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This review brings about a comprehensive presentation of the research on interferometric transducers, which
have emerged as extremely promising candidates for viable, truly-marketable solutions for PoN applications
due to the attested performance that has reached down to 1078 in term of effective refractive index changes.
The review explores the operation of the various interferometric architectures along with their design, fabrica-

tion, and analytical performance aspects. The issues of biosensor functionalization and immobilization of recep-
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tors are also addressed. As a conclusion, the comparison among them is attempted in order to delve into and
acknowledge their current limitations, and define the future trends.

© 2016 Published by Elsevier Inc.

1. Introduction — historical background

The 20th century was characterized as the era of information, where
the means for acquiring, storing and distributing almost instantaneous-
ly information worldwide were developed and have since infiltrated
our lives in ways that were unfathomable 50 years ago. A wide range
of diverse methodologies and techniques have been developed at a
staggering pace in order to enrich the “armory” of scientists in their pur-
suit to understand and more effectively fight and treat disease, discover
new and more effective therapies for hard-to-treat or deadly conditions,
achieve prognosis or early diagnosis of ailments even at the asymptom-
atic stage, effectively screen our food for harmful substances or even
help keep the world safe against epidemics or bioterrorist threats. It is
not by chance that the 21st century was named the era of biology
since a large part of scientific endeavors aim at comprehending the bio-
logical pathways that ensure, determine and affect our well-being. In
this intense effort, numerous scientists are trying to devise the next gen-
eration of biosensors capable not only of analyzing pertinent biological
entities related to disease but also of helping in the discovery of new
drugs, personalized treatment schemes, pre-cautionary food monitor-
ing, environmental monitoring and safety and security systems. In the
greater picture, these advances are to be combined with the “gifts” of
the information era and to be communicated through a worldwide net
that can set the basis for a better quality of life for every passenger on
our blue dot in the cosmos.
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The core element of these systems is the “biosensor”, which as a
word has had a quite large range of meanings. According to [UPAC def-
inition, “A biosensor is a self-contained integrated device which is capa-
ble of providing specific quantitative or semi-quantitative analytical
information using a biological recognition element (biochemical recep-
tor) which is in direct spatial contact with a transducer element. A bio-
sensor should be clearly distinguished from a bioanalytical system,
which requires additional processing steps, such as reagent addition”
(Koyun et al., 2012).

Thus a biosensor consists of two main parts, the specific biomolecule
that interacts (binds or recognizes) with the analyte under study and
the transducer (exploiting one among a wide range of transduction
principles such as optical, piezoelectric, and electrochemical) that trans-
lates the output signal resulting from the biomolecular interaction to a
signal that is easily measured (typically an electrical or optical signal).

The output signal from the transducer is recorded by an appropriate
measuring apparatus that is equipped with all necessary interfaces to
the transducer e.g., electrical, fluidic, optical ones. These measuring ap-
paratuses are designed to match the particular needs of the particular
transducer. In the most advanced applications the reader is an autono-
mous unit accommodating processing and optical presentation
modules.

Even though the word “biosensor” is a relatively recent term, the
principle of biosensing has been applied - unbeknownst as such at the
time - hundreds of years ago: the canary in the coal mines is probably
the oldest reported biosensor. However by considering the definition
above, the first biosensor was introduced by Clark and Lyons who
immobilized glucose oxidase (GOD) on an amperometric oxygen elec-
trode surface semipermeable dialysis membrane in order to directly

dx.doi.org/10.1016/j.biotechadv.2016.02.005

Please cite this article as: Makarona, E., et al., Point-of-Need bioanalytics based on planar optical interferometry, Biotechnol Adv (2016), http://



mailto:i.raptis@inn.demokritos.gr
http://dx.doi.org/10.1016/j.biotechadv.2016.02.005
www.elsevier.com/locate/biotechadv
http://dx.doi.org/10.1016/j.biotechadv.2016.02.005
http://dx.doi.org/10.1016/j.biotechadv.2016.02.005

2 E. Makarona et al. / Biotechnology Advances xxx (2016) XXx-Xxx

quantify glucose concentration in a sample. In their ground breaking arti-
cle (Clark and Lyons, 1962) they presented “intelligent” electrochemical
sensors (pH, polarographic, potentiometric or conductometric) by adding
enzyme transducers as membrane-enclosed sandwiches. Soon enough,
the importance of developing devices capable of detecting biological
entities and the transformational impact they could bring about became
apparent to the scientific community. Indicative is the trend of publica-
tions containing the word “biosensor” in their abstract: from 1 in the
year 1980 to 57 in the year 1990 and 463 in the year 2000, and to 1735
in the year 2010 (source: www.scopus.com). During the same period,
new journals were launched focusing on miniaturized microsystems
capable of measuring markers related to human health and the quantita-
tive determination of harmful species in food, water or environmental
samples.

During the past decade, another demand has been induced to bio-
sensors: apart from the race for lower limits of detection, higher resolu-
tion and dynamic range, multi-parameter analysis capabilities, cost- and
time-effectiveness or even the degree of user-friendliness, biosensors
are envisioned to break free from the laboratory settings and to become
applicable for on-the-spot determinations that are to be transmitted in
real-time through the “cloud”. A new term was coined to describe the
envisioned systems, that of “Point-of-Need”, with applications extend-
ing to a wide range of diverse areas including human health, food safety,
environmental monitoring, and forensics.

Due to the importance of biosensors per se, but also the ever increas-
ing importance of portable biosensing systems and their envisioned ap-
plications, significant public and private funding opportunities have
become available all over the world via either international or national
schemes. Next to these, companies active in the area of analytical de-
vices have started their own research activities trying to develop solu-
tions with particular emphasis on portable and at-the-spot measuring
systems addressing the demanding requirements of PoN determina-
tions. Lately, several companies have attracted funding through crowd
funding schemes with TellSpec and Consumer Physics raising ~400 K
USD and ~2.8 M USD, respectively, for the development of miniaturized
tools for the identification of harmful species in food at the Point-of-
Need.

Among all the applications, Point-of-Care (PoC) diagnostics are ex-
pected to be the largest contributor to the overall biosensors market,
holding ~57% share (Source: Markets and Markets survey: http://
www.marketsandmarkets.com/Market-Reports/biosensors-market-
798.html), since there is a strong need to reform the current healthcare
infrastructure in the developed world so as to accommodate for an ever
increasing aging population, and to contribute to the amelioration of the
healthcare system in the developing parts of the globe. The key players
in this industry include F. Hoffmann-La Roche Ltd. (Switzerland),
LifeScan Inc. (U.S.), Bayer Healthcare AG (Germany), Abbott Point of
Care Inc. (U.S.), Medtronic (U.S.), Siemens Healthcare (Germany), and
others.

In addition, important prizes have been announced for the develop-
ment of holistic solutions that have been able to measure the concentra-
tion of multiple analytes at the PoN, with the most recent ones to be:

a) The Xprize Tricorder, a 10 MUSD competition to develop a portable,
wireless device in the palm of a hand that could monitor and diag-
nose over a dozen medical conditions (http://tricorder.xprize.org/),
and

b) The H2020 Food Scanner, a 1 MEuro prize to develop an affordable
and non-invasive mobile solution that will enable users to measure
and analyze their food intake (http://ec.europa.eu/research/
horizonprize/index.cfm?prize=food-scanner).

The intense and long research effort along with public and private
funding led to significant technological developments that allowed tre-
mendous progress regarding the development of reliable and

miniaturized biosensors for various clinical and non-clinical applica-
tions. In order to address the PoN needs, the research effort on biosen-
sors has been channeled in a wide range of diverse transduction
principles and applications. Traditionally, biosensors are classified on
the basis of the following:

a) The use or not of a label
b) The transduction principle and
¢) The bio-recognition component.

Both labeled and label-free approaches are explored intensively and
in parallel since each approach offers its own competitive advantages.
The labeled methodologies are relying on either fluorescent or magnetic
labels bound directly to reporter biomolecules (antibodies or analyte
analogs). Labeled approaches have shown excellent performance in
terms of the limit of detection (LOD), since the signal from the binding
events is amplified by several orders of magnitude allowing thus the de-
tection of ultralow concentrations of the analyte of interest. As a result
of this substantial advantage, numerous platforms have been developed
and some of them have reached their path to the bioanalytics market.
However, labeling approaches present a set of disadvantages when
compared to label-free ones, and thus the potential user should weigh
them prior to the final decision on which route one should select for
the biosensor development. First and foremost, labeling adds to the
final analysis cost, since the labels themselves can be rather costly and
have limited shelf lifetimes. Furthermore, despite the added benefit of
signal amplification, incorporating the labels onto biomolecules may
negatively affect their functionality with a clear impact on the detection
sensitivity (Fan et al., 2008), as it has been reported by Sun et al. for the
effect of labeling on antigen-antibody affinity reactions (Sun et al.,
2008). Finally, the presence of labels molecules can have a direct effect
on the surface occupancy by the targeted analytes rendering the quan-
titative analysis of surface coverage and hence the actual LODs
expressed in surface coverage density (mass/area) complicated. Exactly
due to the aforementioned limitations, significant effort is directed to-
wards the design and implementation of non-labeled methodologies.
The first reported label-free methodologies were inferior in terms of an-
alytical performance when compared with the labeled ones; however
the latest generations offer excellent results in terms of the LOD, sensi-
tivity, resolution, and assay time.

When the classification is based on the transduction principle, the
biosensors are categorized into electrochemical, optical, piezoelectric,
and thermal ones with an electrochemical glucose oxidase (GOx) sensor
to be the first one reported in the literature (Clark and Lyons, 1962). In-
terestingly, the particular biosensor is still the most widely used, despite
the fact that significant improvements were introduced throughout the
years. The wide use of the particular biosensor most probably is ground-
ed on the following characteristics in terms of application and transduc-
tion principle: the concentration range of the particular analyte is high
and thus easily measured, the particular transduction principle is simple
and low-cost thanks to the fabrication technology employed, and the in-
terface with conventional electronic circuits for operation and signal ac-
quisition is rather straightforward and facile. However, in addition to
the characteristics of this legendary biosensor, there are several issues
that should be further addressed in order to allow the introduction of
additional electrochemical biosensors into the market.

On the other hand, there are numerous classes of label-free bio-
sensors, which are in essence based upon the determination of an in-
herent biomolecular physical property, most commonly the index of
refraction or mass. The optical transducers appear to be the preferred
ones over their counterparts relying on the detection of mass chang-
es (e.g. QCM or microcantilevers), or electrochemical ones, a prefer-
ence that is prevalent both in the research and market domains. For
example, although electrochemical biosensors currently account for
the largest market by technology, most probably due to the glucose
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biosensors, the market for optical biosensors is the fastest growing
segment and is expected to grow at a CAGR of over 10% from 2012
to 2018 (Source: Markets and Markets survey: http://www.
marketsandmarkets.com/Market-Reports/biosensors-market-798.
html).

Photonic probing in microsystem based bioanalysis has certain ad-
vantages over competing approaches. Being a contactless method, it
galvanically isolates the sensing element from the excitation and detec-
tion electronics and provides more degrees of freedom in the detection
schemes (Turner, 2000; Fan and White, 2011; Monat et al., 2007). Thus,
it is expected that portable interferometric devices will soon find their
place as the core elements in Point-of-Need devices aiming to
decentralized sensing (Preechaburana et al., 2012).

Historically, the first optical sensor appeared as early as in 1937,
when Langmuir and Schaefer described the determination of a biomol-
ecule adlayer thickness formed on a metallic surface via the observation
of colors produced by reflective interference (Langmuir and Shaefer,
1937). Some thirty years later, the use of ellipsometry for the observa-
tion and measurement of molecules immunoadsorbed on a surface
was demonstrated (Vroman and Adams, 1969). The true boom though
of optical biosensors did not come until the mid-90s since they had to
wait for the maturing of microfabrication technologies and detection
systems. Since then, optical biosensors, and even more specifically
label-free optical biosensors have become one of the most active and at-
tractive sectors of the biosensors development arena.

The preference on optical label-free biosensors is mainly attributed
to a number of unique characteristics such as:

a) The use of light, which rules out any electrical interference facilitat-
ing this way multi-analyte determinations,

b) The excellent bioanalytical performance in terms of the LOD and
sensitivity,

¢) The high-resolution capabilities and,
the potential for a high dynamic range,

d) and most importantly in terms of developing compact PoN systems

e) Their fabrication with standard microelectronic/micromachining
processes that guarantee cost-efficient mass production on existing
facilities.

The superior bioanalytical performance of optical biosensors is
achieved through the real-time monitoring of minute refractive index
changes due to the binding of the target molecules on the bioreceptors
immobilized onto the sensor surface. The fast signal acquisition and the
use of very accurate and with high sensitivity optical modules allow for
the detection of infinitesimally thin biomolecular adlayers causing mi-
nuscule changes of either the intensity of the output signal or the spec-
tral content. In addition, the detection of more than one analyte is
achieved through multiplexing of multiple biosensors densely integrat-
ed on the same substrate. Last but not least, the fabrication of the major-
ity of optical label-free biosensors is performed with standard
microelectronic/micromachining processes. This way the tremendous
improvements of these technologies can be straightforward applied to
optical biosensors improving their analytical performance, size, repro-
ducibility, and cost. Moreover, thanks to the advances in the Si process-
ing technologies, it is possible to fabricate at low-cost transducers that
were difficult to be realized in high volumes with the technologies avail-
able in the past.

Finally, when the classification is based on the bio-recognition com-
ponent then the biosensors are categorized as sensors employing anti-
bodies, enzymes, nucleic acids, cell receptors and even whole cells.
Apart from these “naturally occurring” biorecognition elements,
synthetic molecules like peptide nucleic acids (PNA), aptamers, and mo-
lecularly imprinted polymers (MIP) have been also employed as recog-
nition elements due to their ability to specifically capture target
molecules from complex matrices.

1.1. Scope of the review

Needless to point out that it would not be a possible feat to describe
all optical biosensors in a single review paper, even when narrowing
them down to label-free ones. Therefore, this review has concentrated
mainly on label-free integrated interferometric methods, since they ex-
hibit one of the greatest potentials for viable, truly-marketable solutions
for PoN applications. Integrated optical biosensors have been recog-
nized even from the early 90s as one of the most elegant and powerful
techniques for direct affinity sensing mostly because of their increased
sensitivity in terms of adlayer formation detection combined with
their “limited sensitivity” in terms of thermal fluctuations and buffer so-
lution refractive index changes compared to SPR (Lukosz, 1991). In par-
ticular, interferometry has been proved capable of impressive LODs
(1075-10~7 expressed in effective refraction index changes or a few
pg/mm? if expressed as surface coverage) even without the use of
labels.

The remaining of the article is divided into the following sections:
Section 2 is devoted to the description of interferometric sensors,
starting with the more “classical” approaches of single-wavelength
Mach-Zehnder (SW-MZIs) and Young interferometers (YIs) moving
on to the more recently reported multi-color or polychromatic interfer-
ometers, and ending with the heteromodal/bi-modal interferometers.
Section 3 addresses the issues of biosensor functionalization and immo-
bilization of biorecognition elements. In the final section (Section 4) an
effort is done to compare the existing interferometric techniques and to
discuss their current limitations while also providing an insight into the
challenges that need to be overcome and the emerging trends that need
to be met for rendering label-free interferometers into marketable PoN
systems.

In Table 1 the historical progression of the optical biosensors field is
listed, taking into account certain breakthroughs.

2. Integrated optical interferometric sensors
2.1. Introduction to integrated optical sensors

As already mentioned in the introduction, the need to understand
the biological mechanisms behind the functions of living organisms
has led researchers to explore various means and methods not only
to observe but also to monitor and quantify pertinent bioreactions.
As early as the mid-'30s and then the late ‘60s (Langmuir and
Shaefer, 1937; Vroman and Adams, 1969) probing molecules with
light emerged as a promising, non-destructive means to closely ob-
serve and measure biomolecules in real-time. Soon thereafter, and
with the aid of the semiconductor and telecommunications industry,
integrated optical (I0) sensors containing waveguides and optical
circuitry - mostly in the form of planar waveguides - appeared as a
powerful tool for biosensing schemes of high-sensitivity and selec-
tivity detection in real-time, and with improved multiplexing detec-
tion capabilities. These 10 sensors could be developed to cost-
efficient solutions since they could be fabricated by standardized in-
dustrial methods. The first demonstration of an 10 sensor detecting
humidity variations was reported in 1983 by Lukosz and Tiefenthaler
(Lukosz and Tiefenthaler, 1983) who monitored variations in the in-
tensity of output light coupled to SiO,-TiO, waveguides when they
exhaled towards or holding a finger near them.

The basic principle behind the operation of 10 sensors is concep-
tually simple and applies to all 10 sensors: the occurrence of a
bioreaction or another biological entity (e.g., an adhered cell) on a
part of the optical sensor (sensing region) influences either directly
or via a chemo-optical transduction layer the propagation properties
of a guided light beam travelling through the sensor. These changes
in the propagation properties are directly translated into modula-
tions of the optical output power recorded through external photo-
detectors and appropriate electronic modules. The modulations of
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Table 1
Historical progression of the field.

Determination of a biomolecule adlayer via the observation of colors produced by reflective interference
Measurement of molecules immunoadsorbed on a surface via ellipsometry

Principles and sensitivities of integrated optical sensors for immunosensing were set.
Demonstration that slab SisN, waveguide with SiO, cladding layers is a promising bioanalytical device
Demonstration that planar MZI devices are able to detect effective refractive index changes in the 10~ RIU regime

Young interferometry achieving the detection of refractive index changes in the 10~° range

Multiplexed operation of Young interferometry for multi-analyte detection

First demonstration of broad-band Mach-Zehnder interferometry for the detection of hazardous organics

The first monolithic silicon optoelectronic transducer for biosensing applications

Young interferometry with standard Si processing process that has achieved the detection of effective refractive index

Polymeric interferometric devices implemented with standard microelectronic processing techniques
Principle of operation of broad-band Mach-Zehnder interferometry for biosensing applications

Bi-modal interferometric sensors implemented with standard microelectronic/micromachining processes and significant

Design, implementation and evaluation of multiple wavelength Young interferometry

1 Langmuir and Shaefer (1937)
2 Clark and Lyons (1962) First biosensor: glucose quantification by electrochemistry
3 Vroman and Adams (1969)
4 Lukosz and Tiefenthaler (1983) The first demonstration of an IO sensor detecting humidity variations
5 Lukosz (1991)
6 Heideman et al. (1991)
7 Heideman et al. (1993)
8 Brandenburg and Henninger (1994) Young interferometer as optical sensor
9 Brandenburg (1997)
10 Ymeti et al. (2003)
11 Luo et al. (2003)
12 Misiakos et al. (2004)
13 Ymeti et al. (2005)
changes in the 10~ 8 RIU range
14 Shew et al. (2008)
15 Kitsara et al. (2010)
16 Zinoviev et al. (2011)
results in terms of analytical performance
17 Mulder et al. (2012)
18 Misiakos et al. (2014b)

Monolithic implementation of broad-band Mach-Zehnder interferometry

the optical power can then be correlated to the biorecognition
events. In most IO sensors, the changes of the optical parameters
take place in the immediate vicinity of the core layers of the wave-
guides and are probed by the evanescent field of the propagating
beam, which “senses” changes in the refractive index profile close
to the sensor surface. As a result, most 10 biosensors are called eva-
nescent field biosensors and in several cases, the two terms are
employed interchangeably. In general, the optical parameters that
can be affected by the presence of a biorecognition event are the re-
fractive index n, the absorption coefficient, and the luminescence,
the latter should one opt for labeled techniques. Mathematically,
these changes are expressed as changes in the complex phase veloc-
ity of the propagating beam, or more conveniently as changes of the
complex effective index of refraction N= N+ iN*. Pure refractive
index changes (refractometric sensors) modulate the real part of N,
N, while absorption events in case of luminescent molecules (ab-
sorptive sensors) modulate the imaginary part N*. In any case, the
minimum detectable change of an IO sensor can be expressed as:

AN i = G()\) (1)

=] >

where \ is the vacuum wavelength of the propagating beam inside
the 10 sensor depending on the choice of the input source, L is the
length (size) of the sensing region where the biorecognition binding
events occur and affect the optical path of the propagating beam, and
G(N\) is a “form factor” that is related to the design and nature of the
sensor. In essence, the real part N of the effective refractive index of
the guided modes becomes the most important physical quantity of a
label-free 10 sensor directly characterizing its analytical perfor-
mance. AN,,,;, depends on the wavelength A of the input source, on
the polarization of the input beam (TE or TM), the mode number
m, and the properties of the waveguide itself, namely its geometrical
characteristics and the refractive indices of its constituent layers.
These parameters, even though they do not appear explicitly in
Eq. (1) and are “contained” in the form factor G(\), determine N as
well as the penetration depth Az of the evanescent field of the guided
mode, which actually “probes” and “senses” the biomolecular reac-
tions on the surface of the sensor. Az is expressed as:

A

Az =—
z 21

N?—n2 2)

where n. is the refractive index of the covering medium over the
sensing area.

Changes in the effective refractive index can be induced by two dif-
ferent effects that can take place separately or simultaneously (in most
real-case applications both occur during a bioreaction):

= The formation of an adlayer of adsorbed or bound molecules on top
of the sensing area having an effective thickness t,; and an index of
refraction ngy

= Changes An, in the refractive index n. of the covering medium over
the sensing area

Collectively, the induced effective refractive index changes can be
described by

oN oN

It is through the derivatives in Eq. (3) that the above-mentioned
waveguide characteristics affect the changes of the effective refractive
index, and hence determine the analytical capabilities of an IO sensor
rendering IO sensors into a versatile and flexible platform for highly-
sensitive detection applications. In many cases, these derivatives have
been used as the figures of merit describing the performance of an 10

sensor; Sc = N / s is employed as the sensitivity to pure refractometric
ne

changes, whileS,; = oV / s is used to describe the sensitivity of the sen-

tad

sor in detecting the build-up of an adlayer at the interface between the
waveguide and the cover medium. Even since the late ‘80s, it was
shown (Tiefenthaler and Lukosz, 1989) that fine-tuning of the wave-
guide parameters for SiO,-TiO, and SisN4-based waveguides can lead

to refractive index sensitivities N / s directly translated to minimum
ne

detectable effective refractive index changes down to AN, =

4 % 10~%, and adlayer sensitivities N / that can result into minimum

Laa
detectable changes in adlayer effective thickness 6t.q in the order of

10 pm, or in other words to a fraction of a protein monolayer. Apart
from S and S,4, another parameter is encountered in literature as a fig-
ure of merit describing the performance of an 10 sensor, in an effort to
quantify the adsorbed molecules. This parameter is the so-called surface
mass density I of the target molecule adlayer forming during the
biorecognition reaction and is expressed as mass per unit area and cal-
culated through De Feijter's formula (De Feijter et al., 1978):

Ngg—Nc

r= tadv 4)
0[c]
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where nqq is the adlayer refractive index and 9" / - is the derivative of
C|

the cover medium (in most cases a buffer solution) refractive index
is as-
[d]
sumed to equal 0.0188 ml/g, since “the relation is based in the empirical
result that the refractive index ngq of protein solutions is linearly pro-
portional to protein concentration [c], with the proportionality constant

a"f/a[ ] “(quoted from De Feijter et al. (1978)).
C

with respect to protein concentration. For most proteins 9" / s

I'is mentioned at this point, since later in this article an effort will be
made to compare the state-of-the-art results, which are in general
expressed in different figures of merit so as to allow their comparison
to each other in a direct way.

In an effort to achieve and even surpass the theoretical limits of de-
tection, several types of 10 sensors have emerged during the last
20 years, and several reviews have already described the tremendous
progress realized in this highly-paced field (Fan et al., 2008;
Washburn and Bailey, 2011; Estevez et al.,, 2012; Kozma et al., 2014).
Among these, the interferometric ones have emerged from the very be-
ginning as extremely promising candidates not just because of their ca-
pability for highly sensitive label-free detection schemes, but also
because of the fact that they can be realized via a large variety of mate-
rials most of which are employed and processed by microelectronic fab-
rication techniques or are based on commercial products. Compared to
other 10 sensors techniques, such as microring resonators, slot-
waveguides, photonic crystals or even the commercialized SPRs, inter-
ferometric sensors are inherently donned with sensitivities in refractive
index changes and adlayer formation of at least two orders of magni-
tude higher [see e.g. analysis in Lukosz (1991) or discussions in
Washburn and Bailey (2011); Estevez et al. (2012)], do not have to com-
promise between dynamic range and resolution and can have a relative-
ly long interaction length that can further push the analytical
capabilities of the sensor (Eq. (1)).

The most commonly employed interferometric sensors are Mach-
Zehnder (MZI) and Young interferometers (YI), while recently the prin-
ciple of bi-modal interferometric sensors (Duval et al., 2012) has been
applied with significant results in terms of analytical performance. In
the next subsection, a short theoretical analysis of the “classical”,
single-wavelength (monochromatic) MZIs and YIs will be presented in
order to conceptualize the inherent potential of these sensors for in-
creased sensitivities. The analysis will be followed by an overview of
various single-wavelength MZIs and YIs (hereafter referred to as SW-
MZI and SW-YI) that have been realized and presented during the
past 15 years, with some references dating a little earlier than that,
from the ‘90s, not so much for historical reasons, but in order to demon-
strate the inherent limitations and technological challenges of these two
closely-related techniques, which have yet to be met and overcome. The
second subsection is devoted to a more recent version of interferometry,
which is based on multiple-wavelength or broad-band input sources,
termed for simplicity in this paper as broad-band MZI (BB-MZI) and
multi-wavelength YI (MW-YI). Again, a short theoretical analysis pre-
senting the additional advantages of polychromatic interferometry
compared to the more standard single-wavelength one precedes the
presentation of recent publications on the subject. Finally, Section 2 is
concluded with the description of other types of interferometric sensors
following a similar format, namely, a short theoretical presentation and
a summary of the recent advances.

2.2. Single-wavelength Mach-Zehnder and Young interferometry

2.2.1. Theoretical description of SW-MZI and SW-YI

In the dawn of the 19th century, Thomas Young, renowned polyglot,
and physician of his time, in his presentation to the Royal Society
(Young, 1802) described various interference phenomena, and soon
after he performed his famous double-slit experiment (strictly

speaking, a double hole experiment) (Young, 1804). In this experiment,
a light beam was split through two slits. Because of the wave nature of
light, each slit behaves as a point source and the two resulting
wavefronts that now emanate from the tow separate sources, recom-
bine and interfere in free space. When a screen is placed at a distance,
a pattern of light and dark bands appear, called an interferogram. The
width of the bands depends on the wavelength of light while their posi-
tioning depends directly on the difference in the optical paths of the two
beams. Young's experiment could only be explained if one interpreted
light as a wave, and thus the double-slit experiment played a vital part
in the acceptance of the wave theory of light, vanquishing the corpuscu-
lar theory of light proposed by Isaac Newton.

Ninety years later, Ludwig Zehnder presented an apparatus capable
of determining the relative phase shift variations between two collimat-
ed beams derived by splitting light from a single source (Zehnder,
1891). A year later, Zehnder's proposal was refined by Ludwig Mach,
son of Ernst Mach (Mach, 1892) and we ended up with the well-
known Mach-Zehnder Interferometer, a highly configurable instru-
ment, in which in contrast to the much similar Michelson interferome-
ter, each of the well-separated light paths is traversed only once.

The basic concept of both types of interferometry is to split a beam of
light into two separate paths and then to allow them to recombine ei-
ther through a new means of propagation (in the case of MZI) or in
free space (in the case of YI). If the two paths have different optical
properties, e.g. are made of a different material or a new material is
inserted in one of the two paths, the two beams will travel at different
velocities and when they recombine they will have a different phase.
Due to the wave nature of light, the phase difference results in interfer-
ence phenomena. Despite the fact that both interferometric techniques
were devised in order to elucidate the nature of light and optical phe-
nomena, it turned out that manipulating the light by splitting an input
beam into two separate paths and then allowing them to recombine,
can become a powerful tool for a variety of applications (for example,
MZIs are routinely used in telecom applications) and more specifically
as optical biosensors. Nearly two centuries after the efforts of Young to
prove the wave nature of light, and one century after Mach and
Zehnder's first demonstration of the interferometric apparatus, YIs
and MZIs are turning into the heart of Point-of-Need systems that
have the potential to radically transform the way disease is prognosed,
diagnosed and treated, and how humanity can protect itself from epi-
demics or harmful substances several of which may be of its own devise.

In MZI, as shown in Fig. 14, the initial beam is split into two arms
which recombine again in a common path and interfere. In most cases
the beam that is produced by the interference of the two beams is
recorded by a photodetector. In essence, the output of an MZI device re-
quires a light intensity measurement and it is through the modulations
of that intensity that information is extracted about the material
inserted over one of the arms. Due to the wave nature of light, the inten-
sity I,y of the recorded light is mathematically expressed through:

Tou = 1+ cos(Ab(A)] )

where I;;, is the input beam intensity and A@(N) is the phase difference
between the two interferometric arms correlated to the effective refrac-
tive indices of the arms through:

80 =2 v, )Ny ()] = T ®)

Eq. (5) is a periodic (sinusoidal) function of Ap. When using a MZI as
a biosensor, one of the arms (referred to as “sensing arm”) is modified in
such a way that it can capture targeted biomolecules from a sample one
wishes to analyze. The other arm (referred to as “reference arm”) is ei-
ther covered and not in contact with the inserted sample or is chemical-
ly modified to be inert to molecules present in the sample. Any
biorecognition binding event that can alter the effective refractive
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Fig. 1. Schematic representation of the principle of operation of (a) Mach-Zehnder
interferometry, and (b) Young interferometry. In (a1) before the biorecognition event
the output of the interferometer has an intensity I1 recorded in time. Upon binding of
the analyte molecules over the appropriately functionalized sensing arm with specific
probe molecules in (a2), the interference effect results in a sinusoidally modified
intensity as shown in the graph on the right-hand side. In (b1), the analogous situation
for the Young interferometer is shown: before binding of the analyte molecules the
interference fringes are located in specific position over a detecting screen. Upon the
biorecognition event the fringes shift to a new location (b2), as shown on the screen
snapshots on the right-hand side of the figure. (c)-(g) Schematics of the most
commonly employed waveguide structures in IO sensors (a) slab waveguides, (b) strip
waveguides, (c) rib waveguides, (d) ARROW waveguides, and (e) slot waveguides.

index of the sensing arm by 6N governed by Eq. (3), induces a new
phase shift A’ =2nLAN,5/A =2nL[N, — (Ns+ 6Ns)]/A that modifies si-
nusoidally the output intensity according to Eq. (5) and shown sche-
matically in Fig. 1a.

In the YI configuration (Fig. 1b), the two arms act as two closely
spaced point sources in an analogy to Young's double-slit experiment.
In an identical way to the MZI, one arm serves as the sensing element
and is modified to capture targeted molecules through a biochemical re-
action, and the other arm remains inert to the sample serving as a refer-
ence. The two output beams instead of recombining interfere in free
space and form a pattern of alternating dark and bright fringes on the
screen of a detector (most commonly a CCD camera), called interfero-
gram. The intensity distribution along the detecting screen is given by
the following equation

I, \) = I + I + 23/T1 5 cos {% X+ A(p(}\)] 7)

where I;, I, are the intensities of the two beams at the output, D is the
distance of the sensor from the screen, and b is the distance between
the two arms, Fig. 1b. A is given by the exact same equation applying
to an MZI (Eq. (6)). In an analogous way, when a biorecognition binding
event changes the effective refractive index of the sensing arm by 6N, a

new phase difference A¢’ between the two propagating beams will be
induced. Then, instead of having an intensity variation recorded, the
phase difference causes the fringes of the interferogram to move along
the detection screen by a distance governed by Eq. (7). The change in
the position of the interferogram is the quantity that is related to the
biorecognition binding event and is correlated to the nature and con-
centration of the bound molecule.

In turning YIs and MZIs into integrated optical sensors, micro-
fabrication techniques are exploited to construct the interferometers
out of planar waveguides on rigid substrates, such as silicon or glass.
The simplest scheme is to have an input waveguide where a polarized
and monochromatic coherent beam is coupled into the sensor. The
input waveguide is split into two arms - usually in the form of a Y-
junction - which divides the input beam into two beams of equal
power traveling through the two arms, as shown in Fig. 1a and b. One
arm is used as a reference and the other acts as the sensing area. The
biorecognition elements are to be bound on the specially functionalized
sensing area and to be “probed” by the evanescent wave of the guided
mode. The binding events that take place upon introduction of targeted
analyte alter locally the effective index of refraction causing a phase lag
between the two propagating beams. At the end of the sensing area the
two beams (that have travelled with different velocities through the ref-
erence and sensing arms due to the binding events and have a phase dif-
ference between them) are either recombined through a common
waveguide, and one obtains an MZI, or they are allowed to interfere in
free space resulting into a YI the output of which can be detected as
moving fringes on a screen placed at a distance from the waveguide
outputs. The most fundamental prerequisite in order to transform a
planar optical circuit into MZIs and Yls is that the waveguides sup-
port only one mode for the input source's wavelength. As briefly
discussed in sub-section 2.1, the most important parameter in inter-
ferometric biosensing is the effective index of refraction over the
sensing area, the variations of which due to a binding reaction are di-
rectly translated into intensity variations of the output light (in the
case of MZI) or shifting fringes (in the case of YI). Should more
than one mode exist within the waveguides for the same wave-
length, the output signal would be scrambled since each propagating
mode has a different effective index of refraction. There are several
ways to fabricate single-mode (monomodal) waveguides, but such
a description falls out of the scope of the present review and will
not be elaborated further (the interested reader is referred to an ex-
cellent summary article by Kozma et al. (2014).

One very important parameter that is governing the sensitivity of
the interferometric sensors is the length of the sensing area L. As seen
in Eq. (6), the induced phase change is linearly proportional to L or
expressed in a different way in Eq. (1), the minimum detectable effec-
tive refractive index change AN, is inversely proportional to L. This at-
tribute offers a competitive advantage to interferometric sensors which
compared to other techniques may be designed in such a way as to in-
crease the sensitivity through the size of the sensor itself. Nonetheless,
L cannot be made arbitrarily long. First and foremost, increasing L in-
creases the footprint of the entire sensor and even though cm-long in-
terferometric sensors have been reported, having such large devices
beats the purpose of miniaturization - a critical parameter for PoN ap-
plications - and increases the cost of fabrication (fewer sensors per
processed wafer) with a direct impact on the final price of the PoN sys-
tem. Moreover, there is a critical value of L over which thermal fluctua-
tions become an important part of the detected signal with a deleterious
effect on the sensitivity of the sensor. Even though interferometric
sensors are by nature less susceptible to temperature fluctuations due
to the compensating effect of the reference arm, there still exists
temperature-induced noise because of the dependence of the sensing
arm effective refractive index N and the cover medium's refractive
index n. on temperature. In order to estimate the magnitude of the ther-
mal fluctuation induced noise, one may assume that the effective refrac-
tive index sensitivity to temperature fluctuations is the same as in the
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case of ring resonators (White and Fan, 2008; Misiakos et al., 2014a).
Under this assumption, the phase noise may be calculated through:

oQ, = 211L0)\t% (8)

where oA, = 10 fm for the standard deviation value of the ring resona-
tor case (White and Fan, 2008). The thermal fluctuation phase noise is
linearly proportional to the size L of the interferometer, setting a practi-
cal limit to the design according to the targeted sensitivities. Finally,
since the waveguides of the sensors are patterned by photolithography
followed by etching processing steps, there always exists a certain line
edge roughness (LER). LER is commonly of submicrometer to the
several-tens-of nanometer scale, and can have a severe effect on the
propagation light through a scattering of the guided beams at the inter-
faces of the waveguides. Therefore, depending on the order of magni-
tude of the scattering losses, L has to be kept within values that do not
affect in a profound way the propagation of the guided beams as a com-
promise between sensitivity and transmission losses. Still, L is a param-
eter along with the other opto-geometrical characteristics of the
waveguides that allow for a larger flexibility in the design compared
to other types of 10s (such as ring resonators or SPR).

In the following subsections, several MZI and YI sensors will be pre-
sented in order to demonstrate their flexibility in terms of material
choice, configurations, and design as well as their analytical capabilities
and limitations which are directly related to their architecture.

2.2.2. Single-wavelength Mach-Zehnder interferometry implementation

2.2.2.1. Early developments of Si-based SW-MZI sensors. The development
of the semiconductor industry has provided scientists with the means to
fabricate IO sensors of small size, compatible with mass-production
techniques and with the design flexibility necessary to target specific
applications. Even from the early ‘90s motivated by the theoretical pre-
dictions that 10 sensing, and, in particular, interferometric methods, can
provide improved limits of detection compared to other techniques, the
first Si-based interferometers made their appearance. Another advan-
tage offered by the Si-based materials is the high index of refraction
contrast (~0.5) necessary for effectively guiding light through total in-
ternal reflection. The majority of waveguide structures employed by
Si-based interferometric sensors have SiO, cladding layers (n ~ 1.46)
and SizN, or Silicon Oxynitride (SiON) waveguiding layers (n ~ 2). Sev-
eral types of waveguides have been exploited such as slab, strip, rib,
anti-resonant reflecting optical waveguides (ARROW) and slot ones
(see schematics of Fig. 1c-g), each one offering its own advantages.

One of the earliest works (Heideman et al., 1991), that exhibited the
great potential of interferometry as a bioanalytical tool, employed “sim-
ple” slab 100 nm-thick SisN4 waveguides with SiO, cladding layers. The
sensing area was defined by 1 cm-long openings of the upper cladding
layer (in this particular example also the reference arm was exposed
to the buffer medium) and the light of a He-Ne laser (A = 632.8 nm)
was in- and out-coupled via gratings crafted onto the chip. This early
SW-MZI sensor despite its relatively simpler geometry was able to de-
tect the binding of human Chorionic Gonadotropin (hCG) at a concen-
tration of 25 nM on the anti-hCG antibody-modified sensor, which
was equivalent to a refractive index change AN,s = 1.9 x 10> RIU,
while the phase drift due to thermal and system fluctuations was mea-
sured to be Ap/At = 0.06 i/h or AN, /At = 2 x 10~ 7 RIU/h. Further re-
finement of the system with the same waveguide structure and a total
chip size of 3 x 1.5 cm? (Heideman et al., 1993) led to a reduced
phase drift of Ag/At = 1 x 102 m/h directly translated to a minimum
detectable effective index change of AN,s = 6.33 x 10~ 7 RIU and the
successful determination of hCG binding to the anti-hCG antibody-
modified sensor from a solution of 50 pM within 20 min.

Towards the end of the same decade, several configurations
employing rib-waveguide structures explored the bioanalytical

capabilities of Mach-Zehnder interferometers for label-free settings.
Brosinger et al. (1997) using 350 nm-thick, 2 pm-wide and 55 nm-
high ribs SiON waveguides with SiO, cladding layers achieved refracto-
metric detection of water—ethanol solutions with a sensitivity S. = A/
An. = 2.64 x 10° mRIU~! (assuming a minimum detectable phase
change of AQmi, = 11/20 or else An i, = 1.8 x 10~°) and the determi-
nation of 2,4-dichlorophenoxyacetic acid (2,4-D) through a competitive
immunoassay at concentration as low as 1 pg/ml. Their sensing arm
length was Lsens = 12 mm and their input source a He-Ne laser. At
the same time, Schipper et al. (1997a,b) employing SisN4 rib wave-
guides (4 um-wide with t, = 3 nm) with SiO, cladding layers explored
the effect of the core thickness, ranging from 100 nm to 400 nm, on the
sensitivity. As expected the thinner waveguides provided the highest
sensitivities since the evanescent field can extend into the over-
cladding area and thus “probe” more effectively the cover medium
and/or the forming adlayer. With a sensing area length of Lsens =
5 mm, and the standard He-Ne laser as the input source, a fitted sensi-
tivity of S. = A@/An. = 2.8 x 10° TRIU™ " was obtained through refrac-
tometric sensing of aqueous glucose solutions. Immunodetection of hCG
by sensors modified with an anti-hCG antibody gave a detectable signal
at a concentration of 30 nM and saturation after the sequential addition
of hCG solutions with concentrations of 60 and 80 nM. Nevertheless, the
exact LOD was not determined.

2.2.2.2. SW-MZI limitations. Despite the very promising results, the in-
trinsic limitations of the MZI method along with external limiting fac-
tors soon became apparent (these limitations equally apply to YIs).
These limitations are:

(I.1) Phase (fringe order) ambiguity: for any power ratio loy/lin any
solution AQx = A@ + 2km, with k being an integer, is an equally proba-
ble solution.

(I.2) Directional ambiguity: it is not possible to deduce the direction
of phase change from the MZI transfer function.

(I.3) Signal fading: because of the sinusoidal nature of the MZI trans-
fer function (see Eq. (5)) operation near the extrema (minima or max-
ima) results into decreased sensitivity since the derivative is almost
zero. Care must be taken to avoid operation near the extrema and to en-
sure that the sensor operates near the quadrature points, a fact that ren-
ders the design application specific and counteracts the otherwise
design flexibility of the interferometric sensors.

In addition to the inherent limitations imposed by the very nature of
MZI, there are several external factors that may limit the performance of
the sensor and reduce its sensitivity and resolution:

(E.1) Fabrication imperfections: these may include non-uniformity of
the waveguide thickness, non-accurate control of the rib height (in the
case of rib waveguides which require nm-precision during the etching
step), line edge roughness from the lithographic steps, and, in general,
are related to the tolerances of each fabrication step. These imperfec-
tions collectively result into a reduced fringe visibility directly translat-
ed to reduced resolution.

(E.2) Instabilities of the input source: laser shot noise or spectral band-
width contribute to the uncertainty of the phase signal with a direct im-
pact on resolution and LOD.

(E.3) Detector noise: MZI is inherently an intensity measurement-
based method. The noise level of the detector (usually a photodiode)
sets a limit to the minimum detectable phase change.

(E.4) Coupling losses: the interferometric sensors have to be coupled
both to the input source and to the detector usually through optical fi-
bers and with the aid of several optical components such as objective
lenses, grating couplers, and polarizers. Hence, in order to minimize
the losses, special care has to be devoted to the development of the op-
tical system in order to maximize the coupling efficiencies.
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(E.5) Thermal fluctuations: in general temperature fluctuations are
counter-balanced in an integrated interferometric sensor, because it is
actually a self-referenced device while the two branches are closely
spaced (usually, they are placed within 20-100 pum) and the tempera-
ture gradients are rather small. In addition, Si wafers have a high ther-
mal conductivity adding to the thermal stability of the sensor.
Nonetheless, when the detection limits are pushed to the lowest possi-
ble values, especially in the case of sensing of protein monolayer frac-
tion, even the more minute temperature fluctuations can affect the
LOD of the sensors. In a sense, the inherent high sensitivity of the inter-
ferometric sensors imposes a limit on itself, since it is capable of detect-
ing very small temperature fluctuations that can be comparable to the
actual sensing signal.

For all the above reasons, several schemes have been devised in
order to counteract for one or more of these limiting factors. Heideman
and his co-workers (Heideman and Lambeck, 1999) suggested the use
of an electro-optical modulator for active-phase modulation in order
to circumvent the phase ambiguity and signal fading issues while en-
hancing immunity to external noise factors. The proposed serrodyne
type modulation method led (using a He-Ne laser source) to a phase
resolution of AQy;, = 2 x 10~ * 1 equivalent to an effective refractive
index resolution of 5 x 1078 RIU and a long-term stability of
10~ 7 RIU. Gauglitz’ group (Drapp et al., 1997) devised the use of a
3 x 3 coupler at the output of the MZI. Instead of recombining the two
light beams of the interferometer in a simple Y-junction, mode coupling
was used to exchange power from the two arms between the three out-
puts phase shifted by 2m/3 from each other, and thus ensure that at least
one of the 3 outputs would operate near a quadrature point. An addi-
tional advantage of this scheme was the fact that referencing the output
signal allowed the elimination of signal fluctuations due to coupling and
light-source instabilities and resulted in an increase in the signal-to-
noise ratio by a factor of up to 10 compared to the conventional MZI
configuration. Though the particular MZI was not realized on a Si
wafer, but on a BGG36 glass substrate with a refractive index of
1.6009 at 588 nm, microelectronic processing techniques were
employed (such as lithography, CVD deposition of SiO, and etching
steps) for its fabrication. A detection limit for a change in cover refrac-
tive index of An. = 1.5 x 10~ % RIU was determined from the three-
fold rms noise. This alternative multiple-output MZI was used for sima-
zine detection, and significant inhibition of antibody binding was de-
tected even at analyte concentrations in the sub-ppb range. The LOD
was evaluated to be 0.1 ng/ml.

2.2.2.3. Enhancing the sensitivity of Si-based SW-MZI sensors. The begin-
ning of the new millennium found the research society actively pursu-
ing strategies to improve the sensitivity of interferometric sensing.
The Lechuga group followed in parallel two routes. On the one hand,
MZIs with 4 pm-wide SisN,4 cores, a 4 nm-high rib, and SiO, cladding
layers were fabricated with silicon technology (Prieto et al., 2003). The
MZIs with 15 mm-long sensing arms were tested using the TM polariza-
tion of a He-Ne laser against aqueous solutions of HCI (Blanco et al.,
2006). From these refractometric measurements a LOD of An¢ min =
3.8 x 1075 RIU or equivalently AN mi, = 2 x 10~ 7 RIU was achieved.
By extrapolating the sensitivity curve and given that the lowest detectable
phase change of the system was Ay, = 0.1 x 2m, a phase sensitivity of
Sc = A@/An. = 3720RIU™! = 1.184 x 10° x 7 RIU~ ! was made possible.
On the other hand, ARROW structures, Fig. 1f, based on silicon technology
were extensively simulated and analyzed (Prieto et al., 2000) with a pre-

diction for adlayer sensitivities of ST& = V% / . 0.06 x 10*RIU/nm
ad

and S™M — onZ' / - 3.4 x 10RIU/nm, for TE and TM polarized light

respectively. ARROW-based MZIs were tested (Prieto et al., 2003) by
varying not only the sensing area length (Lsens = 6, 10, 15, and 20 mm)
but also the nitride core thickness (teore = 46, 60, and 120 nm), since

according to the nature of evanescent sensing, thinning of the core in-
creases the penetration depth of the evanescent field, and hence the sen-
sitivity. MZIs with ARROW structures and Lgens = 10 mm achieved a LOD
of An¢ min = 10~ RIU or equivalently ANy min = 2 x 1076 RIU when used
as refractometers with water/glucose solutions. In addition, MZIs with
ARROW structures and Lge,s = 15 mm were exploited for the detection
of human serum albumin (HSA) through the immobilization of an anti-
HSA antibody and found able to detect down to 7.7 uM of antigen
which is equivalent of an adlayer build-up of t,q = 1.8 nm.

Exploring the potential of ARROW structures, another approach
using porous Si in place of silicon nitride or oxynitrides was also realized
(Hiraoui et al., 2012) in order to employ telecom wavelengths. Buried
4 um-wide ARROW waveguides developed on heavily doped p-type Si
were fabricated and various porosities and core thickness were investi-
gated. When ethanol was left to evaporate on the 5 mm-sensing area of
the MZI (corresponding to a refractive index change of An. = (2.48 +
0.31) x 10~ 2 calculated by Eq. (6) with N\ = 1.55 ym) 16 fringes were
detected.

Another way to optimize an MZI performance is to minimize optical
transmission losses through fine-tuning of the divisors that split and re-
combine the two traveling beams. S-bends versus angular Y-junctions
were extensively simulated (Sarkar et al., 2013) for nitride-based rib
waveguides with SiO, cladding layers. Several opening angles for the
angle Y-junctions and several radii of curvature for the S-bend junctions
were examined while keeping the total size of the MZI sensor and the
distance between the two arms constant. This meant that according to
the shape and size of the Y-divisor angles the sensing area size would
vary accordingly. The simulation results indicated that in general angu-
lar bends with 6 < 2.5° and S-bends with Ryeng > 15 mm experience
lower losses. Experimentally, MZIs with S-bends of a 56-mm radius of
curvature were employed with 250 nm-core thickness, 4 um-wide rib
waveguides of 4 nm-ribs and a sensing area of 15 mm (Sarkar et al.,
2014). The final chip footprint was 1.5 x 30 mm? and was applied to
the detection of Listeria monocytogenes by performing power measure-
ments at the input and output end of the MZI chips. The minimum de-
tectable concentration was 2.8 x 10°> CFU/ml, which is well below the
infective dosage of L. monocytogenes for humans and better than the
LOD achieved by most of the alternative detection methods. An upper
limit of 2.8 x 10'° CFU/ml was found, at which point the normalized
power intensity value was invariant to the change in L. monocytogenes
concentration, providing however for a dynamic range of 5 orders of
magnitude.

In the continuous effort to improve the LODs of SW-MZIs, slot wave-
guides were exploited, Fig. 1g. Liu et al. (2014) fabricated Si3N4-based
waveguides with SiO, cladding layers. The waveguide of the sensing
area was substituted by a slot waveguide while the reference arm main-
tained the more standard rib-waveguide configuration. Thanks to the
slot waveguide's property to provide high optical intensity in a sub-
wavelength-size low refractive index region (slot region), which en-
hances light-analyte interaction, higher sensitivities were obtained as
compared to conventional waveguides. Additionally, the designed
MZIs had a spiral configuration of the arms in order to increase the in-
teraction length to 7 mm, while keeping the chip final footprint as
small as possible. A tunable laser emitting at =1.56 um was used as
the input source. Testing with aqueous NaCl solutions established a
phase sensitivity of Ap/An, = 1.864 x 10>m RIU™!. With a minimum
detectable phase change AQ,i, = 0.01 m, a LOD of 5.4 x 1076 RIU in
terms of bulk refractive index changes was calculated. Affinity sensing
with the biotin-streptavidin binding assay reached a LOD of 18.9 fM
(or 1 pg/ml) of streptavidin. In effort to translate the analytical detection
capability of the slot-MZI to surface density, the authors also performed
the following calculations: The real-time optical response due to ad-
sorption of 5.0 pg/ml (95 nM) streptavidin to the biotinylated sensor
surface resulted in a phase change of 10.6 m for an interaction length
of 7 mm or else a phase change to the interaction length of 14.7 m/cm.
As the surface density of the streptavidin was known to be 2.33 ng/
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mm? the mass sensitivity was calculated to be ~4.55 m/(ng mm™~2). Fi-
nally, in order to demonstrate the great potential of the slot-MZI for a
large variety of biosensing applications, the same device was employed
for the specific detection and quantification of the methylation of DAPK
gene, which is associated with the recurrence and metastasis of several
human cancers. The phase change was measured after hybridization
with matched and mismatched target sequences to DNA probes
immobilized onto the MZI slot waveguide. It was found, that the sensor
was able to distinguish among three types of methylation density
(100%, 50%, and 0%) even when the concentration was as low as
1 fmol/ul (1 nM), a performance 3 orders of magnitude better than
microring resonators. The same group, very recently (Liu et al., 2015)
combined the proposed slot-MZI with isothermal solid-phase amplifi-
cation (IDA). The system was used to detect an L858R mutation in Epi-
dermal Growth Factor Receptor (EGFR), a non-small-cell lung cancer
(NSCLC) biomarker. The system achieved an impressive detection of
L858R mutation in a 99:1 mixture of wild-type and mutant cells. More-
over, in a pilot clinical study, the system was compared to conventional
methods (PCR and direct sequencing) using tissue biopsy samples from
NSCLC patients. The slot-MZI-IDA system was proven not only capable
of fast and accurate detection of the L858R mutation of EGFR gene in
clinical samples but achieved a LOD of 0.125 pg/ul, which was 3 orders
of magnitude lower than that of gel electrophoresis analysis of PCR
products.

2.2.2.4. Polymer-based SW-MZI sensors. In the previous section, the short
overview of Si-based SW-MZIs was used to demonstrate their large po-
tential for highly-sensitive biosensing applications. The realization of
SW-MZI with standard silicon microelectronics/micromachining tech-
nologies offers the clear advantage of mass production at high volumes
with well-established processing techniques. However, silicon devices
cannot be considered as fully-disposable parts, and if they are to be
used as core elements of a PoN system further studies are required in
order to devise strategies and biofunctionalization protocols that may
render them re-usable (see also discussion in Sections 3 and 4). For
that reason, it is of particular interest to fabricate fully-disposable opti-
cal sensing chips that should also be able to deliver analytical perfor-
mance equivalent to the one from the silicon based interferometric
chips. A straight forward approach in that direction is the design and re-
alization of all polymer optical sensing chips, an approach that has the
obvious advantage of easy integration of the fluidic cells that are also
used in the silicon chips.

In this approach, the planar waveguides are not fabricated from sili-
con or silicon nitride but from polymers with appropriate refractive
index contrast. The refractive index contrast that can be achieved with
polymers is rather low (few hundredths or very few tenths of RIU) un-
like the silicon based waveguides, where a refractive index contrast of
~0.5 can easily be achieved by employing SiO, and SisN4 layers. Because
of this low refractive index contrast between the core and the cladding
layers, the single mode polymeric planar waveguides have a width of
several micrometers. In addition, polymers are quite sensitive at pro-
cessing and the realization and patterning of polymeric layers with
high quality is a difficult task that requires significant engineering work.

The selection of the polymeric materials is based on the wavelength
of operation with most polymeric interferometric sensor to have been
realized for operation in the standard wavelengths of 633 nm (He-Ne
laser), 1310 nm or 1550 nm (telecom wavelengths). The material
most commonly used for the realization of polymeric interferometric
waveguides is the well-known SU-8 resist, the refractive index of
which can be tuned into some extent through UV exposure. However,
due to the very low index difference of only few thousandths and the
large waveguide thickness of few micrometers, the fabricated sensor
can have only a very little surface sensitivity. Another typical polymeric
material that has been used as core layer is polyimide (n ~ 1.65).

The all-plastic interferometric structures (Bruck et al., 2011; Shew
et al., 2008; Dér et al., 2010; Melnik et al., 2011; Yu et al., 2014) are

fabricated either on rigid substrates, e.g., glass or silicon or on plastic
substrates. In the latter case, which is the final goal for mass production
of low-cost sensing chips, standard industrial polymer processing
methods such as injection molding and hot embossing could be used.
However, at research level, the majority of the plastics interferometric
structures are realized on standard Si substrates with thick (several mi-
crons) silicon oxide layers. Theoretical studies (e.g., Bruck et al., 2011)
have shown that exactly due to the low refractive index contrast the ex-
pected sensitivity of a polymeric interferometer is approximately one
order of magnitude lower from that of sensors based on silicon (silicon
nitride and silicon dioxide) technology. However, the final analytical
performance depends strongly on the biofunctionalization properties
of the layer used as the core.

The fabrication of the polymeric interferometric structure follows
the standard microelectronic processing techniques (Shew et al.,
2008) and in particular: the bottom cladding (thickness of several mi-
crons) is formulated through the spin coating of the SU-8 photoresist
followed by the standard lithographic procedure of Post Apply Bake
and Flood Exposure. Then a new layer of SU-8 resist with the same
thickness as the bottom cladding layer was applied and patterned
through an appropriate mask in order to realize the interferometric
structure, i.e., the Y-splitters and the reference and sensing arms. Then
both resist layers (the bottom cladding and the patterned one) are
cured at a high temperature in order to reach a refractive index value
of approximately 1.570. The next processing step is the spin coating of
an additional SU-8 layer to serve as the core of the waveguide. This
layer is processed with the standard lithographic procedure (Post
Apply Bake, Flood Exposure, Post Exposure Bake) that allows for a
cross-linking density that will ensure tolerance of the next processing
steps involving activation and immobilization of biomolecules. This
way a refractive index contrast of 0.004 is achieved. The optical evalua-
tion of the chip showed optical losses less than 6 dB. Measurements
with model assays (rabbit IgG/anti-IgG antibody) showed that is possi-
ble to reach sensitivities of 1 ng/ml (ca. 6.7 pM), which is comparable
with the corresponding values for standard silicon SW-MZIs. Thus, poly-
meric interferometric sensors could be a viable solution for the fabrica-
tion of disposable SW-MZI sensors.

2.2.3. Single-wavelength Young interferometry implementation

Despite the great interest of the research community over the last two
decades on interferometric techniques for PoN applications, Young inter-
ferometry - curiously enough - has not attracted an equal share of inter-
est compared to Mach-Zehnder interferometers. Despite the fact that as a
technique is relatively simpler to implement, and requires only an imag-
ing device, such as a CCD array, to detect the interferogram, the number of
publications devoted to Young interferometers are considerably less nu-
merous. Also, the fact that with YI more information can be obtained com-
pared to conventional MZIs, because an entire intensity profile is detected
instead of a single intensity value, adds to this conundrum. This puzzling
aspect will be further discussed in Section 4, while this sub-section will
mainly focus on the performance of YIs developed so far.

One of the first attempts to implement YIs as optical sensors was
presented by Brandenburg and Henninger (1994), who fabricated an in-
tegrated optical device by thermal K*-Na* exchange in a borosilicate
glass. Instead of using coherent light, partially coherent light from a
laser diode (N = 783 nm) operating below the laser threshold was
employed, in order to circumvent the phase ambiguity problem
resulting in visibility modulation of the interference fringes caused by
the low coherence length of the emitted light. The problem of ambiguity
is solved by analyzing the function's envelope through FFT. Further elab-
oration of the approach (Brandenburg, 1997) resulted in an impressive
LOD for bulk refractive index measurements with aqueous saccharose
solutions of ANegrmin = 5 X 1979 RIU corresponding to the noise level
of the baseline. Even if one considers that the actual LOD would be 3
times the noise level, still this would correspond to a LOD of AN min =
1.5 x 1978 RIU, one of the best-recorded values so far.
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Feasibility studies for real-life clinical settings were also performed
later, with YIs being employed for detection of antibodies in blood plas-
ma (Brynda et al., 2002) with Si3N4/SiO,-based YIs on Si chips
(Brandenburg et al., 2000) and tuberculosis-specific antibodies in
human blood serum (Nagel et al., 2008) with commercial Ta;0s-YIs
on glass (Unaxis Balzers, Liechtenstein) providing results at clinically
relevant values.

During the same period of time, a Ta;0s-waveguide on glass YI chip
was used by the same group (Hoffmann et al., 2007). The sensor chip
consisted of a 0.7 mm-thick glass substrate coated with a waveguide
layer of Ta,0s with a thickness of 154 nm and a refractive index of 2.1.
Light from a red super-luminescence diode emitting at 675 nm was
split into two beams and coupled into the waveguide by a grating. The
two outcoming beams were coupled out by a second grating, passed a
double slit, interfered in the far field, and detected by a CCD camera. A
LOD of ANeftmin = 9 x 1078 RIU was obtained equal to the threefold
of the noise level. The standard curve obtained for detecting a protein
engineered with a Novartis Proprietary Tag (NPT) to immobilized onto
sensor anti-NPT antibody showed a limit of quantitation (tenfold
noise level) of 8.3 ng/ml (400 pM). In parallel, Schmitt et al. (2007)
employing the same Ta,0s-based YI and optical setup configuration,
yielded a LOD of effective index of refraction ANegmin = 9 x 10~° RIU
(corresponding to a bulk refractive index change of An. =
4 x 10~ 8 RIU) as determined using aqueous glycerine solutions. This
impressive LOD is - to the authors' best of knowledge - the lowest re-
ported value not only in Young interferometry but in general in interfer-
ometric sensors, and has thus set the limit that the next generation of
sensors needs to surpass. In the same publication (Schmitt et al.,
2007), the YI was applied to monitor the binding of protein G with im-
munoglobulins G (IgG). A concentration of 270 pM IgG was unambigu-
ously detected while taking into consideration the refractometric LOD
of 9 x 109 RIU, the authors extrapolated a projected LOD for IgG as
low as 390 fM.

In addition, a different approach to the notion of future multi-
analyte, multiplexed operation of YIs, was developed by Ymeti et al.
(2003), who fabricated a four-channel YI where monochromatic laser
light is coupled into an input channel waveguide and equally split into
N output parallel channels. As the output divergent beams overlap
with one another, the final interference pattern recorded by a CCD cam-
era is a superposition of individual interference patterns, each of them
representing the overlap of the divergent beams of a specific channel
pair. Each pair of beams will produce an individual interference pattern
with a spatial frequency:

b::
ki =35 )
with b;; the distance between the ith and jth channel for the chip. Each
ki will appear as a distinct peak in the FFT of the interference pattern
providing an equally distinct value for the phase difference among the
various pairs of channels given by:

N,
_ 2mLONgy Anj; (10)

Apy = N onc

where Anj; is the difference of the cover refractive index of the ith and
jth channel. Any change in An;; causes a spatial shift Ayij in the individ-
ual interference pattern for this channel pair. From the phase part of the
Fourier transformation, the phase value Ag; for each specific spatial fre-
quency can be extracted, measuring in such a way the phase difference
between the channels of each channel pair of the multichannel device.
Applications of this approach with chips fabricated with standard Si
processing (SisN4 waveguides with SiO, cladding layers on Si wafers)
yielded a minimum detectable effective index of refraction with aque-
ous glucose solutions of ANefrmin = 6 x 1078 RIU being equivalent to
a protein mass coverage resolution of 20 fg/mm? as estimated by the

authors though measurements of Human Serum Albumin (HSA) bind-
ing on an anti-HSA antibody modified sensor (Ymeti et al., 2005). Fur-
thermore, the performance of the sensor was evaluated by monitoring
the coupling of virus solutions at clinically relevant concentrations by
sensors modified with an anti-virus specific antibody (Ymeti et al.,
2007). It was shown that it is possible to detect HSV-1 (herpes simplex
virus type 1) at very low concentrations (850 particles/ml) as well as to
detect HSV-1 suspended in serum. Extrapolation of the results by the
authors predicts that it could be possible for the sensor to detect a single
virus particle binding; rendering the device suitable for viral
diagnostics.

Undoubtedly, YIs have exhibited the best performance so far yield-
ing in general one to two orders of magnitude higher sensitivities than
their MZI counterparts and have achieved that with even simpler con-
figurations. It remains to be seen how far more their analytical capabil-
ities can extend and how they can be integrated into marketable
systems for PoN applications especially in the field of medical
diagnostics.

2.3. Multi-wavelength and broad-band interferometry

In order to develop practical and realistic PoN systems, the detection
has to be performed directly on clinically relevant samples, in other
words, bodily fluids such as blood, blood plasma or serum, and saliva,
which are complex media containing a multitude of biomolecules
apart from the targeted analyte, usually found in small amounts (espe-
cially in the case that early diagnosis is aimed for). As a result, the high
sensitivities that can be achieved with interferometric sensors put a
self-limiting factor on the performance, since along with the actual sig-
nal, non-specific binding and RI changes of the matrix are recorded si-
multaneously. In order to address the disadvantages of single
wavelength interferometric biosensors that were analyzed in the previ-
ous chapter, transducers that are based on spectral interferometry were
introduced in 00's. In particular, transduction principles based on broad-
band Mach-Zehnder (Luo et al., 2003; Li et al., 2010; Kitsara et al., 2010)
and multiple wavelengths Young interferometry (Mulder et al., 2012;
Stamm et al., 1998) were designed, implemented and evaluated in
real settings.

2.3.1. Broad-band Mach-Zehnder interferometry (BB-MZI)

2.3.1.1. Theory of broad-band Mach-Zehnder interferometry. In broad-
band MZI approaches a broad-band light source emits light that is
coupled to the planar interferometric transducer and the output
spectrum is monitored through an external spectrometer. Luo et al.
(2003), have designed and fabricated a BB-MZI chip in which the re-
fractive index contrast between the core and the cladding layers,
made from P-doped SiO, and SiO, respectively, is only ~0.008
while in the standard Si3N4/Si0, SW-MZI this difference is ~0.5.
For the operation of that device, the output of a white light source
was coupled to the planar waveguide and the transmitted light
was monitored with an external optical spectrum analyzer in the
1200-1700 nm spectral regime. The change in the refractive index
of the cover medium of the sensing arm showed clear red shifts in
the recorded spectrum and the measured sensitivity was
~4.0 x 10~ 3, quite low compared to the sensitivity values recorded
by SW-MZI devices. However, this first demonstration of BB-MZIs
with ethanol solutions, even though of low sensitivity, solves the
SW-MZIs namely ambiguity and signal fading, e.g., by monitoring
the interference intensity in each of the wavelengths of the
spectrometer.

Few years later Li et al. (2010) introduced the spectrum differential
integration MZI where again light in NIR is coupled to a Mach-Zehnder
structure and the transmitted interference spectrum is recorded by an
optical spectrum analyzer. In this approach, the recorded sensitivity
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was few tens of nanometer per RIU, quite low for biosensing
applications.

In parallel Misiakos and co-workers (Kitsara et al., 2010) have pro-
posed the concept of Frequency-Resolved Mach-Zehnder interferome-
try in the VIS-NIR spectral range and for wider spectral windows. In
their theoretical study that was applied to MZI structures with high re-
fractive index contrast between the core and cladding layers, SisN4 and
SiO,, respectively, they have proved that through appropriate wave-
guide engineering it is possible to reach LOD values down to effective
adlayer thickness of 2.5 pm even with sensing area lengths as short as
600 pm.

In all above briefly described approaches the phase ambiguity and
signal fading disadvantages of standard SW-MZI transducers are effec-
tively addressed at the expense of the use of broad-band light sources
and optical spectrum analyzers or spectrometers. However, to make op-
tical microsystems more robust and cost efficient, monolithic integra-
tion of the light sources along with the waveguiding elements is
required to avoid the shortfalls associated with hybrid integration ap-
proaches. In the later, external light sources have to be coupled to the
extremely thin and narrow waveguides through bulk optics, such as
lenses, prism couplers, and collimators (Kozma et al., 2014), raising ac-
curacy, reliability and cost issues, especially when portable systems are
considered.

For truly monolithic silicon interferometry, the light source has to be
integrated on a chip (Misiakos et al., 2004). Although silicon is an indi-
rect band gap material, light emission is possible in properly nano-
engineered silicon diodes that incorporate either silicon nanocrystals
embedded in a silicon dioxide insulator (Anopchenko et al., 2013), or
silicon quantum wires (Nassiopoulos et al., 1995a, 1995b). Another
electroluminescent device is the silicon avalanche p/n diode which
emits light when biased beyond its breakdown voltage (Chynoweth
and Mckay, 1956). All of the above diodes emit a broad spectrum that
includes the visible and the near-infrared spectral region. Provided
that standard interferometers, like ring resonators or Mach-Zehnder de-
vices, are based on monochromatic light sources, any monolithic silicon
optocoupler devices must deal with the broadband nature of the silicon-
based light sources. This is done by choosing the Mach-Zehnder config-
uration with properly engineered sensing and reference arms. There are
two modes of operation for such a device: In the first one (termed here-
after for simplicity “fully-integrated”), the sensing and reference arm ef-
fective indices are chosen so that the phase difference of the light
travelling through them is more or less wavelength independent in
the emission spectral range of the light emitting diodes (Misiakos
et al,, 2014a). This is realized by choosing the right core thicknesses of
the two arms. Such a device can accommodate broadband light through
the well-known sinusoidal expression for the detected intensity as a
function of the sensing-reference arm effective index difference, as in
the case of Mach-Zehnder devices that employ monochromatic light
(Egs. (5) and (6)):

w1 ANy
T_m_§{1+cos<2n X L)} (11)

In Eq. (11), T is the transfer function as the ratio of the output (I,,)
over the input (I;,) power and AN, is the difference between the effec-
tive indices of the reference, N;, and the sensing, N;, arms. The term L is
the exposed arm length. With the right selection of the two arms thick-
ness the ratio AN,s/A becomes more or less wavelength independent
rendering T constant throughout the waveguided spectrum. An inte-
grated photodetector can provide direct results on the photocurrent in-
tensity as a sinusoidal function of the sensing-reference arm effective
index difference (Misiakos et al., 2014a).

In the second mode of operation (termed hereafter for simplicity
“semi-integrated”), the sensing arm is thinned with respect to the refer-
ence one so that the ratio AN,s(A)/A and the transfer function T(A) are
functions of the wavelength (Misiakos et al., 2014b). Now the

observable is the spectral shifts, &\, caused by sensing arm effective
index change 6N:

. ONs(N) ONs(N)
AN [N +a(Nr/A)} A{B(AN,S/M} (12
N N N
In the right hand side in Eq. (12) the denominator term is two orders
of magnitude smaller than the denominator the similar equation for the

spectral shift in the case of a standard ring resonator:

6Ns(A\r)
0(Ns/\)
A oA

SN = — (13)

Consequently, the spectral shifts obtain from a Mach-Zehnder
broad-band interferometer are two orders of magnitude larger com-
pared to similar shifts in ring resonators (Misiakos et al., 2014b). Such
large spectral shifts can be readily recorded by modern portable spec-
trometers opening the way of using white light modulation through
Mach-Zehnder interferometry as a transduction principle in point of
care bioanalytical microsystems.

Through proper photonic engineering of the two arms, namely by
thinning the sensing arm with respect to the reference arm, the ratio
AN5(AN)/A can be made nearly linear with respect to A in the spectral
range of interest (Misiakos et al., 2014b):

AN(N)/A=ak+b (14)
so that Eq. (11) can be rewritten
T(A) = 0.5 [1+ cos(2m(a\ + b)L)] (15)

The terms a and b are the slope and the zero A intercept of the
AN,s(N)/A function. Considering the Mach-Zehnder interferometer as
aresonator, the Free Spectral Range (FSR), FWHM and Q factor become
1/(La), 1/(2La), 2LaN, respectively. Here, and as opposed to a ring res-
onator, one does not track a sharp resonance at a specific wave-
length but rather a broadband spectrum is recorded through
spectrometers the spectral resolution of which needs only be much
smaller than the free spectral range. The spectral shifts are derived
from the entire recorded spectrum so that effective resolutions in
the pm range are possible even though portable commercial spec-
trometers with nm range resolution are employed. The sinusoidal
nature of the transfer function in Eq. (15) facilitates the spectral
shift study. The use of Discrete Fourier Transform (DFT) in such an
output spectrum leads to a dominant peak in the wavenumber do-
main and the phase is identified with the argument of the complex
DFT value at the main peak while white noise is filtered by ignoring
non-resonant frequencies in the spectrum. The peak will appear at
2nal and the phase at the peak is 2nbL. The oscillation frequency de-
termining slope factor a is polarization dependent and two distinct
peaks will appear at different positions in the DFT domain when
both polarizations are multiplexed at the input of the interferome-
ter. Peak splitting may also allow for simultaneous demultiplexing
of either polarization enabling in-depth analysis of adlayer forma-
tion and distinction between bulk refractive index changes and
adlayer-induced effective refractive index changes in a manner
analogous to the dual-polarization schemes introduced by Lukosz
(Tiefenthaler and Lukosz, 1989).

2.3.1.2. Implementation of broad-band Mach-Zehnder interferometry. The
broadband device described above is monolithically implemented on
silicon as shown in Fig. 2a. Light emitting diodes (LEDs) and silicon
nitride planar waveguides are monolithically integrated and optical-
ly coupled on a silicon wafer. The LEDs are silicon avalanche diodes
that emit white light in reverse bias and beyond breakdown. The
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integration of the active and passive optical components is achieved
by employing mainstream planar technology and self-alignment
techniques that allow efficient coupling between the LED and the
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waveguide (Misiakos et al., 2014b). The LED P** emitter is im-
planted through the silicon nitride layer, the boron atoms compen-
sate the pre-existing base N implant so that the metallurgical
junction of the LED is precisely placed under the up-going segment
of the waveguide. The SiO, spacer next to the LED provides for the
smooth waveguide bending and minimizes bending losses. The
light is first coupled to a multimode silicon nitride waveguide, then
goes through a mode filter followed by the Mach-Zehnder interfer-
ometer before it delivers the modulated signal to the spectrometer
through an external fiber; semi-integrated configuration. In the
fully-integrated version, the waveguides all converge through a sec-
ond spacer to photodiode monolithically-integrated and self-aligned
to the waveguides in a manner similar to the LEDs. In both configura-
tions, a fluidic compartment on top of the exposed sensing wave-
guide allows for the supply of the sample and the reagents.

For the fully-integrated version, the photocurrent from the mono-
lithically integrated photodiode was measured, while the phase change
was calculated through

A@ = arc cos (%) (16)
pp

where Igp, Iypp are the semi-sum, (Imax + Imin)/2, and semi-difference,
(Imax — Imin)/2, of the highest (I;,x) and the lowest values (I,,,;;,) of the
recorded photocurrent (I,,). The introduction of the semi-sum and
semi-difference photocurrent values are necessary to isolate the dc
component of the photocurrent transient (Misiakos et al., 2014a). Tak-
ing into account that the rms of the photocurrent noise was I;se,
ms = 19fA, a LOD of AN, = 5 x 10~ was calculated. To demonstrate
its capabilities for multi-analyte PoN applications, a chip containing an
array 10 BB-MZIs all with their broadband input source all converging
to a common photodetector was used for the simultaneous detection
of anti-mouse IgG-mouse IgG and biotin-streptavidin binding. Four
out of 10 BB-MZIs were spotted with mouse IgG, three with biotinylated
BSA, and the remaining three with blank BSA to serve as controls. Suc-
cessful simultaneous detection in a multiplexed format of 10 nM of
anti-mouse IgG and 1 nM of streptavidin was realized.

In the semi-integrated BB-MZI case, in terms of signal to noise ratio,
the fundamental noise source is the shot noise in each of the digital
spectrometers channels. As mentioned above, the signal is the phase
shift at the Fourier transform peak in the wavenumber domain and ap-
pears at 2mal. If P, is the total number of photons entering the interfer-
ometer in each recording, a shot noise analysis provides for the phase
noise (Misiakos et al., 2014b):

(17)

Fig. 2. (a) Silicon chip with a monolithically integrated broad-band Mach-Zehnder inter-
ferometer. The schematic shows the monolithic integration of the avalanche-type LED, the
Mach-Zehnder interferometer. The N** emitter (purple) forms the metallurgical junc-
tion with the P™ base (yellow) just under the up-going segment of the silicon nitride
waveguide (pink). The SiO, quadrant spacer with the broken line is employed to reduced
waveguide bending losses. The single mode rib waveguides have a width of 1.25 ym and
an etch depth of 4 nm. The sensing arm thickness is 150 nm. The chip emitting edge is
coupled to an external spectrometer, through an optical fiber. The probe molecules are
immobilized on the exposed sensing arm. The cover on top indicates the fluidic compart-
ment. (b) Reaction scheme of silicon-based surface functionalization with organosilanes.
(c¢) Attachment of biomolecules on surfaces modified with amine-terminated silane
through activation with (i) glutaraldehyde, (ii) succinic anhydride, or (iii) reaction with
N-hydroxysuccinimido-esters. (d) Attachment of biomolecules on surfaces modified with
epoxy-terminated silane after (i) oxidation to carbonyl groups, or (ii) reaction with
ethylendiamine to convert epoxy- to amine-groups. (e) Attachment of biomolecules on
surfaces modified with thiol-terminated silane through (i) thiol-thiol interaction, or (ii)
m-maleimidobenzoyl-N-hydroxysuccinimide. (f) Attachment of biomolecules on surfaces
modified with carboxy-terminated silane after their conversion to N-hydroxy
succinimido-esters.
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The photon count P, is limited by the number of spectrometer chan-
nels in the emission band and the vertical resolution of the digital spec-
trometer. In fact

Pe=M x 2R (18)

where M is the number of channels and the vertical resolution. Based on
Eq. (16) the detection limit in terms of the minimum detectable biomo-
lecular thickness is given by:

36t
DL= N CAN (19)

In Eq. (19) 6t is the biomolecular adlayer thickness which causes the
6Ng/A increase in the Ny/A ratio and (6N,/A), is the average value of 6Ng/A
in the waveguided spectral band. According to Eq. (19) for a given spec-
trometer the LOD can decrease indefinitely by increasing the sensing
arm length L. In practical terms, though, a lower limit on DL is placed
by non-specific interactions and temperature fluctuations (White and
Fan, 2008). In practical terms taking into account all possible noise
sources, LODs of 1.35 x 107 (TE, Lgens = 600 um), 7.4 x 10~7 (TE,
Leens = 2 mm), 5.8 x 1077 (TM, Lgens = 600 um) and 3.1 x 10~7 have
been predicted (TM, Lsens = 2 mm). However, detection limits in the
pm thickness range are achievable. Evaluation with water-isopropanol
solutions yielded phase sensitivities at S = 1958 RIU™! for TE and
4710 rad/RIU for TM. The LODs determined experimentally (Lsens =
2 mm) were 2.75 x 10-° RIU for TE and 4.58 x 107° RIU for TM.

When applied to closer-to-life scenarios, and in the direction of food
safety and food adulteration detection schemes, the semi-integrated
BB-MZI managed to detect 0.04% (v/v) bovine milk in goat milk with a
dynamic range that varied between 0.1 and 1.0% (v/v). The results
were comparable to ELISA developed using the same monoclonal anti-
bodies, with the added benefit of providing answers within 10 min in-
stead of 2 h that the corresponding ELISA lasted (Angelopoulou et al.,
2015).

2.3.2. Multi-wavelength Young interferometry

In addition to BB-MZIs, a new approach to YI has been suggested
(Mulder et al., 2012). Instead of using a single-wavelength source, the
authors proposed of using three distinct wavelengths, as an expansion
to the dual-wavelength scheme suggested by Stamm et al. (1998) or
the dual-wavelength/polarization approach of Nellen and Lukosz
(1993). From another point of view, the 3-wavelength YI could be
seen as the counterpart of the BB-MZI.

The main idea behind the suggested MW-YI is that for each wave-
length the penetration depth of the evanescent field is modified accord-
ing to Eq. (2) being smaller for shorter wavelengths and more expanded
for longer ones. Therefore, each wavelength probes the sensor surface to
different depths allowing for discrimination between short molecules
(such as proteins which are in the order of 5-10 nm) and bulk RI chang-
es or larger particles (such as viruses with diameters of 50-200 nm). As-
suming M adlayers building over the sensor surface and using K
wavelengths at the input, the well-known relation between the phase
and the effective refractive index changes has to be written in a matrix
format as:

Ag = M; - An (20

where A is an M x 1 matrix and An is a K x 1 matrix, with M; the sen-
sitivity matrix each element of which is expressed as:

2nL aNeﬁr
M;:=—"—.
v )\j Bni

. i€[1,M] and j€[1,K] (1)

withS; = (aNeﬁ / an)jthe sensitivity coefficient of the ith layer for the jth

wavelength. Any effective refractive index change in the ith layer can be

determined with a precision that depends on the precision with which
Ag@j can be measured defined by external factors such as laser noise,
camera noise, and temperature fluctuations. A critical point that one
should take into account when designing the MW-YI is that the three
wavelengths should be considerably different in order for the mode
profiles (and hence the evanescent filed penetration depths or else
phrased the sensitivity coefficients) to be distinctly different and for
M;, to be as less singular.

The authors performed simulations for several waveguide materials
routinely used in 10 sensors, such as SisN4, Al;03 and TiO, in order to
define the optimum core thickness for each material for input wave-
lengths A; = 400 nm, A\, = 550 nm, and A3 = 700 nm. Following the
analysis, it is estimated that a LOD of the order of ANegmin in the order
of 10~ % is anticipated for the MW-YI. Although this LOD is comparable
to MZI or even better by at least one order of magnitude compared to
SW-YI, it is expected to offer the advantage of distinguishing among
specific binding, non-specific binding, and bulk RI changes. No actual
implementation of the suggested scheme has been so far realized, and
it will be very interesting if in the near future the anticipated perfor-
mance can be tested in real-life settings for the analysis of real samples.

2.4. Other types of interferometric sensors

As it was mentioned above the standard interferometric
implementations of planar waveguides are the single wavelength
Mach-Zehnder and Young ones. In both implementations, the mono-
chromatic light should be coupled into the waveguide and then the
light is split into the sensing and reference arms. From the operation
point of view the difference between them that the interference occurs
on the chip in the MZI and on a CCD in the case of YL

Recently a new concept of interferometry was introduced by L.
Lechuga and her co-workers (Zinoviev et al., 2011; Duval et al., 2012;
Dante et al., 2015) where the interference occurs between two wave-
guide modes of the same polarization (BiModal Waveguides, BIMW).
The implementation of the particular concept relies again on the use
of standard microelectronic/micromachining processes and offers the
characteristic of the absence of any Y-shaped splitters which are stan-
dard parts of both MZI and YI.

24.1. Theory of bi-modal interferometry

In the BIMW structure, the interference happens between the funda-
mental and first-order modes both of them propagating in the same
straight waveguide (Zinoviev et al., 2011; Duval et al.,, 2012). In the
BiMW structure, monochromatic light from an external stabilized co-
herent source is coupled into a planar ridge waveguide which supports
a single transversal mode; the fundamental mode. After a certain dis-
tance, the planar waveguide is shaped to be able to accommodate the
propagation of two transversal modes. Therefore at this point, the fun-
damental mode that is propagating into the waveguide splits into two
modes: the fundamental mode and the first order one. Then these two
modes are propagating within the planar waveguide till the end of the
silicon chip and an interference pattern is formed. In this interference
pattern, the light intensity distribution depends on the optical proper-
ties of the layers involved in the structure. This interference pattern is
recorded by an external two-section photodetector aligned against the
chip.

For propagation of the light over the sensing area length (L), the
phase difference between the two modes is given by:

2nL 2TILANg (A, 1)

Ap(A.n) ===[Ni(A,n)—=No(A,n)] = X (22)

where Ny and N are the effective refractive indices of the two propagat-
ing modes, respectively, AN.g their difference, L the sensing area length
and N the wavelength of the light coupled in the chip. In the case of
BiMW, the propagation of the two modes results in an output signal
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that depends on the phase difference which is recorded by the two-
section photodetector and is:

Iu _Id
Sg = 221 o Vcos(A 23
R = Tun F Tdomn (Ap) (23)

where I, and Igown are the currents measured in the two sections of the
photodiode and V is the so-called visibility factor (0.5-0.7). Sg is nor-
malized to the total optical power propagating in the BIMW structure,
it is immune to fluctuations caused by laser or mechanical instabilities,
preventing this way false-positive responses.

24.2. Bi-modal interferometry implementation

As in all other interferometric chips discusses so far, the BIMW chips
are fabricated with mainstream microelectronic/micromachining pro-
cesses applied on a Si wafer. The process flowchart starts with a ther-
mally grown SiO, layer which acts as the bottom cladding layer of the
waveguide followed by the deposition of a 350 nm thick SisNy4 layer
which will act after appropriate patterning as the waveguide. Then the
silicon nitride layer is shaped as a ridge type waveguides with a nominal
width of 3 pm and ridge height of 2 nm through standard photolithog-
raphy followed by BHF etching to allow for precise and repeatable con-
trol of the ridge height.

The section of the device that supports single mode operation has
waveguide thickness of 150 nm to meet the simulations and theoretical
calculations according to which the thickness should be less than
160 nm. After the patterning of the silicon nitride layer and the defini-
tion of the parts supporting the single and the two modes the wafer is
covered by a SiO, top cladding layer. The last processing step is the
opening of the sensing area in the top cladding layer through standard
lithography and wet etching. The sensing area's length is 15 mm and
is the half of the sensing chip's length. By applying the BiIMW transduc-
tion principle, it is possible to accommodate 16 interferometers on a
chip size of 30 x 10 mm?. After the dicing, the emission edges of the
chips are polished to achieve the appropriate optical quality end
coupling.

The measurement set-up from the light coupling-in side is quite
standard and employs a standard stabilized linearly polarized
632.8 nm laser the output of which is coupled into the waveguide
through a microscope objective lens (40 x ). At the emission side of the
chip, the interference pattern is monitored by a two sectional photodi-
ode with each section connected to a current amplifier. For the opera-
tion, the chips should be placed on a thermally stabilized base with an
accuracy of 0.01 °C.

The BiMW concept has been applied both for sensing of the bulk re-
fractive index and for the real-time monitoring of bioreactions. The
evaluation of the detection capabilities in term of bulk refractive index
changes was based on HCI solutions covering a wide concentration
range. The LOD, defined as three times of standard deviation of the sig-
nal at the baseline, was evaluated at 2.5 x 10~ 7 RIU (Zinoviev et al.,
2011), while when an optical modulation format was introduced with
a compact laser diode - in order to move towards a lab-on-chip applica-
tion — a similar LOD of 3.3 x 10~ RIU was achieved (Duval et al., 2012).
These values are in the same range with the standard planar interfero-
metric transducers.

In terms of biomarker measurements, the BIMW concept has been
successfully implemented for the monitoring of immunoreaction be-
tween the C-reactive protein (CRP) and its monoclonal antibody (C7 an-
tibody), previously immobilized on the sensor chip surface. From the
calibration curve, which appears to be linear in terms of A@ over CRP
concentration, the LOD is estimated as 7 ng/ml; corresponding to a re-
sponse equal to three times the baseline noise (Zinoviev et al., 2011).
Correspondingly, the more compact version of the bi-modal interferom-
eter of Duval et al. (2012) was capable of detecting down to 20 pM of
hTSH (human thyroid stimulating hormone) following a competitive

assay format. This LOD value is comparable to the value reached by
more complicated assays and other transduction principles.

3. Surface functionalization

The intensive research for the realization of transduction principles
offering low LODs comes in parallel with thorough research on the sur-
face functionalization of the planar interferometers. As it was discussed
in the previous section, the detection of biomolecules with optical sen-
sors relying on refractive index changes is facilitated by the fact that bio-
molecules have higher refractive than both the air and the water. This
means that the presence of biomolecules in the vicinity of the wave-
guide surface, i.e., within the penetration width of the evanescent
wave, can affect the propagation of electromagnetic fields providing a
mean for the detection of biomolecules. Nevertheless, to be able to de-
tect a specific biomolecule quantitatively from a sample that could con-
tain an enormous number of different molecules as usually are the
biological, environment or food samples it is necessary to employ a
strategy to immobilize an appropriate recognition element on the trans-
ducer surface and a strategy to avoid any other non-desirable interac-
tion of the waveguided light with the matrix of the sample. The first
requirement, i.e., the specificity of the binding is fulfilled by the careful
selection of recognition element that depending on the targeted analyte
could be an antibody, an oligonucleotide, a receptor or receptor binding
molecule, a molecularly imprinted polymer, an aptamer and so on.
These recognition elements should be immobilized on the transducer
surface in a way that accomplishes the highest possible binding capacity
but also repeatability from measurement to measurement and from
sensor to sensor, stability under the conditions of measurements
(e.g., under a constant flow rate and/or in complex matrices) or storage.
Despite the high significance of bio-functionalization with respect to final
system performance, there is a lack of systematic studies of how the dif-
ferent bio-functionalization approaches affect this performance as well
as of data about the chemical characterization of bio-functionalized sen-
sors. In addition, to the immobilization of recognition element in a func-
tional form the efficient elimination of non-specific binding is also of
paramount importance for the performance of the sensors in real applica-
tions were the matrix could vary from sample to sample and affect in a
non-expectable manner the biosensing layer. Thus apart from referring
to most common approaches for efficient immobilization of the recogni-
tion elements the approaches employed for suppression of non-specific
binding will be also reviewed in the following sections.

3.1. Surface bio-functionalization approaches

The approaches employed for the attachment of recognition ele-
ments onto the sensing areas of the waveguiding structures (Mach-
Zehnder, Young, Bi-modal interferometers, etc.) is mainly governed by
the sensor material. The materials that have been used so far to con-
struct integrated interferometers for biosensing applications are mainly
silicon oxide, silicon nitride, silicon on insulator (SOI) and less often
glass substrates, Ta,Os5 or polymers. Glass substrates and Ta,0s is usual-
ly the material of choice when gratings made on the same substrate are
used for the coupling of light onto the waveguide. Nevertheless, the bio-
functionalization approaches followed for these two materials do not
differ so much from the respective for silicon based sensors. The proce-
dure followed is in general completed in three steps that include
cleaning/hydrophilization of the surface, chemical modification usually
with a silane that offers the required surface wetting properties or moi-
eties for coupling of recognition elements and finally attachment of rec-
ognition elements.

3.1.1. Surface cleaning approaches

For silicon-based sensors, the most commonly employed technique
for surface cleaning is treatment in oxygen plasma, the particular condi-
tions employed not always mentioned (Brosinger et al., 1997; Schipper
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etal., 19973, 1997b; Weisser et al., 1999; Liu et al., 2013; Misiakos et al.,
2014b). Another cleaning approach is based on the use of Piranha solu-
tions, prepared by mixing concentrated sulfuric acid (H,SO,4) with a 30%
(v/v) hydrogen peroxide solution (H,0,) at 1:1, 2:1 (Drapp et al., 1997)
or 3:1 ratio (Sarkar et al., 2014). In general, the ratio of concentrated
sulphuric acid to hydrogen peroxide solution can vary from 3:1 to 7:3
and the treatment can be performed either at room temperature or
under heating for times ranging from a few minutes to one hour. Treat-
ment with nitric acid (Heideman et al., 1993; Densmore et al., 2009),
heated sulphuric-chromic acid solution (Schneider et al., 1997, 2000a,
2000b), acetone (Hong et al., 2009), 3:1 25% NH3:30% H,0, (Schmitt
etal.,2007) or commercially available cleaning solutions like Hellmanex
(Hoffmann et al., 2007) or Micro-90 solution (Xu et al,, 2007), are some
of the methods that have been applied. Combinations of more than one
methods or solutions have been also reported, the combinations ex-
tending from treatment with ethanol and nitric acid (Densmore et al.,
2008), NaOH solution and oxygen plasma (Ma et al., 2015), Piranha
and NaOH solution (Brandenburg et al., 2000). In addition to silicon-
or tantalum-based sensors, oxygen plasma treatment has been applied
to clean waveguides made of polyimide (Melnik et al.,2011). This report
is one of the few where data about the cleaning method optimization
are provided based on contact angle measurements, fluorescence inten-
sity measurements and surface characterization by XPS.

All the above-mentioned treatments aim not only to remove organic
material residues or other contamination from the sensors surface prior
to the attachment of the particular recognition element, but also to en-
rich the surface with hydroxyl groups through which the attachment of
silanes usually employed for sensor surface modification is achieved. It
should be noted that in the case of devices, where apart from the wave-
guides, passive electrical components, like contact pads are integrated
on the device, oxygen plasma treatment is the only viable solution
since either strongly acidic or basic solutions are going to destroy
these features (Misiakos et al., 2014a).

3.1.2. Chemical surface modifications

The chemical modification of the sensor surface depends on the
strategy that will be followed by the recognition element attachment.
In other words, the basic criterion for selection of sensor chemical mod-
ification approach is whereas the attachment of recognition molecules
will be based on physical adsorption or covalent bonding which in
turn is dictated by the nature of the recognition element. Thus, if the rec-
ognition element is a protein (e.g., an antibody) immobilization can be
performed both via physical adsorption or covalent bonding. On the
other hand, for small molecular weight molecules covalent bonding is
the only alternative route. For charged molecules like oligonucleotides,
adsorption governed mainly from ionic interactions is possible with
the covalent attachment to prevail in most cases. Thus, the surface
chemical modification approach applied should provide the functional-
ities required without affecting the optical properties of the sensor. Ad-
ditional advantages are the simplicity of the procedure (few reaction
steps, easy to find materials, biocompatible conditions), the reproduc-
ibility and the large-scale applicability.

3.1.2.1. Chemical surface modification by self-assembled silanes. The for-
mation of a self-assembled silane layer is the most popular chemical
modification method employed in optical sensors. It is based on the
use of organofunctional alkoxysilanes which form covalent bonds with
the sensor surface through condensation of siloxane groups on the si-
lane molecules with the hydroxyl groups which have been created on
the sensor surface through the cleaning/hydrophilization method (as
discussed above) or are part of native silicon oxide layer always present
on the silicon surfaces (Fig. 2b). Ideally, the chemical modification pro-
cedure should lead to a smooth and homogeneous silane monolayer
with a thickness of approximately 1 nm (Awsiuk et al., 2012; Awsiuk
et al.,, 2013a, 2013b). Although the mechanism of the silane layer
formation seems to be straightforward it is actually complex enough

and requires careful selection of conditions to obtain a layer with the de-
sirable characteristics, especially when silanes with side functional
groups intended for covalent bonding of recognition elements are im-
plemented. Parameters like the solvent used (water or anhydrous or-
ganic solvents), the silane content, the duration and the temperature
of the treatment could affect the final layer (Banuls et al., 2013). Never-
theless, the literature study reveals that in most cases these parameters
are selected rather randomly or based on experience from planar glass
or silicon surfaces and the formation of a silane monolayer is based
mostly on belief rather that experimental proof. The methods applied
for chemical modification of silicon-based interferometric sensors are
grouped below on the basis of the terminal functionality of the
organosilane employed.

3.1.2.1.1. Hydrophobic silanes. One of the first chemical modification
approaches employed for interferometric sensors involved the use of si-
lanes that could render the surface hydrophobic in order to immobilize
protein molecules by physical adsorption. Thus, hexamethyldisilane
(HMDS) (Heideman et al., 1993) or dichlorodimethylsilane (Schipper
et al,, 1997b) was applied on Mach-Zehnder made of silicon nitride
after cleaning with nitric acid and oxygen plasma, respectively, to facil-
itate the physical adsorption of an antibody against human chorionic
gonadotropin (hCG) or an atrazine conjugate with bovine serum albu-
min, respectively.

3.1.2.1.2. Amine-terminated silanes. Modification of silicon sen-
sors via amine-organosilanes, and most particularly 3-
aminopropyltriethoxysilane (APTES), is the most popular method
used. The application of such a silane aims to the introduction of reac-
tive amine groups onto the surface that could be then used for the cou-
pling of the recognition elements. The creation of amine-organosilane
layer usually employs treatment with the silane solution followed by
thermal curing in order to stabilize the silane layer through the promo-
tion of the condensation reaction with the surface hydroxyl groups. The
conditions of both the silane deposition and curing vary greatly from
one report to another. Thus, modification with APTES has been per-
formed using 0.1% solution in dry toluene for 1 h followed by heating
at 110 °C for 2 h (Brosinger et al., 1997), 10% aqueous solution,
pH 3.45, at 80 °C for 2 h and curing at 100 °C for 1 h (Brandenburg
et al., 2000; Jiang et al., 2014), 2% solution in a mixture of 95%/5% (v/
v) ethanol/H,0 for 2 h and heating at 120 °C for 15 min (Liu et al.,
2013; Liu et al.,, 2014; Liu et al,, 2015), 10% solution in ethanol and dry-
ing at room temperature for 2 h (Choo et al., 2014), or 0.5% aqueous so-
lution for 2 min and curing at 120 °C for 20 min (Misiakos et al., 2014a;
Angelopoulou et al., 2015). APTES has been also deposited from vapors
in a vacuum chamber (Densmore et al., 2008, 2009). Generally, the
presence of water in the APTES (or in any other triethoxysilane) solu-
tion is recommended, since it promotes the reaction of less reactive,
as compared to methoxy, ethoxy groups for interaction with the surface
hydroxyl groups (Banuls et al., 2013). This is critical for the properties of
the resulting silane layer since if there is no orientation and interaction of
the silane ethoxy groups with the hydroxyl groups of the surface then
they can form hydrogen bonds with the amine groups of the silane,
resulting in a layer with sub-optimal reactive amine groups on its surface.
Apart from APTES, 4-aminobutyldimethylethoxysilane (ABDMS) has
been used for the modification of a Mach-Zehnder interferometer fabri-
cated on a glass substrate (Drapp et al., 1997) following a procedure de-
veloped for a reflectometric interference spectroscopy sensor (Piehler
et al,, 1996) while treatment with N-[3-(trimethoxysilyl)propyl]-ethyl-
ene diamine has been employed for the modification of a Mach-Zehnder
interferometer fabricated on a silicon oxide substrate (Hong et al., 2009).

3.1.2.1.3. Epoxy-terminated silanes. Epoxy-organosilanes, and espe-
cially 3-glycidoxypropyltrimethoxy-silane (GOPTS), have been also ap-
plied for the chemical modification of interferometric sensors. Thus,
GOPTS has been employed by Schneider et al. (1997, 2000a, 2000b) to
functionalize the sensing region of a Hartmann interferometer made
of silicon nitride through overnight treatment with a 3% (v/v) GOPTS so-
lution acidified to pH 2 with 1 M sulfuric acid, whereas the reference
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region was modified with a non-reactive silane (tridecafluoro-1,1,2,2-
tetrahydo-octyl)-1-dimethylchlorosilane). GOPTS has been also applied
to modify Young interferometers made of Ta,Os by immersion in a
10 mM GOPTS solution in absolute toluene (in the presence of
triethylene amine as a catalyst) for 48 h followed by curing at 120 °C
for 4 h (Schmitt et al., 2007; Hoffmann et al., 2007). In contrast to
APTES deposition, anhydrous organic solvents are recommended for
GOPTS.

3.1.2.1.4. Thiol-terminated silanes. Thiol-terminated or mercapto-
organosilanes is another category of functional organo-silanes that has
found application in the chemical modification of interferometric sen-
sors. The reagent almost exclusively used for this purpose is 3-
mercaptopropyltrimethoxysilane (MPTMS), the conditions used for
the modification, however, differ between reports. Thus, immersion in
a 10% (v/v) MPTMS solution in toluene at room temperature for 12 h
(Sepulveda et al., 2006) or 2% MTS solution in anhydrous toluene for
1 h (Xu et al., 2007) has been applied for the modification of silicon-
based interferometers whereas immersion in a 3% (v/v) MPTMS solu-
tion in 0.07 M acetate buffer, 25% (v/v) methanol and 2.8% (v/v) Triton
X-100 at room temperature for 1 h (Bruck et al., 2011; Melnik et al.,
2011) has been applied for the modification of interferometer made of
polyimide. Mercapto-methyl-dimethylethoxysilane has been also
employed to modify a Mach-Zehnder made of silicon oxynitride
(Busse et al., 1999) with the difference that the surface was not then
used to immobilize some recognition element through reaction with
the introduced thiol groups but for the deposition of a gold layer on
which thiolated-molecules where then attached.

3.1.2.1.5. Carboxy-terminated silanes. Carboxy-terminated silanes and
especially carboxyethyl-silanetriol have been applied successfully for
the chemical functionalization of Bimodal Mach-Zehnder made of sili-
con nitride (Duval et al., 2012; Dante et al., 2012, 2015). One of the ad-
vantages of this modification method is that the silane deposition is
performed from aqueous solutions avoiding any organic solvents. A pro-
cess that also lead to the introduction of carboxyl groups onto the sur-
face is that reported by Schlatter et al. (1993) according to which the
interferometer surface is first modified by a layer of octenyl-trichloro-
silane which is then subjected to oxidation using a mixture of NalO,4
and KMnOy, to create carboxyl groups onto the surface following a
multi-step and rather cumbersome procedure.

3.1.2.1.6. Other silane-based chemical modification methods. The depo-
sition of a dimethyl-monomethoxy-silane bearing a biotin moiety from
a mixture with a carboxy-ended dimethylo-monomethoxy-silane has
been reported (Weisser et al., 1999) as a mean to directly introduce
on the surface of the sensing area of the MZI structure biotin groups to
couple streptavidin. Due to lack of experimental data about exact mod-
ification conditions and yield in terms of biotin groups per surface area,
it is difficult to evaluate the outcome of this approach.

3.1.2.2. Other surface chemical modifications. Although the employment
of silane surface modification is considered unavoidable, especially for
devices fabricated on silicon-based substrates, other chemical activation
strategies are also possible. Thus, Sarkar et al. (2014) took advantage of
the amine groups created on the silicon nitride surface by HF treatment
to bind the bi-functional glutaraldehyde molecules leading to the intro-
duction of amine-reactive aldehyde groups. Non-silane based surface
chemical modification procedure can be also suitable for polymer
based interferometric sensor. In this context, a poly(acrylic) acid layer
has been created on the surface of a Mach-Zehnder made of SU-8 by
plasma-induced graft copolymerization of acrylic acid monomer pro-
viding carboxyl groups for biomolecules attachment (Shew et al., 2008).

3.1.3. Recognition element attachment

The recognition element attachment strategies on the chemically
functionalized surfaces of the reported interferometric sensors can be
distinguished into two main categories, those relying on physical ab-
sorption and those based on some scheme of covalent bonding.

3.1.3.1. Physical adsorption. Physical adsorption relies mainly on Van der
Walls interactions (interactions between induced, permanent or tran-
sient electric dipoles) between the surface and the molecules (mainly
proteins), which although weak in nature can lead to very strong and ir-
reversible attachment of these molecules on the surface. The advantages
of this approach are mainly its simplicity, repeatability of the results en-
suing optimization of the deposition conditions, and relative stability of
immobilized molecules to flow conditions. As main disadvantage is con-
sidered the fact that the orientation of the biomolecules is rather ran-
dom and thus a high percentage of immobilized molecules are not
functional. Nevertheless, physical adsorption has been applied and is
still applied to immobilize recognition molecules to optical sensors in-
cluding the interferometric ones and it is the approach favoured by
our group since the data we have received by comparison methods per-
formed in our integrated BB-MZI devices showed that physical adsorp-
tion can perform equally well with covalent bonding even when
extensive regenerations and continuous operation for days is required
(Angelopoulou et al., 2015). To apply physical adsorption as recognition
molecule immobilization strategy on silicon-based devices one can use
the devices as they are (Heideman et al., 1991; Schipper et al., 1997a;
Prieto et al., 2003; Ymeti et al., 2005, 2007; Gao et al., 2011; Zinoviev
et al,, 2011) or after modification with either a hydrophobic silane such
as hexamethyldisilane (Heideman et al.,, 1993) or dichlorodimethylsilane
(Schipper et al., 1997b) or a hydrophilic one like APTES (Brandenburg
et al,, 2000; Densmore et al., 2009; Misiakos et al., 2014a; Angelopoulou
et al, 2015). Depending on the targeted analyte and the assay configura-
tion implemented, the immobilized proteins in these reports are antigens
(bovine serum albumin, immunoglobulins, pesticide-protein conjugates,
casein, etc.) or antibodies against human or animal immunoglobulins,
human plasma proteins, viruses, etc. Physical adsorption is also a straight-
forward procedure when the waveguides are made of polymers (Dér
et al,, 2010) since most of them have the capability to adsorb proteins
irreversibly.

3.1.3.2. Covalent bonding. Covalent bonding has also its supporters, since
the covalently bound molecules are considered more stable under flow
conditions or when regenerations are desirable. They also considered
more reproducible than physical adsorption and they can be tailored
to provide for oriented immobilization which is expected to help in
the preservation of immobilized molecules functionality, especially
when antibodies or other binding proteins are considered. The chemis-
try applied in each case depends on the chemical activation of the sen-
sor surface applied and of course the available reactive groups on the
biomolecule.

On sensor surfaces that have been modified with amine-terminated
organosilanes, molecules can be bound trough activation of their
carboxy-groups with carbodiimide (e.g., EDC), N-hydroxysuccinimide
(NHS), or a combination of these two reagents (Fig. 2). Thus, an activat-
ed NHS-ester of biotin has been immobilized directly on the sensors sur-
face and used to monitor the specific binding of streptavidin (Densmore
et al,, 2008; Hong et al., 2006; Liu et al., 2013, 2014). Similarly, a single-
stranded DNA sequence modified with an amine-end group has been
also coupled to an APTES-modified Mach-Zehnder to monitor hybridiza-
tion with a complimentary sequence. Aminosilane-modified surfaces can
be also activated through bi-functional reagents like glutaraldehyde. This
modification leads to a surface with reactive aldehydes which readily
react with amine groups to form imines (Schiff bases) which are then
converted to the more stable amine bonds by a sodium cyanoborohydride
reduction step. Thus the immobilization of streptavidin (Kozma et al.,
2011), goat IgG (Jiang et al., 2014) or an amine-terminated DNA sequence
(Liu et al,, 2015) has been reported. Other chemistries are also possible,
for example the surface amine groups can be converted to carboxyl-
groups though reaction with succinic anhydride, activated by EDC/NHS
and then used for coupling of amine-bearing molecules (Drapp et al.,
1997) or activated through reaction with cyanuric chloride and
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tribenzylamine to allow coupling of protein molecules (Brosinger et al.,
1997).

The coupling of molecules on epoxy-silane modified sensor surfaces
can be accomplished directly through reaction with their amine or sulf-
hydryl groups or after conversion of epoxy-groups to other functional
moieties (Fig. 2d). Thus, Schneider et al. (1997, 2000a, 2000b)
immobilized avidin, oligonucleotide probes, or antibodies against plas-
ma protein or viruses on the sensing region of a Hartman interferometer
modified with GOPTS after oxidation of epoxy groups with sodium
periodate to create reactive aldehyde groups, which in turn react with
amine groups on the protein molecules. GOPTS modified sensor sur-
faces have been also further reacted with bi-functional molecules such
as ethylediamine (Schmitt et al., 2007; Hoffmann et al., 2007) or poly-
mers like amino-dextran (Ma et al.,, 2015) to convert epoxy- to amine-
groups and apply an amine-based chemistry for the immobilization of
specific recognition molecule.

Concerning sensors modified with mercaptosilanes, coupling of recog-
nition molecules can be performed through a thiol-group for the forma-
tion of a disulfide bond or an amine-group using a heterobifunctinal
cross-linker that has a maleimido-group as thiol-reactive moiety (Fig.
2e). Although protein have thiol-groups, they are not available for reac-
tion, and therefore the thiol-thiol interaction is usually applied for immo-
bilization of small molecular weight molecules that bear thiol-groups like
thiolated-oligonucleotides (Sepulveda et al., 2006). Due to the reversibil-
ity of the disulfide bond, sensors modified following this chemistry could
be easily regenerated by treatment with a thiol-containing reagent such
as dithiothreitol. To our knowledge, however, such a study has not per-
formed yet. The thiol-maleimide reaction has been applied for the modi-
fication of interferometric sensors with biotin using commercially
available maleimido-derivatives (Bruck et al., 2011; Melnik et al., 2011)
or the coupling of antibodies using the heterobifunctional cross-linker
maleimido-benzoyl-N-hydroxysuccinimide ester (Xu et al., 2007).

Finally, when a silane containing carboxyl groups has been
employed for the modification of the sensor surface, conjugation is al-
most exclusively performed via reaction with available amine groups
in the molecule to be immobilized (Fig. 2f). To accomplish this, the sur-
face carboxyl groups are converted to active ester groups through reac-
tion with an EDC/NHS mixture and then used to immobilize protein
antigens (Dante et al., 2012; Duval et al., 2012) or antibodies (Dante
et al,, 2015) through stable peptide bonds. Care should be taken when
this immobilization scheme is employed to avoid hydrolysis of active
ester groups prior to the addition of the molecule to be immobilized. Al-
though activation and coupling can be done in a single step, this is usu-
ally avoided due to the risk of formation protein-protein aggregates
that can bind on to surface leading to non-repeatable results.

3.1.4. Biofunctionalization techniques

The chemical activation is usually performed in the whole area of
the sensor. The deposition of the recognition element, however,
might be desirable to be confined only to the sensing region. This is
critical for interferometric sensors having windows on both the
sensing and the reference arm, but it is also a desirable feature
when multiple sensors are realized on a single chip aiming to
multi-analyte determinations. For the first type of devices, specially
designed cuvettes (Brandenburg et al., 2000) or flow cells (Dante
et al., 2012) were employed in order to apply the recognition mole-
cule only on the sensing channel, whereas the other one is modified
by a non-reactive protein or filled with the reaction buffer during the
monitoring of the binding reaction. Similarly, multi-fluidic channels
have been used for specific functionalization of multiple sensors on a
single chip with different recognition molecules (Duval et al., 2012).
Robotic spotters have been also employed for the spatially selective
deposition of different recognition molecules onto different sensors
of the same chip (Densmore et al., 2009; Misiakos et al., 2014a;
Angelopoulou et al., 2015); a procedure that it is also more easily
adaptable to mass production and large-scale biofunctionalization.

In most cases the recognition elements are directly deposited
(adsorbed or covalently bonded) onto the chemically activated sur-
face of the interferometric sensors. Nevertheless, indirect immobili-
zation schemes using specific binding molecules as a bridge between
the surface and the actual recognition molecule have been also im-
plemented. The concomitant advantage of these indirect immobili-
zation schemes arises from the fact that the specific recognition
element does not interacts directly with the surface. Thus, the effects
on immobilized molecule functionality imposed either from struc-
tural changes do to physical adsorption or covalent binding are elim-
inated to great extent. The most popular indirect immobilization
scheme is that based on the biotin-(strept)avidin system. The imple-
mentation of this scheme to interferometric sensors was realized by
covalent attachment of biotin-moieties onto the sensor surface
followed by sequential binding of streptavidin and biotinylated
anti-analyte specific antibody (e.g., Hoffmann et al., 2007), or by di-
rect coupling of avidin (Schneider et al., 1997; Schneider et al.,
2000a) or streptavidin (Jiang et al., 2014) followed also by binding
of biotinylated anti-analyte specific antibody. Another indirect cou-
pling scheme is the one using bacterial proteins, protein A or protein
G, which bind to the Fc fragment of immunoglobulins from different
species. In interferometric sensors, protein A has been immobilized
to the sensor surface and used to bind human IgG (Schlatter et al,,
1993) or an anti-human serum albumin antibody (Ymeti et al.,
2005). An interesting indirect immobilization approach has been
proposed by Hong et al. (2009) for the biofunctionalization of a
Mach-Zehnder device with a mouse monoclonal antibody against
the C-reactive protein. This approach makes use of a calixcrown de-
rivative which contains an aldehyde group for coupling on an
amine-modified surface and a crown moiety that interacts with the
hydrophobic residues of the antibody molecule.

3.2. Non-specific binding suppression approaches

The binding of molecules other than the targeted ones, i.e., the
ones recognized specifically from the immobilized onto to the sensor
recognition molecule, when a sample is run over the sensor surfaces
can deteriorate the sensor sensitivity either by masking the specific
reaction or by affecting the specific recognition element layer prop-
erties, e.g. by causing detachment of immobilized recognition ele-
ment moieties. Therefore, it is critical to maintaining the non-
specific binding as low as possible. This is usually achieved by
employing a blocking step after the recognition element attachment
onto the sensor surface. In general, when the immobilized recogni-
tion molecule is a protein (antibody; analyte-conjugate; protein A
or G; avidin or streptavidin), the blocking agent is a non-reactive
protein like bovine serum albumin (BSA). This agent is used at con-
centrations ranging from 0.1 to 1% (w/v) and the treatment of the
surface can take from 0.5 h to overnight (Schlatter et al., 1993;
Brosinger et al., 1997; Prieto et al., 2003; Hoffmann et al., 2007;
Hong et al., 2009; Bruck et al., 2011; Melnik et al., 2011; Liu et al.,
2013; Jiang et al., 2014; Misiakos et al., 2014a). Short chain hydro-
philic polymers like poly(ethyleglycol) (PEG), which possess protein
repellent properties have been also used as blocking agent on inter-
ferometric sensors (Schneider et al., 2000a, 2000b). Researchers
have also employed commercial blocking buffers like SuperBlock®
(Xu et al., 2007). Chemical blocking is also performed when the sen-
sor surface has been chemically activated with an agent such as
GOPTS that can readily react with a variety of functional groups. In
these cases, ethanolamine (Sarkar et al., 2014; Duval et al., 2012;
Dante et al.,, 2015) has been used to block the remaining free
epoxy-groups after the recognition molecule attachment.

The effectiveness of the blocking agent depends strongly on the
matrix of the sample to be analyzed. Thus, in our study concerning
the determination of bovine k-casein in goat milk samples with the
integrated BB-MZI sensor (Angelopoulou et al., 2015) we found
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Table 2
Performance of the planar interferometric sensors.
Publication Type of materials WG type Wavelength of Lsens Minimum detectable amount Sensitivity or LOD Sensitivity or LOD
input source (mm) per mm of sensing
area length ANeffmin %
Lsens OF I'min X Lsens
or tad,min X Lsens
SW-MZIs
Heideman et al. Si3N4 waveguides with SiO, Slab; teore = 100 nm He-Ne laser 10 mm Human chorionic gonadotropin: 25 nM Drift: AQqyir/At = 0.06 /h — 1.9 x 104 RIU mm
(1991) cladding layers N\ = 632.8 nm ANegarire = 2 x 1077 RIU
minimum detectable phase
shift: A@min = 0.6 T corresponding to
ANefrmin = 1.9 x 107° RIU
Heideman et al. Si3N4 waveguides with SiO, Slab; teore = 100 nmM He-Ne laser 10 mm Human chorionic gonadotropin): 50 pM Improved phase drift compared to 6.33 x 10~ 5 RIU mm
(1993) cladding layers N =632.8 nm Heideman RG, 1991
minimum detectable phase
shift:AQmin = 0.01 1
ANt min = 6.33 x 1077 RIU
Heideman and Si3N,4 and SiON waveguides Rib; w = 4 pm, teore = He-Ne laser 4 mm Improvement of drift to Taking x 3 drift value as minimum 1.19 x 1078 RIU mm
Lambeck (1999) with SiO, cladding layers 70 nm, t;j, = 15 nm N\ = 632.8 nm AQqris/At = 1 x 1074 x 2m/h detectable change
optimized for TM rejection - AQmin = X 1074 xm
electro-optic modulation to corresponding to ANeftmin = 4.75 X
enhance performance 10~ 8 RIU
Brosinger et al. SiON waveguides with SiO, Rib; w = 2 um, teore = He-Ne laser 12 mm Refractometric sensing: AQ/An. = 2.64 x 10° m/RIU 1.5 x 1074 RIU mm
(1997) cladding layers 350 nm, t;, = 55 nm N =632.8 nm water/ethanol solutions AQmin = /20 N/A
Ancmin = 1.8 x 107> RIU corresponding to
Affinity sensing: 1 pg/ml of Ang min = 1.8 X 107> RIU
2,4-dichlorophenoxy-acetic acid N/A?
Weisser et al. SiON waveguides with SiO, Rib; w = 2 pm, teore = He-Ne laser 12 mm Refractometric sensing: For 0.5 M NaCl (6n. = 5.1 x 1073) tad X Leens = 33.6 nm
(1999) cladding layers 350 nm, t, = 55 nm N\ = 632.8 nm NaCl aqueous solutions Ap =11.7n mm
Affinity sensing: streptavidin (assuming n.g ~ AQmin = 1M/20 (ANeftmin=
= 145 and using SPR to calculate toq) t ~  AQ/Ane = 2.3 x 10% m/RIU
2.8 nm (6n. = 3 x 10~>) was detected tag ~ 2.8 nm (5nc = 3 x 107°) was
detected
A@/At,q = 2.91/nm
tadmin = 20 pm — I = 2 ng/cm?
Schipper et al. Si3N,4 waveguides with SiO, Rib; w = 4 um, teore = He-Ne laser 5 mm Refractometric sensing: Ap/An. = 2.8 x 10° x m/RIU N/A
(1997) cladding layers 100-200-400 nm (to test N = 632.8 nm water/glucose solutions drift <0.5 m/h since AQp;, not
Sensitivity Vs teore), trib = n. = 1.3358-1.3451 with &n, steps of provided)
3nm 95x 103
Affinity sensing:
human chorionic gonadotropin: 30 nM
Schubert et al. SiON waveguides with SiO, Rib WGs Solid-state 1or8 mm (to Refractometric sensing: N/A N/A
(1997) cladding layers N\ =670 nm test effect of ~ water/glycerol solutions
Leens length)  n. = 1.333-1.38 with &n. steps of 2 x 1074
“food application”: detection of water in
cherry liqueur
1g/100 ml
Prieto et al. (2003) Si3N4 waveguides with SiO, 1) ARROW He-Ne laser 1) 10 mm 1) Refractometric sensing: 1) ANgmin = 2 % 107> RIU - 1) 4 x 10~ RIU mm
cladding layers teore = 3 um, 39 nm N\ = 632.8 nm 2) 15 mm water/glucose solutions ANeftmin = 4 x 1077 RIU 2) taqg X Lsens = 27 nm
overlay TE n. = 1.3325-1.4004 2) tag = 1.8 nm (7.7 uM) mm
2) ARROW 2) Affinity sensing: HAS (human serum
teore = 3 um, 37 nm albumin)
overlay
Blanco et al. SisN, waveguides with Si0? Rib; w = 4 um, teore = He-Ne laser 15 mm Refractometric sensing: ANg,min = 3.8 x 1076 RIU — 3 x 107 % RIU mm
(2006) cladding layers 200 nm, t;, = 4 nm N\ = 632.8 nm HCl aqueous solutions ANefrmin = 2 x 1077 RIUP
™ A@/An. = 1.184 x 103m/RIU
Dante et al. (2012) Si3N4 waveguides with SiO, Rib; w = 4 um, teore = Commercial laser 15 mm Refractometric sensing: A©/An, = 8.48 x 10° mi/RIU 2.85 x 10~ RIU mm

cladding layers

diode®

HCl aqueous solutions

AQmin = 0.0017
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Hiraoui et al.
(2012)
Sarkar et al.
(2014)

Liu et al. (2014)

Liu et al. (2015)

Shew et al. (2008)

Bruck et al. (2011)

SW-YI

Brandenburg
(1997)

Brandenburg et al.
(2000)

Hoffmann et al.
(2007)

Schmitt et al.
(2007)

Ymeti et al. (2005)

Ymeti et al. (2007)

BB-MZI
Misiakos et al.
(2014a)

Misiakos et al.
(2014b)

Angelopoulou et
al. (2015)

BB-YI
Mulder et al.
(2012)

SOI - porous silicon
SisN4 waveguides with SiO,
cladding layers

SisN4 waveguides with SiO,
cladding layers

SisN4 waveguides with SiO,
cladding layers

SU-8 based

Poyimide

Borosilicate

SiON waveguides with SiO,
cladding layers

Glass substrate with Ta,Os film

(supplied by Unaxis Optics,
Balzers)

Glass substrate with Ta,0s film

(supplied by Unaxis Optics,
Balzers)

SisN4 waveguides with SiO,
cladding layers

Si3N4 waveguides with SiO,
cladding layers

Si3N4 waveguides with SiO,
cladding layers

Si3N4 waveguides with SiO,
cladding layers

SisN4 waveguides with SiO,
cladding layers

SizN, or TiO, or Al,03

200 nm, typ = 1 nm
ARROW; w = 4 um

Rib; w = 4 um, teore =
250 nm, t;j, = 4 nm
Slot WG as sensing arm
Strip WG as reference

Slot WG as sensing arm
Strip WG as reference®

Strip

Rib

Strip; w = 3 um,
t ~300-400 nm
Strip; w = 3 pum,
t =400 nm

Slab; t = 154 nm

Slab; t = 154 nm

Rib; w = 2 um,
teore ~ 90 nm, typ ~ 1 nmM

Rib; w = 2 um,
teore ~ 90 nm, tp ~ 1 nm

Rib; w = 1.25 um,
teore,sens = 162 nm,
teore,ref. = 167 nm,

tip = 5 nm

Rib; w = 1.25 um,
teore,sens = 140 nm,
teoreref. = 167 nm,

tip = 5nm

Rib; w = 1.25 um, teore =
150-160 nm, t;j, = 5 nm

Slab

N = 660 nm
o
N = 1.55um

He-Ne laser
N =632.8 nm
Tunable laser
\ = 1.56 um
TE

Tunable laser
N = 1.56 um
TE

NIR laser X = 1.31 pm

NIR laser N\ = 1.31 um

AN =790 nm

He-Ne laser
N =632.8 nm

Superluminescence
diode N\ = 675 nm

Superluminescence
diode N\ = 675 nm
™

Ar laser N = 647 nm
TE

Ar laser N = 647 nm
TE

Si-avalanche diode
broad-band spectrum:
500-900 nm

both TE and TM
Si-avalanche diode
broad-band spectrum:
500 nm-900 nm

both TE and TM
Si-avalanche diode
broad-band spectrum:
500 nm-900 nm

both TE and TM

400, 550 and 700 nm

5 mm
15 mm

7 mm

7 mm

20 mm

12 mm

5 mm

5 mm

4 mm

4 mm

600 pm

600 pm

2 mm

600 um

N/A

Feasibility study with ethanol drops
Listeria monocytogenes

Refractometric sensing:

NaCl aqueous solutions
Affinity sensing: streptavidin
DAPK gene specific sequence
(hybridization)

L858R mutation in EGFR gene
(epidermal growth factor receptor)

Affinity sensing:
Rabbit IgG
Affinity sensing: streptavidin

Refractometric sensing: aqueous
saccharose solutions
Refractometric sensing: aqueous
saccharose solutions

Affinity sensing: IgG

Affinity sensing:

NPT-tagged proteins

Refractometric measurements:
glycerine dilutions

Affinity sensing: IgG

Affinity sensing: HSA

herpes simplex virus type 1 (HSV-1)

Refractometric sensing:
Water/isopropanol solutions

Affinity sensing:

anti-mouse IgG and streptavidin
Refractometric sensing:
WATER/isopropanol solutions

Stg = A@/An. = 0.624 x 10> x mRIU~!
Stm = Ag/An, = 1.5 x 10> x RIU™!
Detection of bovine milk in goat's milk
Detection of k-casein in goat's milk

Theoretical estimation

corresponding to ANefmin = 1.9 X
1077 RIU

16 fringes corresponding to

An. = 2.48 x 1073 RIU

LOD: 10° CFU/ml

Dynamic range: 10°-10"° CFU/ml
A@/An, = 1.864 x 10° /RIU

95 nM - Ap = 10.6m —

' = 2.33 ng/mm?

Mass sensitivity: 4.55 m/ngmm
A@ll}il] =0.01 - Tyin =22 Dg/mmz
Oor AMpyin = 35 fg or [M]min = 18.9 fM
1 nM (1 pmol/ml)

99:1 wild-type to mutate cells

or 0.125 pg/ml

2

1 ng/ml (ca. 6.7 x 10 pM)

0.1 pg/ml (1.66 nM)

ANeftmin = 5 x 1072 RIU

ANef, min = 9 x 107°RIU
130 pM (50 ng/ml)
['min = 750 fg/mm?
ANef, min = 9 x 1078 RIU
160 ng/ml (7.4 nM)

ANef, min = 9 x 1079 RIU
270 pM

ANetr, min = 6 x 10~ 8RIU
T'min = 20 fg/mm?

850 particles/ml

Sdb = A@/An. = 185 nRIU™!

ANef, min = 1.09 x 107> RIU

10 nM and 1 nM easily detectable in a
multiplexed format

ANpinte = 1.35 x 1076 RIU

ANpintv = 5.18 x 1077 RIU
ANpinte = 7.4 x 1077 RIU

ANpinv = 3.1 x 1077 RIU

0.04% (v/v)

0.06 pg/ml

ANef, min = 1076 RIU

N/A
N/A

N/A

Fimin X Lsens =
1.63 pgmm ™2 mm
N/A

N/A

(3 orders of magnitude
lower than gel
electrophoresis analysis
of PCR

products

N/A

N/A

1x 1077 RIU mm

1.08 x 10~ °RIUmm
Fimin X Lsens = 9
pgmm ™~ 2.mm

4.5 x 1077 RIU mm

4.5 x 1078 RIU mm

4.8 x 10~ RIUmm
Timin X Lsens =

80 fgmm ~2.mm
N/A

6 x 10~° RIU mm

8 x 107 RIU mm
3.11 x 1077 RIU mm
1.48 x 10~ % RIU mm
6.2 x 1077 RIU mm
N/A

~1x 107°RIU mm

(continued on next page)
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Table 2 (continued)

Publication Type of materials WG type Wavelength of Lsens Minimum detectable amount Sensitivity or LOD Sensitivity or LOD
input source (mm) per mm of sensing

area length ANegtmin X
Lsens or l“min x Lsens
Or tadmin X Lsens

Bi-modal

Zinoviev et al. Si-based bi-modal (SizN4 He-Ne laser 15 mm Refractometric sensing: ANefr, min = 2.5 x 1077 3.75 x 10~ 5 RIU mm

(2011) waveguides with SiO, N\ =632.8 nm HCl aqueous solutions 50 pg/ml®
claddings) Affinity sensing:
anti-BSA antibody
Duval et al. (2012) Si-based bi-modal (Si3N4 High-power laser diode 15 mm Refractometric sensing: ANeff, min = 3.3 x 1077 4.95 x 10~ % RIU mm

waveguides with SiO,
claddings)

N =658 nm

HCI aqueous solutions

Affinity sensing:

human thyroid stimulating hormone
(competitive assay)

20 pM

N/A: non-applicable due to lack of pertinent information.

By extrapolation of sensitivity curve assuming that the lowest detectable phase change is 0.1 x 2m (as quoted by the authors).

All-optical phase modulated MZI to solve phase ambiguity.
Combined with isothermal solid-phase DNA amplification.

One test as feasibility study - not the minimum detectable value.
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that the best blocking agent was 100-times diluted goat milk. Other
parameters that can affect the performance of a specific blocking
agent are the fluidic layout, the flow rates and the buffers employed
during the reaction. Despite the significance of an efficient blocking
to the sensor performance, only a small amount of data about the ef-
fect of different blocking solutions on the same sensor analytical
score are available.

3.3. Characterization of biofunctionalized sensors

The methods involved in the evaluation of the different chemical ac-
tivation and bio-functionalization methods applied to interferometric
sensors are the usually implemented surface characterization methods.
These methods are applied either on planar surfaces of similar composi-
tion with that of the actual sensors or on the sensors themselves.
Thus, the thickness of the layers formed is usually determined by
ellipsometry, their wetting properties by water contact angle measure-
ments, their chemical composition by FT-IR spectroscopy, XPS, and ToF-
SIMS, and, their topography by AFM. The effectiveness of recognition or
targeted molecule immobilization on a chemically activated surface has
been also verified and/or quantified using molecules labeled either with
radioisotopes (Schneider et al., 2000a) or fluorescent labels (Hong et al.,
2009). The results obtained using radioisotope-labeled molecules are
more easily quantifiable as compared to those using fluorescently-
labeled ones due to the fact that fluorescence emission is highly affected
by the label environment and silicon surfaces have been reported to
have a quenching effect on fluorescent molecules emission (Bras et al.,
2004). Nevertheless, labeling with fluorescent molecules is closer to
the practices and expertise of most analytical labs than radiolabeling.
Despite the availability of all these methods the data from the character-
ization of the sensor or sensor-like during or after the chemical activa-
tion and/or biofunctionalization are far from abundant or complete. To
this end, our group has dedicated a lot of effort to characterize sensor
surfaces after each step of the chemical activation/biofunctionalization
procedure by applying a combination of surface characterization tech-
niques and develop tools for acquisition of the maximum possible
data from the respective measurements. Thus, combination of data ob-
tained from angle-resolved XPS (ARXPS), AFM and ToF-SIMS (Awsiuk
et al., 2012, 201343, 2013b) allowed the calculation of layer thickness
after each step, revealed the complex character of interactions between
the immobilized IgG molecules with the blocking agent (BSA) and an
anti-IgG antibody and suggested different immobilized proteins confor-
mation on differently activated surfaces. The study which has mainly
performed on planar silicon oxide and silicon nitride surface is now ex-
tending to BB-MZI chips functionalized with different recognition
biomolecules.

4. Discussion
4.1. Comparison of the various interferometric techniques

In the previous sections, an overview of the various interferometric
techniques along with various biofunctionalization strategies was pre-
sented in an effort to delve into the specifics of each approach, to de-
scribe its advantages and to pinpoint the inherent limitations.
However, the variety of approaches and architectures pursued by
every research group renders a direct comparison of the performance
of the realized devices non-trivial. Therefore, it is necessary to introduce
an “objective” metric in order to be able to compare the limits of detec-
tion of the various interferometric devices. In general, the LOD of a de-
vice was expressed as the minimum detectable change of the effective
index of refraction AN,,;, over the sensing area. Another figure of merit
that was employed in several cases was the minimum surface density
i expressed in ng/mm? or the minimum detectable adlayer build
up tqq.min, Which affect the effective refractive index and are interlinked
with it. As discussed in Section 2, AN,;, is inversely proportional to the

sensing arm length, Eq. (2), meaning that devices with longer sensing
arms would apparently provide lower LODs compared to devices with
shorter sensing arms. Hence, a more objective way to evaluate and di-
rectly compare the performance of the sensors was to “normalize” the
reported LODs per mm of sensing arm length either in terms of AN,
or in terms of Iy, taa, min- The compiled effort towards this direction
is presented in Table 2. Whenever the provided information was not
enough for the corresponding calculations, the indication N/A (non-
applicable) was denoted. In the same table useful information about
a wide range of aspects is included and in particular for: type of
waveguides used (materials and architecture), the wavelength of
the input, the sensing arm length, the type of analysis performed,
the minimum reported LODs and in the final column the normaliza-
tion of the figures of merit per mm of sensing arm length whenever
possible.

The normalized values of AN, X Lsens €xpressed in RIUmm have
been plotted versus the year of publication for each of interferometric
sensor (Fig. 3) principle of operation. When viewed from this perspec-
tive, it is worth noting that SW-MZI seems to have reached a plateau
and most probably its limits. The BIMW has LODs in the same order of
magnitude as the SW-MZI while from the BB-MZIs only the semi-
integrated version seems able to lower the LOD by an order of magni-
tude. Surprisingly enough, even though not explored as intensively as
the MZI, YIs have offered the lowest limits of detection from the very be-
ginning, which are up to two orders of magnitude better than those re-
ported for MZIs. In retrospect, it seems almost counter-intuitive that Yls
have been less-favoured even though their performance has not only
been rivaling, but surpassing that of MZI. In addition, the inherent MZI
disadvantages of phase ambiguity and signal fading (that require mod-
ulation in order to be overcome), are not an issue in YI where a shifting
interferogram is recorded. It has been argued that YIs have three major
disadvantages (Kozma et al., 2014): (1) the fact that the final system has
to be mechanically isolated, since the environmental noise and the am-
bient fluctuations may blur the interference fringes; (2) in case of multi-
analyte detection with the multi-channel YI configuration (Ymeti et al.,
2003), the precise adjustment of the end facet-image sensor distance is
crucial; (3) the increased cost of the image detectors that can ensure
high signal-to-noise ratio adds to the final cost of the system, rendering
YI less attractive in terms of marketable PoN applications. As far as the
first argument is concerned, the mechanical isolation does not only
apply to YIs. MZIs and BiMWs require mechanical isolation of the sys-
tem in order to keep all external components aligned to the interfero-
metric chips and to minimize the environmental noise sources.
Secondly, the precise adjustment of the end-facets is critical in all
types of interferometric sensors, multi-channel or not, irrespective of
the technique (Young, Mach-Zehnder or bi-modal). The only case that
the end-facet is not an issue is in the case of the fully-integrated BB-
MZI (Misiakos et al., 2014b), where the detector is monolithically inte-
grated on-chip. Finally, the cost of high-performance CCDs cameras
nowadays is not anymore prohibitive, while the size has also decreased.
Moreover, the phase modulation of MZI or BIMW devices requires addi-
tional electronics that may increase the cost as well as the complexity of
the final system rendering the cost argument against YIs obsolete.
Therefore, it seems that YIs not only are at a disadvantageous position
compared to MZIs, but they could be considered as the candidates to
be reckoned with in the pursuit of ever increasing LODs and overall
PoN system performance and cost-efficiency.

Nonetheless, irrespective of this effort to compile and compare the
LODs of the several interferometric devices, one should not view the
various reported methods as antagonists in a winner-takes-all competi-
tion. Nor should the provided comparison of LODs, serve as an elimina-
tion guide to exclude possible candidates as “non-fit” contestants for
future PoN system. On the contrary, one of the scopes of this review
was to identify the pros and cons of the various suggested interferomet-
ric approaches and to demonstrate that there is not a universal solution
to all PoN applications.
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4.2. Technological challenges and future trends

The evolution of interferometric sensors over the past twenty years
has been indisputably impressive, opening up exciting opportunities for
a large variety of applications especially in the direction of label-free
PoN systems. Despite the tremendous potential that is lying in them, in-
terferometric sensors have not yet managed to break free from the lab
bench and find their way into marketable solutions for label-free PON
applications. The hurdles that have decelerated their evolvement into
applicable systems are both “inherent” -in the sense that there exist
limitations that emanate from the very nature of the sensors
themselves- as well as “external” or otherwise termed “systemic” -in
the sense that there exist technological challenges to circumvent into
building a complete, compact, robust, reliable and at the same time
user-friendly system irrespectively of how sensitive and reliable the
sensor in itself is. This section is devoted to presenting both the “inher-
ent” and the “systemic” challenges that interferometric sensors face into
their struggle to be transformed to actual marketable systems for PoN
applications. It is divided into three subsections, one devoted to the in-
herent challenges, a second focusing on the systemic challenges, and a
final one about the possible routes and future trends of interferometric

sensors. As a comprehensive overview, the challenges were summa-
rized in the form of a schematic in Fig. 3b.

4.2.1. Inherent challenges of interferometric sensors

Considering first the inherent limitations of interferometric sensors,
it is useful to recur to the graph of Fig. 3a. It appears that SW-MZI has
been reaching its limits. Apart from the projected value of Heideman
et al. (Heideman and Lambeck, 1999), which is based on the noise levels
of a phase modulated MZI, there is a limit of 10~ RIU mm that has not
yet been surpassed. This limit seems to be imposed by the method itself
and stems mostly from all external factors analyzed in Section 2, with
the most prominent ones being the thermal fluctuations (which set a
limiting factor on the length of the sensing area) and the mechanical vi-
brations that cause optical losses through the coupling of the interfero-
metric chip with the external optical components. At the same time,
BiMW seems to perform on an equal par with the best SW-MZI and
are also limited to a LOD of 10~ % RIU mm. Nonetheless, there have
been clear evidence that suitable photonic engineering, as in the case
of slot-waveguide based SW-MZIs (Liu et al., 2015) can lead to impres-
sive detection limits in closer-to-reality evaluation schemes (it is
reminded that in the particular reference, 1:99 mutant-to-wild type
cell was detected, a sensitivity that surpassed by 3 orders of magnitude
gel electrophoresis analysis of PCR samples).

On the other hand, SW-YIs have exhibited a better performance
compared to SW-MZI (up to two orders of magnitude) while it appears
that they have not reached a limit yet. In one of the latest publications
on SW-YIs, herpes simplex virus type 1 (HSV-1) was detected in an im-
pressive concentration of 850 particles/ml (Ymeti et al., 2007). Still, the
issues of thermal fluctuations and mechanical stability are open.

Interestingly enough, broad-band interferometry appears to be a
very promising candidate for PoN applications, especially in the context
of clinical applications where detection has to be performed in the com-
plex media of bodily fluids. The interrogation of a broad spectrum along
with the capability of dual-polarization detection significantly helps in
discriminating among specific binding, non-specific interactions and
bulk refractive index changes, opening up the way for new explorations.
In all cases, though the issues of thermal and mechanical stability need
to be met keeping in mind that PoN systems need to be transferrable
and hence immune to movement. The only exception to this constraint
appears to be the fully-integrated BB-MZI (Misiakos et al., 2014b) which
contains all passive and active optical components on the same chip and
has gotten rid of all external optical paraphernalia. Still, this great ad-
vantage is counter-balanced by lower sensitivity and a LOD one order
of magnitude worse than SW- MZIs or the semi-integrated version.

Finally, an additional problem that is not entirely inherent, but also
affects the sensor development on the system level, arises from the
need to effectively control and stabilize the temperature. As already
mentioned, temperature fluctuations affect the LOD and resolution of
an interferometric sensor mostly by posing a limit to its length ~which
is directly related to its analytical capabilities. In general, the on-chip
temperature fluctuations do not significantly add to the noise, since
the two arms are closely placed within a few tens of microns. However,
the temperature fluctuations may induce noise in the detectors, and
more specifically in the case of YIs ambient fluctuations may blur the in-
terferograms. Adding temperature-controlling modules definitely add
to the size the weight and cost of the final system, and may also affect
the operation complexity. Of course, there could be cases that the
temperature-induced noise is within acceptable limits and is not pro-
hibitive for the system operation and accuracy (e.g. when qualitative
determinations are required or signaling that an analyte is over a
predefined limit).

Up to now, there are no clear solutions that could contribute into
circumventing these “self-imposed” limitations of interferometric sens-
ing. The most realistic route seems for one to weigh the benefits of each
approach, take into account the limitations and tailor the sensing meth-
od the requirements and specifications of the envisioned application.
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4.2.2. Systemic technological challenges

Moving from the inherent factors that have placed serious chal-
lenges to the development of interferometric sensors into viable prod-
ucts, one should take into account the external factors not related to
the principle of operation per se, but are more related to the systemic
approach.

One often overlooked factor is that of the bio-functionalization. De-
spite the availability of several chemical activation and bio-
functionalization approaches, few of those have been already applied
to interferometric sensors, as it has been reviewed in the previous sec-
tions; the issue of sensors surface modification and biofunctionalization
procedures is still pending. There is, for example, still the need for new
techniques that will allow for the coupling of recognition molecules in a
manner that will preserve their functionalities will be accomplished in a
few steps, and provide increased regeneration potential and stability of
immobilized molecules. Promising approaches have been already ap-
plied to other optical sensors and might also work equally well for the
interferometric ones. For example, DNA-directed antibody immobiliza-
tion has been extensively applied to ring resonators (Kindt and Bailey,
2013) and click chemistry approaches for silicon surfaces have been de-
veloped (Caipa Campos et al., 2010) but not yet demonstrated on sen-
sors. On the area of recognition molecules, the replacement of
antibody or protein molecules from lower molecular weight synthetic an-
alogs, such as peptide nucleic acids (PNA) and aptamers, have been al-
ready used in other sensing platforms with impressive results in some
cases. The quest for robust and stable recognition molecules that will
help to improve the analytical performance and expand self-life of sensors
is only in its beginning, Little progress has been made also in the direction
of efficient approaches for spatially selective immobilization of different
recognition molecules on arrays of adjacent interferometric sensors for
multi-analyte determinations. The so far employed microfluidic systems
and robotic spotters have severe limitations with respect to the volume
of the chips that could be processed in a reasonable time frame as well
as the reproducibility of the biofunctionalization. To this direction, ap-
proaches compatible with the sensors fabrication techniques and applica-
ble to wafer scale such as photolithographic ones could provide a viable
solution.

Alongside the bio-functionalization issue, lies one other overlooked
challenge, that of the sample preparation. This step hardly discussed
in the publications has to be as simple as possible when one envisions
a PoN system. Having a robust, compact, rapid, accurate and easy-to-
use sensor is practically useless if the sample preparation is time-
consuming, complex and has to be performed by highly-skilled person-
nel. In the most desirable scenarios simple processing steps like a dilu-
tion of the samples collected, hand mixing with appropriate buffers or
even short centrifugation by a portable instrument should be enough.
This entails, of course, a clearer understanding of fluid dynamics and
the circulation of complex media within the microfluidic modules. For
PoN devices, the ideal fluidic would not require external components
like pumps to provide for fluid circulation over the sensors for time
enough to get a measurable signal over the range of analyte concentra-
tion relevant to the aimed application. The availability of miniaturized
pumps and strategies to control flow along fluidic structures, some of
which have been already incorporated in lab-on-chip demonstrators,
make this objective amenable.

An open issue - also stemming from the use of the external optical
components that has yet to be addressed is the compactness of the
final system. Most interferometric sensors rely on coupling to external
optical sources and detectors, which apart from sources of noise; add
to the size of the final system. New approaches are required in terms
of mechanical engineering to liberate the interferometric sensors from
the laboratory optical tables and turn them into truly compact and
moveable systems in order to be realistic solutions for PoN applications.

Finally, a significant drawback is the fact that so far interferometric
sensors in most cases have been used as single-analyte devices. Few ex-
ceptions have demonstrated the feasibility of multi-analyte sensing

(Ymeti et al., 2003; Misiakos et al., 2014a) within an interferometric de-
tection scheme, and none has exceeded the simultaneous detection of
two analytes. Despite the ability to integrate a large number of sensors
on the same chip thanks to the well-established microfabrication tech-
nologies, there has yet to be a demonstration of real-time, multiplexed
multi-analyte detection scheme. It seems that the restrictions for
multi-analyte determinations are not set by the sensors performance
per se but rather from the other system components such as the fluidics,
the operation of the external optical and measurement set-up. Thus, it is
not foreseen that integrated sensors can compete with the already
available high throughout techniques in particular areas of applications
such as molecular diagnostics or pharmaceutical studies. On the other
hand, they could provide attractive solutions in areas where informa-
tion on a limited number of analytes in a short time and with high accu-
racy is of paramount importance as in emergency clinical diagnostics or
on-site environmental monitoring or food analysis. It is important to
keep in mind that the pharmaceutical sector, which was very keen on
supporting the development of label-free techniques, has become
more reluctant since the mid-‘00s to invest in them in light of the high
throughput equipment already into use or commercially available
(Cooper, 2006).

4.2.3. Future trends of interferometric sensors

The above-mentioned hurdles are not insurmountable; on the con-
trary, they should be seen as the challenges that need to be met and
defeated sooner than later in the race of label-free PoN systems. Instead
of struggling for the most sensitive interferometric sensor or the lowest
LOD, most probably the new goal that needs to be set by the interfero-
metric sensors is discovering the means to render them into truly-
applicable, robust and reliable PoN systems. The future trend that
should merge is first and foremost the extension of the existing sensors
into multiplexed formats. Secondly, but equally important should be so-
lutions ensuring system stability in a compact format which employs in-
terrogation instrumentation allowing user-friendly operation. On the
other hand, if the envisioned applications are such that requires the
ultimate degree of sensitivity, most probably multi-wavelength inter-
ferometry is the key since it already has been proven capable of discrim-
inating between specific binding and bulk refractive index changes. At
the same time, surface chemistry must employ in order to expand the
bio-functionalization techniques and the sample preparation, in such
ways that interferometric sensing can be applied directly to complex
media like blood, saliva, and food produce and products. Last but not
least, fluid dynamics must be employed more intensively in order to de-
velop real-life PoNs. Towards this direction, the interferometric sensors,
through their ability to monitor reaction dynamics in real-time, may be
applied as a powerful analytical tool to solve two problems at the same
time: to get a more in-depth understanding of biomolecular interac-
tions which in turn will help the research community develop the
next generation of sensors for a wider range of real life applications. In
summary, the advantages and disadvantages of the approaches present-
ed in this review article are summarized in Table 3.

5. Conclusions

Microfabrication technologies have opened up a new pathway for
label-free sensing, offering the opportunity for scalable fabrication and
miniaturization of interferometric sensors that are promising candi-
dates for a large variety of PoN applications. These versatile sensors
offer high sensitivities and low LODs not easily attained by other optical
techniques that either requires labeling or rely on pm-shift analysis.
Their potential for high degree of integration and their subsequent uti-
lization for real-time multi-analyte detection schemes add to them one
more attractive attribute. Still, interferometric sensors have several
technological challenges that need to be met and overcome in order to
become the functional core of viable PoN systems.
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Table 3
Advantages of disadvantages of the various interferometric principles of operation.
SW-MZI BB-MZI Monolithic BB-MZI Bi-modal MZ SW-YI MW-YI

LOD + ++ +1/+42 + +++ +++
Need for external optical components/mechanical stability — + +++1/+2 — — —
Size and cost of final system - + +++/++ — — _
Signal ambiguities - +++ +++ ++ - ++
Ease-of-data-analysis/user friendliness + — — _ + _
Simultaneous determination of protein thickness and refractive index — — +++ — — +++

! For the case of the fully-integrated BB-MZI as described in Misiakos et al. (2014b).
2 For the case of the fully-integrated BB-MZI as described in Misiakos et al. (2014a).

No matter what the targeted application is, an interferometric sensor
most probably exists or may be tailored and adapted to fulfill the PoN
system specifications required for the envisioned application. It is cer-
tain that one would have to weigh the advantages and disadvantages
of each interferometric scheme before the final choice, but it is also
certain that interferometry is a powerful armory that can provide the
best-fitted weapon to reach the specific target set. In that sense, inter-
ferometric sensors need not be developed in an antagonistic manner
but rather in a synergistic one, since all routes have the potential to
lead and be tailored to solutions that answer to specific applications. Pri-
oritizing the three basic requirements of sensitivity (viewed as effective
index of refraction LOD), accuracy (discrimination between specific,
non-specific and bulk refractive index changes) and portability (includ-
ing the issue of robustness, insensitivity to environmental changes and
user-friendliness), one may have a ready-made guide to select the ap-
propriate pathway towards solving one's own analytical problem at
hand. Still, there is a lot that has to be done and several issues to be over-
come, but it seems that the sky will be the limit for the next generation
of interferometric sensors.
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