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ABSTRACT

This invention relates to CMOS SAW-based biosensor
devices for detecting analytes and biomolecules of interest.
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FIG. 2b. SEM of the input/output IDTs and the pads
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MULTIPLEX BIOSENSOR

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part applica-
tion and claims priority benefit of the earlier filing date under
35 USC 120 of U.S. patent application Ser. No. 11/738,460
filed 20 Apr. 2007, the content of which is incorporated herein
in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] No federal government funds were used in research-
ing or developing this invention.

BACKGROUND
[0003] 1. Field of the Invention
[0004] This invention relates to a multiplex biosensor,

namely, a CMOS integrated circuit having a SAW device as
an on-chip component capable of direct electronic readout
and configured for parallel multi-analyte, multi-concentra-
tion detection assays, methods of providing sensitive and
specific assays to detect biomolecules, including serum
tumor markers that could be used in early detection of cancer.
[0005] 2. Background of the Invention

[0006] The current state of knowledge is as follows.

Serum Biomarkers

[0007] Serum markers are used in the diagnosis and moni-
toring of metastatic disease. It is clear that increasing the
sensitivity of assays for serum biomarkers would be advan-
tageous and allow their use in early detection as well. (i) Early
detection. The most widely used serum tumor markers in
breast cancer are CEA (an oncofetal protein), CA15-3, CA27.
29 (both markers for mucin), TPA, TPS and HER-2 (shed
form). However, it is widely agreed that all of these markers
currently lack the sensitivity for early detection. Not only are
additional biomarkers needed, but also sensitive assays, such
as the biosensor provided here. (ii) Prognosis. It is estimated
that 20-30% of lymph node negative (LNN) breast cancer
patients ultimately develop metastatic disease. Currently, all
patients are treated since there is no simple method for detect-
ing micrometastases. In fact, it has been suggested that more
than 80% of patients in the average-risk group, classified
according to the St. Gallen system, would have survived
without adjuvant therapy. A sensitive, serum-based assay
could be very useful in identifying patients whose tumors are
likely to or have already metastasized. (iii)) Monitoring
therapy. In the past, both CEA and CA15-3, in combination,
have been used to monitor metastatic breast cancer. Expres-
sion of serum biomarkers would be expected to decrease after
successful treatment, which was indeed observed for both
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CEA and CA15-3. Conversely, useful biomarkers would be
predicted to increase upon relapse or metastasis. In three
small studies, survival of patients increased who were given
salvage treatment based only on increasing concentrations of
CEA, CA15-3 or TPA. However, based on these small num-
bers of patients, the use of tumor markers for routine surveil-
lance or monitoring after treatment is controversial since it
involves treatment of asymptomatic patients. More patients
and additional markers need to be tested to resolve this issue;
a high throughput assay would be extremely useful in this
regard.

Comparative Assays

[0008] Comparisons with currently available assays. Table
1 displays the main approaches currently used to identify and
detect biomarkers in serum. (i) ELISAs are referred to as the
‘gold standard’ technique and are used in clinical settings.
The sensitivity can be as low as 1 pg/ml or as high as 4 ng/ml,
depending on the antibody (Ab). However, ELISAs require
larger sample volumes than antibody arrays and are not suit-
able for multiplexing. (ii) Ab arrays provide fairly high sen-
sitivity (although less than ELISAs), good reproducibility
and multiplexing capabilities, but they are not “user friendly”.
They require extensive sample preparation involving protein
isolation, labeling of proteins using dyes followed by incu-
bations with the array itself and then analysis in a microarray
scanner with specialized software. The results require nor-
malization and only provide a ratio relative to a normal con-
trol. The biosensor, on the other hand, would require no
further sample manipulation after serum preparation; an auto-
matic read-out would give the change in frequency resulting
from binding of a serum protein. (iii)) MALDI-TOF mass
spectrometry can be used to correlate protein patterns in
biological fluids with certain types of cancers. However, it
requires extensive sample preparation, is semi-quantitative,
preferentially detects lower MW proteins, and an experienced
operator is needed. (iv) Surface plasmon resonance (SPR).
This label-free technology has been used for a number of
applications, ranging from analysis of biomolecular interac-
tions and kinetic rate constants to detection of enterotoxins or
detection of bacteria. However, its sensitivity is similar to or
less than ELISAs, e.g., it was able to detect only 11 ng/ml
HER2. Many investigators use Biacore (www.biacore.com),
aninstrument based on SPR. The BiacoreX instrument allows
comparison of only two Ab, and costs $115,000; chips are
additional; Biacore A100 offers up to 20 channels but costs
$700,000; chips cost from $470 to $1590. Our integrated,
multiplexed biosensor, including electronic read-out in a
single unit, should cost considerably less and will be smaller
than a microprocessor.

TABLE 1

Method of
Detection Advantages

Methods for Detection of Biomarkers in Serum

Disadvantages Sensitivity

ELISA

undetectable non-
specific binding in

greater sample volume
cannot be multiplexed

lower limit of quantitation ~1 pg/mL
dynamic range of 3 logs
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TABLE 1-continued
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Methods for Detection of Biomarkers in Serum

Method of

Detection  Advantages Disadvantages

Sensitivity

dynamic range

249-252, (1992) and K. Kaya, Y. Kanno, 1. Takahashi, Y.
Shibata, T. Hirai, “Synthesis of AIN Thin Films on Sapphire

quantitative
MALDI-  good for extensive sample preparation  less sensitive than ELISA
TOF MS  discovering new semi-quantitative
biomarkers preferential detection of
lower MW proteins
experienced operator needed
Antibody  low sample time-consuming sample lower limit of detection
Arrays volumes prep. ~20 pg/mL
good only relative antigen
reproducibility amounts
multiplex requires microarray scanner
capability
Surface label free expensive 0.1 nM if >10 kDa
Plasmon sample volume =20 pl 1.0 nM if <10 kDa
Resonance (sample and buffer)
(SPR)
Biosensors
[0009] Acoustic wave sensors use a detection arrangement

that is based on perturbations to mechanical or acoustic
waves. As an acoustic wave propagates through or on the
surface of the acoustive wave sensor material, any changes to
the physical or chemical characteristics of the wave path may
affect the velocity and/or amplitude of the acoustic wave.
These changes may be correlated to the corresponding physi-
cal, chemical, or biological quantities being measured to pro-
vide sensing.

[0010] There may be various biological and chemical sen-
sors, using fiber optics, chemical interactions, and various
fluorescence approaches. Such sensors may, however, have
various weaknesses, such as, for example, low sensitivity,
selectivity, or an inability to be hybridized or integrated into
sensing chip technology.

Acoustic Wave Sensors

[0011] Acoustic wave (AW) sensors, however, may be bet-
ter suited for use in biological and chemical detection. As
discussed in D. S. Ballantine, R. M. White, S. J. Martin, A. J.
Ricco, E.T. Zellers, G. C. Frye, H. Wohltjen, “Acoustic Wave
Sensor—Theory, Design, and Physico-Chemical Applica-
tions”, Academic Press, (1997), acoustic wave sensors may
use piezoelectric crystals, which may allow transduction
between electrical and acoustic energies. The AW sensor may
use piezoelectric material to convert a high frequency signal
into an acoustic wave, and the higher frequency may enable
the sensor to be more sensitive to surface perturbations.

[0012] Piezoelectric materials used for acoustic wave sen-
sors may include quartz (SiO,), lithium niobate (LiNbO,),
zinc oxide (ZnO), and others. Each of these materials may
possess specific advantages and disadvantages, which may
relate to, for example, cost, temperature dependence, attenu-
ation, and propagation velocity. Such materials may, how-
ever, have varying transverse acoustic wave velocities, low
electromechanical coupling coefficients, non-linear tempera-
ture coefficients, and may react chemically with the environ-
ment. (See the background information in C. Caliendo, G.
Saggio, P. Veradi, E. Verona, “Piezoelectric AIN Film for
SAW Device Applications”, Proc. IEEE Ultrasonic Symp.,

Substrates by Chemical Vapor Deposition of AICl.sub.3
—NH.sub.3 Systems and Surface Acoustic Wave Properties”,
Jpn. J. Appl. Phys. Vol. 35, 2782-2787, (1996) and G. Carlotti
etal., “The Elastic Constants of Sputtered AIN Films”, Proc.
IEEE Ultrasonic Symp., 353, (1992)).

SAW Integration

[0013] Previously, creation of SAW devices has been com-
plicated and, in the case of CMOS fabrication, it has been
unworkable as the chip would be destroyed by the tempera-
tures required to integrate the SAW device.

BRIEF SUMMARY OF THE INVENTION

[0014] Accordingly, the present invention provides a mul-
tiplex biosensor systems employing a CMOS manufactured
integrated circuit having a SAW device as an on-chip com-
ponent, and when configured for parallel multi-analyte,
multi-concentration detection assays, methods of providing
sensitive and specific assays to detect biomolecules, includ-
ing serum tumor markers that could be used in early detection
of breast cancer.

[0015] The biosensor is manufactured using CMOS tech-
nology and provides, along with the ever-developing CMOS
compatible MEMS processes, an advantage that the SAW
technology performance is improved significantly. There-
fore, an array of SAW delay lines were designed, fabricated—
through a commercially available CMOS process sequence-
characterized and post-processed using widely used MEMS
techniques. The post processing steps are fully optimized and
characterized. Electrical characterization of the devices was
carried out and performance results were obtained. The
results show close agreement with the preliminary modeling
as well as calculated results.

[0016] In a preferred embodiment is provided a biosensor
device, comprising: a CMOS integrated circuit having a SAW
device as an on-chip component and configured for an analyte
detection assay, wherein the SAW device has an Si substrate
having a piezoelectric film thereon, said film supporting an
input IDT and an output IDT in cooperative association, and
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having a biochemical coating there-between for detecting at
least one analyte; wherein the biochemical coating acts as an
analyte capture binding surface, and wherein upon binding of
said analyte to said biochemical coating a surface acoustic
wave signal is generated that is indicative of the presence of
the analyte.

[0017] In preferred embodiments, the biosensor further
comprises wherein the device is configured for parallel multi-
analyte, multi-concentration detection assays.

[0018] In preferred embodiments, the biosensor further
comprises wherein the configuration comprises wherein the
piezoelectric film comprises a micromachined matrix of
addressable microlocations for analyte capture.

[0019] In preferred embodiments, the biosensor further
comprises wherein the biosensor has a plurality of detection
channels, said detection channels having a plurality of bio-
chemical coatings specific for detection of a plurality of pro-
teins, and which provides for a multi-protein multi-concen-
tration detection array capable of parallel simultaneous read-
out.

[0020] In preferred embodiments, the biosensor further
comprises wherein the biochemical coating is for detecting at
least one serum tumor marker protein for cancer.

[0021] In preferred embodiments, the biosensor further
comprises wherein the piezoelectric film is deposited on top
of the IDT.

[0022] In preferred embodiments, the biosensor further
comprises wherein the device is configured to provide an
electronic readout of the concentration of serum tumor
marker as determined from the strength of the SAW signal
generated.

[0023] In preferred embodiments, the biosensor further
comprises a method of detecting biomolecules, comprising:
contacting the analyte capture binding surface of the biosen-
sor device of claim 1 with a sample of interest.

[0024] In preferred embodiments, the biosensor further
comprises wherein the sample is a serum protein cancer
marker.

[0025] In preferred embodiments, the biosensor further
comprises a CMOS manufactured embedded heater under the
SAW sensor, wherein the heater is controlled by applying
outside voltage, and wherein control of the sensor tempera-
ture to the desired value is provided to keep the sensor oper-
ating point stable over time.

[0026] In preferred embodiments, the biosensor further
comprises wherein the analyte is a marker protein selected
from the group consisting of mammoglobin, BP1, CEA,
CA15-3, TPA, TPS, HER-2, and combinations thereof.
[0027] In preferred embodiments, the biosensor further
comprises wherein the biosensor device provides an elec-
tronic readout and is implemented in a single unit or kit. In
preferred embodiments, the biosensor further comprises a
method of detecting a serum tumor marker for breast cancer,
comprising:

[0028] a) providing a biosensor as described herein;

[0029] D) contacting the biochemical coating of the bio-
sensor with a sample; and

[0030] b) detecting the SAW signal,

[0031] wherein upon binding of a serum tumor marker to
said biochemical coating then a surface acoustic wave
signal is generated that is indicative of the presence of
the serum tumor marker protein, and wherein upon the
absence of binding of the serum tumor marker, then no
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signal is generated and indicates the absence of said
serum tumor marker protein.
[0032] In preferred embodiments, the biosensor further
comprises a method of detecting multiple proteins in samples
having multiple concentrations in a multiplex biosensor,
comprising:

[0033] a)providing the multiplex biosensor as described
herein;

[0034] D) contacting each of the plurality of detection
channels of the biosensor with sample; and b) detecting
the SAW signal,

[0035] wherein upon binding of a specific serum tumor
marker to said biochemical coating then a specific sur-
face acoustic wave signal is generated that is indicative
of the presence of the specific serum tumor marker pro-
tein, and wherein upon the absence of binding of the
specific serum tumor marker, then no signal is generated
and indicates the absence of said specific serum tumor
marker protein, and wherein the multiplex biosensor
provides for a multi-protein detection array capable of
parallel simultaneous read-out.

[0036] In preferred embodiments, the biosensor further
comprises the step of determining the concentration of the
analyte or serum tumor marker from the strength of the SAW
signal generated.

[0037] In a preferred embodiment, the heat control struc-
ture built within the substrate silicon during the CMOS pro-
cess and can be adopted in any of the CMOS chip devices
herein. In preferred embodiments, the heat control structure is
an n-well layer that has a TCR of 0.5-0.75%/K, which is the
highest among various CMOS process layers and wherein the
n-well provides an embedded heater structure that can
directly control the temperature of the substrate and the mass
sensitive area without causing any disturbance on the SAW
delay line path or the IDT finger design.

[0038] Preferred uses of the devices herein include SAW
based integrated circuit detection systems which comprise: a
sensor having at least one sensing element for selectively
combining with target molecules, said sensor generating a
signal when combined with said target molecules responsive
to incident electromagnetic radiation applied to said sensor/
target combination; and an integrated circuit microchip to
which the sensor is affixed, the integrated circuit microchip
including: a plurality of detection channels operatively asso-
ciated with said sensing elements, each of said detection
channels including a detector for detecting electromagnetic
signals, said detectors selected from the group consisting of
photodiodes and phototransistors. In preferred uses the sen-
sor is a sensor for detecting proteins associated with breast
cancer such as Mammoglobin or BP1, and comprises a
chemical receptor, a bioreceptor, a polymer, a biopolymer, a
molecular imprint polymer, a biomimetic, an antibody, an
enzyme, a cell receptor, a molecular print assay, or a nucleic
acid.

[0039] For detection of the target, phase shift detection or
alternatively frequency shift detection can be used within the
SAW device.

[0040] The systems herein can also preferably be imple-
mented in a hand held unit or in a kit. Thus, as oscillator or
filter etc. or alternatively as a bio/chemical sensing device.
[0041] Preferrably, the integrated circuit includes wherein
the breast cancer protein sensor comprises a chemical recep-
tor, a bioreceptor, a polymer, a biopolymer, a molecular
imprint polymer, a biomimetic, an antibody, an enzyme, a cell
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receptor, a molecular print assay, or a nucleic acid, or a thin
film which comprises one of the above, or an analyte well
comprising one of the above where the analyte is cooperative
contact with the SAW device, e.g. IDT fingers.

[0042] In another preferred embodiment is provided a
method of detecting at least one analyte of interest, compris-
ing: a) contacting a biochemical coating with an analyte of
interest, wherein the biochemical coating is on a piezoelectric
film, said film supporting an input IDT and an output IDT in
cooperative association with said biochemical coating,
wherein the biochemical coating acts as an analyte capture
binding surface for detecting the analyte of interest, and
wherein upon binding of said analyte to said biochemical
coating a surface acoustic wave signal is generated that is
indicative of the presence of the analyte; and b) detecting the
SAW signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0043] FIG. 1 is a drawing showing the basic principle of a
SAW sensor.
[0044] FIG. 2 (a) is a top view of the circular architecture

embodiment of the SAW device.

[0045] FIG. 2(b) is a scanning electron micrograph image
of the input/output IDTs and the pads.

[0046] FIG. 3 is a depiction of the parts of a biosensor as
contemplated herein on one preferred embodiment.

[0047] FIG. 4 is a cross-sectional diagram of a completed
biosensor.
[0048] FIG. 5 is a photograph showing the size of a typical

CMOS-SAW chip placed on a nickel (U.S. 5 cent piece).
[0049] FIG. 6 is a graph showing the frequency change
response of circular CMOS-SAW devices.

[0050] FIG. 7 is a photo of a Western Blot assay showing
secretion of pBP1 by breast cancer cells and two leukemia
celllines NB4 and R4 and shows the comparison of malignant
cells vs. normal epithelial cells for all 3 cancers.

DETAILED DESCRIPTION OF THE INVENTION

[0051] Itis clearly advantageous to develop a non-invasive
assay which could be useful in the early detection, determin-
ing prognosis and monitoring treatment of breast cancer. We
provide a bioassay using chip technology for detecting
secreted proteins in breast cancer. The biosensor represents a
novel device that is integrated with standard electronics mea-
surement circuits. The principle provided is simple, label free
technology, and fast, requiring only small amounts of mate-
rial. It does not require color detection instrumentation or
special reading equipment, a major advantage over current
methods such as arrays. It is also very small and the cost to
manufacture is low providing significant commercial advan-
tage.

[0052] Chip technology also allows multiple Abs to be
attached to each chip. It is well established that multiple
biomarkers are advantageous, e.g., CEA is elevated in
30-50% of symptomatic metastatic breast cancers, but the
sensitivity of detection can be increased to over 80% when
both CEA and CA15-3 are used. A combination of markers on
this biosensor, detected with specificity and sensitivity, is
useful in detecting metastasis. In alternative preferred
embodiments, the biosensor has two Abs, for example
hMAM and BP1 hMAM is a promising new biomarker and
BP1, which plays a role in breast cancer and is activated in
other cancers (acute myeloid leukemia and prostate cancer
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(unpublished)). Either of these markers, in combination with
other markers (e.g., CEA or CA15-3), provide a powerful new
assay. In addition, the principles of this bioassay are appli-
cable to other cancers through the use of markers associated
with them.

SELECTED DEFINITIONS

[0053] The following definitions are provided as an aid to
understanding the detailed description of the present inven-
tion.

[0054] As used herein, the terms “analyte,” “target” and
“target analyte” means any protein that is associated with
breast cancer. Non-limiting examples include mammoglobin
and BP1.

[0055] As used herein, a “binding moiety” is a molecule or
aggregate that has binding affinity for one or more target
analytes. The term “binding moiety” is synonymous with the
terms “biomolecule” or “ligand” as used herein. Within the
scope of the present invention virtually any molecule or
aggregate that has a binding affinity for some target analyte of
interest may be a “binding moiety.” In preferred embodi-
ments, the “binding moiety™ is an antibody. In other preferred
embodiments, the binding moiety is specific for binding to a
single target analyte, although in other embodiments the
binding moiety may bind to more than one target analyte
exhibiting similar structures or binding domains. With
respect to antibody binding, it is anticipated that multiple
analytes may exhibit similar or identical antigenic epitopes,
resulting in potential cross-reactivity of the binding moiety
for related analytes.

[0056] “Binding” refers to an interaction between a target
analyte and a binding moiety, resulting in a sufficiently stable
complex so as to permit detection of the analyte; ligand com-
plex. In certain embodiments, binding may also refer to an
interaction between a second molecule and a target analyte.
For example, in a sandwich ELISA type of detection assay,
the binding moiety is an antibody with affinity for an analyte.
After binding of analyte to binding moiety, a second mol-
ecule, typically a labeled antibody with an affinity for a dif-
ferent epitope of the analyte, is added and the tertiary complex
of first antibody:analyte:second labeled antibody is detected.
In alternative embodiments, the first binding moiety may
have affinity for a target analyte while the second binding
moiety has affinity for the first binding moiety. Although
detection may involve the use of a second binding moiety
with affinity for an analyte, in alternative embodiments the
binary complex of binding moiety with analyte may be
directly detected. The skilled artisan will be familiar with a
variety of techniques by which an analyte:ligand complex
may be detected using SAW devices, any of which may be
utilized within the scope of the present invention.

[0057] The terms “detection” and “detecting” are used
herein to refer to the generation of a signal on the SAW device
that is indicative of the presence of one or more specific
analytes in a sample, or that predicts a disease state or a
medical or environmental condition associated with the pres-
ence of one or more specific analytes in a sample. It will be
appreciated by those of skill in the art that all assays exhibit a
certain level of false positives and false negatives. Even where
a positive result in an assay is not invariably associated with
the presence of a target analyte, the result is of use as it
indicates the need for more careful monitoring of an indi-
vidual, a population, or an environmental site. Such an an
assay is diagnostic of a disease state or a medical or environ-
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mental condition when the assay results show a statistically
significant association or correlation with the ultimate mani-
festation of the disease or condition.

Surface Acoustic Wave (SAW) Devices

[0058] Referring now to the figures, SAW (Surface Acous-
tic Wave) devices are widely used as electronic filters, delay
lines, and resonators in today’s communication systems.
Although the telecommunication industry is the largest user
of these devices, SAW based sensors have many attractive
features to be explored for emerging technologies in automo-
tive, medical (biosensor), industrial and commercial (vapor,
gas, humidity) applications. They are small, inexpensive, can
easily be designed for responding to various measurands,
have wide dynamic range and are passive devices which can
also be deployed as wireless units. They have unique reso-
nance frequency which is determined by the dimensions of
the design.

[0059] One of'the most widely used and interesting sensing
mechanisms that acoustic wave sensors employ is mass load-
ing. Prominent applications are in film thickness monitoring,
gas, liquid phase chemical sensing and biosensing. The delay
lines of SAW devices are coated with some (bio) chemical
coating which selectively reacts with the entity under analy-
sis. This interaction produces a shift in the resonant frequency
of the SAW device. By measuring this shift in frequency
domain, a detailed analysis of the entity being sensed can be
completed. FIG. 1 depicts the basic principle of SAW based
(bio)chemical sensors employing the mass loading scheme.
[0060] Successful SAW based sensors to measure density,
viscosity of liquids, determine the properties of polymer
films, quantitative detection of the concentrations of volatile
organic vapors, detect the output of gas chromatographic
columns, and both selective and sensitive detection of bio-
chemically active compounds have been demonstrated in the
literature http://www.sandia.gov/mstc/technologies/mi-
crosensors/sh-saw.html). Most of these devices are designed
using full custom fabrication methods. Moreover, developing
SAW devices on Si requires several fabrication steps includ-
ing deposition, etching and patterning of various materials.
Therefore, designing these devices in full custom fashion
requires extra effort and increases the cost of production.
There is a great interest in developing methods that would
comply with current mass production standards in electronics
without disturbing the performance of well characterized
SAW devices. The major challenge is to design a well defined
and characterized fabrication process (including the post pro-
cessing steps) that would allow the designers to build SAW
devices with comparable performance to the currently avail-
able off the shelf products.

Integrated Circuits

[0061] CMOS (Complementary Metal Oxide Semiconduc-
tor) technology is the most widely used technology in the
current ASIC (application specific integrated circuit) industry
due to its low power, high performance, and high levels of
integration capabilities. Designers have access to cutting
edge, commercially available, standardized CMOS technolo-
gies at very low costs. Moreover, recent developments in the
area of silicon micromachining and MEMS (Micro Electro
Mechanical Systems) allow high precision fabrication meth-
ods for developing intelligent sensor systems with monolithic
integration capabilities.
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[0062] SAW based piezoelectric transduction has various
advantages over other mechanisms-electrochemical, optical,
magnetic, thermal-—employed in biosensor research. The
micron-scale dimensions of these devices provide a larger
surface area to mass ratio which implies higher sensitivity.
Moreover, they provide label free, robust detection of the
analyte of interest.

[0063] CMOS technology also provides cost effective mass
production solutions. In addition to these attractive aspects,
they are more than mere mass sensors since the sensor
response is also influenced by interfacial phenomena, vis-
coelastic properties of the adhered biomaterial, surface
charges of adsorbed molecules and surface roughness.
[0064] The sensitivity of piezoelectric transducers is
directly proportional to the square of the operating frequency.
CMOS-SAW devices that are designed for this work have
operating frequencies in 400-500 MHz range which make
them extremely attractive for highly selective biosensing
applications such as the one provided in this work.

[0065] Inaddition the use of CMOS technology allows the
use of an embedded heater under the SAW sensor. This heater
is controlled by applying outside voltage, and thus it is pos-
sible to control the sensor temperature to the desired value to
keep the sensor operating point stable over time.

[0066] The SAW biosensor provided herein measures pro-
teins secreted in sera from breast cancer patients. The first
protein tested was mammaglobin.

[0067] Referring to FIG. 2, we developed two micro struc-
tures of SAW biosensors, rectangular and circular SAW. The
circular design is novel SAW design, and is very sensitive
design. Preliminary measurements indicate higher sensitivi-
ties as compared to the rectangle structure. Therefore, in a
non-limiting preferred embodiment, the SAW device may
have a circular design.

[0068] FIG. 2.a depicts the snapshot of the circular archi-
tecture and FIG. 2.5 presents the SEM of the Input and Output
IDTs. This novel architecture consists of concentric circular
IDT structures that are aligned on a common focal point. In
contrast to the conventional rectangular SAW devices, the
input and output IDT are not physically equal in size. The
input IDT—the outer circle fingers-are much larger in size
than the output IDT—the inner circle fingers. This way, a
smaller amount of input power will be used to generate effec-
tively the same acoustic wave as the conventional rectangular
devices. Moreover, the reduction in the electromechanical
conversion due to anisotropy is eliminated since the wave will
be released from every possible angle of the crystal. The
concentric nature of the novel architecture will also eliminate
the wave spreading problem due to finite aperture. Instead of
spreading the wave on the delay line it will concentrate the
acoustic waves to a focal point. Due to the circular nature of
this architecture, the effective sensing area is also increased
when compared to a regular rectangular delay line with the
same dimensions. In addition, this architecture provides a
spatially uniform sensitive surface for detection of any ana-
lyte that is introduced on the sensor area.

SAW Devices as Biosensors

[0069] Referring now to FIG. 3, the elements of a biosensor
are depicted in FIG. 3. All three components play a crucial
role in the sensitivity of the entire system. The primary inter-
ests in this aim are optimization of the transduction mecha-
nism and the adaptation of this transduction mechanism for a
biosensor application.
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[0070] Inorderto increase the sensitivity of these devices to
low volume samples, several techniques are employed. (1) As
the work consists of liquid phase detection, the SAW devices
are designed to utilize pure shear-waves. SH-SAW (shear-
horizontal), APM (acoustic plate mode) and Love wave
modes are the primary options. These modes are obtained by
altering design dimensions (plate thickness), introducing new
layers (metal, oxide) and modifying the post processing steps.
(2) Proof of concept devices may be packaged in DIP-40
ceramic packages for electrical testing, but in order to accom-
modate the fluidic nature of the biological testing, design
options include providing a reservoir for the antibody-antigen
interactions, such as a pyrex chamber that would stick to the
active surface of the sensors. (3) In order to prevent any liquid
sample from coming in contact with the bonding wire that
connects the sensors to the package pins, a thick photoresist
based isolation is employed to cover the bonding wires and
provide electrical isolation. (4)

Serum Proteins
EXAMPLE
Mammoglobin (h(MAM)

[0071] Mammaglobin is a secreted protein associated with
breast cancer and expression is specific for breast carcinoma,
with infrequent expression in uterine carcinoma. In one study,
immunohistochemical (IHC) staining demonstrated htMAM
expression in 72% of primary breast tumors. By quantitative
RT-PCR (QRT-PCR), greater than 90% of tumors were
hMAM positive, and there was a correlation between hMAM
expression and ER positive tumors. Examination of blood
from breast cancer patients by RT-PCR showed only 8% were
hMAM positive, with a correlation between increased
expression and more than four positive lymph nodes at diag-
nosis, linking hMAM expression with metastasis. Recently,
an ELISA was developed to measure hMAM in sera; the sera
from all 26 women with metastatic breast cancer were hMAM
positive. It was concluded that A(MAM is a new serum biom-
arker with utility in the early detection of recurrence and as an
indicator of treatment response.

EXAMPLE
BP1

[0072] BP1 exhibits: (a) high frequency of expression in
invasive ductal breast tumors; (b) significant association with
ER negative tumors, grade I1I tumors, lymph node positivity
and race; (c) association with aggressive characteristics in
MCF7 cells, including stimulation of tumor formation in the
absence of exogenous estrogen in mice; (d) association with
the bcl-2 anti-apoptotic pathway. Since BP1 appears to be
secreted, we predict it will be detectable in sera from breast
cancer patients, especially metastatic breast tumors. Depend-
ing on the sensitivity of the assay, it may be detectable in early
tumorigenesis, making it a potentially useful biomarker for
early detection. Serum pBP1 might also be a useful tool for
monitoring therapy.

[0073] Further, BP1, is reported as a novel homeobox (HB)
gene. HB genes encode transcription factors that activate or
repress groups of target genes involved in differentiation and
development. Interestingly, BP1 has been mapped to chro-
mosome 17q21, near the oncogene HER-2 and the tumor
suppressor gene BRCAL.
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[0074] Important characteristics of BP1 include the follow-
ing.

[0075] (1)BP1isexpressed in 80% ofinvasive ductal breast
tumors.
[0076] Aberrant expression of BP1 has been shown in two

populations of women with breast cancer: 46 untreated inva-
sive ductal breast tumors were evaluated for BP1 levels using
semi-quantitative RT-PCR, and 100 invasive ductal carci-
noma (IDC) cases from the Armed Forces Institute of Pathol-
ogy were immunostained for pBP1 (32; Appendix). BP1
mRNA expression was found in 80% of breast tumors, com-
pared with 11% of normal breast tissues, and, in excellent
agreement, BP1 protein was detected in 81% of invasive
ductal carcinomas. Surprisingly, 89% of the tumors of Afri-
can American women (AAW) were BP1 positive, compared
with 57% of the tumors of Caucasian women (p=0.04) (31);
we have validated this association by IHC in 65 additional
patients (data not shown). These results are potentially impor-
tant in light of the poorer survival of AAW with breast cancer
compared with Caucasian women (33). In addition, 100% of
ER negative tumors were BP1 positive, compared with 73%
of ER positive tumors, a significant difference (p=0.03); ER
negative tumors have a poorer prognosis than ER positive
tumors (31).

[0077] (2) BP1 expression correlates with the progression
of breast tumors.

[0078] The frequency of BP1 positivity, distribution and
intensity of BP1 expression all increased with the progression
of tumor development (normal hyperplasia in situ invasive),
from a few randomly distributed BP1 positive cell clusters in
normal controls to the vast majority of cells in the invasive
tumors showing distinct BP1 immunoreactivity (32; Appen-
dix). The number of BP1 positive cases increased from 0%
(normal) to 21% in hyperplasia, 46% in DCIS, and 81% in
IDC (p<0.0001).

[0079] (3) Expression of BP1 is associated with tumor
grade.
[0080] Women with grade III tumors are almost 18 times

more likely to be BP1 positive than women with grade I
tumors (p=0.011), and women with one or more positive
lymph nodes were 3.2 times more likely to be BP1 positive
than women without positive lymph nodes (p=.043), both
powerful prognostic factors.

[0081] (4)Expressionof BP1 is associated with metastasis.

[0082] Forty-six cases of inflammatory breast cancer, a rare
but extremely aggressive form of breast cancer, were immu-
nostained for BP1 expression, as well as matched lymph
nodes in nine metastatic cases. All 46 cases were BP1 posi-
tive, as were the nine lymph nodes, providing the first evi-
dence that BP1 is expressed in metastasis (P.B., Y-G. Man, A.
Schwartz and P. Levine, in press). Also, analysis of 105 cases
of IDC demonstrated an association between BP1 positivity
and positive lymph node status (p=0.03) (P.B. and E. Jewell).
[0083] (5) Overexpression of BP1 confers an aggressive
phenotype on breast cancer cells.

[0084] MCF7 cell lines were engineered to overexpress
BP1 RNA and protein. Four assays were used to test the
aggressiveness of these cells; all indicated that high BP1
expression resulted in a more aggressive phenotype. BP1
overexpression resulted in: (i) an increased ability of cells to
grow in the absence of serum; (ii) significantly larger colonies
in soft agar; (iii) increased invasion through matrigel; (iii)



US 2009/0124513 Al

both increased numbers of tumors and the ability of some
tumors to grow in the absence of estrogen in mice, indicating
estrogen independence.

[0085] (6) Overexpression of BP1 confers resistance to cell
death in breast cancer cells

[0086] TNF-ais a cytokine that induces apoptosis through
the death receptor pathway (34). Overexpression of BP1
increased the viability of MCF7 cells treated with TNF-a
approximately two-fold (P. B. and H. Stevenson, in press).
Resistance to TNF-a was due to binding of pBP1 to the
regulatory region of the bcl-2 gene, a death suppressor (35),
resulting in elevated expression of Bcl-2 protein. High Bel-2
levels are associated with resistance to drug and radiation
therapy (36). BP1 expression may contribute to malignancy
through a reduction of apoptosis.

[0087] (7) pBP1 is secreted.

[0088] Itis well documented that homeotic proteins can be
secreted (37). We have strong evidence that pBP1 is secreted
and thus could be detectable in serum (Preliminary Data).

Other Analytes

[0089] Besides serum proteins/cancer markers, additional
analytes of interest contemplated as within the scope of this
invention include without limitation cardiac troponin, myo-
globin, creatinine kinase, creatine kinase isozyme MB, albu-
min, myeloperoxidase, C-reactive protein, glucose, hemoglo-
bin, hematocrit, nucleic acids and polynucleic acids, peptides
and polypeptides, small molecule pharmaceuticals, industrial
chemicals, bio and chemical toxins, biowarfare agents,
chemical warfare agents, and the like, anything related to any
of the above items, and combinations thereof.

Experimental Data

[0090] SAW device development.

[0091] Conventional SAW devices are typically built by
depositing a piezoelectric material (quartz, lithium tantalite,
lithium niobate, zinc oxide) on a substrate and patterning the
interdigital transducer (IDTs) on top of the piezoelectric film
as depicted in FIG. 2. This sequence of fabrication does not
comply with any commercially available Integrated Circuits
CMOS process as it requires an extra step to deposit the
piezoelectric material. It has been reported that enhanced
electromechanical coupling is theoretically possible using
piezoelectric films overlaying interdigital metal electrodes
(39). Therefore, we have employed IDT under the piezoelec-
tric material. By depositing the piezoelectric material on top
of the IDTs as a post processing step, circuits on the same
substrate are integrated with the sensors to realize smart sys-
tems.

Manufacturing Methods CMOS is short for complementary
metal oxide semiconductor. Pronounced see—moss, CMOS
is a widely used type of semiconductor. CMOS semiconduc-
tors use both NMOS (negative polarity) and PMOS (positive
polarity) circuits. Since only one of the circuit types is on at
any given time, CMOS chips require less power than chips
using just one type of transistor. This makes them particularly
attractive for use in battery-powered devices, such as portable
computers. Personal computers also contain a small amount
of battery-powered CMOS memory to hold the date, time,
and system setup parameters.

[0092] SAW (surface acoustic wave) devices are widely
used as electronic filters, delay lines, resonators in today’s
communication systems. Although telecommunication
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industry is the largest user of these devices, SAW based
sensors have many attractive features to be explored for
emerging technologies in automotive (torque, pressure),
medical (biosensor) and commercial (vapor, gas, humidity)
applications.

[0093] Surface acoustic waves (both Rayleigh and pseudo-
SAW) are generated at the free surface of a piezoelectric
material. An application of a varying voltage to the metal IDT
(interdigital transducer) generates the acoustic wave on the
input side. In the basic configuration there is an input IDT and
an output IDT. The acoustic wave generated by the input IDT
travels through the region called the delay line and reaches the
output IDT where the mechanical displacements due to the
acoustic waves create a voltage difference between the output
IDT fingers. One of the most widely used and interesting
sensing mechanism that acoustic wave sensors employ is
mass loading. Prominent applications are in film thickness
monitoring, gas, liquid phase chemical sensing and biosens-
ing. The delay lines of SAW devices are coated with some
bio/chemical coating which selectively reacts with the entity
under analysis. This interaction produces a shift in the reso-
nant frequency ofthe SAW device. By measuring this shift in
frequency domain, a detailed analysis of the entity being
sensed can be completed.

[0094] Usinga combination of IC compatible technologies,
such as Si micromachining, thin film deposition, bio/chemi-
cal layer growth, integrated electronics, smart structures and
systems can be realized. Considering the advantages that
CMOS technology provides along with the ever-developing
CMOS compatible MEMS processes, the SAW technology
performance can be improved significantly. Therefore, an
array of SAW delay lines were designed and fabricated
through a regular CMOS process sequence, characterized and
post-processed using widely used MEMS techniques.

Design

[0095] The mass sensitivities of different acoustic devices
are related to structure geometry, resonant center frequency,
and electromechanical coupling. The most important speci-
fication for SAW device design is the center frequency, which
is determined by the period of the IDT fingers and the acoustic
velocity of the piezoelectric material. The governing equation
that determines the operation frequency

vSAW=hxfc (6]
A: the wavelength at fc, determined by the periodicity of the
IDT.

fc: the center frequency of the device
vSAW: the velocity of the SAW

[0096] For the case of devices that were tested
A=p=finger widthx4=2.4 ymx4=9.6 pm 2)
[0097] Based on tabulated data and calculations for the

corresponding design dimensions vSAW for ZnO is 3820
m/s. This translates into a center frequency of fc=3820 m/s/
9.6 um=397.916 MHz (3)

Saw Fabrication Sequence and Results

[0098] As stated, the conventional SAW devices are typi-
cally built by depositing a piezoelectric material (quartz,
lithium tantalite, lithium niobate, zinc oxide) on a substrate
and patterning the IDTs on top of the piezoelectric film. Since
the conventional sequence of fabrication requires an extra
step to deposit the piezoelectric material, we employed the
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piezoelectric films overlaying the interdigital metal elec-
trodes. Thus, the placement of IDT under the piezoelectric
material is employed in certain preferred embodiments for
this work. By depositing the piezoelectric material on top of
the IDTs as a post processing step, the CMOS process is not
disturbed.

[0099] For device stability as a function of temperature it is
essential that the temperature coefficient of delay (TCD) be as
small as possible. The slope of the TCD as a function of
temperature for SAW substrates is mainly negative, so that an
increase in temperature will cause a downward shift in IDT
center frequency and vice-versa. Due to this strong tempera-
ture dependence of the device performance and for precise
control of the temperature to study the effects of temperature
on the mass sensitive layer and the analyte of interest, a novel
heater design is developed. For the heater elements n-well
was picked as the resistive layer. The n-well layer has a TCR
01 0.5-0.75%/K, which is the highest among various CMOS
process layers. Moreover, n-well provides an embedded
heater structure that can directly control the temperature of
the substrate and the mass sensitive area without causing any
disturbance on the SAW delay line path or the IDT finger
design as in the case of other candidate layers (e.g. polysili-
con, metal) for resistive heating.

[0100] The major distortions in the transfer characteristics
of SAW devices occur due to interference of the reflected
waves and the triple transit effect. In Rayleigh wave devices,
acoustic absorbers were shown to be effective against the
reflections. They consist of soft materials located on the sur-
face, at the edges of the device. In order to investigate the
performance of the SiO, in reflecting or attenuating acoustic
waves, an absorber structure was designed from stacking
CMOS layers of metall, metal2 and polysilicon. By stacking
these dummy strips, a surface higher than the IDT level was
created which is investigated for attenuating or reflecting the
acoustic waves.

A. Step 1:Removal of Oxides

[0101] After the chips are fabricated, they are covered with
the overglass protection and the dielectrics (Si0,) over and
underneath the metal and poly layers. The first step in the
fabrication is RIE (Reactive lon Etch). This step has been
developed, examined, and characterized previously. Note that
AMI 1.5 um process contains only two metal layers, one of
which is already being used as IDTs in this run and the second
metal layer will be used in the absorber structures for two
main purposes. 1) To increase the height of the absorber
compared to the height of the IDTs 2) To act as a mask layer
that protects the oxide, which is built up under this layer. The
RIE etches the dielectric that is not covered with aluminum,
including field oxide, overglass, and intermetal dielectrics.
The dies that were fabricated through MOSIS were RIE
etched through MEMS-Exchange. The etching was carried
out in a Plasma Therm 72 RIE equipment under 40 mTorr
pressure.

[0102] The etch rate is 250 A/min. The depth of the total
oxide removed by the etch process is 1.5 um. After the RIE
step is completed, three major areas are defined on the sur-
face. The absorbers, the IDTS (both of which are expected to
retain their dielectric layers underneath) and exposed Si,
which lay between the IDTs and the area that will define the
delay line.

B. Step 2:Sputtering of ZnO

[0103] ZnO finds wide applications in SAW devices due to
its strong piezoelectric effect among non ferroelectric mate-
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rials. A variety of deposition techniques were used for the
growth of ZnO on various substrates. Among them sputtering
is considered to be the most favorable one as it is possible to
obtain well oriented and uniform ZnO films. Therefore, RF
magnetron sputtering was one preferred choice of deposition.
[0104] By maskless sputtering from the front, the ZnO
covers the entire surface including the IDT fingers and the
exposed Si. This inevitably creates bulks of ZnO layers
between the IDT fingers. Sputter deposition of zinc oxide
shows superior properties over other deposition methods, but
the quality of the sputtered film and the growth constitutes a
major interest in SAW related applications. The ZnO was
deposited on the previously etched dies through MEMS-
Exchange. The targeted thickness was 3.0 um and the mea-
sured film thickness variation was (+/-%) 13.1. Argon and
oxygen were used with a set-up time of 180 min in an MRC
Sputter at 200° C. The surface morphology, roughness and the
crystal orientation of the sputtered ZnO are subject of interest.
Therefore, a thorough characterization of the sputtered films
is required. The ZnO covered samples are analyzed for the
crystal orientation in Scintag XRD 1000. For comparative
analysis, 201 scans of a dummy die (Si—ZnQO) and a patterned
die (Si—S102-Al—Z7n0) were carried out. As it can be cal-
culated, the ZnO shows its peak at 201=34.721, which agrees
with the tabulated data in the literature for (002) 26i=34.421.
It also has a peak at 26i=73, which corresponds to its listed
peak at 20i=72.560 for (004). In order to obtain information
regarding the surface roughness and grain size JOEL High
Vacuum Integrated STM/AFM/JSPM-5200 was utilized. The
multilayered (Si—SiO2-Al—Zn0) dies were characterized.

C. Step 3: Patterning of the Pad Frame/ZnO Etching

[0105] After the ZnO deposition the entire die is covered
with the sputtered ZnO. In order to access the pads for bond-
ing a last step of lithography and etching are required. The
entire die area is 2.2 mmx2.2 mm and the pads are 100
umx100 pm. A simple shadow mask idea was employed for
the etching step. The mask was constructed by using a square
Si piece of size 2x2 mm. The major problem encountered
during the patterning was the photoresist build up on the
edges of the die. Thickness measurements showed a 2-4 um
phototresist buildup on the pad frame region when the thick-
ness on the areas closer to the center of dies were measured to
be 1 um. In order to completely remove the photoresist build
up covering the pad frame, a two step process was carried out.
In the first step, Shipley 1818 2:1 thinner was spun for 40 sec
at 5000 rpm and the samples were exposed for 20 sec. Then a
2 min development in 5:1 Developer was applied. In the
second step, the same exposure time and development time
was used to remove the excessive photoresist.

[0106] Ingeneral, ZnO is attacked by all common acids and
bases. In order to achieve smooth etch profiles and minimize
the undercutting, the etching process should be slowed.
Therefore, a very dilute solution of two acids was used. The
most common acids that are listed in the literature are acetic,
hydrocloric and phosphoric acids. A solution of H,PO,:
CH,COOH: D,-H,O with 1:1:150 was used for the etching.
[0107] 2.6 pm thick ZnO was etched completely in 4 min,
which translates into 648 A/min etch rate. Once the final step
of post processing was completed, the dies were bonded on a
DIP-40 package for electrical testing. The major subjects of
interest for performance analysis of SAW devices are the
transmission coefficient and the reflection coefficient versus
frequency. HP 8712ET, 300 kHz-1300 MHz, RF Network
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Analyzer was used for this purpose. A through-cable calibra-
tion was carried out in order to measure and compensate for
the losses and errors due to the connector and cable irregu-
larities. Thus, a test chip that contains an array of SAW delay
lines were designed and fabricated in AMI 1.5 um 2 metal, 2
poly process. A unique, three step, maskless post processing
sequence was developed. Complete characterization of the
two etching steps and piezoelectric film was carried out. The
transfer characteristics show a maximum transmission and
minimum reflection at 392.5 MHz with an insertion loss of
-4.83 dB. The 3 dB bandwidth was measured to be 19.25
MHz which agrees closely with the calculated value of
14.575 MHz. The results demonstrated the success of one
preferred design and the ability to fabricate SAW based sen-
sors with comparable performance to conventional devices
by using any commercially available CMOS technology.

CMOS Process Sequence

[0108] CMOS fabrication technology is well established
and requires that both n-channel (nMOS) and p-channel
(pMOS) transistors be built on the same chip substrate. To
accommodate both nMOS and pMOS devices, special
regions must be created in which the semiconductor type is
opposite to the substrate type. These regions are called wells
or tubs. A p-well is created in an n-type substrate or, alterna-
tively, an n-well is created in a p-type substrate. In the simple
n-well CMOS fabrication technology presented, the nMOS
transistor is created in the p-type substrate, and the pMOS
transistor is created in the n-well, which is built-in into the
p-type substrate. In the twin-tub CMOS technology, addi-
tional tubs of the same type as the substrate can also be
created for device optimization.

[0109] The simplified process sequence for the fabrication
of CMOS integrated circuits on a p-type silicon substrate
starts with the creation of the n-well regions for pMOS tran-
sistors, by impurity implantation into the substrate. Then, a
thick oxide is grown in the regions surrounding the nMOS
and pMOS activeregions. The thin gate oxide is subsequently
grown on the surface through thermal oxidation. These steps
are followed by the creation of n+ and p+ regions (source,
drain and channel-stop implants) and by final metallization
(creation of metal interconnects).

[0110] An integrated circuit (IC) is a circuit comprised of
elements such as transistors, resistors and capacitors fabri-
cated in a single piece of semiconducting material, usually
silicon or gallium arsenide. As used herein, “integrated cir-
cuit” not only refers to the common definition but also to
highly integrated structures including, for example:

[0111] 1) multichip modules where several IC’s and other
circuit elements including molecular target probes may be
combined compactly on a polymer, quartz, glass, sliver,
ceramic or other substrates. In some cases, one IC may be the
substrate with other components, such as photodiodes or
LEDs mounted on it;

[0112] 2)Hybrid microcircuits where one or more IC’s and
other circuit elements are mounted on or several substrate(s);
and,

[0113] 3) Other compact electromechanical arrangements
of a circuit comprising primarily one but possibly more I1C’s
and other electronic components and microelectromecha-
nised systems (MEMs).

Surface Acoustic Wave Resonators

[0114] Surface acoustic wave (SAW) resonators have com-
monly been used as the local oscillator (LO) which is one of
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the basic building blocks of the RF receiver heterodyne archi-
tecture and is currently the major stumbling block for com-
plete integration of RF receivers. Due to the structure of the
SAW devices that require fabrication of metallized interdigi-
tal transducers on piezoelectric crystals, the SAW resonators
are difficult to implement in CMOS and are usually realized
as discrete off-chip components. Efforts to integrate surface
acoustic wave filters on silicon substrates have been previ-
ously implemented by Visser, Vellekoop and Zeijl while the
monolithic integration of SAW devices on GaAs has been
implemented by Baca of Sandia National Labs.

[0115] The operating frequency of a surface acoustic wave
resonator is determined by the periodic distance of its inter-
digitated transducer (IDT) fingers, A, which are placed on
piezoelectric material. Unlike bulk-wave crystal resonators,
whose frequency of operation is determined by the thickness
of the piezoelectric material, surface acoustic wave resona-
tors have a more area efficient structure since its frequency of
operation is determined by the spacing between the IDTs and
thus is only limited by the resolution of the fabrication pro-
cess. The utilization of surface waves, instead of bulk-waves,
makes the process of integration with the present integrated
circuit fabrication techniques more feasible since it elimi-
nates the necessity of having a thick piezoelectric layer sand-
wiched between two metal layers.

[0116] In the present invention, implementation of surface
acoustic wave resonators using the standard CMOS fabrica-
tion technology with additional post-processing techniques is
provided. The fact that the fabrication process of this SAW
resonator is highly compatible with current integrated circuit
processing techniques makes it extremely desirable since it is
not only cost-effective, but also allows the resonator features
to be less prone to manufacturing defects due to the maturity
of CMOS technology. In this design, the SAW resonator
utilized the minimum feature sizes possible in the available
0.6 micron AMI CMOS process to realize a 1.15 GHz surface
acoustic wave resonator.

[0117] The fabricated CMOS resonators were measured,
and modeled as a two-port electrical network through analog
circuit synthesis. This model was used as a basis for simula-
tion in Cadence to design a Pierce oscillator. The Pierce
amplifier was designed on a separate CMOS chip. When
connected together, the Pierce amplifier and SAW resonator
realize an oscillator capable of synthesizing a frequency of
1.15 GHz. By having both the resonator and the oscillator
integrated on the same CMOS chip, a fully monolithic fre-
quency synthesizer is realized.

[0118] CMOS Surface Acoustic Wave Resonators: Design
and Equivalent Circuit Model

A. SAW Resonator Design

[0119] The SAW resonator design consists of input or out-
putIDTs flanked by a bank of reflectors on both sides. The key
design parameter of a one port resonator is A, or the periodic
distance between two interdigitated fingers, which deter-
mines the frequency of the resonator, using v=fA, where v is
the velocity of the acoustic wave in the piezoelectric material
and f is the resonant frequency. In this design run, A was
chosen to be four times the minimum metal2 size of this
technology or 3.6 micron. The modeling equations for SAW
resonators, which involve rigorous computations of transmis-
sion matrices, will not be discussed in detail in this paper but
the basic methodology of designing the SAW resonators and
its accompanying oscillator circuit is outlined here.
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[0120] The main design parameter that needs to be chosen
is M or the number of reflectors. An array of reflectors is
required since each electrode only produces reflectivity, r of
approximately 0.08. The equation for reflectivity was derived
based on the theory of reflection in transmission lines, and is
given in (1A), where 1) is the metallization ratio of the IDT, Z
is the characteristic impedance of the region under the reflec-
tor, AZ is the difference of characteristic impedance between
the free region and the region under the reflector, and finally,
f, is the resonance frequency.

r :j%si{nn%]

(DAA)

I ~ tanh(M) (24)
L=1/@) (3A)
[0121] The array reflectivity, I can also be approximated as

(2A) and the number of reflectors was chosen to optimize area
while maintaining array reflectivity to be close to 1. The
effective center of reflection, or the line where the surface
waves are assumed to be totally reflected is denoted by L is
expressed as (3A) where r is the reflectivity of each electrode.
MATLAB simulations of (1A), (2A) and (3A) using ZnO thin
film material properties were performed to obtain the opti-
mum number of reflectors which was found to be 125 for this
design. The total effective length of a round trip in the cavity
must be an integer number of A. Other important design
parameters are the distance between the reflectors and the
input transducers Lg, the number of IDTs or N, and the width
of'the transducers or W. Thirty-two diftferent designs of SAW
resonators were first fabricated on piezoelectric substrates
such as lithium niobium substrates to evaluate the perfor-
mance of the fabricated designs. Four resonators with the best
performance characteristics were then chosen and scaled to fit
the 0.6 um CMOS in this design run.

B. Equivalent Circuit Model

[0122] The equivalent circuit model of a two-port SAW
resonator was developed using analog circuit synthesis based
on the S21 frequency measurements made on the fabricated
CMOS resonators. The SAW resonator has transmission
characteristics similar to a series LCR circuit, where the
series resonant frequency is generated by both [, and C,.. The
initial values for the LCR circuit were calculated using the
resonator design equations based on the reflectivity of each
metal strip and number of reflectors. This basic LCR circuit
was then modified based on curve fitting, where the simulated
values were compared with the experimental measurements.
Several circuit topologies were implemented an least squares
method was used to choose the circuit, which produced the
best fit. The final circuit topology that produced the best fit is
used and may consist of Rx, Cx and [.x which are motional
resistance, capacitance and inductance connected in parallel
with Lp and Rp. The input and output ports are connected
with parasitic capacitances Cp to ground. The circuit’s S21
scattering parameters analysis simulations were performed
using Cadence SpectreRF where the input and output ports
were terminated with 50 Ohms. Comparison between the
measured and simulated equivalent circuit model is possible.
The best fitting curve was found to have the values of Lx=1
uH, Rx=120 Ohms, Cx=19 {F, Lp=132.8 nH, and Cp=10 fF.

Fabrication

[0123] One important highlight of this SAW resonator
design is that the SAW resonator IDT’s are implemented
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using standard CMOS technology. This allows the resonator
features to be realized in the minimum sizes available in the
AMI 0.6 micron CMOS process, making them not only less
susceptible to manufacturing defects but also less expensive
compared to when fabricated as micromachined MEMS
structures. The resonator features were implemented as 0.9
micron wide metal2 lines which are able to realize ultra-high
frequency, 1.15 GHz resonators.

[0124] The SAW CMOS post fabrication sequence is simi-
lar to the CMOS SAW delay line, with several important
distinctions, namely the presence of the aluminum ground
metall shield which was placed to eliminate electromagnetic
feed-through. The other major difference is the presence of
the oscillator circuit which is also placed on the same die and
protected by a grounded metal layer.

[0125] Once the standard CMOS fabrication sequence is
completed, the first post-processing step involves releasing
the SAW IDTs from the insulating SiO, layer using reactive
ion etch (RIE). The next step is ZnO deposition, which was
sputtered on the resonators. The final post-processing step
involves wet-etching the ZnO to uncover the resonators’ pads.
[0126] As examples, two separate CMOS chips had been
designed. The first chip (Chip A) consists of four CMOS
SAW resonators was fabricated and characterized prior to the
design of the second chip. Chip B which consists of three
resonators and the Pierce oscillator circuit. Chip A was
designed to characterize the ultra high frequency resonator of
frequencies in the range of 900 MHz to 1.2 GHz. Chip B was
implemented as a proof of concept that the post-processing
techniques of the SAW resonator do not adversely affect the
amplifier circuit.

Experimental Results and Discussion

[0127] Once the post-processing steps were completed, the
die was bonded and packaged in a DIP40 chip package to
facilitate measurements. The bonded device was measured
using a HP8712 network analyzer. The S21 measurements
made on the 0.6 micron CMOS SAW resonators produced the
parallel resonance frequency, fp of 1.084 GHz and the series
resonance frequency, fs of 1.156 GHz. Based on the measure-
ments, the parallel Q was calculated to be 90.33 and series Q
was calculated to be 36.125. The measured Q was not as high
as expected since the die was overetched and some parts of the
resonator was not completely covered. The acoustic wave
velocity of ZnO calculated from the measured curve was
found to be 4140 m/s.

Oscillator Design and Simulation

[0128] To operate as a local oscillator, the SAW resonator is
connected to a Pierce oscillator at the gate and drain of M1.
This three-point oscillator topology was previously imple-
mented using an FBAR oscillator by Otis, and was chosen
firstly since it utilizes the current source, M2 to provide the
necessary biasing current to M1, as the SAW resonator does
not pass any DC current. Secondly, it also provides excellent
phase noise characteristics. Mfb, operates as a resistor which
provides bias to the gate of M1.

Aeg :ngp(Cpl/ sz) (4A)

[0129] To ensure oscillation, the loop gain, A, has to be
greater than 1 and the phase shift should be equal to 0. Based
on (4A), the size of M1 is adjusted to provide the necessary
transconductance to counteract R, where R, is the parallel
reflected motional resistance at the gate of M 1. For this design
Cp1=Cp2 which also maximizes the open loop gain. The
transistors were sized as follows, M1=4.8 m/1.6 u, M, =4
u/872 u, M2=9.6 m/1.2 u. The phase noise performance and
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steady-state analysis of the oscillator circuit was simulated
using Cadence SpectreRF to obtain its fundamental beat fre-
quency of 1.154 GHz.

[0130] Accordingly, the design, implementation and mea-
surements of a CMOS SAW resonator is provided. The SAW
resonators were fabricated using standard AMI 0.6 micron
CMOS technology with some additional post-processing
steps. Upon completion, the SAW resonators were character-
ized and found to have a resonant frequency of 1.15 GHz and
its equivalent circuit model was developed based on these
measurements. This model was used to design and simulate a
Pierce 1 GHz oscillator.

Biological Sensors

[0131] Surfaceacoustic wave devices as biosensors are also
well suited for the detection of biological agents. Positioning
a receptor between IDT fingers to induce a phase shift or
within IDT fingers to induce a frequency shift allows for
electronic detection of bioagents. These devices have the dual
advantages of high sensitivity, down to picograms/cm2, and
high specificity, conferred by biological receptors such as
antibodies, peptides, and nucleic acids. In the present inven-
tion, detection of proteins associated with breast cancer are
contemplated with these types of sensors. Handheld biode-
tection systems incorporating these microsensors are contem-
plated as within the scope of the invention.

[0132] The surface acoustic wave biosensor arrangements
may be used for real time sensing and for quantifying the
levels of protein.

[0133] Many monoclonal antibodies with high affinity and
specificity for proteins associated with breast cancer, e.g.
mammoglobin, BP1, among others, are available from com-
mercial sources as well as the American Type Culture Col-
lection (ATCC). Any known coupling chemistry may be used
for binding the monoclonal antibody to the sensor chip sur-
face.

[0134] Itmay also important to optimize the chemical link-
ing of the antibody, as well as the loading density. Indepen-
dent fluorescence assays of the antibody density on the chip
may be done using fluorescence labeled anti-IgG. The chip
may be incubated in phosphate buffered saline with fluores-
cein labeled anti-IgG, and may then be washed with a buffer
solution of increasing ionic strength to dislodge unbound
antibody. The chip may then be scanned using a Perkin Elmer
LS50B fluorescence spectrophotometer, and the bound anti-
body density may be calculated using FL.-Winlab software,
which may also calculate various parameters (such as, for
example, the statistical variability observed in the surface
loading between regions on the chip sample surface). This
technique may be used to determine which of the coupling
chemistries yields the best loading of antibodies.

[0135] There are a number of U.S. patents which describe
integration of a biosensor chip into a biosensor device, includ-
ing 6,937,052, 6,743,581, 6,657,269, and 6,448,064, all
incorporated herein in their entirety as necessary to enable the
subject matter of the invention. Other U.S. patents describe
the use for detection of a chemical, including 6,627,154, and
6,495,892, incorporated herein in their entirety as necessary
to enable the subject matter of the invention.

[0136] SAW devices are extremely sensitive to tiny mass
changes, detecting 100 pg/cm®—less than 1% of a monolayer
of carbon atoms. When coated with a chemically selective
thin film, the SAW device is rendered sensitive to analytes
that interact with the film.

[0137] FIGS. 3, 4 and 7 directed to biosensor technology
show that serum testing for cancer may be provided herein
and is considered within the scope of the present invention.
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FIG. 7 shows that the invention is not limited to any one
particular target analyte and that data for multiple cancers
illustrate this to the degree that a person of ordinary interest in
this field would understand that the invention is not limited to
a single target biomolecule or marker or a single type of
cancet.

[0138] The references recited herein are incorporated
herein in their entirety, particularly as they relate to teaching
the level of ordinary skill in this art and for any disclosure
necessary for the commoner understanding of the subject
matter of the claimed invention. It will be clear to a person of
ordinary skill in the art that the above embodiments may be
altered or that insubstantial changes may be made without
departing from the scope of the invention. Accordingly, the
scope of the invention is determined by the scope of the
following claims and their equitable Equivalents.
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We claim:

1. A biosensor device, comprising: a CMOS integrated
circuit having a SAW device as an on-chip component and
configured for an analyte detection assay, wherein the SAW
device has an Si substrate having a piezoelectric film thereon,
said film supporting an input IDT and an output IDT in
cooperative association, and having a biochemical coating
there-between for detecting at least one analyte; wherein the
biochemical coating acts as an analyte capture binding sur-
face, and wherein upon binding of said analyte to said bio-
chemical coating a surface acoustic wave signal is generated
that is indicative of the presence of the analyte.

2. The biosensor device of claim 1, further comprising
wherein the device is configured for parallel multi-analyte,
multi-concentration detection assays.

3. The biosensor device of claim 2, wherein the configura-
tion comprises wherein the piezoelectric film comprises a
micromachined matrix of addressable microlocations for
analyte capture.

4. The biosensor device of claim 1 or 2, further comprising
wherein the biosensor has a plurality of detection channels,
said detection channels having a plurality of biochemical
coatings specific for detection of a plurality of proteins, and
which provides for a multi-protein multi-concentration detec-
tion array capable of parallel simultaneous read-out.

5. The biosensor device of claim 1, wherein the biochemi-
cal coating is for detecting at least one serum tumor marker
protein for cancer.
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6. The biosensor device of claim 1, wherein the piezoelec-
tric film is deposited on top of the IDT.
7. The biosensor device of claim 1 or 2, wherein the device
is configured to provide an electronic readout of the concen-
tration of serum tumor marker as determined from the
strength of the SAW signal generated.
8. A method of detecting biomolecules, comprising: con-
tacting the analyte capture binding surface of the biosensor
device of claim 1 with a sample of interest.
9. The method of claim 5, wherein the sample is a serum
protein cancer marker.
10. The biosensor of claim 1, further comprising a CMOS
manufactured embedded heater under the SAW sensor,
wherein the heater is controlled by applying outside voltage,
and wherein control of the sensor temperature to the desired
value is provided to keep the sensor operating point stable
over time.
11. The biosensor of claim 1, further comprising wherein
the analyte is a marker protein selected from the group con-
sisting of mammoglobin, BP1, CEA, CA15-3, TPA, TPS,
HER-2, and combinations thereof.
12. The invention according to claim 1 or 2, further com-
prising wherein the biosensor device provides an electronic
readout and is implemented in a single unit.
13. A method of detecting a serum tumor marker for breast
cancer, comprising:
a) providing a biosensor of claim 1;
b) contacting the biochemical coating of the biosensor with
a sample; and

b) detecting the SAW signal,

wherein upon binding of a serum tumor marker to said
biochemical coating then a surface acoustic wave signal
is generated that is indicative of the presence of the
serum tumor marker protein, and wherein upon the
absence of binding of the serum tumor marker, then no
signal is generated and indicates the absence of said
serum tumor marker protein.

14. A method of detecting multiple proteins in samples
having multiple concentrations in a multiplex biosensor,
comprising:

a) providing the multiplex biosensor of claim 4;

b) contacting each of the plurality of detection channels of

the biosensor with sample; and

b) detecting the SAW signal,

wherein upon binding of a specific serum tumor marker to

said biochemical coating then a specific surface acoustic
wave signal is generated that is indicative of the presence
of the specific serum tumor marker protein, and wherein
upon the absence of binding of the specific serum tumor
marker, then no signal is generated and indicates the
absence of said specific serum tumor marker protein,
and wherein the multiplex biosensor provides for a
multi-protein detection array capable of parallel simul-
taneous read-out.

15. The method of claim 8, 13 or 14, further comprising the
step of determining the concentration of the analyte or serum
tumor marker from the strength of the SAW signal generated.
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