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ABSTRACT

Immunosensors according to present embodiments combine
a sandwich bioassay with an electro -active, integrated opti
cal waveguide (EA -IOW ) for the detection of infectious
pathogens and other analytes from a sample , whereby the

electro -active waveguide surface is functionalized with a
capture antibody capable of specific binding with a particu
lar antigen . This functionalized arrangement then promotes
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the binding of a secondary, labeled antibody serving as a
redox probe, which produces an analytical signal having
unique spectral and electrochemical properties for the detec
tion of virus antigens , pathogens, and other analytes that
bind to proteins.
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ELECTRICALLY -MODULATED
BIOSENSORS USING ELECTRO - ACTIVE

WAVEGUIDES
CROSS - REFERENCE TO RELATED
APPLICATION

[0001] This international nonprovisonal patent application
claims priority to and benefit from U.S. Provisional Appli
cation No. 62/449,250 , titled “ Electrically -modulated bio
sensors using electro -active waveguides,” filed on Jan. 23 ,
2017, which is hereby incorporated by reference in its
entirety .

STATEMENT OF GOVERNMENT INTEREST

[0002] The invention described and claimed herein was

made with government support under Grant No. 0814194
awarded by the National Science Foundation. The govern
ment has certain rights in the invention .

FIELD OF INVENTION

[0003 ] Embodiments described herein relate to molecular
recognition through binding of antibodies or other mol
ecules, labeled with spectroelectrochemically active com

plexes, to biomarkers followed by spectroelectrochemical
analysis , the practical applications of which include but are
not limited to a methodology for direct detection and quan
tification of illnesses such as but not limited to infection

diseases caused by an influenza virus, such as without

limitation the H5N1 influenza virus.

BACKGROUND

[0004 ] Biological and chemical sensors are used increas
ingly in a wide variety of applications. Although such
applications are numerous, some examples include the use
of biological and chemical sensors as immunosensors, virus
detection and identification , biochemical detection and char
acterization , metabolic profiling , testing for DNA -drug
interactions , and food quality analysis. In some of these
areas , the end result is limited by the amount of time
required to obtain results. For example , some approaches
work by detecting antibodies produced by a host's immune
system in response to an infection , but current uses generally
require that an infected individual has been infected for
several days before any detection can be made.
[ 0005] The detection and identification of influenza strains
is an area where quicker andmore sensitive approaches are
needed . Because current antiviral medications are most

efficacious when administered in the first 48 hours of infec

tion , the ability to detect and characterize influenza infection
early in the infection process would significantly improve
the ability of primary care physicians to effectively admin
ister treatment. Earlier detection and characterization . e.g.,
within that48 hour window , would also enable epidemiolo
gists to defend more effectively against large -scale flu epi
demics .

[0006 ] One example where enhanced sensitivity and speed
are needed is with the detection of influenza in a patient.
Current immunodetection techniques can distinguish
between specific influenza viruses. For example, type A and
type B influenza (and related subtypes) produce two main
antigens : hemagglutinin (HA ) and viral neuraminidase
(NA), respectively. Each of these antigens is found on the
exterior portion of the virus surface and binds to a specific

antibody , making each type amenable to antibody trapping
assays.Generally, some immunoassays involve an antibody
for the target antigen being adsorbed to a solid phase , with
the antibody -coated surface being exposed to a sample of
blood or other biological fluid that may contain viruses or
other pathogens the surface of which contains the target
antigen . After an incubation period , a multistep washing is
done to remove unbound antigen , and a second antibody
with a label or a tag (referred to herein as a reporter
antibody ) is then added to enable detection of the antigen , or
or other pre -determined analyte as selected . However,
despite their capabilities with detection ofproteins and small
molecules in various fields, conventional immunoassays
also present several disadvantages .
[0007 ] For example, while radioimmunoassays are gener
ally sensitive and precise for determining concentration of
analytes in a small sample size, they present an undesirable
health hazard involved with usage of radioactive substances.
And while enzyme immunoassays offer a relatively inex
pensive means for detection , some specimens which
undergo testing naturally contain inhibitors of the needed
enzymatic activity. Chemiluminescence immunoassays offer
some advantages in terms of sensitivity compared to enzyme
immunoassays and radioimmunoassays , and the reagents
used are relatively stable and relatively nontoxic. However,
chemiluminescence immunoassays also require a high
degree of precision by the technician related to the injection
of hydrogen peroxide and the quenching of the light emis
sion . Consequently , this type of immunodetection is more
prone to false positives and operator error. Fluorescent
immunoassays present good potential for high sensitivity
and adaptability to various needs, but results are harder to
interpret due to the production of autofluorescence from
different organic substances normally present in serum .
[0008 ] Other approaches also present disadvantages that
must be overcome. PCR -based approaches for viral detec
tion (nucleic acid testing , being one example ) provide rea
sonable sensitivity for identification and detection , but
access to such testing is limited due to being predominantly
performed at centralized laboratories , and requiring robust
training of personnel to implement. Also , tedious and
lengthy sample preparation is required , and based on current
technologies the need for copying due to the concentration
of pathogen DNA for detectable limits requires a long
detection time (on the order of 2 hr. in many cases). The
antigen -capture enzyme- linked immunosorbent assay
(ELISA ) has been explored to distinguish subtypes of influ

enza viruses , at times showing better sensitivity than immu
noassays . Even so , ELISA is time consuming and takes
prolonged times to provide results.
[0009 ] In yet another approach , potential -modulated
attenuated total reflectance (PM -ATR ) measures optical
response (amplitude and phase delay) against severalmodu
lation frequencies for optical reconstruction of key features
of the electrochemical process , which may include the
faradaic current and the associated electron -transfer rate .
However, this approach lacks sensitivity to probe redox
species with weakly absorbing chromophores and /or at low

surface concentrations. One reason is the surface density of
analyte on an electrode is often low (less than 10-12 moles /

cm²) and the faradaic current which is generated — the signal

truly linked to the species of interest — is consistently a small
fraction of the total electric current, which also includes
non -faradaic components. Similarly, sensors that utilize
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electrochemical approaches based solely on interpreting
electrical signals , as donewith voltammetric , amperometric,
and impedimetric approaches , are limited by the inability to
avoid non -faradaic components that usually hinder the inter
pretation of the electrochemical signal and faradaic pro
cesses produced by electron transfer.
[0010 ] Accordingly, a biosensor (or array of sensors )
providing suitable sensitivity, specificity, and efficiency is

needed for rapid detection and identification of biomarkers
of diseases or other conditions , including virus antigens,
pathogens, and other analytes. Present embodiments and
alternatives provide this through a combined use of spec
troelectrochemical techniques and optical detection of anti
gen recognition events.
SUMMARY OF EMBODIMENTS

[ 0011] In some embodiments , novel optical impedance
spectroscopy techniques incorporate a highly sensitive
immunoassay -type approach with potential-modulated elec
tro -active waveguide optical detection of antigen recogni
tion events. Generally, the biosensor platforms are based on
electro -active, integrated optical waveguides (EA -IOW ),
providing heightened sensitivity and specificity for detec
tion . The biosensors employ spectroelectrochemical prin
ciples and methods, whereby surface functionalization of the
EA - IOW with a capture antibody aimed at a specific virus
antigen . The target antigen binds to ( i.e., forms a chemical
bond with ) a capture antibody arranged within the device ,
thus promoting the chemical binding of a secondary anti
body , i.e., a reporter antibody , labeled with an optical probe.
In some embodiments , the optical probe is a methylene blue
molecule that displays reversible changes in optical absorp
tion throughout a reduction -oxidation transition .
[0012] The resulting optical signal is then electrically
modulated and interrogated with high sensitivity by a propa
gating mode in the EA -IOW , in order to detect electron
transfer processes attendant with redox adsorbates. The term
“ redox events” refers to atoms or molecules having their
oxidation state changed as electrons are transferred during a
chemical reaction. Correspondingly, redox even are
tracked by spectroscopically monitoring the absorbance /
luminescence changes of a redox couple — i.e., an electro
active species conjugated with a reporter antibody as dis
cussed herein as electrical potential is modulated on an
EA - IOW platform .
[0013] In some embodiments, optical signals are tuned

spectrally to probe and reconstruct an electrochemical

response to a specific faradaic process happening during
reduction and oxidation of species. In doing so , the current
embodiments make possible the development of diagnostic

tests for pneumonia and influenza and their underlying
causative agent with increased sensitivity, easily obtained
specimens, and rapid turn -around for point-of-care deploy
ment.
[0014 ] In the following descriptions of multiple embodi
ments, it will be appreciated that the ability to set up the
structure of the inventive EA - IOW platforms for a selected
wavelength being coupled into the device enables optical
responses to be differentiated more precisely than with other
spectroelectrochemical impedance techniques. In this man
ner, spectroscopic monitoring of absorbance/ luminescence
changes associated with a redox couple reduces the chal
lenges associated with non - faradaic effects seen with other
approaches . Moreover, differentiating the optical response

with respect to time allows the reconstruction of the faradaic

response of a particular redox process, from which the
surface density , formal potentials, competing reaction path

ways, and rates of the critical charge transfer events can be
obtained . Accordingly ,the detection limits of the approaches
disclosed herein enable the measurement of redox couples

with only a small difference in their molar absorptivities, and

they can accommodate molecular assemblies that produce
very low surface densities , with correspondingly low num
bers of redox adsorbates that will display spectroelectro
chemical activity.
[0015 ] Particular embodiments provided here are useful
for immunosensor-based strategies for direct detection of

specific viral pathogens in a biological sample, for example
blood or other biological fluids. As a non -limiting example,
other biological fluids include a sample from an intraocular
cavity of the eye ( i.e., the aqueous and /or vitreous humor)

where infection might reside. Accordingly , in the present
embodiments sandwich bioassays are disclosed which are
incorporated as part of highly sensitive, single -mode, elec
tro -active, integrated optical waveguide platforms. Working
under alternating current (AC ) potential-modulation enables

detection and full electrochemical characterization of a

redox protein sub-monolayer. Further still, labels that are
based on redox probes are also provided , which aid in the
detection of specific influenza virus antigens or other bio

markers .

[0016 ] These approaches enable one to more fully char
acterize antibodies labeled with spectroelectrochemically
active redox probes, providing immunoassays for the detec
tion and quantifications of virus antigens associated with
influenza , pneumonia and other infectious diseases . The
spectroelectrochemical characterizations provide a better
alternative than currently available technologies for the
creation of fully integrated immunosensor or other biosensor
devices for point-of-care applications. One example is
through offering the ability to detect pathogens within the
incubation period as opposed to more time- consuming sero
logical approaches that work based on detecting a certain
antibody in the blood that has been produced by an infected
person . In general, the characterization available from the
practice of the embodiments herein and their alternatives is

an improvement compared to electro -reflectance or trans
mission impedance approaches that are currently used .

[0017 ] Further still, in some embodiments, the inventive
EA -IOW devices are reusable , requiring only washings with
mild reagents to reset the sensor surface . In some embodi
ments , a flowcell is mounted on top of ultra -thin films
described herein to provide an aqueous solution in which the
electrolytic processes occur. The flowcell has an entry port
(not shown ) for introducing a biological sample into the
device , as well as a port for egress of the sample, and also
provides an easily -recycled , modular aspect of the sensing
surface which allows conditions of the devices such as pH
to be tailored for detection of different kinds of antigens. The
ability to easily change the solutions on the surface of the
waveguide without disrupting the optical alignment of the
remainder of the components is another benefit afforded by
these embodiments. In the context of flu season, for
example, such modularity allows discrimination between
different virus types or subtypes , which might involve
different conditions to optimize detection and quantification .
Similarly , specific seasons of the calendar might be associ
ated with different propensities of exposure to infectious
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viruses. At the times when one virus subtype may bemore
prevalent, it is advantageous to easily change the solution on
the surface of the waveguide while preserving optical align

ment of the device .

[0018 ] Although specific mention is made of immunosen
sors involving antigen -specific virus detection and identifi
cation , the teachings and embodiments set forth here are not
limited to this area . Rather, the platform disclosed herein can
be tailored to produce devices for analyzing electrochemical
and spectroscopic characteristics of various molecular
assemblies to aid in pathogen recognition and direct detec
tion through the techniques detailed herein , for use in a
variety of settings which include other forms of biochemical
detection and characterization , analysis of biological cells
and tissues, metabolic profiling , DNA testing, and food
quality analysis , to name a few .

[0030 ] FIG . 8A shows the absorbance amplitude measured
under AC potential modulation for an EA -IOW of the
present embodiments.
[0031] FIG . 8B graphs values for faradaic current density
determined from optical absorbance data in FIG . 8A , based
on electron transfer activity of a methylene blue-reporter
antibody redox probe bound to a EA - IOW of present
embodiments .
[0032] FIG . 9A graphs Faradaic current density for dif
ferent volume concentrations of a virus antigen under vary
ing bias potential.
[0033 ] FIG . 9B graphs faradaic current density for each
volumetric concentration of antigen in FIG . 9A for the
determination of a limit of detection for an EA - IOW , accord
ing to multiple embodiments and alternatives.

MULTIPLE EMBODIMENTS AND

BRIEF DESCRIPTION OF THE FIGURES

ALTERNATIVES

[0019 ] The drawings , schematics, figures , and descrip
tions herein are to be understood as illustrative of structures,
features and aspects of the present embodiments and do not
limit the scope of the embodiments . Likewise, the scope of
the application is not limited to any precise arrangements ,
scales, or dimensions as shown in the drawings , nor as
discussed in the textual descriptions.
[ 0020 ] FIG . 1A illustrates schematically an electro -active ,
integrated opticalwaveguide ( EA - IOW ) device providing a
sandwich bioassay with additional system components for
spectroelectrochemical detection of an analyte , according to
multiple embodiments and alternatives.
[0021] FIG . 1B provides a schematic of a EA -IOW with
grating couplers, which is suitable for deposition of a

[0034 ] FIG . 1A generally illustrates an electro -active, inte
grated optical waveguide (EA - IOW ) device 10 suitable for
an immunoassay as part of a system 110 that includes other
components described herein . The EA - IOW results in at
least one primary antibody - sometimes referred to as cap
ture antibody — bonded to at least one antigen ; which
becomes bound to a reporter antibody having a redox -active
optical tag, i.e. probe. For ease of reference , in FIG . 1A only
one each of the capture antibody 270 , antigen 275 , and
reporter antibody 280 labeled with an electro -active species

ultra -thin indium tin oxide (UT-ITO ) film for waveguide
transmission of optical signals , according to multiple
embodiments and alternatives.
[0022 ] FIG . 1C schematically illustrates differences in

out-losses of optical signals associated with the waveguide
of FIG . 1B , with and without the UT- ITO film .

[0023 ] FIG . 2 illustrates an EA -IOW for spectroelectro
to multiple embodiments and alternatives.
[0024 ] FIG . 3 depicts the formation of a Ruthenium
labeled reporter antibody, according to multiple embodi

chemical interrogation and analysis of an analyte, according

ments and alternatives .

[0025 ] FIG . 4 illustrates schematically various system
components used in connection with an EA - IOW , according
to multiple embodiments and alternatives .
[0026 ] FIG . 5 graphically depicts a measured optical sig
nal based on AC -modulated absorbance for wave -guided
light at 550 nm propagating on a EA - IOW during interro

gation of an electro -active redox Cytochrome c (Cyt-C )
[0027 ] FIG . 6A provides an optically reconstructed fara

protein .

daic current density at the EA -IOW electrode for Cyt- C
graphed against DC bias potential.

[ 0028 ] FIG . 6B graphs UV absorbance measurements of
molar absorptivity of Cyt-C in solution for both oxidized
and reduced states .

[0029 ] FIG . 7 graphs the optical absorbance results at 610
nm based on cyclic voltammetry (CV ) scans using a EA
IOW according to present embodiments, for samples with
virus antigen and samples without virus antigen .

285 to form a redox probe 286 as labeled and represented in
[0035 ] The device 10 further comprises two transverse
grating couplers shown as 140 and 150 , the former permit
ting an optical beam (i.e., light beam ) generated by laser 114
to enter the waveguide device 10 , and the latter permitting
egress of a modulated optical signal for further detection and
analysis . Accordingly , the arrangement of the grating cou
plers 140 , 150 causes the light beam to travel a path
FIG . 2 .

therebetween . In some embodiments, laser 114 is a linearly
TE (transverse electric )-polarized laser beam aimed towards
the edge of input grating coupler 140 , operable at a wave
length of 610 nm or 633 nm ). The grating couplers com
municate with flowcell 245 so the opticalbeam generated by
the laser interacts with a redox probe if one is present within
the flowcell. The presence or absence of the redox probe
depends on whether the analyte of interest, i.e., pre- deter
mined analyte , is contained in the blood or other sample of
biological fluid introduced into the flowcell .
[0036 ] Other components of system 110 illustrated sche

matically in FIG . 1A are a potentiostat 111 with a function
generator 112 (e.g. , DS345, Stanford Research Systems)
connected to the potentiostat and providing a continuous
wave (e.g., sinusoidal) creating and maintaining an electric
field represented by 148 through a connection with a trans
parent electrode layer 220. Additional components illus
trated in FIG . 1A include photodetector 116 , signal amplifier
118 , oscilloscope 120 , along with a processor 122 for
analyzing the detected signals .
[0037 ] As the absorbance or fluorescence signal of the
probe is monitored under modulated potential, the selectiv
ity and accuracy of the antibody-based recognition system
are further enhanced by eliminating much of the effect of
background absorbance or fluorescence associated with
other biological components in the sample, and by the
combination of redox potential and wavelength -controlled
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detection . In some embodiments, an absorbance or fluores
cent probe has optical activity in the visible range of light.
Alternatively, the response of the absorbing or fluorescent
probes is in the near infrared (nIR ) region , or other portions
of the spectrum .
Electro - Active Integrated Optical Waveguide ( EA -IOW )
Platform

[0038 ] In an embodiment, FIG . 2 is shown with similar
structures as those identified for FIG . 1A . Accordingly , an
EA - IOW 10 is shown having a semiconductor layer 220
forming a working electrode , which in some embodiments is
indium tin oxide (ITO ) film or graphene, that overcoats a
highly transparent waveguide. In some embodiments, a
transition layer separates the working electrode of the device
from substrate 218. Optionally , such a transition layer can be
formed from a combination of layers of silica (SiO2) 240 and
alumina (Al2O3) 230 films, or as desired the transition layer
comprises a single layer such as alumina, in either case

producing a multilayer stack . To persons of skill in the field
of optical wave guides, methods such as atomic layer
deposition ( ALD ) are known to provide desirable optical
properties , whereby a thin film is grown through chemically
covalentbonds. In such a method , a substrate 218 formed of

glass or other transparent material is thoroughly cleaned in
preparation for thin - film deposition , then coated with the
thin film using an ALD vacuum deposition system (e.g.,
Savannah - 100 , Cambridge Nano Tech Inc ). By replicating
the cycle for each deposition layer a certain number of times
influenced by the desired thickness of the film , one can
achieve a precise film thickness. Additionally , the self
limiting step of one atomic layer per cycle enhances the
formation of a smooth film surface of uniform thickness
over the substrate by allowing the growth of films that are
conformal to the substrate surface .

Fabrication of Ultra - Thin Indium Tin Oxide Films

[0039] This section describes a method of fabricating
ultra - thin ITO films (UT-ITO films) suitable for a waveguide
formed with grating couplers 140 , 150 as described above ,
and which achieves excellent optical transparency, while
retaining suitable electrical conductivity. The UT- ITO films,
generally designated herein as 220 ', are on the order of 30
nm or less , compared to more traditional ITO films in the
500 nm range, and these demonstrate high transparency and
low resistivity for more precise extraction of optical data
from the waveguide of the present embodiments. Initially, a
substrate for the waveguide, such as a commercial glass
substrate, is cleaned to prepare its surface. In an exemplary
cleansing procedure, one ormore substrates 218 is sonicated
in an aqueous solution with 0.1 % Triton X - 100 soap ( < 3 %
polyethylene glycol) at 60 ° C., and both sides of the sub
strate are scrubbed with cotton swabs and rinsed with
deionized water, a sufficient number of times to achieve
removal of particulate or chemical impurities and to obtain
a hydrophilic surface . Each substrate is then sonicated into
Piranha Solution , acetone and methanol bath for 10 min at
60° C., with further rinsing between each step . Substrates are
blown dried with nitrogen and heated in a 110 ° C. oven for
60 min , then removed from the oven to room temperature .
[0040 ] Following heating , an adhesion promoter such as
hexamethyldisilazane (HMDS ) layer is applied over one
surface of each substrate , as each is spun at 3500 rpm for 30

sec as a means to improve the quality of a photoresist layer
to be applied . For each surface treated with adhesion pro
moter, a solution of 1: 1 of photoresist (Microdeposit, Ship
ley S1805 ) and J. T. Baker BTS -220 thinner are spin -coating
onto the surface at 4000 rpm for 30 sec to form a film with
thickness about 150 nm . Each substrate coated with photo
resist is baked in an oven at 92 ° C. for 30 min to desired
hardness. To prevent unwanted rear light scatter, the non
treated surface of each substrate ( i.e., without photoresist
layer ) is dyed with an opaque coating such as black paint.
[0041 ] Each substrate is then placed in a suitable holder
and its photoresist surface is exposed for a about 5 sec to a

laser light with a wavelength of 442 nm (He Cd laser line )
adjusted at 4.4 mW.cm -2 creating a shift in the interference

pattern based on two -beam interference from Lloyd's mirror
interferometer. Period length as a function of spatial fre
quency (i.e., the time for a complete wavelength cycle ) is
desirably controlled according to an incident angle follow
ing Equation ( 1),
A =

(1)

2nsin (0 )

[0042 ] where n , A , 6 and 1 are refractive index ,pinch size ,
incident angle and incident wavelength respectively.
[0043] At this point, the opaque coating is removed from

each substrate , and a solution with deionized water and
Microdeposit
Shipley 351 (4: 1 ratio ) is prepared . Each
substrate is then placed in a suitable holder at Littrow

configuration in relation to an aligned 632.8 nm laser beam .
With monitoring of the diffraction beam with a light power
meter detector and using data plotted with a LabView or
other suitable program , the maximum intensity of the dif
fraction beam is detected , and each substrate is removed and
submersed into deionizing water, then dried under a flow of
nitrogen gas .
[0044 ] Each substrate is then prepared for engraving a
series of sub-micron photo patterns on its treated surface ,
using reactive ion beam with etching. Preferably, the area
between the patterns is protected using an adhesive such as
Kapton tape, thereby defining a length representing a dis
tance , D , between light input and output couplers, as shown
in FIG . 1B .
[0045 ] After etching, the photoresist is removed from the
appropriate surface of each substrate by standard cleaning
procedures as described above, and the cleaned surface of
each substrate is coated by Atomic Layer Deposition (ALD )
with a transition layer 235 having a thickness less than 500
nm (e.g., 406 nm ) in accordance with FIG . 1B . In some
embodiments, transition layer 235 is a single layer, for
example alumina ; alternatively, the transition layer com
prises sub -layers such as the ones illustrated for device 10 of
FIGS. 1A and 2 , i.e., silica (SiO2) 240 and alumina (Al2O3)
230 films. At this point, each substrate represents a single
mode stack assembly waveguide ready for investigating
optical properties of UT- ITO films on the order of 10 nm ,
which can be applied over a transition layer through known
methods such as pulsed -DC reactive sputtering using a

three -inch ITO target, 99.99 % purity and 90 % of In2O3 and

10 % of SnO by weight.
[0046 ] In this sputtering technique, a sputter chamber is
kept at 250 ° C. to evaporate water and other gases pumped
into the chamber to maintain purity of the UT-ITO layers. A
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DC power is set at 230 W with the atmosphere inside the With WMT, a single-mode 543 nm laser light is in -coupled
chamber controlled by Argon and oxygen flows to 5.5 mTorr by Bragg grating where an evanescence field interacts with
at 100 sccm (standard cubic centimeter per minute ) and 0.6 a UT-ITO film . An incoming power signal, Intensity (lic ), is
sccm , respectively . Deposition time for the UT- ITO is about measured based on intensity of reflection (1,1 + 1,2 ) and
20 sec under spinning at 20 rpm for uniform coating of the transmitted ( I. ) signals. As an optical signal enters and
UT-ITO film . After deposition , each stack is annealed using passes along the waveguide path , a power meter measures
a hot plate at a temperature ramp increasing to 100 ° C. at 5 the intensity of a reflection signal (I-1 + 1,2 ) from a light beam
min to 200 ° C. at 15 min and leveling from 250 ° C.- 275 ° C. transmitted through grating ( I.) and that of its out- couple
from 20 min to 35 min . Simultaneously with this heating , beam (1.1 and 12). One then calculates intensity of the
UV radiation centered at 254 nm with irradiance 8 mW.cm - 2
out-coupled signal based on the sum of out-coupling signal
is applied to balance the electrical and conductive properties (1.1 + 1.2 ) as shown in FIG . 1C .
of the UT-ITO film .
[0052] With the above data , Equation (3 ) is used to cal
[0047 ] It is possible at this point to indirectly determine a culate signal out-losses (a) associated with the waveguide
thickness of each UT-ITO film , through envelope technique with and without the UT- ITO film .
which can be accomplished on transparent substrates . In this
technique , film thickness , h , is proportional to a difference
between minimum transmittance values before and after the

UT-ITO coating. The indirect measurement of film thickness
is done according to Equation (2 ) :
h =

man

(2)

4nITO

[0048 ] where m is an integer associated with fringe order,
before coating and after, and nito is the refractive index of
Ai is the difference between minimum transmittance values

ITO (1.88 ). In an exemplary calculation , m was 4 corre
sponding to forth order, and A2 was approximately 35 nm

producing a measurement of an 18 nm thick UT-ITO film .
These data are factors in sheet resistance and extinction
coefficient, as discussed below .
[ 0049 ] Sheet resistance can be monitored with a digital

multimeter formeasuring changes in conduction properties
of a film layer of material brought about through annealing .
At room temperature, oxygen vacancies (Vo ) typically
dominate the conduction mechanism in ITO films, such that
conduction is through oxygen chemical bonds. Sheet resis
tance and resistivity of UT-ITO films, then , are measured
before and after annealing . Table I shows the values of sheet
resistance and resistivity before and after UV annealing ,

indicating an increase of resistance after thermal treatment.
TABLE I
Sheet resistance and Resistivity of UT- ITO films.

Before annealing

After annealing

Sheet resistance ( k 2 )

Resistivity m 2 · cm

1.1

0.9

1.8

1.4

lei + 162

a =-10108 lic –10108[7l; - (Ir1 + 1x2 + 1 )

(3 )

[0053] As previously alluded to , WMTwas applied before
and after the UT-ITO coating to compare light transmission

losses with and without the UT- ITO film . In this way, signal
transmission losses are calculated in view ofthe presence of
the UT-ITO film ( a ') based on losses from waveguide
pre -film (aWG ) and total losses with UT-ITO film (AUT
ITO ). Having this difference enables a calculation of extinc
tion coefficient (k ) of associated with each UT- ITO film
layer. Table II shows losses of waveguides with and without
coating for eight samples .
TABLE II

Losses measured experimentally by WMT

from waveguide with and without UT-ITO .

Sample number

Qwg (dB /cm )
a ' (dB /cm )

CUT-ITO (dB /cm )

S1

S2

S3

S4

S5

S6

S7

S8

3.4
7.4

4.1
7.1
3.0

2.5

2.9
7.3
4.4

4.3

5.7

6.7

6.1

7.5

8.9

8.1

4.1
9.6

3.2

3.2

1.4

5.5

4.0

4.4

[0054 ] An extinction coefficient (k ) of UT-ITO films is
given by Equation (4 ), where a ' is loss of ITO , h is thickness
of UT-ITO layer, à is wavelength of laser beam and S is
sensitivity factor of the aluminum waveguide. Determina
tion of the sensitivity factor enables one to calculate k .
k =

a'Aln ( 10 )

(4 )

40nhs

[ 0050 ] The notable observation was UV thermal annealing
as described above increased the resistivity of these UT- ITO
filmsby around 36 % (( 1.4-0.9 )/1.4 ). A probable explanation
for this observation involves a rearrangement of chemical
bonds by photons and thermal energy, thereby decreasing
conduction centers Vo , and accordingly increasing sample
resistivity .
[0051] In regard to further characterization of the UT-ITO
films, Waveguide Mode Technique (WMT) can be used to

waveguide design , as are distance between couplers (D ) and
thickness (t), in view of fabrication materials, and refractive
indices of the respective layers (substrate , transition layer,
and electrode ). By combining these features, one can deter
mine effective values of thickness (ten ) and refractive index
(Nem ) to help induce and enhance electromagnetic wave
propagation along the EA - IOW .

without the UT- ITO film , in accordance with FIG . 1C . FIGS.
1B and 1C are shown with similar structures , the exception

helpful for extracting effective thickness and effectual
refractive indices of t. For purposes of the present disclo

compare waveguide transmission of optical signals with and

being FIG . 1C is viewed after the addition of UT-ITO 220'.

[0055 ] Sensitivity factors are an inherent characteristic of

[0056 ] In view of such parameters , various equations are

sure, using a refractive index of alumina (n = 1.645 at 543
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nm ) grown on a glass substrate (n = 1.509 ) and kept in air
(n = 1), Maxwell's equations enables one to define an effec
tive refractive index of waveguides. In this regard, Nefis a
virtual value of all refractive indices combined that a wave
guide mode will travel into .
[ 0057 ] In view of applying proper boundary conditions,
Nefis given by Equation (5 ),

(8 )

T = 1 - -e (47kh )

[0062 ] Accordingly , Table III summarizes the results from
8 sample waveguides characterized for extinction coefficient
and transmittance in accordance with the analytical methods
detailed above .

2ut
?

5)

(n} – Nett )

Sample number

N2.- nz

tan

n ? - Napi

+ tan

Naeff - na
n - N2

+ m'n

k (* 10-3)
T (* 104)

[0058 ] where 2 is wavelength of propagating light, t is

thickness of the transition layer, e.g. , alumina, and m ' is

guided mode (zero for present calculation ). Because Equa
calculation using a Newton -Raphson equation was used to
find successively better approximations to the root of the
real value for N.eff Computerized calculations were then
obtained in view of waveguide parameters described herein ,
to reach a finding of Neff equal to 1.585 , a figure consistent
with overall data concerning the conductivity of the UT- ITO
tion (5 ) does not have a close solution for N ,effi a numerical

films.

[0059 ] Taking into account several values mentioned

above, effective thickness (te ), is given by Equation (6), and
is dependent on t, Neff ne and ng:
leff = 7+

2

2

(6 )

+

21 V (Naff - n ?) 27 V (N 2 - n?)

After substitution of values, then , tef for for the waveguide
is calculated to be approximately 654 nm , and from this the
thickness of the UT- ITO film can be determined . Likewise ,

when a laser beam is used as described above to creating an
interference pattern based on two -beam interference , it
establishes a shift representing the difference in Transmit
tance between the substrate /alumina structure and the sub
strate / alumina /UT-ITO structure . The degree of shift as a

function of wavelength can then be used as anotherbasis for
extracting the thickness of the UT-ITO film layer, which is
on the order of less than 40 nm , with embodiments capable
of reaching approximately 18 nm thick for this layer.

[0060] As alluded to previously , sensitivity factor is asso
ciated with the extinction coefficient, and can be determined
by the following Equation (7 ) .
S =

2nLin? – Nep )

(7 )

Neffteff(n} - na)

[0061 ] Using waveguide parameters described herein ,

sensitivity assumes the value of 14x10 for all samples. With
reference back to Equation (4 ), replacement of parameters
for each sample enables the calculation of excitation coef
ficients . According now to Equation (8 ), transmittance, T,
depends on exponential function of extinction coefficient (k )
and the UT-ITO film's thickness, h .

S1

S2

S3

S4

S5

S6

S7

S8

1.2
2.2

0.9
1.6

1.1
2.0

1.3

1.0
1.8

0.8
1.5

0.3
0.6

1.3
2.4

2.5

[0063 ] In view of a technique for fabricating UT-ITO films
for use with the inventive waveguides, in some embodi
ments UT-ITO films obtained by pulsed -DC reactive sput
tering provide a good balance between extinction coefficient
and resistivity , which is useful for the electro -active optical
waveguides of the present embodiments. At thicknesses
outlined herein , ITO can be highly transparent and conduc
tive at the same time, and at ultra - thin scale the effective

values of thickness ( teft) and refractive index (Nem ) deter

mined herein induce and enhance electromagnetic wave
propagation .
Functionalization of the EA -IOW Interface

[0064 ] To prepare an assay, a surface of the device 10 is
functionalized with an additional monolayer. For example,
in some embodiments functionalization is performed at the
UT-ITO or ITO layer (referred to for the remainder of this
disclosure as simply " ITO ” ), graphene layer, or other elec
trode surface layer as selected by a user. In some embodi
ments, the ITO electrode surface is coated with (3 -Amino
propyl)triethoxysilane (APTES ) to generate an amine
bearing surface . For example , the ITO surface of the
EA -IOW is immersed into a solution containing 10 mL of
2 -propanol, 100 uL of APTES , and 4 to 5 drops of deionized
water, then incubated a sufficient period of time such as
overnight. Following incubation, the device surface is thor
oughly rinsed with 2 -propanol and DI water, then dried
under a nitrogen flow . In this way, the surface modification
facilitates conjugation /adsorption at the site, serving as a
foundation for joining successive protein monolayers to the
device .

[0065 ] As desired , labeling the amine groups of APTES
with molecules serving as fluorescent probes and imaging
the single molecules with confocal fluorescent microscopy
provides a means to determine the presence and reactivity of
the APTES overlayer on the EA - IOW device . As desired ,
carboxylate -modified fluorosphere beads (F8787, Thermo
Fisher Scientific), which have a typical size of about 20 nm
and feature an absorption peak at 505 nm and a maximum
fluorescence emission at 515 nm , may be bound to the
surface amine sites for this purpose . Cresyl violet is a dye
with an excitation wavelength of approximately 540 nm , and
the fluorescence yield is proportional to concentration of the
dye . Acidified forms of cresyl violet such as cresyl violet
perchlorate binding to the protein -coated overlayer and
permit themselves of fluorescent detection . These forms as
well as similar dyes and stains as known in the art also will

US 2019/0361015 A1

Nov. 28 , 2019
7

serve as suitable examples of fluorescent probes for detect
ing presence and reactivity at this layer.
[0066 ] Next, in some embodiments a protein monolayer
(e.g., native or recombinant protein G , i.e., ProG ) is
adsorbed to the modified surface layer, which facilitates
capturing and properly orienting the molecules of the cap
ture antibody on the surface . Recombinant ProG is a geneti
cally engineered form of the native protein with the serum
albumin binding region removed so that albumin can be
utilized as a blocking buffer. It is a conventional antibody
binding protein adaptable for a wide range of immunoassay
systems, which in present contexts promotes the capture and
suitable orientation of the antigen -binding sites in the immo
bilized capture antibodies. For example , it is desirable for
those binding sites should be oriented away from the solid

phase for optimum conditions to capture the target analytes.
Alternatively , protein A (ProA ) is a suitable protein for the

monolayer to provide functionalization of the electrode .
[0067] ProG serves well in the functionalization of the
inventive EA -IOW’s for several reasons . Covalent conjuga
tion of ProG to the APTES surface can be accomplished
through known amide bond -forming chemistry . Further,
ProG has two IgG binding sites , which reduces the chance
that surface immobilization will block the binding sites. In
addition , ProG binds IgG antibodieswith very high affinities

on the Fc region . Also , adsorption of ProG on the ITO /
APTES surface produces acceptable electron - transfer rates
through the ProG layer, and antigen binding will be
enhanced through the adsorption ofcapture antibodies to the
ITO /APTES/ProG surface . Accordingly, in an embodiment,
the functionalizing the sensing surface of the EA - IOW
proceeds in several stages , i.e.,
[0068 ] bare ITO ,

[ 0069] then ITO /APTES ,
[0070 ] then ITO /APTES /ProG ,

[0071] then ITO /APTES /ProG /Capture Antibody.

[0072 ] As the ITO /APTES /ProG / Antibody layers are

made ready for assaying, suitable blocking buffers (e.g.,

containing 1 % Bovine Albumin Solution , BSA ) are utilized
to reduce non -specific adsorption interactions on the surface
of the electrode .
[ 0073] In use during assaying, the stages then proceed as
follows:
[0074 ] ITO /APTES/ ProG /Capture Antibody /Antigen ,
[0075 ] then ITO / APTES/ProG /Capture Antibody /Anti
gen /Reporter Antibody .

[0076 ] For the latter stage, in rounding out the sandwich
bioassay , the reporter antibody will be labeled with an
electro -active species serving as an optical probe, thereby
providing a signature spectroelectrochemical response for

detection as described herein .

[0077 ] To renew the sensing surface after use and achieve
reusability , the ITO /APTES /ProG / Ab EA -IOW surface can
be sonicated in a potassium carbonate solution at pH 9-11 .
This reverses the interaction between ProG and ProG / Ab
with the ITO /APTES surface , without undue compromise of
EA - IOW performance such as through coupling loss or

increased resistance to spectral transmission .
[0078 ] While ProG and Pro A have been described , alter
native embodiments may also involve functionalization by
adsorbing antibody directly to the surface 220 of the elec
trode or an additional layer bound to the electrode such as an
APTES monolayer.

[0079 ] In use , once a protein monolayer is established

over the ITO /APTES surface , the capture antibodies are
introduced to the assay device . One or more antibodies

should be introduced in an appropriate buffer system ( e.g.,
phosphate buffered saline or 4-(2 -hydroxyethyl) -1 -pipera
zineethanesulfonic acid , i.e., HEPES). The antibodies are
generated through methods which are known in the art, and
include generating the antibodies in mammals such as mice ,
rabbits, or others. The pH and salt concentration of the
solution should remain at appropriate levels to maintain the
solubility of the antibody and so the antibody does not

undergo denaturing . In an embodiment in which device 10
is used for immunoassaying of influenza , for example ,
capture antibodies are selected which bind to known anti
gens related to influenza viruses of interest, such as hemag
glutinin (HA ) or viral neuraminidase (NA ), for example .

Likewise, various blocking buffers as known in the art to
help in reducing background interference are within the
scope of embodiments contained herein even if not
expressly described. It will be appreciated that, depending

on the types of viruses involved and the conditions under
which their detection is to occur, the embodiments herein are

to be considered broadly to include other capture antibodies
(polyclonal or monoclonal), reporter antibodies, dyes, sur
face modifiers , and redox probes in addition to those

described herein .

Performance of the Functionalized Sensor Using a Redox

Probe

[0080 ] In preparation for detection of analytes, reporter
antibodies are selected which also specifically bind to the
antigens ( such as HA or NA antibodies in the present
example ). In some embodiments, depending on the antigen ,
the same antibody is used for both capture antibody and
reporter antibody, for example,monoclonal anti-H5 (H5N1)
antibody , as antibodies tend to be highly specific in which
antigens they will bind to . Once the antigens , in this case

HA , are captured by the capture antibody and immobilized
on the device surface, it enables the binding of the antigen
to the reporter antibody which is labeled with an electro
active species having optical properties , e.g., methylene
blue. Further still, there may be some contexts such as
when the target is very large ( e.g., a whole cell or a virus)
as opposed to a single protein antigen — where enhanced
sensitivity can be achieved by using capture and reporter
antibodies that are different from each other, wherein the
reporter antibody molecule binds to a second binding site on
the target.
[0081 ] Before they are introduced to the assay, during
synthesis the reporter antibodies ( i.e., which can be multiple
copies of a single type of antibody) are labeled with a
the probe whose optical properties can be measured . Among
a number ofpossible candidates, a complex expected to have
a favorable spectral response is bis (2,2 -bipyridine)(2,2'

suitable redox -molecule , i.e., electro -active, which acts as

bipyridine-4,4'-dicarboxylic acid )ruthenium (II). FIG . 3 rep
Bipyridine derivatives such as this display well-character

resents the formation of a Ruthenium -labeled antibody.
ized absorbance and fluorescence behavior as a function of

the Ruthenium oxidation state , with an optical signal of
sufficient longevity for detection . Furthermore , these deriva

tives contain pendant carboxylic acid groups to facilitate the
conjugation between the antigen and the reporter antibody as
shown in FIG . 1. Typically , labeling occurs by mixing a

US 2019/0361015 A1

Nov. 28 , 2019
8

reporter antibody for a sufficient period of timewith meth
ylene blue (or other redox -active molecules as known in the
art that might be selected for the optical probe) until con
jugation occurs, then as desired purifying using a standard
resin column and known buffers. Methylene blue is an
acceptable label because it shows a strong and reversible
change in optical absorption between 600-660 nm while
coupled to a transition metal in its oxidation state .
[ 0082 ] Suitable molar ratios for Ruthenium to the antibody
as part of the labeled reporter antibody may fall within a
range of about 1: 1 to 10: 1. It is expected that the lower end
of this range will suffice for suitable antigen binding, par
ticularly for antibodies with abundant lysine amino groups
on the surface of the antibody, while the higher end of the
range or even higher will provide greater signal amplifica
tion of antigen recognition events . Working in an aqueous
solventsystem , a RuAb complex according to these embodi
ments displays prominent redox potentials at -800mV, -250
mV, and 250 mV.
[0083 ] In general, suitable redox probes will employ elec
tro -active species that undergo a reversible redox process,
which are accessible in aqueous solution and have a detect
able change in optical properties tied to the redox event.
Further, the electro -active species selected for the redox
probe will conjugate with a protein selected as the afore
mentioned reporter antibody . In the above -mentioned bipyri
dine ruthenium complex , a number of transition metals
would serve as acceptable substitutes for ruthenium , e.g.,
platinum , iron, and molybdenum . In addition to transition
metals, other redox molecules (e.g. methylene blue ) can be
used for the redox probe .
[0084 ] Accordingly, there are various options and
approaches for selecting a redox probe. A suitable redox
probe is one that displays multiple accessible oxidation
states, and is capable of binding to one or more organic
compounds and to a selected reporter antibody. When bound
in this fashion , the redox molecule acts as a probe based on
its optical properties (absorbance and /or fluorescence spec
tra ) which are dependent on the oxidation state of the redox
probe , and otherwise displays a detectable change in optical
properties when the redox molecule is oxidized /reduced .
When a suitable voltage is applied to a substance or solution
containing the redox probe, a spectral change in the absor
bance or fluorescence associated with the probe will change
as the oxidation state of the redox molecule changes . If the
applied potential is modulated, then the optical signal for the
probe is also modulated , so that both the signal and its
modulated behavior can be detected .

[0085 ] In accordance with the factors mentioned herein ,
non - limiting examples of other compounds and derivatives
for labeling the reporter antibodies with redox probes
includemethylene blue,Methylene blue succinymide ,meth

ylene blue maleimide, Atto MB2 maleimide (SigmaAldrich )
and other methylene blue derivatives ; 3,7 -Bis- [( 2 -Ammo
niumethyl) (methyl)amino ]phenothiazin -5 - ium trifluoroac
etate ; 3,7 - Bis-(piperazin -4 -ium - 1-yl) phenothiazin -5 -ium tri
fluoroacetate ; 3,7 -Bis-[ (2 -ammoniumethyl) (methyl)amino ]
phenothiazin - 5-ium chloride; and 3,7 -Bis-(piperazin - 4 - ium

1 -yl)phenothiazin -5 - ium chloride, to name some.

[0086 ] Turning now to FIG . 4 , a schematic is provided of
various components used in connection with device 10 to
interrogate spectroscopic activity and characterization

related to surface -adsorbed molecular layers. The modulated
potential within the system is controlled by a standard

potentiostat with inputs to the device . Other components of

system 110 may include potentiostat 111, laser 114 (e.g.,
solid state , 550 nm ) for generating the light beam that enters
grating coupler 140, one or more photodetectors 116 ( e.g., a
photomultiplier detector) that receives the outcoupled opti
cal signal from grating coupler 150 , and optionally mono
chromator (not shown ) and Imaging Charge Couple Device
(“ ICCD " ) (not shown ) as known in the art for obtaining
spectrally -resolved measurements , as well as a suitable

amplifier 118 to amplify the generated signal , and an oscil
loscope 120 for data collection and representation along
with various processors as described herein for controlling
voltage inputs that maintain an electrical field and for
interpreting optical and electrical signals.
[0087 ] To apply these techniques to the broadband spec
troscopic characterization of a protein submonolayer, the
beam from a laser source is routed via optical fiber to a
grating coupler serving as a light beam entry port of the
device 10. In some embodiments, a highly anamorphic
optical beam from a laser source (not shown ) is utilized with
large divergence (high NA ) in the plane of incidence , but
fairly collimated in the lateral direction of the planar optical
waveguide. As desired , diffraction - limited optical compo
nents are deployed to launch the light beam towards the
integrated grating coupler 250. In this regard , within the
scope of present embodiments, various components are
suitable for enhancing the spectralbandwidth ofa free -space
propagating optical beam coupled into an EA -IOW at the
input grating coupler in order to shape the light beam
delivered to device 10 by a laser or other optical lightbeam
source as shown in FIG . 4. As discussed further below ,
working with a highly anamorphic optical beam at the
aplanatic condition for broadband coupling , a solid immer
sion cylindrical lens enhances the numerical aperture of
laser light delivered to a grating coupler.
[0088 ] To couple a light beam propagating in free space
into an optical mode of a planar waveguide using a grating
coupler, the following well -known synchronous condition

must be satisfied :

Neff = no sindo +

(9 )

[0089 ] where Nefis the effective refractive index of the
waveguide , and à is the wavelength of the light in vacuum .
Further rounding out this equation , n , is the refractive index
of air, 8 , is the angle between the incident light beam and the
normal to the waveguide surface designated by broken line
perpendicular to the waveguide in FIG . 1C , and A is the
period of the grating couplers . These are the two transverse
grating couplers shown as 140 and 150 , respectively in
FIGS. 1A - C and FIG . 2 , which are fully embedded into the
laminar structure of the EA - IOW of present embodiments.
[0090 ] The central wavelength ?c of the grating coupler,
defined at 06 = 0 deg, is then given by
Ne = ANeff

( 10 )

[0091 ] and the spectral bandwidth provided by the grating
coupler can be approximated by
??s2??? ,

(11)

[0092 ] where NA is the numerical aperture of the incident
opticalbeam . It will be appreciated the period of the grating
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coupler can be chosen in relation to a selected central

wavelength coupled into a particular waveguide.

[ 0093 ] To enhance the working NA delivered to a grating
coupler of the inventive EA -IOW , a solid immersion lens
augments the numerical aperture of an incident light beam

coupled into the EA -IOW , desirably keeping the amount of
spherical aberration low . The basis for such an enhancement
is that the spectralbandwidth is determined by the numerical
aperture of the light beam striking the grating coupler , and
the coupled bandwidth scales directly with the numerical
aperture of the optical beam .
[ 0094 ] To achieve the desired effects, in some embodi
ments a collimated optical beam is bent towards the optical
axis by a first cylindrical lens (not shown ) and propagates as
a converging cylindrical wave. This cylindrical wave then
impinges on a second cylindrical lens, which is designated
herein as a solid immersion lens and optionally is attached
to the waveguide substrate itself. The cylindrical surface of
the second cylindrical lens has two axial conjugate points ,
which are referred to as aplanatic points . A first aplanatic
point is located at the grating coupler, and a second aplanatic
point is located at the back focal point of the cylindrical lens.
Some advantages are realized if the two cylindrical lenses
and the waveguide substrate are made from the same glass
( i.e., have the same refractive index ). Suitable cylindrical
lenses for these purposes are plano -convex lenses made of

BK -7 glass according to specifications listed in Table IV .
TABLE IV
Lens selection for augmenting numerical aperture
Melies Griot
Lens cat. no .
1
2

01LCP025
01LCP023

efl

bfl

Radius

(mm ) (mm ) (mm )
10.0
5.0

7.4
3.5

5.2
2.6

Center thickness

(mm )

NA

3.8
2.3

0.45
0.45

[0095 ] While other enhancements are attainable and
adaptable for use in the present embodiments, the ability to
obtain potential-modulated fluorescence measurements
occurs as the guided optical beam propagates between
structures 140 and 150 seen in FIG . 1A , and excites light
emission ( i.e., absorption ) from surface-immobilized fluo
rophores ( i.e., chromophores ). With continued reference to
FIG . 4 , a set of micro -optical components (including notch
and color filters) attached to the back of an exemplary
EA -IOW platform collect the emitted radiation according to
known methods. In potential-modulated absorbance mea
surements , the optical attenuation by the surface -adsorbed
chromophores can be determined from the guided optical
beam that is outcoupled by another grating coupler (not
shown ) and routed to an optical fiber using a similar set of
anamorphic optical components . The collected optical signal
is then coupled to a photodetector , or optionally an ICCD
detector, for spectroscopic measurements. The signal which
is detected is then electronically processed by a current
pre-amplifier and sent to a lock -in - amplifier (e.g., SR810 ,
Stanford Research Systems). A three-electrode potentiostat
( CHI 660D ) controls the electric potential applied to the
device, and provides a trigger to the lock - in -amplifier for
impedance measurements.
[0096 ] Accordingly , through monitoring ofspectroelectro
chemical transduction afforded by device 10 , optical data is
obtained and analyzed , the results of which are used to

reconstruct the electrochemical information of faradaic pro
cesses associated with electron transfer and the ensuing
changes in oxidation state of a redox species at the electrode,
including a redox -labeled reporter antibody discussed

above. The absorbance of light by the probe at a known
wavelength enables one to determine, as a function of the
optical measurements , the faradaic current density against
potential,
if (nF )/(SA _)* d Alden

(13)

[0097 ] where AE is the molar absorptivity difference the
known wavelength between the two redox states; n is the
number of electrons ; and F is the Faraday constant, respec

tively. For suitable probes according to the embodiments
herein , when faradaic current is plotted against potential, as
shown in FIG . 6A . As appreciated in viewing FIG . 6B ,
comprising a plot of UV absorbance measurements against
molar absorptivity of Cyt-C in solution at oxidized and
reduced states , the cathodic and anodic peaks generally have
similar magnitudes and are co -located at the formal potential
of the redox process .
[0098 ] Through empirical data , mathematical relation
ships can be used to correlate optical data with electro
chemical information of redox events occurring at the device
electrode. Under an AC potential modulation, E = E dc +AE ac
sin (w t), a modulated optical signal is measured for a light

beam propagating along device 10 between points 140 and
150. Optical data ,which is associated with the effects on the
probe as the light propagates, is then obtained both in the
absence of the redox adsorbate ( i.e., baseline ) according to
Equation ( 13 ),
( 13)
16 = 140,0 )+ Al( ac,o, sin (wt+ 0_0),
[0099] and in the presence of the redox adsorbate accord
ing to Equation ( 14 ),
I = Ide + Alae sin (wt+ 0 ).

( 14 )

[0100 ] In this fashion , the in -phase and out-of-phase com
ponents of the AC modulated optical absorbance can be
determined for both phases, with use of Equations (15 ) and
(16 ), respectively :
AAac,in
AAac,out

Alaccos(0) Alac,ocos (@o )
IdeIn ( 10 ) Idc,oln( 10 )

(15)

Alacsin (0 ) + Alac,osin(@o )
Idcin ( 10 ) Idc,oln (10 )

( 16 )

+

==

[0101] The quantities which are obtained then enable
implementation of an optical impedimetric measurement
based on the output of the device . FIG . 5 shows experimen
tal results from impedance measurements for wave -guided
light at 550 nm propagating along the device to interrogate
a submonolayer of an electro - active redox Cytochrome c
(Cyt- C ) protein . Because Cyt-C has well-characterized spec
troelectrochemical properties in solution , testing this protein
served as a useful surrogate reporter for the spectroelectro
chemical response after the EA - IOW was functionalized .

Using this surrogate , the data taken at various potentials
indicates a sufficiently strong analytical signal for detection
at relatively low density levels. Additionally, the inventive
EA -IOW's when used in the immunoassay context distin
guish between different analyte species present in a solution ,
because they are designed to capture a particular analyte or
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antigen without binding to others. As an illustrative example
only , in testing directed to Cyt- C detection over the capture
antibody layer , hemoglobin (Hb ) protein in the same sample

was only negligibly adsorbed , a lack of interaction that
indicates a selective design of the inventive EA - IOW biased
toward analytes of interest.
[0102 ] The surface density, Ale of the electro -active
species is determined from the measured data of the in -phase

and out-of-phase components using equation 17 :
????

(AAac,in )2 + (AAac,out )

( 17 )

SAE

[0103] In turn , from the surface density , Alac, of the
electro -active species, one can determine the associated
faradaic current density by using the relation expressed in

equation (18 )

??? = nF?????

(18)

[0104 ] The results from this relationship are expressed in

terms of Faradaic information as shown in FIGS. 6A and 6B

for Cyt- C . In FIG . 6B , each curve shows the characteristic

formal potential and potential width of the redox processes

for this electro -active species. Likewise , similar studies can
be obtained with other electro -active species.
[0105 ] The data thus indicate that the measurements
obtained with device 10 provide sufficient analytical signals
that can be readily followed and measured , even when a
small density of redox species ( femto -moles / cm²= 0.005 %
of a full protein monolayer = 0.1 pg /mm²) are involved in the
electron transfer process . Moreover, the optical data for
other redox -labeled reporter antibodies will be amenable to
reconstruct the electrochemical information of Faradaic pro
cesses associated with redox events involving these mol
ecules .

Spectroelectrochemical Detection of HA Protein
[0106 ] Now returning to FIG . 2 , proximal the ITO layer is
a redox probe 286 (an antibody or other protein ) with an
electro -active species 285 at its center, followed by redox

processes,which can also be taking place while modulating
the potential within the cell. As above stated , a sensitivity
factor, S , of device 10 represents the signal enhancement
provided when compared to either the single -bounce reflec
tion or single -pass transmission . As discussed in an earlier
section on fabrication , a sensitivity factor generally depends
on the layers ' thickness and refractive index , as defined by
the ratio between the waveguide absorbance and direct
transmission absorbance .
[0107 ] Accordingly, a device 10 is fabricated which offers
high optical transparency for propagation of the light beam ,
and good electrical conductivity . Aspects of device 10 that
tend to increase the sensitivity factor are its single -mode
operation and the long propagation length (about 2.54 cm , in
an embodiment) of the guided light beam along the device .
The separation between the two gratings is represented by
points 140 and 150, respectively , in FIG . 1A and FIG . 2 ,
such that the distance between these points defines the
propagation length along the device. In alternative embodi
ments , the propagation length is at least 1 mm . A light beam
propagating for about 3.4 cm along the waveguide before
outcoupling occurs via grating coupler 150 has been found

acceptable. As explained further herein , the conductivity and

sensitivity factor of a device 10 also is used for the detection

of redox -active adsorbates even at low surface densities of

redox species that bind to antigen , or weak molar absorp
tivities , or both .

[0108 ] As further shown in FIG . 2 , a pair of grating
couplers 140 , 150 formed on a substrate 218 which can be
glass or other transparent material, are integrated into the
waveguide structure for coupling a light beam in and out of
the wave guide and spectrally dispersing the light beam . In
an embodiment, the gratings are formed on a surface of the
substrate as part of the fabrication process by reactive ion
beam etching. The photo -patterns are created through holo

graphic exposure under suitable beam intensity , with the
direction of the beam controlled by a Loyd's mirror con
figuration and under real -time monitoring of the develop

ment process. Further, a suitable pitch -size of the surface
relief gratings is about 323 nm , although other dimensions

are also workable . A wavelength of about 530 nm is one of
several suitable wavelengths for coupling a light beam in
and out of device 10 via the waveguide gratings 140 , 150

and associated optics ( not shown ). In an embodiment, the
device 10 is fabricated with a propagation length of about 3
cm between gratings 140 , 150, enabling optical monitoring
of redox couples in connection with spectroelectrochemical
transduction .

[0109 ] In view of the above teachings, the detection of
hemagglutinin (HA ) protein from the H5N1 influenza virus
was accomplished . A monoclonal anti -H5 (H5N1) capture
antibody specific to the H5N1 antigen underwent binding to
a functionalized EA - IOW interface . This was followed by
exposure to the virus antigen influenza A hemagglutinin
protein (HA) at a concentration of 200 ng/mL. Exposure

resulted in immobilization of HA through binding to the
capture antibody, as evidenced by the adsorption of a

polyclonal reporter Ab labeled with methylene blue (MB)
ester dye , and which served as an redox -active probe.
[0110 ] For the detection of an HA protein in a sample,
FIG . 7 graphically depicts results from optical absorbance at
610 nm based on the presence of surface -bound methylene
blue-reporter antibody using cyclic voltammetry (CV ) scans
in connection with an inventive EA -IOW according to
present embodiments. As indicated by the legend , the trac
ings are indicative of both graphs the optical absorbance
results at 610 nm based on cyclic voltammetry (CV ) scans
using a EA - IOW according to present embodiments for an
EA -IOW functionalized with APTES and capture antibody.
The separate tracings are shown for samples with HA virus
antigen (lighter shading , upper tracings, conc . 200 ng/ML)
and without virus antigen (darker shading, lower tracings ),
respectively.
[0111 ] Now with respect to FIG . 8A , the absorbance

amplitude was measured under AC potential modulation for
a EA - IOW functionalized for a methylene blue-reporter
antibody redox probe, at a potentialmodulation amplitude of
30 mV, DC bias potential of -220 mV, laser wavelength for
the optical beam source of 633 nm , and finally a virus

protein concentration of 200 ng/mL . The collected optical
data then allow the corresponding faradaic current density to
be determined , as referenced in FIG . 8B .
[0112] As the graph in FIG . 8B reflects , the faradaic
current density features a peak value centered at about 50
rad /s , which is associated with the electron transfer rate of
the redox event that occurs at the electrode surface of the
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EA - IOW . With this information concerning a desirable
angular frequency ( i.e., 50 rad /s ), AC voltammetry was
applied at different potentials while the EA - IOW (device 10 )
and components of system 110 generated and collected
optical data . For these purposes, a potential modulation with
an amplitude of 30 mV was used , and the DC bias potential
was varied over a range of ( -360 mV to +40 mV) , encom
passing the formal potential of the redox process of the
probe being used . Accordingly, FIG . 8B uses the optical
absorbance data from the EA -IOW to graph faradaic current
density against angular frequency values as a function of
response to the antigen - bearing sample . According to mul
tiple embodiments and alternatives described herein , pro
cessor 122 of system 110 executes computer -readable
instructions programmed to receive the data generated by
the electrochemical interactions and optical signals occur
ring at device 10. In turn , the program instructions being
executed are configured to account for various parameters
such as refractive indices and thicknesses, to determine the
spectroelectrochemical events involving the immobilized
redox probe, and to associate those findings with the pres
ence of analyte or antigen specific to the reporter antibody.
[0113 ] Quantification of the detected analyte is now dis
cussed in view of FIG . 9A and FIG . 9B . In FIG . 9A , a plot
of faradaic current density against the DC bias potential
displays a maximum intensity at approximately -170 mV.
As the DC bias potential is detuned from the formal potential
(away from –170 mV) of the probe, the analytical signal
decreases towards zero . The peak intensity of the faradaic
current density reported by the redox probe is thus propor
tional to the surface concentration of the target antigen and
provides a direct route to the quantification of the virus
analyte .
[0114 ] As shown in FIG . 9B , when different bulk concen
trations of the virus antigen solution were run , the AC

voltammetric data enabled a determination of a limit of

detection . This was done by taking the maximum of the
faradaic current density for each concentration of virus

antigen , based on laser wavelength , 610 nm ; angular fre
quency, 50 rad /s; and amplitude modulation , 30 mV. By

plotting the corresponding peak current density against the
different bulk concentrations of virus antigen solution , a
sub - 100 pico -molar (PM ) limit of detection was determined

( i.e. , a concentration of about 4 ng /mL ), which surpasses
several known detection techniques in use. The graphical
data thus confirms the redox probe binds effectively with the

HA virus antigen immobilized on the device surface , and is
useful in detection and quantification . Beyond this , the low
limits of detection are important in early detection of influ
enza .

[0115 ] Further, by functionalizing the EA -IOW surface
according to the principles outlined herein , the inventive

EA - IOW is customizable to detect and quantify many other
infectious diseases and conditions other than influenza . Such

tailoring will involve selecting a capture antibody suitable
for immobilizing through binding a particular virus antigen ,
pathogen , or other analyte of interest; and exposing the array
to a reporter antibody / redox probe having unique spectral
and electrochemical properties that are detected when bind
ing between the reporter antibody and the analyte occurs .
[0116 ] Accordingly , itwill be understood that the embodi
ments described herein are not limited in their application to
the details of the teachings and descriptions set forth , or as
illustrated in the accompanying figures. Rather, it will be

understood that the present embodiments and alternatives, as
described and claimed herein , are capable ofbeing practiced
or carried out in various ways. Also , it is to be understood
that words and phrases used herein are for the purpose of
description and should not be regarded as limiting . The use
herein of such words and phrases as “ such as ," " compris
ing," " e.g.," " containing," or " having " and variations of
those words is meant to encompass the items listed there
after, and equivalents of those , as well as additional items.
The use of “ including” (or, “ include,” etc.) should be inter
preted as “ including but not limited to .”
[0117 ] Accordingly, the foregoing descriptions of several

embodiments and alternatives are meant to illustrate , rather

than to serve as limits on the scope of what has been
disclosed herein . It will be understood by those having
ordinary skill in the art thatmodifications and variations of
these embodiments are reasonably possible in light of the
above teachings and descriptions.
What is claimed is :
1. A molecular recognition device , comprising:
an at least partially transparent waveguide comprising
first and second transverse grating couplers embedded
therein , the first grating coupler providing entry for a
light beam from a light source,
wherein , as the light beam travels a path between said
grating couplers, the second grating coupler permits
egress, from the waveguide , of a modulated optical
signal based on changes to the light beam occurring
along said path ;
the waveguide further comprising a substrate, a transition
layer, and an electrode deposited on the transition layer

for modulating the electric potential within a flowcell
accommodating an electrolyte solution that receives a

sample of biological fluid ,

wherein the grating couplers communicate with the flow
cell allowing the light beam generated by the laser to
interact with a redox probe presentwithin the flowcell ;
the molecular recognition device further accommodating
a capture antibody on a surface of the device , wherein
the capture antibody is capable of binding to a pre

determined analyte in the sample ,
determined analyte , a reporter antibody introduced to
the flowcell also binds to the pre -determined analyte ,
and wherein by labeling the reporter antibody with an

wherein , when the capture antibody binds to the pre

electro -active species to form the redox probe , the
analyte confines the redox probe to the device,
and wherein the redox probe produces spectral and elec
trical signals in response to the light beam and the
modulated electric potential, whereby modulating the
electric potential in the flowcell produces changes in
the optical signal .
2. The device of claim 1, wherein the pre- determined
analyte is identified by association with both spectral and

binding of the reporter antibody to the pre -determined

electrical signals.

3. The device of claim 1 , wherein the electrode is formed

from indium tin oxide .

4. The device of claim 1 , wherein the electro - active

species is methylene blue or a methylene blue derivative
capable of binding to the reporter antibody and having
multiple accessible oxidation states .

5. The device of claim 1 , wherein the electro - active

species is chosen from the group bis(2,2 '-bipyridine )(2,2'
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bipyridine -4,4 '-dicarboxylic acid ) ruthenium (II ), 3,7 - Bis

[ ( 2 - Ammoniumethyl) (methyl)amino ]phenothiazin - 5 -ium
trifluoroacetate ; 3,7 - Bis-(piperazin -4 -ium - 1- yl)phenothi
azin -5 - ium trifluoroacetate ; 3,7 -Bis- [(2 -ammoniumethyl)
(methyl)aminophenothiazin -5 - ium chloride; and 3,7 -Bis
(piperazin -4 -ium - 1- yl)phenothiazin - 5- ium chloride .
6. A system for molecular recognition , comprising :
a waveguide , comprising a transition layer with an elec
trode deposited thereon , and having a capture antibody
arranged in a layer and providing antigen binding sites
for binding to and thereby immobilizing a pre -deter
mined analyte entering the waveguide through a sample
entry port ;
the waveguide further comprising first and second trans
verse grating couplers embedded therein and providing
an optical mode for sensing the presence of an analyte,
wherein the first grating coupler receives a light beam
generated from an optical source, and the second grat
ing coupler allows the lightbeam to exit the waveguide,
wherein the light beam is modulated in the presence of
the analyte while traversing through the waveguide
between the grating couplers ;
the waveguide further comprising a flowcell with an
electrolyte solution promoting electron transfer activity
of a redox probe ;
a voltage supplier that modulates electrical potential
within the flowcell ;
wherein the waveguide receives a reporter antibody that
specifically binds to the immobilized pre -determined
analyte if the pre-determined analyte has been immo
bilized by the capture antibody , the reporter antibody
being labeled with an electro -active molecule capable
of undergoing reduction and oxidation to form a redox
probe;
a light detector for detecting an optical signal associated
with spectral and electrochemical changes occurring
within the waveguide in response to the presence of the
redox probe in the waveguide.

(methyl)aminophenothiazin -5 - ium chloride; and 3,7 -Bis
(piperazin - 4 -ium - 1- yl)phenothiazin - 5 -ium chloride.
10. The system of claim 6 , wherein the same antibody is
used for both the capture antibody and the reporter antibody .
11. A method for detecting an analyte contained in a
biological sample , comprising :
directing a light beam to a first grating coupler of a

waveguide , wherein the waveguide comprises a trans
parent substrate , a transition layer, a semiconductor
layer representing a working electrode, and a flowcell
for receiving the biological sample ;
causing the light beam to pass along a path between the
first grating coupler and a second grating coupler, the
second grating coupler permitting egress of a modu
lated optical signal based on changes to the light beam
occurring along said path ;
immobilizing the analyte with a capture antibody
arranged in the flowcell;
introducing to the flowcell a reporter antibodymixed with
an electro -active species to form a redox probe,
wherein the binding of the reporter antibody to the
pre -determined analyte confines the redox probe to the
device ;

causing a redox event by maintaining an electric field
within the waveguide ;
wherein the redox probe produces spectral and electrical
signals in response to the light beam and themodulated
electric potential; and
identifying the analyte by modulating the electric poten
tial in the flowcell to detect changes in the optical
signal.

12. The method of claim 11 , wherein identifying the
analyte is performed by association with the spectral and

electrical signals produced by the redox probe .

13. The method of claim 11 , wherein the electrode is
formed from indium tin oxide.

14. The method of claim 11 , wherein the electro - active

7. The system of claim 6 , wherein the electrode is formed
from indium tin oxide .

species is methylene blue or a methylene blue derivative
capable of binding to the reporter antibody and having
multiple accessible oxidation states.

species is methylene blue or a methylene blue derivative

species is chosen from the group bis ( 2,2 -bipyridine) ( 2,2
bipyridine -4,4 -dicarboxylic acid ruthenium (II), 3,7 -Bis
[(2 - Ammoniumethyl) (methyl)aminophenothiazin - 5 - ium
trifluoroacetate; 3,7- Bis-(piperazin -4-ium -1-yl)phenothi
azin -5 - ium trifluoroacetate; 3,7 -Bis-[(2 -ammoniumethyl )
(methyl)aminophenothiazin - 5- ium chloride; and 3,7 -Bis

8. The system of claim 6 , wherein the electro -active
capable of binding to the reporter antibody and having
multiple accessible oxidation states.
9. The system of claim 6 , wherein the electro - active
species is chosen from the group bis(2,2'-bipyridine )(2,2'
bipyridine -4,4 '-dicarboxylic acid ruthenium (II ), 3,7 - Bis
[ (2 - Ammoniumethyl) (methyl)aminophenothiazin - 5 -ium
trifluoroacetate ; 3,7 - Bis- (piperazin -4 - ium -1 -yl)phenothi

azin -5 - ium trifluoroacetate ; 3,7 -Bis -[(2 -ammoniumethyl)

15. The method of claim 11 , wherein the electro - active

(piperazin - 4 -ium - 1 -yl)phenothiazin -5 -ium chloride .

