @ permanent magnet,
magnetohydrodynamic actuation. a rotating magnetic field,
4 hybrid gradient magnetic field or rotating magnetic micro-
beads, all of which are conventional means for mixing a
fluid. The step ol mixing further includes using an acoustic
lield as the mixing lforce in a mixer using bubble cavitation,
a vibrating membrane. bubbles, micro-pillars or sharp edges.
all of which are conventional means for mixing o fuid.
[0028) The step ol separating may include: acoustopho-
resis using acoustic pressure to achieve sepamtion based on
size, density or compressibility of the consiit dielec-
trophoresis using inhomogenous electrical lields to achieve
separation based on size or polarizability of the constiluents:
magnetophoresis using inhomogenous magnetic felds o
achieve separation based on size or magnetizonon of the
constituents; mechanical forees vsing gravity or centriluga-
tion 1o achieve separation based on size or density ol the
constituents: or optophoresis using an optical force @
nchieve separation based on size or retractive index of the
consliluents.

[0029]  In one embodiment the step of transferring uses a
mechanism employing: air propulsion such as: a heat ther-
mal bubble or mechinical meniscus micropump; o mechani-
cal piston: a micropnenmalic pump employing peristaltic
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membranes; capillary structures; magnetic bead transport
such as linear magnetic Molors, rololing MAgnenc armays,
fotaling magnelic actuators, sviinge-piston membranes:
piezo pumps, or magnetic field inductive drvers.

[0030]  [nanother embodiment the method further includes
the steps off recirculating the analyte. functionalized mag-
netic bends. and buffer through a microfluidic circuit o
repeat the steps of mixing the analyte, functionalized mag-
netic beads, and buller into a homogenous mixture, wherein
al least some ol the functionalized magnetic beads caphure
the analyle: separating the captured magnetic beads com-
bined with the analyte from uncaptured magnetic beads not
combined with the analyte: transferring the analyie, bufler
and functionalized magnetic beads woward a detector; dis-
posing the captured magnetic beads into the detector to
allow conjugation of the functionalized capured magnetic
beads with the detector; removing uncaptured magnetic
beads and other noninteracting components of the analyte or
buffer from the detector; and measuring the amount of
conjugated functionalized captured magnetic beads in the
detector,

[0031]  In one embodiment, the step of performing mag-
netically actualed comugation uses either an electromagnel
or a permanent magnet. The magnetic field magnitude e.g
0.5 Tesla, is used in the current embodiment, but other
values are contemplated as expressly being within the scope
of the invention where the magnetic field strength is based
on geometrical parameters associaled with the microfluidic
device. In the evenl of a permanent magnet, due to the
inverse square law nature of a magoetic feld strength. the
field sirength rapidly falls off with the distance. The perma-
nent magnet is able w travel far enough away from the
sensor surfuce such that the magnetic field strength is
compirable to the background magnetism, Tor examplie 500
CGranss. This allows for the device 10 vary the magnetic field
strength at the sensor surface using microprocessor control
ol the magnel’s posilion.

[0032]  The fluid is transported in discrete volumes, lor
example 50 ul, per stroke, thus giving the suspended mag-
netic nanoparticles time to reach the sensor surface via the
control uf the magnetic force which then reduces the diflu-
sion coeflicient penalty by providing an instantaneous lrans-
lation of the magnetic panoparticles from anywhere in the
chamber volume to the targeted surface of the SAW sensor.
This enables the immunoassay sandwich (o conjugate on the
sensor surface. and additionally allows for even coverage of
the sensor and reduces any inconsistencies caused from the
combination of ics and Nuid Mow simulianeously.

[0033] While the apparaius and method has or will be
deseribed for the sake of grammatical fmdity with func-
tional explanations. it is to be expressly understood that the
claims, unless expressly formulated under 35 USC 112, are
not 1o be construed as necessarily limited in any way by ihe
construction of “means™ or “steps™ limitations, hut are 1o be
accorded the full scope ol the meaning and equivalents of
the definition provided by the claims under the judicial
doctrine of equivalents, and in the case where the claims are
expressly tormulated under 35 USC 112 are to be accorded
full sttutory equivalents under 35 USC 112. The disclosure
can be beiter visnalized by turning now to the following
drawings wherein like elements sre referenced by like
numerals.

1
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BRIEF DESCRIPTION OF THE DRAWINGS

[0034]  FIG. 1 is a high-level block diagram of the prin-
cipal components of the invention.

[0035]  FIG. 2 s @ block disgram ol the electronic cam-
ponents controlling or coupled 10 the microfluidic cartridge.
[0036] FIG. 3 is a tining disgram of the microlluidic
sample delivery sequence used n the cartridge.

[0037] FIG. 4 is a block diagram representation of the
microfuidic circuit and its components of the cartnidge,
[0038] FIG. 5 is a perspective view of a smndalone car-
tridge according to one embodiment of the invention 1o
represent the operation of the delivery-sequencing step.
[0039]  FIG. 6 is an isometrie view ol the cartridge show-
ing the intemal components.

[0040]  FIG. 7 is a crossseclional sometric view of the
cartridge showing the sample injection port, piston pump,
and separation chamber.

[0041] FIG. 8 is a detailed view of the carindge showing
the sensing chamber.

[0042] FIG. 9 is an isometric cross seclion of the micro-
Auidic cartridge and the microfluidic circuit elements.
[0043]  FPIG. 10 is o graph of the measured phase shift
detected by the SAW sénsor as a function of time for a
pathogen such as Chola virus.

[0044]  FIG. 11 illustrales an embodiment where a pair of
antibodies kaving unique binding epitopes are used (o create
a sandwich FLISA style immunoassay.

[0045]  FIG. 12 is o diagrammatic illustration of the lilir-
tion chamber and its associated filtration membranes.
[0046] FIG. 13 is an orthographic cross section of the
syringe with & pump chamber of the microfluidic circuit,
[0047] FIG. 14 is an orthographic cross section of the
mechanism driving the mixing chamber of the microfluidic
cireuit,

[0048] FIG. 15 s a diagrammatic orthographic cross sec-
tion of o driving mechanism of the permanen! magnet
located above the sensing chamber ol the microfluidic
cirenit.

[0049] FIG. 16 is diagranunatic illustration of the pre-
ferred embodiment ol the microflnidic circuil whereby the
lupction of mixing, conjugation, separation, detection, and
clean up are llustrated.

[0050] FIGS. 17a-17¢ illustrate the embodiment of
employing a permanent magnet 1o allect the magnelic nano-
particles in the sensing chamber.

[0051] The disclosure and ils various embodiments can
now be hetter understood by turning to e [ollowing
detailed deseription of the preferred embodiments which are
presented as illustrated examples ol the embodiments
defined in the claims. It is expressly understood that the
embodiments as defined by the claims may be broader than
the illustrated embodiments described below.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0052] Lab-on-Chip (LoC) Devices

[0053] LoC devices have a particular importance in the
apphication of personal disgnostics. The illusirated embodi-
ments mainly focus on DNA analysis and human disease
diagnostics. The illustrated LoC modality has been designed
from the ground up to be readily used in different reas such
s in disgnostics, bioanalysis, and hosensing for environ-
menial moniloring including testing of waler and lood
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quality. fortesting of drugs. in pharmiacevtic moniloring, and
for applications not yel known. It has the advantage of low
power consumplion, porlability, modulanty, reconligurabil-
ity, and automates the labortory processes like sample
wansport, dispensing and mixing, redocing the time and
prerequisile necessilies of labortory lests.

[0054]  SAW Sensor. Microlluidic and “Labh on a Chip”
[0055] The parative of democratizing diagnostic medi-
cine is in the context of limitations posed by the boundary
conditions of the biochemical process. coupled with the fact
that such complex operations must be conducted in the field
by an untrained patient. Solving these technical challenges.
as well as the ability of such apparatus lo be realized as a
handheld. label free device without the preparatory steps
customarily conducted in a laboratory setling, are resolved
by an understanding the internal physical, biological and
chemical principles that govern such complex process as
disclosed below.

[0056]  While contemplating the entire biochemical reac-
Hon between an analyle and its specific antibody, we must
answer a set of questions which fundamentally and inher-
ently define the process. This involves the rate of hybrid-
ization (the association and dissociation of the chemical
process K4+/K -, the eflect ol the dilfusion coellicient (D), the
Now characteristics of the buller with ils associated biologi-
cal agent (Navier-Stocks Fquation), the physical principles
governing the sensing modality (Morescent, PCR, ELISA,
SPR, optical. resistive, capacitive etc.). and the entire bio-
chemical process and its time duration. The challenges that
need to be addressed w0 employ the illustrated biosensor are
mixing, separation. transfer, conjugation and clean up.
[0057]  Love Wave, Sheer Horizomal Surface Acoustic
Wave Biosensor

[0058]  In the illustrated embodiment a class ol acoustic
sensors, generally known as a Love Wave-sheer horizontal
surface acoustic wave (SH-SAW) biosensor, is the detecior
lype selected lor development. It must be understood that
other lypes of sensors could he employed without departing
from the spirit and scope of the invention, The SH SAW
biosensor was selected for its ability to resolve small mass
accumularions over the sensing lines and for o resolution 1o
account for bivlogical species with mass aceumulation on
the order of picograms (10-12 g) to femtograms (10-15 g).
The hiosensor is intended o deployed in a lield setting,
where the operator inserts o {luid sample. such as saliva,
bload, urine or any combination of hiological specimen.
without the customary vse of laboralory environment. The
biosensor performs the entire biochemical test sequences in
an automated basis using a “Lab on a Chip” modality, The
biosensor device is self-analyzing and transmits the test
results wirelessly 1o the cloud for further use and therpeutic
response by the local or remote physician, institution and
data collection proweol.

[0059] The biosensor device ulilizes interaclive algo-
rithms to analyze data while employing antificial intelligence
(AT} routines, so that the complex variabilities ol human
disease conditions are sorted based on background data,
nested as parametric diseriminators in g form ol a “Look-
Up-Tahles". Sorting is performed vsing statistical meosores
as: genders, age, geographical location, ethnicity and other
relevanl medical inpul paramelers to narrow the Gaussian
errors associated with population variance.

[0060]  The aim of “diagnostic on the fly" means that the
hiosensor device is capable of overcoming the biophysical
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limited time seales during which the lest is conducted (the
diagnostic lest should be performed within about 10 minutes
of sample introduction). The apparatus acts as “lab on a
chip™ and performs the necessary steps of separating the
complex assay of blood, saliva, urine or and body fluids inte
its components (gross separolion), then the reduced ossay is
physically delivered o a chamber. v method for amplifica-
tion of the analyte in question is then performed, and the
combined immunoassay complex is transferred (0 @ sensing
chamber.

[0061] Detection

[0062] The detection limit (LOD) is an essential element
of the biomolecular assay and sensor development. The
pressure o push the detection limit of bioanalytical tech-
niques 1o lower levels, while increasing resolution. is largely
driven by a demand lor new molecular disgnostic lests for
early stage cancer detection and diagnosis, Al early stoges of
cancer development, the amount of cancer biomarker mol-
ecules released from the tumor to the blood or other bio-
logical fluids is very small, Nawrally. one assumes that a
more sensitive analytical technique that can “cateh” these
biomurkers it lower concentrations will allow diseases 10 be
detected earlier. Under this general premise, pursuing lower
level detection limits has hecome a major goal of new
bioanalytical technology development. paricularly in this
applicalion where the use of a biomass having a specificity
10 a predetermined analyte employs a mass amplilier using
orthoganal antibody fragments to respond o the analyte,
thereby increasing its detectable mass proportional o the
bound analyte 1o its antibody in the form of a traditional
ELISA sandwich, It is not uncommon to see detection limits
in the fg-pg ml-1 range for protein antigens, and sometimes
even down to the single molecule level.

[0063]  While pursuing bioanalytical techniques and prod-
ucts with higher sensitivities and lower detection limits, it"s
important to ask a critical question: is the claimed/expected
detection limit theoretically achievable? If by theory, an
analytical method cannot possibly achieve the sensitivity as
claimed. attempted use of such methods for expected high
sensilivity analysis can only lead 1o a frustration of research
eflor and resources, and sometimes, misleading results. The
issue of limited available biological specimen defined by its
eoncentration (within the acquis volume) and the ability of
the detector 1o sense such limited presence of the antigen is
determined by the test apparatus resolution. These and other
considerations limil our ability 1o measure concentralion of
biclogical species i the order of pg-ng mi-1,

[0064] Detecting hiochemical species with LOD mnging
lrom femtogram (o picogram values is mandated by the
needs of early detection of biological species {biomarkers
present in blood, saliva. urine or other bodily uids ), where
such species are invariably marked by their low concentrs-
tion value (Cminimum). Through experimentation. it has
been discovered that the limit of detection (LOD) of the
SH-8AW sensor is roughly on the order of one picogram.
This anses rom the [requency used (375 MEz) in the SAW
sensor such that resolution is maximized, bul elastic energy
does not escape the lanes and interfere with detection, For a
measurenient (0 be deemed statistically signilicant by the
National Institute of Standards and Technology (NIST). a
signal valve must be three times stronger than any back-
ground noise that is present on the device. The LOD
therefore arses [rom this relationship set forth by the
National Institute lor Standards. (NIST), whereby the opera-
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tional frequency (e, 325 Mllz) and the phase shili of the
signal as detected by the embodiment of employing a
surface acouslic wave sensor is thereby reduced 1o the
following equation:

L 3 NS 1Aon= T N Songnel ),

[0065] Where NI is the operational [requency. Sy is the
sensitivity of the device with reference 1o phase and standard
deviation, or is standard deviation of the reference signal. i
15 the phase measurement obtained from the surlace acoustic
wave sensor, @0 is unmodulated phase (reference). Aor is
the spread of acceptuble standard deviation as imposed by
the NIST (Signal must be 3x above the background noise).
[Di66]  Diffusion Coefhicient (1) snd Fluidic Transport
[0067]  The major limitation arising from the requirement
for @ short testing time (10 minutes) is the limits of diffu-
stvity. Diffusivity or the diffusion coeflicient, is a propor-
tonality constant ol the flux of' a concentimtion (such as a
test analyte) due 1o its molecular properties over the gradient
in the concentration ol the species (the driving lorce for
diffusion). Diffusion limits the speed at which analyte can
fall ont of suspension onto the sensor surface, Lefl 10 be
unperturbed by our device, the mass ampliliers could 1ake
hours o fully diffuse thorough the fuid sample snd interasct
with the targer analyte. Hence, the first step is a mixing event
1o homogenize the sample and the bufler. There are many
ways 1o provide this function. such as through microfluidic
recirculation 1o contimally perturb the concentration gradi-
ent and induce mixing in the fluidic pathway, or using
external forces on the sample, such as by using an electro-
gnet lo agital tic beads, or by having a motorized
shirring component,
[0068]  The biosensor is specilically engineered 1o the
analytes in the Auid motion and its behavior. The Navier-
Stokes [iguations are a sel of conservation equations (hat
dictate the bebavior of fuid motion. By simultaneously
solving both [or conservation ol momentum and mass, the
behavior of the fluid Now can be oblained, For o Newlonian
fluid. the momenum conservation is expressed as:

PR NV =V VA Ve (VIO =250 V=i F

[0069]  Where p is the density of the fuid. v is the velocity
vector of the uid, t 15 time, p s pressure, j is the fud
viscosity, T is temperature. 1 is the inerial force of the fnid.
and P are externally applied forees,

[0070]  While ithe canservation of mass is expressed as:
S eV a0
[0071]  For the momentum equation above. the terms rep-

resent (1) inertial forces, (2) pressure forces, (3) viscous
forces, und (4) external forees. For application in microflu-
idie Mow modeling, a second prineiple must be introduced w
reduce the equation so thal it can numerically be compuled
and utilized in the design stage of development. The Reyn-
olds number, Re, is a dimensionless number that expresses
the ratio of 1) inertial forces (o 2) viscous [orces. It cun be
calculated from the equation:

Re=pedip

[0072]  where p is the Nuid density (kgm3), w is the fud
velocity (m/s), 1. is the characteristic linear dimension of the
application (m), end p is the dynamic viscosity (Pass), For
Re<l, viscous forces dominate, and the Aow is laminar. For
this application, the computed Re 15 low. Therefore, lor the
Navier-Stoke fluid tmasport equation for this application,
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the nertial ter (1) and extemal forces (4) are neglected.
Additionally. the incompressible nuture of the Auid at appli-
calion velocilies means that Lhe velocily gradient lerm is also
neglected. The combined Navier-Stoke equation for Taminar
regime therelore reduces w

=Np eV Ve Vi) pnd ISV op =4l

[0073]  This system ol equations, coupled with the bound-
ary conditions arising from the geometry of the apparatus. is
used o nomerically solve for both a pressure and velocity
field within the microfluidie cirenit, Additionally, within the
limescale of our application, the Muid cirenlates approxi-
ntately 50 times thorough the cireuit. As a result, during any
ol the 50 circuits or loops. any analyles that pass within | pm
of the chip are associated onto the surface. This repetitive
looping combined with mixing resulls in an increase in the
statislical odds of the analyte samples being encountered by
the antibodies. Because of this, the diffusion coellicient term
of the convection diffusion equation al the removal sile R
can he neglected. a5 the scales in which convection are able
1o deliver analytes sire much faster than diffusion such that
it becomes negligible.

[0074]  There exists o ol to be wilized in quantifying the
eflects of mass ransport through convection and diffusion.
The Péclat pumber (Pe). is a dimensionless number which
expresses the ratio of contributions of mass transport via
convection and diflusion:

Pe=Neoww NSl OV el =L LI,

[0075]  As the Reynolds number describes contribulions o
momentum transport, the Péclel number expresses contri-
butions lo mass ranspor across 8 characteristic length scale
1. The Péclet number is solved for and found to be vinually
zero. Because the Péclet number is much less than one, the
mass will primanly be transported via diffusion from the
Nuid onto the chip at the length seale of analyte-antibody
inleraction. This is incorporated into the greater convention
enhanced delivery (CED) fow model concepi by a virtual
inerease in the diffusion coellicien! through homogenizition
before the fluid reaches the sensor via a passive mixing site
incorporated inlo the microfluidic system. By decreasing the
characteristic lengih scale ol diffusion even funther in these
mixing siles, an increased concentration gradient urises
which leads 1o the occurrence of mixing by diflusion. but al
greatly reduced timescales. Although the antigens are depos-
ited via diffusion onto the chip, the convective miving helps
to replenish the lower layers by mechanical homogenization
and prevents a concentration gradient from developing that
would impede sensor saturation timelines. Because of the
electrochemical attraction that exists between an antibody
and antigen, there exisis a range in the fluid Aow lor which
spontanecus capture is likely 10 oceur. As a result. homog-
enization allows lor quicker sample saluration as with each
pass the lower layers are refreshed and do not have © act on
diffusion timescales w0 replenish the layers in which capture
can oceur.

[0076]  Conjugation Between Anilyte and Antibody—the
Associalion Rale

[0077]  There exists an intrinsic association rale Kskon/
koff that dictaies the caplure rale of analytes o the lrag-
menied antibody layer. This property is intrinsic fo the
covalent reaction herween the analyte and its receptor anti-
body. Although the electronic affinity for capture between a
single antibody and its target analyte cannot be altered
through biochemical techniques, il can be virtually increased
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through several different geometrical applications. One such
application is the increase in the total number of available
anlibody caplure sites. By increasing the captire site density
on the sensor, a virtual increase is created in the association
rate between antibody and analyie, as spontaneous capiure is
inherently more likely to spontaneously oceur as the number
of available binding sites increase,  Simultineously.
advances in biochemical laboratory techniques allow lor the
packing density ol single chain fragment variable (scFv)
anlibodies onto the surface with greater preferential direc-
tionality.
[0078]  The antibody fragments we choose for our sensor
and mass amplifiers are designed 1o have a high allinity for
binding 1o a particular analyte while possessing o mass much
greater than the analyle 10 be more readily deteclable by the
SAW sensor. Additionally, antibody fragments possess a
vectoral affinity and rigidity that works 0 support the
strategy of mass amplification regarding surface acoustic
wave sensing modality. By employing mass amplifiers,
three-piece sandwich ELISA is creoted, consisting of an
antibody capture site welded to the sensor, o tarzet antigen
captured from the Muid sample, and 2 mass enhancing
particle. such as a gold magnetic nanoparticle or a magnetic
bead. Because a single mass amplilier has a mass thousands
of times greater than the target antigen, this FLISA binding
process allows us 10 detect turgel materials that would
otherwise be undeletoble beeanse ol the LOD of the deviee,
[0079]  The addition of mass loading to the SAW sensor
during shear wave propagation enables a detectable phase
shilt in the aconstic waveform to be observed because of the
attenuation of the surface shear waves m response to the
additional mass. This correlales directly o the ratio of
analyte surface coverage ol the SAW sensor at equilibrium
1o 1otal available surfoce sites as explaned below. This final
solid-state phase shift is registered electronically by a reader
mechanism which uses a microprocessor to analyze the data
and store or transmit the results to the user be it the physician
or the institution.
[D08O]  Criven an antibody-antigen reaction that follows an
adsorption pattern according to the Langmuir Isotherm. the
surface adsorption process is be expressed as:

[Antibody |+{ Aalyte = Anlibody—Anulyte com-

mlexl.

o [Al]4[S]v=[4h5]
[0081] With forward reaction constant kon and reverse
reaction constant koll. The adsorption can be described
using the differential equalion:

Wld=Ena 0
[0082] where C is concentration: D=Diffusion Constant
(em2/5). Where r=Surface coverage (molecules/em2). and
the equilibrinm constant:

KebonGol= (w110 equilibrinm < mxKCH
[0083]  where I'max is the wial number of availahle anti-
body binding sites on the surface of the detector. kon is the
antibody association rate, koll'is the antibody disassociation
rate, Ch s the concentration of the analyte. The Kinetics can
he related to the e of diffusion i the solution by

S0 Rate of diffusion-D0ACHE.

[0084] Where AC is the concentration gradient ol the
suspended particles. L is the dilfusion length and the simple
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Langnmir first-order rate of adsorption (for low coverage) ot
the surface, JR: JR=kads C§ (I'max-1"). where kads is the
equilibrium constant. When using the SAW Biosensor, the
endpoint is typically used i.e. when the system reaches an
apparent steady-state (the delta phase value levels off), At
sleody-slate:

JOSIR N Ch-Co)L =kadsCai Fmax=171

|0085]
state:

solving for the sorface concentration at steady

CR=Ch T +hads LU man=1") i3}, or CN=Ch1+0),

[0086]  where © 1s known as the Thiele modulus, a dimen-
sionless parameter. For cases where the value of 0==1, (s
upproaches O, and any antigen contacting the surface will be
ahsorbed onto it. in this case. the mle of surface coverage is
determined by the rate of diflusion in solution or:

JR=DCh-C

[0087] For eases where U<<1: Cs approaches Ch, There-
fore, the diffusion in the solution is faster than the adsorption
and the kinetics of the process is governed by the mte of
adsorption at the surface. In this case:

JR=kadst { Dmax=01)

[0088]  When not in a limiting case, the equation Jor Cs is
solved. Based on literature values. the value of 0 is calco-
lited to be 2x10-9; B=<1. Assuming a Diflusion constant
given by the Stokes-Linstein equation gives:

Dekb T 10=7

[0089]  where kb is the Bolizmann constant, and 1) is the
dynamic viscosity. The packing density of the antibodies
nanoparticles in the immunocassay assay is estimated at 1010
molecules/cm2. Therefore, the rate of change ol the surface
coverage can be given by an adsorbing species is given by
the simplilied equation:

AT Raads CIDimas =T

[0090]  Since all experiments are perlormed at approxi-
mately the same wmperature (temperature-controlled car-
Iridge), that kads constant, Integrating with
initial conditions:

Fojeu; Tirp=I
the salution becomcs:

T Tl | —ekadsebi), or T o T=ekadscbn

[0091]) ‘The lime constanl which determines the relaxalion
time for each run, 7. is given as v=1 kadscb. The T'/T'max is
directly propomional 1o the corrected. normalized phase
change. Therefore, the correlated values:

/T iaw <delrs phase (sanple)/delra plisse standand

(glycerol = l=e(=1T),

The signal is assumed 1o reach saturation at the end of 37,
which corresponds 10 95% ol the delta phase value. This is
estimated (o be less (han 10 minutes. The delta phase values
depend on both the concentimtion of the antigen and the
incubation time. The transient is assumed to typically last
less than 10 min but is dependent qnd the antigen antibody
combination.
[0092]  Shear [orizontal SAW CLIP
[0093]  Elevated troponin levels generully indicae hert
damage unless proven otherwise. 115 presence in the blood

Jan, 31.2019

indicates heart failure. and a sudden spike in roponin levels
indicates a heart attack. When the heart muscle tissue is
damaged, it releases the protein troponin into the blood
stream. Typically. when a patient is admilted into an emer-
gency care unil complaining aboul chest pains, a sample of
blood is drawn and senl to the lab for roponin level analysis,
II' o sample came back above a reference value, additional
further tests were administered. The problem with the eur-
rent system is with the laboratory turnaround tune. Currently
in the developed world. clinical and labormtory turnaround
times in troponin T testing to be aboutl 122 minutes from
admittance 10 diagnostic of 4 heart attack. This includes
drawing the sample, transport (o the laboratory. prepping the
sample for testing, and the actual tests which themselves
lake over an hour 10 complete.

(0094]  The illustrated rapid biosensor performs a dingnos-
lic test, where instead of a lengthy process during which the
heart continues 10 be damaged during the entirety ol the
laborutory process. @ sample is taken and in 10 minutes
doctors wonld know to slart treatmenl. The sample can be
drawn in an ambulance, and the SAW testing oceurs during
the transport o the hospital. Patients are unloaded from an
ambulance with a laboratory diagnosis of their troponin
levels 10 indicate whether immediate treatment [or heart
failure should be administered. Such an embodiment shows
the power of [ast. portable hiosensing. No longer is the
device limiled 10 the regime of preventative medicine or
dingnostics, but can also be used as a life saving emergency
device.

[0095] The main property of a SAW sensor 15 that il
atienuates or shifts the phase of a waveform. There are
variables that determine this phase shifl. such as the male-
rial, lane length, bul one dependent variable is mass. Any
loading on the waveguide JTayer, through pressure changes
associaled with mass, causes a distinet phase shill in a wave
that traverses the medium. In fact, many of the commercial
telecommunications SAW filter properties are generated by
depositing varying layers ol thin films to weigh down the
waveguide layer (o attenuate (he signal based on the appli-
calion needs,

[0096]  The illustrated SAW sensor has adequate shielding
such that it can be vsed not only in open air. but in fAoids
without shorting or crosstalk across the liquid medivm, A
SAW surface, functionalized with an antibody layer, traps
any target analytes in a fluid sample. As the antibody sites fill
up, the addition ol mass onto the SAW results in a detectible
phase shift, This leads to some further probing SAW’s as a
potentially new field ol biosensing. Harly results, although
promising, required concentrations of antigens much higher
than of any practical usage. Two problems exist with other
attempls 1o successfully aiilize the SAW as a hiosensor.
Initially, the trials lacked any form of amplification, or the
addition of mass 1o a targel analyle such that it can he more
readily detected. Even the most precise of SAW sensors have
an ntrinsie limit of detection. or minimum mass reguired.
that arises from the larget frequency used. Too low ol a
frequency would result in a massive limit of detection and an
unnsable result, Too high of a frequency causes the vibra-
tions to bleed into the other sensing lanes causing interfer-
ence, as the walls that separate each channel become invis-
ible to the high energy wavelforms. The addition of a mass
amplification step résolves the issue ol'a limit of detection,
bul requires additional biology in the detection step in the
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torm of mass amplifiers, as well as a complex mierofluidie
apparatus that can deliver suid mass amplifiers without
relurning any false positives.

[0097]  Isothermal DNA Deteclion

[0098]  Polymersse chain reaction (PCR) is one ol the two
most commonly performed biochemical laboraory proce-
dures in the modern arsenal of diagnostic medicine. Through
the repeated thermal cycling of a DNA strand in question,
DINA melting separates the double helix strands and jsolates
segments of a known codex. and enzymes rapidly replicate
the extracted segment. Through this isolation and amplifi-
cation, millions of copies of a single strnd of DNA are
created which can easily be more readily counted than just
the initial concentration. The application for multiplying
DNA strands for counting are for screening for genetic
biomarkers. For example, if a patient wanted 1o he tested 1o
see 1f they were o genelic carrier of a disease. particularly
leukemias and lymphomas, a PCR kil thal isolates the DINA
segment that is responsible (or the cuncerous mutations is
employed, A somple of blood containing the patient’™s DNA
is tested. and after administering PCR. the resulting sample
wauld either return uo strands of the tanget DNAL or billions
of them. The presence of the replicated DNA indicates to a
physician that the patient was a carnier of the mutagenic
gene, POR has dramatically aliered medicine.

[0099]  Being a staple of modem DNA detection, there
have been several challenges in minjaturizing the process to
lower the barrier of needing specialized technically trained
labor 1o test for the presence of @ sequence specilic DNA
segment. The repeated thermal cycling requires healing the
sample 10 95° €, then lowering it 10 55° C. anywhere (rom
25-30 times. For an oplimized. room scale thermocyeler,
each cyele can be completed in about two minutes, resulting
in a little over an hour per test. Additionally. a tained
technician must place the resulting sample into a gel elec-
trophoresis machine and allow for the strands to separaie
and compare 11 agaios! the targel DNA. The fact that the
sample preparation oceurs separately from the testing poses
addinonal chall in A ing the process while keep-
ing cost of lesting down.

[0100]  One such application is the use of the SAW plat-
form 1o conduct sequence specific DNA sirnd detection
similarly to PCR by wsing an orthogonal set of CRISPR
associated protein 9, (Cas® RNA ), which is an RNA-guided
DNA endonuelease enzyme associated with the CRISPR
(Clustered  Regularly Inlerspaced  Shont  Palindromic
Repeats). Cas¥ RNA proteins bind a gene of interest, The
first nucleotide segment is bound 1o the sensor surlace, and
the comesponding last nucleotide segment is bound 1o a
mass amplifier. Much like how a target protein acts as the
linker between two antibodies to indoee a mass loading on
the sensor, the two enginecred Cas¥ proteins are capable of
inducing mass loading on the sensor in the presence of a
tirgel strand of DNA.

[0101] Unlike testing for a virus, a concentration is poi
needed. only 4 binary yes/no o indicate whether the patient
carries the largel gene ol interest. Being able 1o rapidly
deploy a test o sereen for oncogenic amplifiers allows for
cancer screening lests 1o become as common as luking one’s
blood pressure. The ability to rapidly sereen for known DNA
disease indicators makes modern cancer treatment orders of
magnitude more effective, as almost every study shows that
improving early detection reduces Fatality rates and the
burden of cancer. The allotted time allows for precancerous
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growths and early cancers at almost any parl of the body to
be removed via medical intervention.

[0102]  The ability for the SAW platform to readily change
between an analyte concentration reader and a specific DNA
strand deteetor shows the adaptability of the platform. Much
like how the last twenty vears has seen a unilateral adoption
ol ELISA and PCR a1 the academic and industrial level, the
SAW platform is versatile enough that it can be adapled 10
a specilic need and react accordingly as the need arises,
Thus. what is realized by the illustrated embodiments is an
entirely new class ol analytical chemistry tools,

[0103]  Additonally, when designing the cartridge. the
cost needed o be minimized while still containing all the
necessary sensors and drivers that a SAW test necessitates,
The cartridge needs W include sn electrically driven syringe
pump, radio frequency lines for communicating with the
SAW sensor, temperature sensors, and an optical channel for
fluidic transport inspection. All of these peripherals were
integrited mto a Nexible circuit board that is designed 1o sit
undermesth the cariridge and link all of the electronte
components with the reader. The cost ol @ single cartridge,
including the cosi of the injection molding and all electnin-
ics, is stringently kept under two US dollars (2018 dollars).
o keep in line with our promise for cheap, accessible
medical diagnostics.

[0104]  Filiration and Separation

[0105]  Tn addition 1o being a mass detector, the SAW also
registers changes in viscosity of a fAuid as a phase shift,
Because the device is unable o differentiate between phase
shift associated to mass conjugation and viscosity increases,
and to additionally reduce any interference in the conjuga-
tion of the analyle o the sensor, the mierofluidic circuil must
include a way to filter the whole blood cells lound in a
Iraditiona] complex assay from the targel analyte and the
plasma sernm that will carry it to the detector. While the
viseosity of whole blood serum is high. the viscosity of
plasma is much closer to that of water, for which the chip
does not see the effects of viscosity due o the 325 MHz RF
signal.

[0106] To be able 10 use a membrane-based blood sepa-
ration filter, the Nuidic positive pressure is much greater than
can be exerted by a piezo pump. As a result, the filier creates
the need to utilize @ syringe pump mechanism for uid
trans{ier which his capable ol generaling much greater pres-
Sures.

[0107]  The double membrane filtration mechanism allows
for a greater surface area of filtration membrane without
resulting in an incresse in diameter ol the fluidic pathway,
resulling in a reduced propensity for the [ilter 1o clog and
create a backpressure that halts or retards fluid motion. The
smallest filtration pores should not be 0o small 50 as 0
impede the passage ol magnetic beads, or even o interfere
with the surface chemistry of attaching the beads to the
larget analyte through any interactions.

[0108]  Magnetic Conjugation

[0109]  To overcome the inherent challenges associated
with diffusion, the use ol magnelic nanoparticles allows for
site directed manipulation ol the suspended hall-immuno-
assay magnelic nanoperticles. By ulilizing magoelism, the
diffusion nmeseale, which when lefi to its own accord could
take hours to enable a suspended particle to diffuse o the
surface, instead this application uses magnetic forces o
instantaneously draw the magnetic nanoparticle o the sensor
surface.
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[0110]  The challenge associated with using an electromag-
et is the drawing of power from the device and the local
inerease in lempersiure, By using a rare earth magnet, such
as a NdFeB magnet, allows lor magnetic field strengths of
0.5 Tesla, for example, a1 a large magnetic field 1o size ratio.
To prevent accumulation of the magnelic nanobeads along
the magnetic field lines, a mugnet surface area greater than
the SAW is chosen o allow for a unilorm gradient of
magnetic field strength at the surface of the SAW sensor
[botprint,

[0111]  Tu addition, a magoetic field allows for a greater
degree of rotation of a magnetic nanoparticle, as they rolale
1o align with the magnetic field lines. This rotation resulls in
i increased propensity o conjugsite as the rotation ol the
nanoparlicles increases the chance of an analyte and sensor
antibody 1o lind each other in the right orientation and make
an immunoassay binding.

[0112] When solving for the force acling on a magnetic
nanoparticle, the equation for a square permanent magnel
based on the Br Remanence of the magnet (residual mag-
nelism), L length of the block, W wadih of the block, and D
thickness of the block, and 7 the distance between the
magnetic nanoparticle and the pole Face of the magnet is as
ol bows:
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[0113]  From this equation. we can quantily the dimensions

necessary for a magnet 10 be able to pull magnetic nano-
purticles onto the surface at a purticular distance, as well os
the distance required when removing the magnet from the
sensing chamber so that the magnetie field strength (alls off
1o the remnant background magnetic field strength. By using
simple Taylor expansion. the first term in the expansion is
proportional to 1/r%, which indicates a rapid decay in field
strength with distance. Given the thickness of the SAW
sensor as the closest distance the magnet can approach the
fluid, and a magnetic strength ol for example. 0.5 Tesla o
aliract magnetic nanoparticles, by displacing the magnet
roughly 1 cm away from the SAW surface, the magnetic
field strength decays to Yoo of its maximum field strength,
resulting in the suspended magnetic beads field of approxi-
mately 50 Gaunss, which is below the minimum threshold for
the magnet o et upon the nanoparticle,

[0114] A SAW System Overview Technical
[0115]  General and overall design considerations having

now been set forth above as first illustrated in the meorpo-
rated applications, ULS. Provisional Application Ser. No.
62/597.202, and 11.5. patent application Ser. No. 15/597.
090, o which priority is claimed, wrn now w a fully
engineered SAW embodiment. Details disclosed i the
incorporated applications will nol be repeated, but improve-
ments and concepls included in the present embodiment will
be deseribed below.,

[0116] FIG. 1 is a high-level block diagram of the illus-
trated SAW system. generally denoted by reference numeral
10. Details of the circuitry and modules of FIG. 1 are shown
in PIC 2, but will not be further discussed here, and cun be
found described in detail in the incorporaled applications,
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[0117] FIG. 3 is a timing diagram showing the necessary
steps and order required for a measurement to be tiken by
the SAW microfluidic cartridge. Alier the sample is injected,
the mixing/capture/conjugation step 22 oceurs in the first
reservoir of the device, The sample is pumped during time
period 34 through the microfluidic circuil in the separation
step 24. where the Nuid 15 Ghered and the whole blood 1s
separated [rom the target analyte. The fluid is transferred to
the sensing chamber where the detection step 28 and clean
up step 30 occur in sequence (o allow for the analyte w
conjugate 1o the SAW. allow for nonspecifically hound
amplifiers 1o be removed. and to allow lor a measurement 1o
be taken,

[0118] FIG. 4 i a hlock diagram of the cartridge embodi-
ments. A sample is introduced through the septum 22 o the
syringe reservoir 58. The fuid is transferred 10 the pump
reservoir 47, where o syringe pump 46 drives the Quid to the
mixing reservoir 60, where a piczo mixer 20 homogenizes
the Auid. The positive pressure from the syringe pump drives
the blood sample through a menbrane 48, which separates
the plasma and apalyte which passes to the separation
reservoir 61, leaving behind the whole blood cells in the
mixing reservoir 60. The analyte and [illered plasma are
deposited into the sensing chamber 14, which contains the
SAW 16, and 10 conjugate to the surface (See FIG. 11} Afer
the conjugation has veeurred. the remaining Anid is trans-
ferred 10 the waste reservoir 238.

[0119] FIG. § 15 a perspective view ol the disposable
cariridge 12. Visible lrom the outside is the septum 57 where
sample is injected, (he syringe pump 46 Lead. and the SAW
sensor 16,

[0120] FIG. 6 15 an isometric of the disposable cartridge
12. The septwm 57 of FIG. § is attached above the syringe
reservoir 58, which comprises the sample input port 56. The
fluid is transferred to the piston reservoir 47, where a piston
pump 46 15 compressed and forces the uid through the
microfluidic cirenil, The Muid Hows 1o a separalion reservoir
49 from which the Ouid fows through a filter membrane 48
that separates the whole blood from the sample, only allow-
ing analyte and plasma to proceed. The fuid then fows w
the sensing chamber 14. where it contacts the SAW sensor
16. Finally. the fluid fows from the sensing chamber o a
wiste reservoir 238,

[0121] FIG. 7 is a erosssechional isometric view ol the
sample input port 56 and syringe pump reservoir 47, [us-
trated is the mechanism by which the septum 57 is atiached
to the syringe reservoir 58 and the fluid pathway that the
sample takes to reach the pump reservoir 47, A piston pump
46 compresses the Quid in the reservoir 47 and creales the
necessary positive pressure in the (uid to drive the sumple
inte mixing reservoir 60 and through a lilmtion membrane
48 inlo separation reservoir 61 o remove the blood cells
from the sample and reduce any associated viscous ellects
they might have on the measurement taken by the SAW.
[0122] FIG. 8 shows o detailed view of the sensing cham-
ber 14. The [uid enters from the filtration chamber or
separation reservoir 61 10 the sensing chamber 14 where the
analyte 15 broughl in contacl with the SAW sensor 16,
Orthogonal to the SAW sensor 16 underneath is an electro-
magnet 54 that is used 1o remove any nonspecifically hound
magnetic nanoparticles from the surface of the SAW 16 to
reduce the propensity of the device to make false posilive
measurements.
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10123] FIG. 9 shows an isomelric cross section of the
entire microNuidic circunt 13, F1G. 9 shows how the sample
input port 56. piston reservoir 47, separation chamber 61,
sensing chamber 14, and waste reservoir 238 are connecled
10 pne another.

[0124]  FIG. 10 is a graph of the phase shified outpul of the
SAW sensor 16 and a calenlated phase shili Ay in degrees
as a function of acquisition time of a SAW sensor reading.
The graph shows data from Ebola collected by the active
channel 63 and reference lane 64 for lest viral anligen with
a coneentration of 1,000,000 PFU/mL, The Specific Ebola
signal 65 (caleulated by subtracting the non-specific 1gG
signal from the Toal Ebola signal) is also shown. Sample
acquisition occurs ol time ). and several seconds are
required for the signal to stabilize. (Sensors 2015, 15,
8605-8614; doi:10.3390/5150408605, Rapid Detection of
Ebola Virus with a Reagent-Free, Poim-of-Care Biosensor,
Baca @1 all,)

[0125] FIG. 11 is an illusirated embodiment of the wo
main biochemical interactions that oceur in the cartridge 12,
In the mixing chamber 60, functionalized magnetic particles
211 are combined with target analyte 209 and homogenized
such that the chance of forming an analyte-magnetic bead
half sandwich 227 is vastly increased. Once conjugated, the
sample Mows to the saw sensor 16, which s hmetionalized
with lupctionalized antibodies 235 on its surface. The ana-
Iyte-magnetic bead hall sandwich is brought in contact with
the SAW sensor due 1w the presence of a magnetic field
which draws them to the surface. where they form an
immunoassay sandwich 237 consisting of the SAW sensor
16, one caplure antibody, the analyte in question, an
orthogonal caplure antibody. and a magnetic mass enhanc-
ing nanoparticle.

[0126]  FIG. 12 s an illustration of the double membrane
filter 243 in the filtration chamber 47. The sample conlaining
whole red blood cells 246, whole white blood cells 247, and
analyle-magnetic bead hall immunoassay 227 flow into the
chamber, where two membranes of varying thickness, one
with larger pore size 244 and one with more refined pore size
245 filter out the whole cells 246 and white cells 247 lrom
the flud while allowing the analyte-magnetic bead hall
sandwiches 227 o pass through.

[0127] FIG. 13 is an orthographic cross section detail of
the syringe punip chamber 208 incorporated into the car-
tridge assembly 12. A molor 201 drives a gear 203 via o
drive shafi 202 thal drives a worm gear 204 altached (o the
syringe plunger head 207 which is coupled via a coupler
205. As the plunger is driven down via the worm screw
mation. the blood 210 sample containing the target analyte
209. as well as the butler 212 and the magnetic heads 211 are
driven from the syringe pump chamber through a microfin-
idic exit 213 1w the next chamber The syringe pump
mechanism generales the necessary posilive pressure 1o
drive the fluid throngh the microluidic circuit and to the
SAW

|0128] FIG, 14 is an orthographic cross section of the
mixing chamber 225 incorporated inlo the carridge assem-
bly 12. A motor 201 drives a gear 221 via a drive shafi 220
that drives a mixing gear 222 which drives a mixing shafl
223, The shaft passes through a shaft seal 224 and drives a
mixing blude 226 that mixes the incoming analyte 209 and
magnelic beads Yeh and forms an analyle-magnetic bead
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conjugate 227, The mixing chamber allows lor the first half
of the immunosssay sandwich (Magnetic nanoparticle—
analyle) o be formed.

[0129] FIG. 150 Is an illustration of the sensing chamber
236 incorporated into the cartridge assembly 12, A mowr
201 drives a gear 231 via a drive shafi 230 that drives a
wiorm gesr 232 attached o the permanent magnet 233 that
allows the magnel o tmvel freely up and dowo. The magnet
approaches the SAW sensor 234, which pulls analyte
magnetic bead conjugates 237 onto the surface of the SAW
234 where they bind to the functionalized antibodies 235 on
the surface that allow for o dilleremial phase messurement
1o be laken.

[0130] FIG. 16 is an orthopraphic cross section of the
microfiuidic circuit 12, A motor 201 drives theee microflu-
idic components, the syringe pump 208. the mixer 225 and
the sensor magnet 233, A sample 210 is introduced at the
syringe pump and is mixed with a bufer 212, where il is
wansferred through the circuit 213 (o the mixing chamber
where a mixing blade 226 allows for the analyte 209 and the
magnetic beads 211 to conjugate and form a hall’ immuno-
assay sandwich 227. The half sandwich is sent 1o the sensing
chamber, where functivnalized antibodies 235 on the surface
ol the saw 234 capture the hall sandwich and form wan
immunoassay sandwich 237. The magnet 233 is raised and
Jowered 1o increase or decrease the rate of diffusion and
conjugation rate. Alter that the fuid is translerred w o wasle
reservoir 238.

[0131]  FIG. 17a ill of the
chamber with the permanent magnel 233 raised. Flud
containing both analyte-magnetic bead conjugates 227 and
unbound magnetic beads 211 Mow into the sensing chamber,
Alter the chamber is full, the fluid Aow halts. During the
conjugation process at time t-(), the separation distance of
the magnet 242 from the fluid is preat enough that the
magnetic particles do not feel the presence ol the magnetic
field 243,

[0132] FIG. 175 illustrates the embodiment of the sensing
chamber with the per t magnet 233 lowered over the
SAW 16. A motor 63 drives a gear set 231 that spins the
worn gedr 232 and drives the permanent magnet 233 closer
1o the sensor surface. The magnel 233 is altached by guiding
rails 239 that prevent the magoet from [reely rotating. but
allow for unimpeded motion in the z direction indicated by
the arrow in FIG, 17h, As the magnet is brought lower as
depicted by the line 242 in the upper insert graph ol FIG,
175, the magnetic field strength 243 increases on the [luid
volume. driving the magnetic beads 10 the SAW surface,
where they can conjugate 1o the [unctionalized antibodies on
the surface, creating an immunoassay sandwich 237 thai the
sensor can detect,

[0133]  FIG. 17¢ illustrates the embodiment of the sensing
chamber with the permanent magnet 233 returned 1o its
position ol minimum feld strength. Once the magnet is
raised, any nonspecifically bound magnetic beads 241 are no
longer magnetically sttached 10 the surface, while the immu-
noassays are electrochemically bound 1o the sensor surface.
As the Muid is pushed out of the sensing chamber. any
nonspecifically bound magnetic particles are removed from
the sensor surface, and the process is repeated as new Muid
15 introduced a1 the sample inpul port 240, This process is
repeated 10 times,

[0134]  Using this cartridge and methodology it has been
demonstrated that detection in human cardiae troponin ler-

s the embodi




US 2019/0030533 Al

nary complex of subunit | nsing a SAW sensor and nano-
particle-based immuncassay with 10-nm gold panopariicles
is ahle 1o retumn clinically-relevanl results in 10 minutes,
which is approximately 5 times faster than lahoratory tech-
niques. This will enable fast administation of life-saving
Irealmenls.

[0135]  The illustrated cartridge and methodologies have
demanstrated that rapid multiplexed immunoassay for the
detection of prevalent HIV-1 & HIV-2 antigens is also
pussible. This again allows early-detection and produces
clinically relevant results for a total cost of about §5 per Lest
which is 10 times cheaper than a gp24 HIV-1 PCR test
conducted at a lab in India. Moreover. current PCR tests are
unable to distinguish between 1IV-1 and FIIV-2, which is
possible with the illustrated embodiment.

[0136]  The computer-controlled cellphone or smart device
has become a fundamental pan of the human experience in
the 21st century, A global citizen is more likely to use a
smartphone than a computer or a car. The illustrated embodi-
ment has been developed w operate in tandem with a st
device through the use of an application available 10 iPhone
and Android deviees in arder 1o keep the cost per test down
by not having o implemeént screens. Wi-Fi receivers, and
many olther peripherals found in everyday smart devices.
Thus, system 10 is provided with a smart device connector
50 among its user interface options to allow direct wire,
Wi-I'i or blue woth connection thereto, In this manner the
measurenients ol system 10 can aulomatically be commu-
nicated to the cJoud or ather network for further analysis and
wilization.

CONCLUSION

[0137] It may oow be appreciaed that the illustroted
embodiments of the invention include an apparatus for
performing a portable, fast, field assay of a small sample of
a biological analyte having a microfluidic cartridge used
with a smart device, The apparatus includes o [unctionalized
shear horizontal surface acoustic wave (SAW) delecior
having a plurality of channels including at least one (une-
tionalized sensing lane and including ot least one reference
lane. and a closed microfluidic circnit Auidicly communi-
cated with the shear horizontal surface acoustic wave (SAW)
detector, the closed microfluidic circuit for mixing and
recirculating the analyte with a bufler with functionalized
magnetic beads included within the microfluidic circuit
through the sensing and reference lanes of the shear hori-
contal surface acoustic wave (SAW) detector. It is 10 be
understood that other types of detectors now known or laler
developed which have the needed limit of detection and field
usability may be substituted for a SAW detector.

[0138]  The closed microflluidie eircuit includes o syringe
reservoir for receiving (he sample of biological analyte to be
lested. A pump reservoir with a syringe pump is fuidiely
communicated with the syringe reservoir for drawing the
sample from the syringe reservoir inlo a buffer in the pump
reservoir, The syringe pump pressurizes the sample of
biological analyte and the buller for recirculation through
closed microfluidic circuit.

[0139] A mixing reservoir is fnidicly communicated with
the pump reservoir. The mixing reservoir includes an active
mixer, a predetermined capture antibody and functionalized
magnetic beads for mass amplification, the bufler, the pre-
determined capture antibody and functionalized magnetic
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beads are mixed inlo a homogenized mixiure wherein an
analyte-magnetic bead hall sandwich is formed.

[0140] A separation reservoir is Nuidicly communicated
with the mixing reservoir. The separation reservoir includes
a membrane for filtering out cellular constituents from the
homogenized mixture.

[0141] A sensing chamber is Huidicly communicated with
the separation reservoir, The sensing chamber includes the
shear horizontal surface acoustic wave (SAW) detector and
a magnetic source. the analyte-magnetic bead hall sandwich
being driven by the mapnetic source inlo contacl with the
lunctionalized sensing lane of the shear horizontal surlace
acoustic wave (SAW) delector 10 lorm an immunoassay
sandwich including the functionalized shear horizontal sur-
face acoustic wave (SAW) detector, an orthogonal caplure
antibody and the analyte-magnetic bead hall sandwich
bound 1o the orthogonal capture antibody.

[0142] Theapparatus may further include a SAW interface
circuil coupled 10 the shear horizontal surface acouslic wave
(SAW) detector, 8 microcontroller coupled to the SAW
imerface circuit for controlling the SAW detector through
the SAW interface circuit and for data processing an output
assay signal from the SAW detector, and a vser iterface
communicated with the microcontroller for providing nser
input and {or providing user output through the smart device,
[0143] The magneiic source in one embodiment may be a
first electromagnet lor separating the caplured magnetic
beads combined with the analyte from uncaplured magnetic
beads not combined with the analyte. a second electromag-
net tor disposing the captured magnetic beads on at least one
functionalized sensing lane of the shear horizontal surface
acouslic wave (SAW) detector 10 allow conjugation of the
functionalized caprured magnetic beads with the at least one
functionolized sensing lane, and o third electromagnet for
removing uncapiured magnetic beads and other noninteract-
ing components of the analyte or buffer from the at least one
functionalized sepsing lane to allow a final measurement to
be made,

[0144] In another embodiment the magnetic source is o
permanent magnelic movahle with respect to the at least one
functionalized sensing lane of the functionalized shear hori-
romal surfice acoustic wave (SAW) detector,

(0145] 'The membrane is o double membrane through
which the homogenized mixture of bufler and analyte-
magnetic bead half sandwich is transferred. but which filiers
out cellular components of the sample.

[0146] The apparatus may further include a bubble trap,

[0147] The syringe pump and active mixer may be &
piezo-pump and piezo-mixer.

[0148]  The closed microfluidic cirouit Auidicly for mixing
and recircolating the analyte with a huffer with tunctional-
ized magpetic beads. recirculates the homogenized mixture
ol buffer. uncaplured analyte, funclionalized magnetic
beads, and analyte-magnetic bead hall sandwiches through
the closed microMndic circuit a multiplicity of times within
a predetermined time period less than one hour in duration,
[0149]  More specifically the closed microfluidic circuit for
mixing and recirculating recirculates the homogenized mix-
tre of buller, uncaptured analyle. funclionalized magnetic
beads, and analyte-magnetic bead hall sandwiches through
the closed microfluidic circuil at least 50 times within less
than or equal 10 a [0-minute duration.

[0150] The analvte and buffer are 1ypically combined in
the microfluidic chamber usiog a sample size of the order of
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50 pl., namely 40-60 pl., in an amount of buffer of the order
of 100 pl., namely 50-150 pl.

[0151] The apparats may lurther include peripherals
coupled to the microcontroller including a memory. a tem-
perature and humidity module, a real time clock, a cooling
fan, and an n-circuil seral programming 1CSP module,
10152]  The wser interface includes a Wi-Fi module and
wmtenns coupled 1o the Wi-F1 module, a capacitive touch
sereen, a color thin-film transistor display and a graphic
controller with memory coupled to the thin-film wransistor
display with a backlight source.

[0153]  The wser interface may also include an audio
madule with a speaker coupled therelo, a serial data cord
interface, an inertial motion unit, ai least one RGE TLED, and
at least one program switch.

[0154]) The SAW interface circuil includes a clock oscil-
Tator, an RF synthesizer coupled to the clock oscillajor, 2 low
pass lilter and splitter having an fnput coupled w the RF
synthesizer and an output coupled 1o the SAW detector. a
phase/gain detector coupled to the low pass lilter and splitier
and having a data input coupled to the SAW detector. an
analog-to-digital converter having an input coupled 10 an
output ol the phase/gain detector and having an output
coupled 1o the microcontroller, a pump driver, and a motor
with & motwr driver for mechanically loading the microflu-
idic cartridge.

|0155] More specifically the illustrated embodunents of
the invention include a cartridge combinable with a smarl
device which is cupable of communicating with a network,
the cartridge Tor performing a porahle, fast, field assay ol an
analyte in a biological sample. The cartridge has a closed
micrafluidic circuit and a detector. The closed microfluidic
circuit homogenously mixes the analyte with a buffer, a
predetermined antibody and funetionalized magnetic beads
capable of being specifically combined with the analyte into
a analyte-magnetic bead hall sandwich, filters the analyte.
bufler, predetermined antihody and funchonalized magnetic
beads, and analyte combined into a analyte-magnetic bead
hall sandwich from other constituents of the sample. and
recirculates the analyte. bufter, predetermined antibody and
[unctionalized magnetic beads. and analvie combined into o
analyte-magnelic bead hall sandwich through the microflu-
idic circuit nnder pressure a predetermined number of times
within & predetermined time period. The detector is Nuidly
communicated with the microfluidic eircuit in which the
analyte is combined with the analyte-magnetic head hall
sandwich and is driven toward the detector by a magnetic
source, where an immunoassay sandwich is formed in or on
the detector and sensed by the detector,

[0156] The cartridge may lurher include @ microcon-
troller coupled 1o detector for controlling the detector and
tor data processing an outpul assay signal from the detector:
and @ vser interface communicated with the microcontroller
for providing wser input and for providing user oulput
through the smart device to the network.

[0157]  Still further the illustrated embodiments of the
invention encompass a method ol operating a medically
diagnostic cartridge vsed with a smart device capable of
communicating with s network., The medically diagnostic
cartridge performs o portable. fast. field assay of an analyte
in o sample, The method includes the steps of mixing the
analyte. functionalized magnetic beads, and buffer into a
homogenous mixture, wherein at least some of the function-
alized magnetic beads caplure the analyte 1o form an ana-
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Iyte-magnetic bead half sandwich, transferring the analyte,
buller and functionalized magnetic heads toward a detector.
selectively disposing the captured magnetic beads into the
detector to allow conjugation of the analyte tic head
half sandwich with a fanctionalired portion of the detectior
1o form an immunoassay sandwich, and detecting the pres-
ence and/or amount of immunocassay sandwich formed in or
on the detector (o generate a disgnostic oulpul.

[0158]  The method may further include the step of recir-
culoting the homogenized mixiure a predelermined number
of times through the cartridge i & predetermined Gime
period and repeating the steps of mixing the analyie, func-
tionalized magnetic beads. and bulfer into a homogenous
mixture, wherein o1 least some of the functionalized mag-
netie beads capture the analyte 1o form an analyte-magnetic
bead hall sandwich. ansierring the analyte, buller and
funetionalized magnetic beads loward a detector, seleclively
disposing the captured magnelic beads into the detector 1o
allow conjugation of the analyte-magnetic bead hall sand-
wich with a [unctionalized portion of the detector to form an
immunoassay sandwich, and detecting the presence and/or
amounl of immunoassay sandwich formed in or on the
detecior 10 generate a diagnostic output.

[0159]  The method may further include the step of remov-
ing uncaptured magnetic beads and other noninteracting
comiponents of lhe analyle or buffer from the mixture
detector hefore detecting the presence and/or amount of
immunoassay sandwich formed in or on the detector w
generate o diagnoslic ontput.,

[0160]  The method may further include the step of remov-
ing nonspecifically bound mass amplifiers from the homog-
enous mixture and/or detector to reduce generation of lalse
posilive disgnostic oulpul.

[0161] Many alterations and modifications may be made
by those having ordinary skill in the art withoul departing
from the spirit and scope of the embodiments. Therefore., it
must be understood that the illustrated embodiment has been
set forth only for the purposes of example and that it should
not be taken as limiting the embadiments as defined by the
following embodiments and its various embodiments.
[0162] Therefore. it must be understood that the illusirated
embodiment has been set [orth only for the purposes of
example and that it should not be taken as limiting the
embodiments as defined by the following claims. For
example, notwithstanding the Fact that the elements of a
claim are set forth below in a certain combination, it must be
expressly understood that the embodiments include other
combinations of fewer, more or different elements, which
are disclosed in above even when not initially claimed in
such combinations, A teaching that two elements are com-
bined in # claimed combination is further to be understood
as also allowing for a claimed combination in which the two
elements are not combined with each other but may be used
slone or combined in other combinations. The excision ol
any disclosed element of the embodiments is explicitly
contemplated as within the scope of the embodiments.
[0163]  The words used in this specilication o describe the
various embodiments are o be undersiood aot only 1n the
sense of their commonly defined meanings, but w include by
special definition in this specification structure, matetial or
acts beyond the scope of the commonly defined meanings.
Thus, 11 an element cin be understood in the context ol this
specilication as including more than one meaning, then its
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use in a claim must be understood as being peneric 10 all
possible meanings supported by the specification and by the
waord itselll

[0164] The definitions of the words or elements of the
lollowing claims are, therefore, delined in tis specilication
1o include not only the combination of elements which are
litermlly set forth, but all equivalen structure, material or
ucts for performing substantially the same function in sub-
stantially the same way to obtain substantially the same
result. In this sense it is therefore contemplated that an
eguivalent substitution of two or more elemenls may be
made for any one of the elements in the claims below or that
a single element may be substituted for two or more ele-
ments in g claim. Although elements may be described
above as acling 10 cerlain combinations and even initially
claimed as such, it is to be expressly understood that one or
more elements rom a claimed combination can in some
cases be excised from the combination and that the claimed
combination may be directed Lo a subcombination or varia-
tion af a subcombination.

[0165] Insubstantial changes from the claimed subject
matter as viewed by o person: with ordinary skill in the art,
now known or later devised. are expressly contemplated as
being equivalently within the scope of the claims. Therefore,
obvious subslitwtions now or later konown o one with
ordinary skill in the art are defined 1o be within the scope of
the defined elements.

[0166] The claims are thus w be nnderstood to include
what is specilically illustrated and described sbove, what is
conceplionally equivalent, whal can he obviously substi-
futed and also what essentially incorporates the essential
idea of the embuodiments.

We claim:

1. An apparatus lor performing a porfable, [bst. leld assay
of a sample of a biological analyte having a microfluidic
cartridge vsed with a simart device comprising:

# functionalized shear horizontal surface acoustic wave
(SAW) detector having a plurality of channels includ-
ing at least one functionalized sensing lane and includ-
ing at least one reference lane;

a closed microfluidic circuit fuidicly communicated with
the sheur horizontal surface aconstic wave (SAW)
detector, the closed mierofluidic circuit for mixing and
recirculating the analyte with a buffer with functional-
ized magnetic beads included within the microflnidic
cireuit through the sensing and reference lanes of the
shear horizontal surface acoustic wave (SAW) deteclor,
the closed microfluidic cirenit comprising:

a syringe reservoir for receiving the sample 1o be
tested;

a pump reservoir with a syringe pump Huidicly com-
mupicated with the syringe reservoir for drawing the
sample biological analyte from the syringe reservoir
into a bufler w1 the pump reservoir. the syringe pump
pressurizing the sample of biological analyte and the
bufler for recirculation through closed microfluidic
circuit;

A mixing reservoir Duidicly communicated with the
pump reservoir. the mixing reservoir including an
active mixer, a predetermined capture antibody and
tunctionalized magnetic beads for mass amplifica-
tion, the buller, the predetermined capture antibody
and linclionalized magnetic beads being mixed into
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a homogenized mixture wherein an analyte-magnetic
head hall sandwich is formed:

a separation reservoir fluidicly communicated with the
mixing reservoir, the separation reservoir include a
membrane for Gliering out cellular constiments from
{he homogenized mixiore; and

a sensing chamber foidicly communicated with the
sepitnition reservoir, the sensing chamber including
the shear horizontal surface acoustic wave (SAW)
detector and o magnetic sowree, the analyte-magnetic
bead half sandwich beiog drven by the magnetic
source ino contact with the functionalized sensing
lane of the shear horizontal surface acoustic wave
(SAW) detector to form an immunoassay sandwich
including the functionalized shear horizontal surface
acoustic wave (SAW) delector, an orthogonal cap-
ture antibody and the analyte-magnetic head hall
sandwich bound 1o the orthogonal capture antibody,

2. The apparatus of claim 1 further comprising:

a SAW inlerface circuil coupled 1o the shear horizontal
surface acoustic wave (SAW) detector:

a microcontroller coupled to the SAW interface circuit for
controlling the SAW detector through the SAW inter-
face circuit and for data processing an output assay
signal from the SAW detector: and

a user interface communicated with the microcontroller
for providing user input and for providing user output
through the smart device.

3. The apparmuns of claim 1 where the magnetic source

comprises:

a first electromagnet for separating the caplured magnetic
beuds combined with the analyie lrom uncuptured
magnetic beads not combined with the analyte;

a second electromagnet for disposing the caplured mag-
netic heads on at least one functionalized sensing lane
of the shear horizontal surface acoustic wave (SAW)
detector lo allow conjugalion of the functionalized
captured magnetic beads with the at least one function-
alized sensing lane: and

4 third electromagnet for removing uncaptured magnetic
beads and other noninteracting components of the
analyie or buller from the at least one [opctionalized
sensing lane (o allow a final measurement 10 he made.

4. The apparatus of claim 1 where the magnetic source
comprises a permanen! magnelic movable with respeel o
the at least one functionalized sensing fane of the funetion-
alized shear horizontal surface acoustic wave (SAW) detec-
tor.

5. The apparatus of claim 1 where the membrane com-
prises a double membrane through which the homogenized
mixture of bufler and analyte-magnetic bead half sandwich
is transferred. but which filters out cellular components of
the sample.

6, The apparatus ol claim 1 further comprising o bubble
trap.

7. The apparatus of claim 1 where the syringe pump and
active mixer comprises a piezo-pump and piezo-mixer.

8. The apparatus of claim 1 where the closed microfluidic
cirenit fluidicly for mixing and recirculating (he analyte with
a buller with functionalized magnetic beads recirculates the
homogenized mixture of bufler, uncaptured amalyte, func-
tionalized magnetic beads, and analyte-magnetic bead half
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sandwiches through the elosed microfluidic cireuit a oulli-
plicity of times within 4 predetermined time period less than
one hour in duration.

9. The apparstus ol claim 8 where the closed microfluidic
circoit for mixing and recirculoting recirculates the homog-
enized mixture of bufler. uncaptured analyte, functionalized
mugnetic heads, and analyte-magnetic bead hall sandwiches
through the closed microfluidic circnit al least 50 times
within less than or equal 0 a 10-minute duration,

10. The apparatus of claim 1 where the analyte and buffer
iire combined in the microfluidie chamber using a sample
size of the order of 50 pl in an amount of bufler of the order
of 100 ul.

11. The apparatus of claim 2 lurther comprising periph-
erals coupled to the microcontroller including o memory. a
lemperature and humidity module, a real time clock, a
eooling fan, and an in-circuit serial programming 1CSP
module.

12. The apparatis of claim 2 where the user interface
comprises 8 Wi-Fi module and antenna coupled to the Wi-Fi
module, a capacitive touch screen, a color thin-film transis-
tor display and & graphic controller with memory coupled to
the thin-film transistor display with a backlight source,

13. The apparatus of claim 12 where the user interface
comprises an audio module with a speaker coupled thereto,
a serial data card interfuce. an inertial motion unit. at least
one RGB LED, and at least one progeam swilch.

14. The apparaius of claim 2 where the SAW imerface
cireuit comprises a clock oscillator. an RF synthesizer
coupled to the clock oscillator, a low pass lilter and splitier
having an input coupled 1o the RF synthesizer and an ouiput
opupled 10 the SAW detector, a phase/gain detector coupled
to the low pass filler and splitter and having a dala input
coupled 10 the SAW detector, an analog-to-digital converter
having an npul coupled 1o an outpul of the phase/gain
detector and having an output coupled to the microcon-
troller. a pump driver, and g motor with a motor driver for
mechanically loading the microfluidic canridge,

15. A cartridge combinable with a smart device which is
capable of communiciting with a netwaork. the cartridge for
performing a portable, fast, field assay ol an apalyie in a
biological sample comprising:

a closed microfluidic circuit which homogenously mixes
the analyte with a buller, a predetermined antibody and
functionalized magnetic beads capable of being spe-
cifically combined with the analyte into a analyte-
magnetic bead halt’ sandwich, which filiers the analyte.
bulter. predetermined antibody and  unctionalized
magnétic beads. and analyle combined inlo a analyte-
magnetic bead half sandwich (rom other constituents of
the sample. and which recirculates the analyte, buller,
predetermined antibody and fupctionalized magnetic
beads. and analyte combined ino @ analyte-magnetic
bead hall’ sandwich through the microfluidic circuit
under pressure o predetermined number of times within
a predetermined time period; and

a detector Auidly communicated with the microfiuidic
circuit in which the analyte is combined with the
analyte-magnetic head hall’ sandwich and is driven
toward the detector by a magvetic source, where an
immunoassay sundwich is formed in or on the detector
and sensed by the delector.
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16. The cartridge of elaim 15 further comprising a micro-
controller coupled 1o detector for controlling the deweetor
and for dala processing an outpul assay signal [om the
detector; and

a user interlace communicated with the microcontroller

for providing user inpul and for providing user cutput
through the smart device o the network.

17. The canridge of claim 15 where the closed microflu-
idic circuit comprises:

a syringe reservoir for receiving the sample to be tesled:

a pump reservoir with a syringe pump fuidicly commu-

micated with the syringe reservoir for drawing the
sample from the syringe reservoir into & buller 1n the
pump reservoir, the syringe pump pressurizing the
sample and the bufter for recirculation through closed
microfluidie cirenir:

a mixing reservoir Ruidicly eommunicated with the pump
reservoir, the mixing reservorr including an active
mixer, # predetermined capture antibody and [unction-
alized magnetic beads lor mass amplification. the bul-
fer, the predetermined capture antibody and function-
alized magnetic beads being mixed into a homogenized
mixture wherein an analyte-magnetic bead halfl sand-
wich is formed;
separslion reservoir fmdicly conmumcated with the
mixing reservoir, the separation reservoir include a
membrane lor filtering out cellular constituents from
the homogenized mixture; and
sensing chamber Muidicly communicated with the sepa-
ration reservoir, the sensing chamber including the
detector, which comprises a shear horizontal surface
acoustic wave (SAW) detector and a magnetic source,
the analyte-magnetic bead half sandwich being driven
by the magpetic source into contact with the function-
alized sensing lane of the shear horizontal surface
seoustic wave (SAW) detector 1o form an immunoassay
sandwich including the functionalized shear horizontal
surface acoustic wave (SAW) detector. an orthogonal
capture antibody and the analyte-magnetic bead half
sandwich bound 10 the orthogonal caprure antibody.

18, The cartridge of claim 17 where the magnpetic source
comprises a movable permanent magnel for separaling the
captured magnetic beads combined with the analvie Irom
uncaptured magnetic beads not combined with the analyte,
for disposing the captured magnetic beads into the detector
1o allow eonjugation of the functionalized captured magnetic
beads with the deteclor. and for removing nncaptured mag-
netic beads and other noninterscting components of the
analyte or bulfer from the detector 1o allow a linal measure-
ment 10 be made,

19. The cartridge of claim 15 where the smart device
provides software-cantrolled, user input control and data
functions and provides sofiware-controlled vser outpul data
Tunctions for the cartridge.

20. A method of operating a medically diagnostic car-
Iridge vsed with a smarl device capable of communicaling
with a network, the medically disgnostic cartridge for per-
forming a portable, st feld ussoy ol an analyte in a sample,
the method comprising:

mixing the analyte, functionalized magnetic beads, and

huffer into a homogenous mixture, wherein at least
snme of the functionalized magnetic beads capture the
analyte w form an analyte-magnetic bead half sand-
wich:

i
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transferring the analyte. buffer and functionalized mag-

netic beads toward o detectar:
selectively disposing the caplured maymetic beads into the
detector to allow conjugation of the analyte-magnetic
bead half sandwich with a fonctionalized portion of the
detector to form an immunoassay sandwich: and

detecting the presence and/or amount of immunoassay
sandwich formed in or on the detector 1o generale a
dingnostic outpul,

21. The method of claim 20 further comprising recireu-
lating the homogenized mixture a predetermined number of
times through the cartridge in a predetermined time period
and repeating the mixing of the apalyte. functionalized
mugnetic beads, and bufler o o homogenons mixture,
wherein al least some of the lunctionalized magnelic beads
capture the analyte 1o [orm an analyte-magnetic bead hall
sundwich, translerring the analyte. buffer and funetionalized
magnetic beads toward a detector, selectively disposing the
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captured magnetic beads into the deteclor to allow conju-
gation of the analvie-magnetic bead halt sandwich with a
funetionalized portion of the detector 1© form an immuno-
assay sandwich, and detecting the presence and/or amount
of immunoassay sandwich formed in or on the detecior
generale a diagnoslic outpul,

22. The method of claim 20 further comprising removing
uncaptured magnetic beads and other noninteracling com-
ponents of the analyte or buller from the mixture detector
belore detecting the presence and/or amount of immunoas-
sy sandwich formed in or oo the detecior 10 génerate a
diagnostic ontput.

23. The method of claim 21 further comprising removing
nonspecifically bound mass amplifiers lrom the homog-
enous mixture and/or detector to reduce generation of false
positive dingnostic output.
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