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Abstract
Fiber biosensors have emerged as an alternative to other optical sensor platforms
which utilize bulkier optical elements. Sensors manufactured using optical fiber offer
considerable advantages over traditional platforms, such as simple manufacturing
process, small size and possibility for in situ and remote measurements. The possibility to
manufacture a compact sensor with very few optical elements and package it into a
portable hand-held device makes it particularly useful in many biomedical applications.
Such applications generate a growing demand for an improved understanding of how
fiber sensors function as well as for sensor optimization techniques so later these devices
can suit the needs of the applications they are developed for.
Research presented in this thesis is focused on a development of a plasmonic fiber
biosensor and its application towards biochemical sensing. The fiber sensor used in this
study integrates plasmonics with tilted Bragg grating technology, creating a versatile
sensing solution. Plasmonics alone is an established phenomenon that is widely employed
in many sensing applications. The Bragg grating is also a well-researched optical
component that has been extensively applied in telecommunication. By combining both
plasmonics and Bragg gratings, it is possible to design a compact and very sensitive
chemical sensor. The presented work focuses on the characterization and optimization of
the fiber sensor so later it could be applied in biochemical sensing. It also explores
several applications including real-time monitoring of polymer adsorption, detection of
thrombin and cellular sensing. All applications are focused on studying processes that are
very different in their nature and thus the various strengths of the developed sensing
platform were leveraged to suit the requirements of these applications.
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Chapter 1 Introduction

1.1 Introduction into Biochemical Sensing

Scientific progress is managed through meticulous and reproducible work that
includes such activities as hypothesizing, conducting experiments, measuring and
analyzing. In order for knowledge to be objective, it is imperative that scientists are able
to record and analyze processes that are being investigated. Research in biological
sciences is difficult to imagine without the use of analytical devices that provide the
opportunity to monitor and characterize various biochemical processes, which are not
always visible to a human eye.
Today, monitoring of biochemical processes can be accomplished with a broad
variety of analytical tools. They can be categorized based on the functionality as well as
on the underlying physical principles employed for biochemical analysis. From a
functionality point of view, there are imaging platforms such as microscopes, Atomic
Force Microscope (AFM), Transmission Electron Microscope (TEM), Scanning Electron
Microscope (SEM), analytical devices such as Surface Plasmon Resonance (SPR)
systems 1’2,3’4 evanescent-wave analyzers 5’6’7,8 or Quartz Crystal Microbalance (QCM)
sensing instruments 9, spectrometers, Polymerase Chain Reaction (PCR) analyzers,
optical and electrochemical sensors, just to name a few. From the employed physical
phenomenon perspective, equipment can be categorized into groups of devices that rely
on measurement of electrochemical phenomena, piezoelectricity 9, ultrasound effect,
l

interaction of electrons with media 10 and the interaction of electromagnetic radiation
with media. Optical tools are a major subgroup amongst these devices that measure the
interaction of visible and IR electromagnetic radiation with studied biological substances
or processes. Measured optical phenomena can consist of light attenuation, diffraction
and reflection as measured by imaging and sensor tools, light absorption, emission and
scattering as measured by spectroscopy tools, and luminescence as measured by
fluorescence tools or they can be a combination of several optical effects 11.
Optical imaging tools and optical analytical platforms are important subgroups
within the optical devices category that provide an opportunity to perform very precise
and highly accurate measurements. The measurement modes can be real-time, labeled or
label-free and can be tailored to measure hard to reach processes. While providing the
possibility to measure biochemical processes at very high temporal and spatial resolution,
imaging devices (like many other analytical tools) are often complex, require trained
personnel for their operation and cannot be applied outside laboratory setting. Another
limitation is associated with the fact that optical imaging is restricted to capturing
processes occurring on a surface (such as on skin, the surface of a glass slide or on an
optical chip); it is impractical and often not possible to use such tools to analyze
processes occurring deep within a volume. This limitation arises from the fact that
electromagnetic radiation at optical wavelengths and further into IR is attenuated by
propagation through the biological samples and solids 12. Even though there are efforts
aimed at developing imaging tools for in vivo applications such as “microscope on a
needle” by D. Samson 13, such tools are still very rare and there is a great demand for
more solutions that could be applied for in situ and in vivo studies.
2

The biomedical sensor field has been developing complimentary to imaging and
other traditional laboratory devices fields. It has been driven primarily by a demand for
compact and affordable analytical tools that can be applied in outside of laboratory
setting and in an environment with limited resources. Despite the availability of a great
variety of analytical tools, most of them can only be used in a laboratory setting due to
their cost, size and complicated operation routine. In this context, miniaturized sensing
devices provide an opportunity to measure reactions that would normally be measured in
a laboratory setting but without a need for expensive equipment or advanced knowledge
about how the equipment operates. Examples of point of care optical sensors successfully
applied towards biomedical analysis include the hand-held optical device from Phillips
Electronics that can measure an analyte at concentrations below the 1 picomolar level
within first 5 minutes14.
Besides the demand for compact and cost-effective sensor solutions, there is also
a growing demand for analytical tools that can be integrated into relatively complex and
difficult to reach environments and used for in vitro applications. For instance, a group of
fluorescent fiber sensors have been integrated with bioreactors and used for measurement
of glucose and oxygen levels during fermentation process 15. Another example is a group
of sensors that are developed for in vivo applications. Particularly, it was proposed to
manufacture optical biosensors using biodegradable and bioabsorbable materials such as
silk fibroin16 or salmon DNA17 therefore the sensors would have a potential be implanted
and used for in vivo analysis.
In the case of these applications, the sensors’ size, cost, integrability and
environmental compatibility are the most important factors that determine the success of
3

the sensor’s application. Even though performance characteristics such as bulk chemical
sensitivity, limit of detection (LOD), signal to noise ratio (SNR) and other performance
indicators still play a major role, sensor integration capacity and compatibility with
different environments have been becoming more and more important over the past
years.
In addition to developing an appropriate sensing modality and finding a sensor
configuration that fits each particular application, there is also a considerable amount of
work aimed for optimization, integration and packaging of optical biosensors. It includes
optimization of a biorecognition scheme therefore it would maximize and enhance
sensor’s capability to detect the biological target. Moreover, it also involves integration
of the sensor element with a microfluidic platform and their packaging into a hand-held
device 18.

1.2 Fiber Biosensors

A biosensor can be defined as a “compact analytical device or unit incorporating a
biological or biologically derived sensitive ‘recognition’ element integrated or associated
with a physio-chemical transducer”19. The function of the transducer is to translate signal
from the output domain of the recognition system to the optical domain

20

. Fiber

biosensors present a group of optical sensors whose transducing elements are
manufactured using different kinds of optical fiber.
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Optical fiber is a circular optical waveguide that was invented for the purpose of
light transmission 21,22. One of the major objectives behind the original fiber design was
to reduce the optical attenuation and scattering losses which is required for delivering of
optical signals over long distances. To archive it the fiber was designed so that it
consisted of a circular core made of silica enclosed by a larger cladding layer that
confined the light propagating in fiber within its core. Such configuration provides low
attenuation of 0.20-0.22 dB/km

which is suitable for long-haul communications.

Significant progress in material science, development of new fiber manufacturing
techniques and design of novel fiber structures have made it possible to use optical fiber
in a set of new applications including biochemical sensing.
Transducing sensor elements manufactured using optical fiber offer a set of
advantages over other optical sensors. First and foremost, fiber sensor elements can be
very compact thus can be easily applied for a range of in situ applications. They also can
be easily integrated into fiber optic communication systems. This eliminates the need for
additional optical or electro-optical components that would normally be required for
integrating sensors into a fiber optic system. Additionally, a fiber-based sensor provides
the opportunity for remote sensing as well as an opportunity for multiplexing of several
sensing elements 24,25.
The most common sensing modalities that are currently being used in
combination with optical fiber for biochemical sensing are fluorescence
wave effect

77

and Surface Plasmon Resonance effect

modalities include Raman scattering

71

78

’

70

70

, evanescent-

. Other recently explored
77

and Surface enhanced Raman scattering . In all

these cases light propagating through optical fiber interacts with the analyzed

biochemical substance or process, and as a result of this interaction some characteristics
of light are being altered. It can include change of phase, change of intensity or
wavelength shift. In the case of fluorescence, light propagating through a fiber interacts
with fluorophore molecules on its surface and light emitted by the fluorophores can be
used as the output of the sensor system. In the case of the evanescent wave sensors light
propagating inside fiber leaks outside and interacts with the analyzed matter. Due to this
interaction light experiences attenuation, monitoring of this process can be used to
interpret chemical reactions that are being measured. In the case of SPR, light travelling
within fiber is used to excite SPR on its surface and coupling to SPR is used to track
chemical changes. In case of Raman scattering, light propagating within fiber (regular or
PCF) is used to excite Raman scattering and Raman signal is being monitored as sensor’s
output.
In all these cases, independently of the sensing modality, there is a necessity to
select an appropriate fiber configuration that would allow for the most effective
utilization of the sensing mechanism and most sensitive analyte detection.

1.3 SPR and Plasmonic Fiber Sensors

1.3.1 SPR effect

SPR is a well-known and well-researched electromagnetic phenomenon that was
first discovered in 1950s by R. Ritchie . Ritchie observed attenuation of electronic

radiation passing through metal films that was attributed towards collective oscillations
of electron plasma in the metal. Surface plasmons exist on a surface of metals or highlydoped semiconductors34 surrounded by a dielectric. This phenomenon has dual electronphoton nature and can be used to convert light into plasmonic waves and vise-versa.
Excitation of surface plasmon waves can be accomplished using light as well as electron
beams.
SPR excitation using light is most commonly associated the Kretschmann
configuration (Kretschmann and Raether, 1968) where SPR is excited on the flat surface
of a gold-coated dielectric prism (Fig.l). The configuration employs a high refractive
index prism with a thin metal layer on the prism’s bottom. Light propagating in the prism
is reflected at the interface between prism and metal by means of the total internal
reflection mechanism. Evanescent field of the reflected light at the first interface
penetrates into the metal and reaches the second metal-dielectric interface. If the
refractive index of the second dielectric is smaller than the refractive index of the prism
and also, if the propagation constant of light propagating in the prism matches the
propagation constant of the surface plasmon wave, then a surface plasmon resonance can
be excited.

7

Figure 1. Prism-based or Kretschmann configuration.
As mentioned above, the requirement for the excitation of the plasmon wave is the
phase matching between wave vector of incident light and wave vector of plasmonic
wave propagating on the outer surface of the metal35. The wave vector of light incident
upon bottom of the prism can be found as:
0)
The wave vector of the plasmon wave propagating on the metal’s surface can be found
as:
K-, = — Re<!

I

£ m£ d

+

£.

t

(2)

Then the phase-matching condition for the prism configuration can be found as:
K, = K ,

(3)

Where ep is the dielectric permittivity of the prism, 6 is the angle of incidence of light, ej
is the dielectric permittivity of the material adjunct to the surface o f the metal (sensed

8

medium), emis the dielectric permittivity of the metal, X is the wavelength of the incident
light.
Monitoring of a chemical process occurring on the surface of the metal-coated
prism can be accomplished by monitoring of some of the parameters of light reflected off
the base of the prism, particularly by measuring reflected light’s intensity or angle at a
fixed wavelength or by measuring intensity or wavelength at a fixed angle.
Today SPR has found its applications in many applied and fundamental research
areas including solar cells, SERS, lasers, metamaterials, integrated opto-electronic
circuits and sensing. First applications of SPR platform in sensing have been reported
almost three decades ago36 and today SPR prism-based platforms have established
themselves as a highly sensitive and reliable analytical tool. Wide application of the SPR
effect in biosensing can be attributed to the relatively high sensitivity toward refractive
index change, small depth of penetration of plasmon field into sensed medium and thus
possibility to measure chemical changes happening at the sub-micron scale as well as to
the label-free character of the analysis. Sensitivity towards refractive index change for
SPR prism configuration is estimated to vary between 970 and 13 800 nm per Refractive
Index Unit (RIU)36 dependently on the wavelength used to excite SPR. Such high
sensitivity combined with a small depth of penetration of plasmon field inside adjunct
dielectric media enables

detection of target biomolecules at ng/ml and sub-ng/ml

concentrations37.

9

1.3.2 Plasmonic Fiber Sensors

The excitation of SPR effect on the surface of an optical fiber is more challenging
than the excitation of SPR on the planar waveguide due to several factors.
First, there is a need to achieve phase matching between light propagating in a fiber
and the SPR wave on the surface of the fiber.
Second, light propagating in a standard single mode fiber is confined to the fiber’s
core and cannot reach the surface of the cladding where metal coating would normally be
deposited. Thus there is a need to alter fiber’s geometry in order to achieve overlap
between light propagating in the core and metal coating on a surface of the fiber.
Most of the SPR fiber sensor configurations fall into one of two groups. The first
group of sensors is implemented using custom-made fibers while the second group of
sensors relies on in-fiber gratings for excitation of SPR. Custom-made fibers, such as
tapered fiber38, bent and polished fiber39, or a fiber with a partially removed cladding
40,41, D-type fiber42, metalized photonics crystal fiber28 are all examples of fiber with
geometry being tailored or designed for the purpose of SPR excitation. In these cases
metal layer is deposited in a proximity to light propagating in the fiber’s core or cladding.
Manufacturing of custom-made fiber such as metalized photonics crystal fiber might be
challenging and costly for mass production. On another hand alteration of commercially
available fiber’s geometry in a laboratory setting does not provide very precise control
over new fiber geometries thus leading towards poorly controlled SPR excitation.
Variation of fiber’s parameters such as thickness o f the cladding, proximity of gold layer
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to the core can have tremendous effect on the quality of SPR excitation as well as hinder
sensor’s reproducibility.
Fiber gratings on another hand accomplish phase matching between SPR and light
propagating in a fiber, sometimes without alteration of optical fiber’s geometry. Gratings
can be used to excite fiber modes with effective index matching effective index of SPR
mode thus allowing for very effective phase matching. Examples of fiber gratings applied
for SPR excitation include fiber Bragg grating (FBG)43, long period grating (LPG)44,
tilted fiber Bragg grating (TFBG)45 and surface relief gratings46. Generally, use o f the
fiber gratings can lead towards less complicated manufacturing procedures with
significantly better control over the SPR excitation mechanism. However, use o f a
straight grating such as FBG is not sufficient for excitation o f SPR in a single mode fiber
because it does not allow for excitation of mode that could potentially reach the surface
of the cladding. Use of FBG requires combination with altered fiber geometry as it was
proposed by G. Nemova and R. Kashyap (2007)47. On another hand both LPG and TFBG
allow for excitation of cladding modes that could be used to excite SPR in a single mode
fiber without need to change its geometry. Both kinds of gratings provide an opportunity
to design plasmonic sensors using a single mode fiber while fully preserving fiber’s
geometry. This thesis will examine work of a fiber sensor that relies of TFBG for
plasmonic excitation. Sensor’s principle of is outlined below as well as in Shevchenko et
al (2007)45, (2010)48.

11

1.4 Tilted Fiber Bragg Grating SPR sensor (SPR-TFBG Sensor)

The fiber sensor studied in this thesis relies on a tilted Fiber Bragg Grating as a
coupling element for excitation of SPR effect (Fig. 2). This configuration has been first
presented in Shevchenko et al (2007)45 and described in more details in Shevchenko et al
2010 48’49, 201130, Shao et al (2010) 50 and Caucheteur et al (2011)51.

TFBG 1 0 ’

Figure 2. Proposed sensor structure utilizing gold-coated SMF-28 and 10° TFBG.

Presented sensors configuration consists of a single-mode fiber (SMF-28) that has
TFBG imprinted in its core and a gold coating on the surface of the cladding. TFBG acts
as a resonant element that couples core mode into a group of back-reflected cladding
modes. Tilt of the grating which regularly does not exceed 10° for biosensing applications
allows to access high order claddings modes that reach out to the surface of the cladding.
Coupling into SPR wave occurs if the effective index of a cladding mode and polarization
state matches those parameters of the plasmon wave on the surface of the gold coating.
12

Tilt of the grating offers control over which cladding modes could be accessed and thus it
could be used to alter operating range of the chemical sensor. Sensor configuration
presented in Shevchenko et al 200745 had a tilt of 6° and was applied to work in high
refractive index liquids (1.3967 to 1.4442), while sensor presented in Shevchenko et al
201030 had a tilt of 10° and thus was applied to work in water solutions (1.3324). While
providing an opportunity to reach cladding modes with very specific effective indexes,
tilted gratings also offer an advantage of an access to several tens o f cladding modes the
same time. It provides an opportunity for the same sensor to be applied in different
environments with different refractive indexes, a property that is difficult to be achieved
for sensors employing straight fiber gratings that access only one mode the same time.
Furthermore, excitation of a big number of cladding modes along with a backpropagating core mode provides a possibility to eliminate temperature cross-sensitivity
during post-processing of sensor’s data50.

1.5 Data Extraction and Analysis Technique

The SPR-TFBG sensor has a relatively complex output signal; transmission spectrum
of such sensor includes a back-reflected core resonance (Bragg resonance), a ghost
resonance that is positioned very close to the Bragg resonance and a set o f back-reflected
claddings modes with some of them being coupled to SPR. Fig. 3 (A) shows a typical
response of a SPR-TFBG with 10° of the tilt that was measured in transmission regime.
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Figure 3. Transmission spectra of SPR-TFBGs with 10° of tilt immersed in water. (A)
Full spectrum illustrating Bragg resonance as well as all cladding mode resonances. (B)
Part of the spectrum coupled to SPR that was a subject to several analysis methods.
Intersection of two tangential slopes shown with red color is used to identify wavelength
position of SPR.

14

Excitation of the SPR effect on the surface of the gold-coated TFBG results in
several cladding modes being coupled to SPR simultaneously. Transmission spectrum of
gold-coated TFBG usually exhibits well-pronounced SPR effect in a form of a group of
cladding modes having smaller amplitude and the spectrum having ‘bottle-like’ shape.
This effect is shown in the Fig.3 (A), (B). SPR-coupled modes are indicated with a red
arrow and a red bracket. Coupling of a cladding mode into SPR results in smaller
amplitude of the cladding resonances. This effect can be attributed to the tunneling of
cladding modes across the metal layer, their subsequent coupling into SPR wave and
absence of total-internal reflection at the cladding-metal interface that is responsible for
4o

production of pronounced back-reflected resonances .
The analysis of the experimental data should consists of tracking of the spectral
changes occurring in the SPR-coupled part with the purpose of extracting information
pertaining to the chemical changes taking place on the surface of the gold-coated fiber.
Analysis of bulk refractive changes of a bigger amplitude, as reported in Shevchenko et
al 200745 and Shevchenko et al 201049, is relatively simple to conduct. It could be done
by tracking position of SPR-coupled part of the spectrum by fitting it with a suitable
shaped function (“a second order polynomial over the 4 central resonances for instance”
49). However the application of the sensor towards monitoring biochemical reactions does
not always result in significant wavelength shift of the SPR-coupled part and thus
requires analysis method that would permit interpretation of very fine spectral changes.
For the purpose of identifying of the most suitable data analysis approach, several
analysis methods were proposed and applied towards the interpretation of the
experimental data. The suitability of the proposed analysis techniques were evaluated by
15

comparing the results from the measured data to the anticipated results and the SNR
level. These data analysis approaches are presented in Fig.4.
Analysis # 1
Tracking o f the position o f the maximum o f the most
sensitive resonance
a z/x
Thrombin. 5 microM
Thrombin. ! microM
Thrombin. 0.1 microM
B u ffs
BSA

Time min

Analysis #2
Tracking o f the position o f the minimum o f the most
sensitive resonance

Thrombin, 5 microM
Thrombin, 1 microM

O W

Thrombin. 0.1 microM
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BSA

Time, min

Analysis #3
Amplitude change o f the most sensitive SPR coupled
resonance
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2
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-B S A
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Analysis #4
Positionof the SPR centre (triangle method)
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e.
CO
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Figure 4. Data analysis approaches.
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Data presented in Fig.4 was collected from five different sensors that were used in
experiments with thrombin protein. Each sensor prior to immersion in a solution with
thrombin was functionalized with a layer of aptamers that were supposed to selectively
interact with thrombin protein . Three sensors were applied to detect thrombin at
concentrations of 5 pM, 1 pM, 0.1 pM. Two more sensors were applied to measure SPR
response in absence of thrombin, one was tested in buffer and another one was tested in
BSA solution. BSA solution stands for Bovine serum albumin, a protein that was not
supposed to interact with aptamer molecules but could adsorb to the surface to the sensor
due to other background processes (non-specific adsorption). Both tests in buffer and in
BSA were added as controls illustrating sensors response in absence of target, possibly
with some non-specific background signal.
Analysis #1 was based on tracking of the position the maximum of the most
sensitive SPR-coupled resonance (point A on Fig. 3(B)). Sensor’s signal was plotted as
position of maximum A(t) versus time t. Analysis #2 was based on tracking of the value
of the minimum of the most sensitive SPR-coupled resonance (point B on Fig. 3(B)).
Sensor’s signal was plotted as position of minimum B(t) versus time t. Analysis #3 was
based on tracking of the relative change of the amplitude of the most sensitive SPRcoupled resonance. Sensor’s output was found as relative change of the amplitude
versus time t. Analysis #4 was based on the identification of the wavelength
A = i — &!=i

position [nm] of the SPR coupled part of the spectrum and tracking its shift over time t.
Th position of the SPR centre was found as intersection of the two tangential slopes
drawn over the upper and lower part of the spectrum (Fig. 3(B)). Both slopes were drawn

over the top and the bottom of the most-sensitive resonance (points A and B) as well as
over another resonance with slightly bigger amplitude.
Although all applied analysis methods could be used to interpret spectral changes
as they all reflect on the transition of the SPR-coupled part of the spectrum, it was
concluded empirically that analyses #3 and #4 were the most accurate. In absence of
other analytical devices that could serve as a reference during such an experiment,
relation between reported SPR signals and applied concentrations of target molecule was
the deciding factor. Furthermore, SNR in the case of analysis #3 was smaller than SNR in
the analysis #4 that lead to application of analysis #3 towards all data presented in the
following chapters.
It should be noted that even though theoretical analysis was applied to identify SPRcoupled modes and predict their change, proposed and applied data analyses techniques
were mostly developed as a result of interpretation of experimental findings.

1.6 Evaluation of a SPR Fiber Sensor’s Performance

Performance of a fiber sensor similarly to any chemical sensor can be evaluated
using a few characteristics including sensitivity towards refractive index change, SNR
and resolution.
1)

Sensitivity of a SPR sensor can be found as a derivative of the monitored SPR

parameter with the respect to the parameter to be determined (refractive index) . In the
case of the spectrally interrogated sensors SPR sensors, monitored SPR parameter is
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wavelength position of the SPR coupled region. Thus sensitivity S can be found as
wavelength shift SXspr per refractive index change 6n :

on

As a rule, SPR sensitivity is reported as 8/lspr per RIU that reflects on how much SPR
position shifts when refractive index of media in which sensor is immersed changes by 1.
Sensitivity of the sensor presented in this study to changes in the bulk refractive index
was found to be 555 nm per RIU49.
2)

Signal to Noise Ratio (SNR) reflects on how accurately sensor can measure certain

process. If sensor’s output is analyzed using relative amplitude change method then SNR
can be determined as:
SA
SNR = - f - ,

(5)

where 8Aspris change of the amplitude during an experiment, SAnis noise level associated
with particular resonance being measured. While 8An is a parameter that strongly
depends on the performance of the interrogation system, 8Aspr completely depends on the
process to be measured, thus SNR can vary from an application to an application.
3)

Resolution is another important parameter that can be found as the minimum

change in the parameter to be determined that can be recorded by a sensor and resolved
during data analysis36. In the case of a chemical sensor the resolution is the smallest
refractive index change ( 8n) that can be recorded. Resolution depends on the properties
of the plasmonic interrogation system such as noise level of the source, SPR width,
19

detector’s resolution. Small resolution can hinder sensor’s capability towards measuring
certain chemical reactions even if the sensitivity of that sensor is relatively high and
permits the measurement. Resolution of the sensor presented in this study was found to
be 4x1 O'549.
4)

Operating range or dynamic range of a chemical sensor is the range of refractive

index values Ah that can be measured by a given sensor configuration. In the case o f a
fiber SPR sensor dynamic range can be an issue if there is only one or few modes can be
coupled to SPR by the same sensor. In that case dynamic range of refractive indexes to be
measured will be limited by the spectral width of the resonances to be coupled into SPR.
In the case of a sensor utilizing tilted grating there are many cladding modes that could be
coupled into SPR therefore providing the sensor with a relatively wide operating range.
Current configuration allows for measurement of SPR shift within 1525 nm - 1580 ran
range, this in combination with chemical sensitivity of 555 nm/RIU provides SPR-TFBG
sensor with operating range o f An = 0.1.
In addition to the mentioned above parameters, work of a biosensor is a subject to a
few others estimations such as limit of detection (LOD), specificity and the capability for
evaluating the affinity of biomolecules.
5)

Limit of detection (LOD) is the smallest quantity of analyte that can be

distinguished by a sensor . LOD can be found as:
LO D = 3oB,

(6)

where <
tB is noise magnitude (that could be found as a standard deviation). In other
words “LOD corresponds to the analyte amount for which the signal-to-noise ratio is
ey

equal to 3” . Since SNR is in a direct relation to the process to be measured, LOD is not
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only a function of interrogation system and noise generated by the system but also
depends on the kind of analyte to be detected.
6)

Specificity or selectivity is the capability of a biosensor to detect presence o f the

analyte and distinguish it from other biomolecules that could be presented in same
solution. This parameter is usually pre-determined by the biorecognition scheme

and by

the affinity of the biorecognition element towards the analyte.
Besides concentration measurements sensors and analytical tools can be applied
towards estimation of affinity Ka of one biomolecule towards another. Affinity Ka can be
estimated through Kd which is equilibrium dissociation constant:
K a = l / K d,

(7)

Evaluation of Ka and Kd constants requires a set of experiments during which a
sensor would be exposed to analyte solutions of varying concentrations. Kd then could be
found as a concentration at which sensor reports 50% of the saturation signal.

1.7 Biorecognition Schemes

The biorecognition scheme is an important element of the biosensor platform as
this has a direct impact on the output of a biosensor and its ability to be applied to the
measurement of biochemical reactions. The function of the biorecognition element is to
interact with the target in a way that will introduce a certain measurable change on the
surface of the transducer. It could be a change in the thickness of the biorecognition
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layer, a change of its refractive index, or any other changes that could be later translated
into optical signal.

1.7.1 Biosensing Principles

There are several classes of biorecognition schemes that serve different kinds of
biosensors. Most biosensors use the following types of biorecognition principles:
1) Enzyme based recognition:
Enzymes interact with a target and catalyze its conversion into different molecules.
As a result of such a conversion, newly formed molecules can produce a signal that can
be translated into the output of the sensor or could be detected by the sensor. Examples
include the conversion of target molecules into molecules with a specific adsorption
17 1 5

band, or causing target molecules to fluoresce ’ .
2) Antibody based recognition (Fig. 5 (A)):
This approach takes advantage of antibodies that have high affinity and selectivity
towards their targets'-antigens. Antibodies are “highly-soluble serum glycoproteins
involved in the defense mechanism of the immune system”54. An antibody recognizes its
antigen based on the antigen’s molecular shape as well as its fit with regards to the
antibody’s molecular shape, somewhat analogous to the way a key fits its lock55. The
number of antibodies that could be utilized for detection of antigens was increased
following Kohler and Milstein's development of a monoclonal antibody production
technique that allows for generation of an antibody for a broad range of antigens56.
Similar to enzyme-based recognition, antibody-antigen binding events can be translated
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into optical signals through changes in the properties of the biorecognition layer (its
density, refractive index or thickness) or by an addition of a fluorescent marker,
radioisotope or another labeled antibody (Fig. 5 (B)).
3) Aptamer based recognition:
Aptamers are short single-stranded oligonucleotide sequences that possess unique
binding characteristics to their targets57. Aptamers are engineered through an in vitro
selection process known as SELEX (Systematic Evolution of Ligands by Exponential
Enrichment). Typical length of aptamer sequences is 15-80 bases (with molecular weight
of 6-26 kDa) that makes them smaller than other biorecognition elements such as
antibodies 58. Binding affinities of aptamers depend on the target and can vary from
picomolar to a high molar scale (10'7 M) 57. Target recognition is based on very specific
matching between aptamer sequences, their 3D structure and targets. For example 15base aptamer synthesized to bind with thrombin recognizes molecules of thrombin by
forming a G-quadruplex structure with the thrombin, which normally would not be
formed in a solution without thrombin59. Formation of complicated aptamer-target
complexes can be governed by electrostatic and hydrophobic interactions59.
Overall, aptamers have emerged as a strong alternative to antibody-based
biosensing due to a few advantages. First, aptamer in vitro SELEX production is more
cost effective and results in less batch-to-batch variation than the in vivo monoclonal
antibody production process60. SELEX allows for isolation of new oligonucleotide
sequences that can bind to a very broad range of targets including complimentary
oligonucleotide sequences, proteins, enzymes, viruses and bacteria. Furthermore,
aptamers, unlike antibodies, are more robust can bind to drugs and toxins and also can be
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handled at room temperature61. Moreover, if aptamers are used in assays, their
conjugation with labels does not affect their affinity towards their targets60.

1.7.2 Biorecognition Structures and Modalities

Independent from the employed biorecognition element, biosensing schemes can
have relatively straightforward structures where a target interacts with only one kind of
biorecognition element (Fig. 5(A)), or they can have more complex structure that involve
several kinds of molecules interacting with the target. In the latter case, the
biorecognition scheme can not only have several different kinds of biomolecules
interacting with the target, but it also can involve a variety of nanostructures. The main
purpose behind such schemes is to achieve amplification of the detection signal.
Amplification is yielded by the addition of a label that increases the measured signal.
Depending on the sensing mechanism, amplification can be implemented by addition of
fluorophores,

nanoparticles

or

radioactive

elements.

ELISA

(enzyme-linked

immunosorbent assay) is an example of such a structure that relies on two additional
antibodies and a tag (usually fluorophore) for the detection of an antigen (Fig. 5(B)). As
a rule, sandwich assay schemes yield better LOD. However, performance of these
schemes are intrinsically more complicated, costlier due to the number of involved
sensing elements and also result in higher chances of false-positive and false negative
responses.
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Figure 5. Biorecognition schemes. (A) Simple biorecognition scheme consisting of a
biorecognition element (capture antibody) and a target. (B) ELISA immune assay, also
known as “capture assay”62 consisting of a capture antibody, a target, a primary antibody,
a secondary antibody conjugated with an enzyme, and a substrate that produces a
fluorescent signal upon interaction with the enzyme.
The mentioned above biorecognition schemes can be classified into labeled and
label-free approaches, depending on their use of fluorophores or other kinds of tags.
Label-free biosensing traditionally relies on the detection of an analyte or the targeted
process only with the help of a biological or chemical receptor

and without use o f a

fluorophore or any other tag that could facilitate analyte detection. Label-free
biorecognition is more advantageous than labeled detection due to the fact that it does not
interfere with the measured process. The addition of a label affects the receptor-analyte
dynamics and can hinder the sensor’s capability to perform real-time monitoring over
prolonged periods of time. Therefore, there is ongoing work focused on developing
simpler label-free biorecognition schemes that consist of a smaller number of elements
while providing the ability to detect targets at the same concentrations as immunoassays.
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The biorecognition scheme explored in this thesis relies on the use of aptamers as
biorecognition elements and does not require any kind of tagging for signal amplification.
Its application towards the detection of thrombin protein using a fiber transducer is
evaluated in Chapter 4.

1.8 Cellular Analysis

Emerging trend in the field of biosensing is analysis of intra- and extra-cellular
processes. There is a growing demand for cellular analyzers that arises from the
increasing importance of tissue engineering field as well as from increasing application of
cells in drug discovery and drug screening processes. In both applications there is a need
for label-free analytical tools that could be used for monitoring of cellular interaction
with their environment and studying of cellular responses to different stimuli. There are
different kinds of analytical platforms being developed for analysis and manipulation of
cells or cellular 3D structures including electrical, optical and piezoelectrical analyzers.
Optical label-free optical platforms successfully applied towards cellular analysis include
SPR Biacore2 and Coming EPIC devices 64,5’6. In case of these analyzers cells in order to
be studied first have to be adhered to the surface o f the optical sensing elements and later
studied using these platforms. Due to the size of the commercial analyzers, cellular
analysis has to be completed outside cell culture incubators. Handling o f cells outside
incubators especially over prolonged periods of time can hinder the quality o f findings
relating to cellular behavior. Thus there is a demand for analytical devices that could be
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integrated into cell culture incubators65 and report on cellular behavior while cells remain
in their normal environment.
This thesis studies application of the SPR-TFBG sensor as a cellular analytical
platform that can be integrated into cell culture incubator allowing for real-time and in
situ cellular analysis (Chapter 6)66.

1.9 Thesis Statement and Contribution

The foundation for this work was established during Yanina Shevchenko’s
f\ 7

Masters work . The results of Shevchenko Masters’s research can be found in
Shevchenko and Albert, (2007)45 as well as in Y. Shevchenko’s Master’s thesis
(Shevchenko 2007) 67.
The research presented in Shevchenko’s Masters thesis introduced the first
version of the SPR-TFBG fiber sensor. The first implementation of the sensor consisted
of single-mode fiber (CORNING SMF-28) with 6° TFBG and a gold coating on the
surface of the fiber. Excitation of the plasmonic effect was accomplished through
coupling of high order cladding modes into SPR with the help of the TFBG. Both the
paper45 and the thesis67 introduced the concept of the SPR-TFBG sensor and its first
implementation. The thesis provided an introduction into characterization o f the sensor in
terms of its sensitivity towards external refractive index and studied effect o f gold
thickness of the quality of the SPR coupling. Relatively simple SPR model for planar
structures was used to explain observed SPR features in the TFBG spectra.
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The work presented in the PhD thesis builds upon the previously conducted
research and furthers that work by studying the physical principles underlying sensor’s
behavior, its characterization and its optimization. Furthermore, this thesis also explores
how the SPR-TFBG sensor can be applied for real-time and label-free monitoring of
several chemical and biochemical processes as well as for monitoring of more complex
cellular reactions.
In particular, this thesis explores the following research questions:
1.

Utilization of a model describing excitation of a SRR on the surface of a circular

waveguide. Complicated SPR excitation mechanism involving Bragg grating in a
circular waveguide with a metal layer on its surface requires a sophisticated model that
could be used to reproduce and confirm experimental findings. Findings presented here
were confirmed using FIMMWAVE software that allowed to obtain information about
excitation of SPR on a surface of a circular waveguide with a thin metal coating. The
FIMMWAVE is a complex fiber mode solver from Photon Design that uses a cylindrical
Finite difference algorithm to find all modes that could be supported in a given optical
waveguide. The fiber model studied using FIMMWAVE was created to maximally
resemble operation of a real SPR-TFBG sensor 48,49. Obtained information revealed that a
cylindrical waveguide with a thin gold layer supports a set of cladding modes with a
significant imaginary component. It was originally anticipated that plasmon-coupled
cladding modes would exhibit strong imaginary components. A non-zero imaginary
component is usually characteristic for SPR waves and represents the lossy nature o f an
electromagnetic wave when coupled with SPR.
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The limitation of this particular approach lays in the fact that the current version of
FIMMWAVE cannot be used to simulate excitation of SPR modes on the surface o f the
metal-coated fiber through TFBG. Effect of TFBG coupling should be found
independently and combined with FIMMWAVE findings.
Therefore information about cladding modes including SPR-coupled cladding modes
found with the help of FIMMAWAVE was post-processed using additional custom made
Matlab code. Post-processing consisted of converting the effective indexes of cladding
modes found in FIMMWAVE into wavelengths at which claddings modes could be
excited using the TFBG phase-matching condition:
& , . w + f t w W = 2?rc°s(g),
A

(8)

where 0 is the tilt angle o f the grating, A is the period of the grating, /?core and f}clad are
propagation constants

of core and cladding modes.

Combining information found using FIMMWAVE and the TFBG phase matching
condition (8) allowed for matching of theoretical findings with experimental data. It also
allowed for very exact identification of SPR-coupled modes in the TFBG spectra. This
step ensured that post-processing and analysis of experimental data were focused on the
appropriate SPR modes as illustrated in Shevchenko et al, 201049.
2.

Data analysis. Although there are several approaches that could be used to interpret

spectral response of SPR-TFBG sensor, analysis applied in this work consisted of
tracking the amplitude of the most sensitive SPR-coupled resonance. As shown in
Chapter 3 relative change of the amplitude can be easily translated into wavelength shift
of the SPR position if it is required.
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3.

Polarization selectivity of plasmonic fiber sensor utilizing in-fiber Bragg

grating: The polarization selectivity of the SPR-coupled cladding modes has been
investigated and presented in the Shevchenko et al, (2010)49 (Chapter 2). Presented
results indicate that the claddings modes coupled to SPR have a strong sensitivity
towards the orientation of polarization of applied light. As shown in Chapter 2 a change
in the orientation of polarization allows to completely erase the SPR signature from the
output spectrum or to maximize the contrast between SPR and non-SPR modes.
4.

Sensor’s sensitivity and operating range: Performance of the sensor was

evaluated in Shevchenko et al, (2010) and Caucheteur et al (2011)51. Results presented in
Shevchenko et al, (2010) show that the chemical sensitivity of the sensor interrogated by
linearly polarized light can be as high as 1370 nm/RIU. Data analysis based on relative
amplitude change approach yielded refractive index uncertainty of 10'5.
5. Characterization of the polyelectrolyte adsorption: The SPR-TFBG sensor was
applied for a real-time characterization of the process of formation of the polyelectrolyte
multilayer structure (Shevchenko et al., 2010)

Aft

(Chapter 3). Presented results indicate

that the sensor can be successfully applied for monitoring of the process of adsorption of
polymer monolayers with estimate thickness of each individual monolayer of 1.12 nm.
Furthermore, the SPR experimental data was supported by an SPR model describing the
excitation of SPR modes on surface of a circular waveguide. It was shown that the
combination of experimental SPR data and a SPR theoretical model could be used to
evaluate several parameters of the deposited layer such as its thickness or the refractive
index (assuming that one of the parameters is known).

30

6. Biosensing and characterization of Kd cosntant: The SPR-TFBG sensor was
applied for the characterization of several biological processes including self-adsorption
of DNA on the surface of the of the sensor and detection o f target molecules of
thrombin30. Applied biorecognition scheme employed aptamers as a biorecognition
element that were synthesized to bind towards thrombin protein. Explored concentration
of target molecules varied from 0.1 fiM to 5 fiM. The smallest detectable concentration of
thrombin was found to be 22.5 nM. It was also shown that a fiber biosensor can be
applied towards the evaluation of the dissociation constant Kd that is used to characterize
affinity between two interacting biomolecules (aptamer and thrombin molecules in this
case). Kd was found to be 40 nM. The capability of the sensor to characterize
biomolecules’ affinity at such small concentrations using aptamers as label-free receptors
illustrates its potential and promise for label-free biosensing applications. Results of this
in

project are presented in the Chapter 4 .
7.

Real-time monitoring of cellular responses: The SPR-TFBG sensor was applied

towards motoring of triggered cellular responses. In this project the sensor platform was
mounted into a cell culture incubator and was incubated with NIH-3T3 fibroblasts cells
for 12 hours. When cells were attached to the surface of the sensor, sensor was used to
record triggered cellular responses. Studied cellular processes included cell detachment
triggered by trypsin, cellular uptake of serum and cellular death induced by a toxin,
sodium azide. Real-time SPR data was complemented by imaging and cellular assays.
Use of real-time SPR data together with imaging illustrates that such combination of
techniques can be applied to record and interpret early cellular responses that could not
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be monitored using only imaging tools. The results pertaining to this work are presented
in the Chapter 566.

1.10 Organization of the Thesis

This thesis is organized as thesis by article and thus consists of several manuscripts
united by a common introduction and a conclusion.
The Chapter 1, which is an introduction, is followed by four chapters which consist
of four submitted or already published papers.
Chapter 2 reproduces the article “Polarization-selective grating excitation of
plasmons in cylindrical optical fibers” by Shevchenko et al, (2010) that was published in
Optics Express 49. It explores the polarization dependency of SPR excitation using TFBG
and studies the chemical sensitivity of the SPR-TFBG sensor.
Chapter 3 reproduces article “In situ monitoring of the formation of nanoscale
polyelectrolyte coatings on optical fibers using Surface Plasmon Resonances” by
Shevchenko et al, (2010) published in Optics Express

AQ

. It is focused on the application

of the SPR-TFBG sensor towards real-time monitoring of polyelecrolyte monolayer
adsorption. Furthermore, the article explores the use of experimental SPR data obtained
using a fiber sensor along with the theoretical SPR data obtained using FIMMWAVE
software. Analysis based on both experimental and theoretical data allows for extraction
of information about several parameters pertaining to the studied process, such as
refractive index and thickness of the deposited polyelectrolyte material. Both Chapter 2
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and 3 elaborate on the data analysis method applied towards interpreting experimental
SPR data.
Chapter 4 reproduces article “Detection of biological targets and characterization of
Kd constant” and its supplementary information published in Analytical Chemistry in
2011. In this work the sensor’s surface was functionalized with monolayer o f aptamers
and was subsequently exposed to thrombin solution. The objective of this article was to
explore application of given sensor configuration towards biosensing and detection of
thrombin target. It also showed that sensor can be successfully applied towards
characterization of affinity of two interacting molecules.
Chapter 5 reproduces the article “Surface Plasmon Resonance Fiber Sensor for
Real-Time and Label-Free Monitoring of Cellular Behavior” by Shevchenko et al, (2012)
that was submitted to Analytical Chemistry Journal (currently under review). The article
describes the most recent effort to apply the SPR-TFBG sensor towards monitoring of
cellular reactions.
Chapter 6, Summary and Future Work Recommendations outlines major
contributions of the presented work, discusses challenges met by the developed fiber
biosensor technology and suggests directions for future work. References for Chapters 1,
5 and 6 are put together provided after Chapter 6.
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Chapter 2

Polarization-selective grating excitation of plasmons in
cylindrical optical fibers
(published in Optics Letters, 2010)
Y. Shevchenko*, C. Chen, M. A. Dakka, and J. Albert
Department of Electronics, Carleton University, 1125 Colonel By Drive, Ottawa,
ON Canada K1S5B6
Corresponding author: vshevch2@,connect.carleton.ca

Abstract
We show that the tilted-grating-assisted excitation of surface plasmon polaritons on
gold coated single mode optical fibers depends strongly on the state of polarization of the
core-guided light, even in fibers with cylindrical symmetry. Rotating the linear
polarization of the guided light by 90 degrees relative to the grating tilt plane is sufficient
to turn the plasmon resonances on and off with more than 17 dB of extinction ratio. By
monitoring the amplitude changes of selected individual cladding mode resonances we
identify a new refractive index measurement method that is shown to be accurate to better
than 5X10‘5 .
OCIS codes: 240.5440, 240.6680,230.1480, 060.2310, 060.2370.
©2009 America Institute of Physics.
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Surface plasmon polaritons (SP) provide an excellent tool for bulk chemical sensing
and for monitoring reactions between molecules bound to a sensor’s surface and target
molecules in solution [1]. The use of core mode gratings to excite SP on metal-coated
single mode optical fibers has been proposed before [2-5], but a more recent theoretical
calculation has revealed a fundamental problem with this approach [6]: the large optical
loss of the SP mode causes a significant broadening and weakening of the grating
induced coupling from the core mode to the SP, unless the grating length is kept smaller
than the plasmon propagation distance in the metal (a few pm in our case, according to
Equation (1) of reference [6]). This effect is due to the fact that the coupling strength of
contra-propagating grating couplers increases with grating length.

However if the

backward reflected mode is lossy the coherent addition of backward waves from each
grating plane can only occur over lengths comparable to the mode propagation distance.
Therefore the amplitude of the resonant coupling for SP decreases to that of a grating that
is only a few pm in length: i.e. weak and very wideband. In the work presented here, we
use a tilted fiber Bragg grating (TFBG) to demonstrate experimentally for the first time
that grating-coupled resonances do in fact disappear when the grating couples the core
mode light to a cladding mode that has a strong SP component. However we also present
a technique to determine the peak SPR wavelength as well as sub-nm wavelength shifts
of the SPR peak by measuring the amplitude changes of cladding mode resonances
provided by the TFBG. This level of sensitivity is critical for detecting small changes
associated with the binding of bio-molecules to the metal surface.
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These findings are based on the discovery that the excitation of “SP-active”
cladding mode resonances is highly polarization-dependent. Using polarization control,
we demonstrate that the TFBG can selectively excite SP-active and non-active cladding
mode resonances with up to 17 dB of differential amplitude at the same spectral location.
This observation differs from the results of Allsop et al. [4] who used a similar TFBG but
in a D-shaped fiber obtained by lapping one side to within 10 microns of the core.
Coating the flat side with metal resulted in the disappearance of the individual cladding
mode resonances and broad SP attenuation bands that shifted with changes of the input
light polarization azimuth. We use here a gold-coated, otherwise un-modified standard
single mode fiber with cylindrical symmetry. We have shown previously that the
transmission spectrum of a TFBG in such structures shows anomalous resonances that
present strong similarities to SP excitations [7]. However the use of unpolarized light in
these earlier experiments prevented the clear identification of plasmon modes.
In our devices (a diagram of the actual configuration can be found in reference [7]),
the grating excites a large number of cladding modes [8]. Amongst these modes, only
those whose effective index and polarization state are equal or close to the effective index
and polarization of a SP can transfer energy to it by tunneling across the metal layer. At
wavelengths for which this situation occurs, the amplitude of the resonance decreases
sharply because the cladding mode involved is very lossy, as discussed above [6]. The 10
mm-long gratings used for the work reported here were written using the standard
process for FBGs (apart from the tilt angle) in hydrogen-loaded standard single mode
fiber (CORNING SMF-28) using 248 nm wavelength excimer laser light and a phase
mask. [7-8] The internal tilt of the grating planes, is set at 10 degrees to ensure strong
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coupling to cladding modes with effective indices near 1.3, suitable for the excitation of
plasmons in aqueous environments [8-9]. The sputtered gold coating is deposited in two
steps, with the fiber placed horizontally above the sputtering target and rotated by 180
degrees along its axis between each step. So far, we found empirically that the optimal
gold thickness for narrow SPR resonances is 50 nm. We used standard instrumentation
for the measurement: the un-polarized light from a broadband source (C+L band pumped
ASE source from JDSU) goes through a polarization controller before going through the
fiber sensor and then to an Optical Spectrum Analyzer (Ando AQ6317B).

In the

polarization controller, we use a linear polarizer (at an arbitrary angle since the input light
is perfectly un-polarized) followed by a half-wave plate (HWP) to rotate the linear state
of polarization. In the absence of sharp bends in the fiber between the HWP and the
sensor, the state of polarization remains linear but arrives at the sensor at an angle that is
unknown but that is rotated by a fixed, constant amount relative to the output of the HWP
(this assumption is valid for single mode fiber provided the fiber does not move and does
not have sharp bends). For testing, the portion of the fiber where the metal-coated
grating is located is fixed under slight tension using epoxy adhesive.
Figure 1 presents the transmission spectrum of a typical tilted grating SPR sensor
for two orthogonal states of linear polarization.

In order to find the appropriate

polarization states, the HWP is rotated until the measured transmission spectrum shows
the unambiguous SPR signature (top spectrum). In the bottom spectrum, the polarization
has been rotated to maximize the amplitude of the cladding mode resonances across the
spectrum: no evidence of SP effect shows up in this case (the amount of rotation between
the top and bottom spectra is 90 degrees). It is now obvious that the excitation of SP
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depends on the alignment of the linear state of polarization relative to the TFBG tilt
direction. Since electromagnetic theory only allows plasmon modes with electric field
polarized perpendicular to metal interfaces (radial direction in our case), our results
indicate that the TFBG can couple the LPoi core mode of the fiber to cladding modes that
have either no radial electric field or a strong radial electric field component at the
cladding boundary.
So when the SP-active polarization state is chosen, the effective index of the SPR is
found by locating the most attenuated cladding mode resonances. When the external
refractive index changes or when the surface of the gold is modified (by the addition o f a
bio-layer for instance), the complex effective index of the plasmon changes and different
cladding modes become attenuated. This is shown in Fig. 2 for immersion in water
(n D =1.3324) and a calibrated refractive index liquid ( n D= 1.3550) (supplied by
Cargille Corp.). In Figure 2, the locations of the SP maxima are fully supported by
simulations carried out using a commercial finite-difference complex mode solver in
cylindrical coordinates (FIMMWAVE 5.2, from Photon Design Inc). The simulations
provide the complex effective indices (and mode fields) of the structure used in the
experiment (fiber nc0re = 1.4509, nodding = 1.4441, core and cladding diameter = 8.3 pm
and 125 pm respectively, metal thickness = 50 nm and complex index = 0.55 - ill.5 ).
For each mode found, we use the grating phase matching condition (equation (3) of
reference [8]) to calculate the resonance wavelength of the mode and we plot the
imaginary part of the mode index (the mode loss) as bar graphs on Figure 2.
The simulations indicate that for both values of the external refractive index used in
Figure 2 (corrected for dispersion from the no value, which corresponds to a wavelength
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of 589 nm), the loss of a small subset of the cladding modes resonances increases sharply
almost exactly at the location of the experimentally observed SP (the small discrepancy is
likely caused by uncertainty in the exact value of the permittivity of our sputtered gold
layer.
The results of Figure 2 confirm that we can actually measure refractive index
changes using SP resonances excited by a grating in a fiber. For “large” refractive index
changes such as those in Figure 2, the SPR location can be determined by fitting a
suitably shaped envelope function (a second order polynomial over the 4 central
resonances for instance).

The results of such fits, for experiments carried out in

calibrated refractive index liquids, indicate a constant sensitivity of 555 nm/RIU
(RIU=refractive index unit) with a root mean square (RMS) deviation of 0.00125 in
refractive index between the linear fit and actual measurements. The refractive index
value of each liquid (i.e. no) was measured separately with an Abbe refractometer (with a
nominal accuracy of +/-0.0001).

The RMS value provides a good estimate of the

uncertainty in the measurement of the refractive indices provided by the device. More
importantly however, in most applications of SPR the purpose is not absolute
reffactometry over large refractive index ranges, but rather the detection of very small
changes that are occurring in a highly localized area near the device surface. For these
applications a measurement uncertainty of the order of 10'3 in refractive index is not
acceptable, regardless of the nm/RIU sensitivity [1].

In order to circumvent this

problem, we use the fine spectral comb of cladding mode resonances provided by the
TFBG in a slightly different manner.
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Because the slopes of the SPR envelope are relatively large when polarization
control is used, typically near 2 dB/nm, a SPR wavelength shift as small as 50 pm will
cause a change of 0.1 dB in the amplitude of a cladding mode resonance located on the
side of the SPR maximum. This is easily measured since only relative measurements are
needed: an internal power level and wavelength reference is provided for each grating by
the resonance of the core mode reflection (the resonance with the largest wavelength on
Figure 1). We demonstrate this high resolution measurement mode by using mixtures of
ethanol and water to generate small calibrated index changes in several steps over a total
range of 8X1 O'4. The measurement error in the mixing ratio was estimated to be 0.001,
yielding a nominal refractive index uncertainty of 2.3X1 O'5. Figure 3 shows both the
amplitude change of the resonance and the equivalent SPR shift plotted against the
refractive index change of the water-ethanol mixture. The results indicate a sensitivity of
1370 nm/RIU, comparable to the best SPR sensors available, and a RMS refractive index
uncertainty of 4X10'5.
In conclusion, we have shown that the excitation of SP by TFBGs on cylindrical
fibers depends strongly on the orientation of the linearly polarized incident core guided
light relative to the tilt direction. We also confirmed that a FBG-coupled optical mode
that is perfectly phase matched to a SP does not produce a measurable resonance in
transmission. However we proposed an accurate method to measure small SP resonance
shifts from the changes in the amplitudes of individual cladding mode resonances. This
method provides a demonstrated refractive index measurement uncertainty lower than
5X10'5 over a full range of 0.001. The device is easier to fabricate, less costly and more

40

reliable than other fiber-based SPR sensors because the fiber cladding does not have to be
etched, polished, or tapered [1, 4, 5].
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Figure captions

Fig. 1. Measured transmission spectrum of a tilted FBG with a 50 nm thick gold coating
in water using two orthogonal linear states of polarization (the two spectra are offset by
15 dB for clarity).
Fig. 2. Measured transmission spectra for immersion of the SPR sensor in two different
media. The blue bars correspond to the calculated imaginary part of the effective index
for all of the cladding modes simulated for this sensor in a medium of the given refractive
index.
Fig. 3. Changes in the amplitude of a single cladding mode resonance adjacent to the
plasmon loss peak as a function of the refractive index changes of a water-ethanol
mixture. The left vertical scale corresponds to the amplitude change and the right vertical
scale to the equivalent SPR shift (obtained by dividing the amplitude change by the slope
of the plasmon envelope). The straight line is a best fit to the data points. The inset shows
the corresponding transmission spectra of the resonance used.
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Chapter 3

In situ monitoring of the formation of nanoscale polyelectrolyte
coatings on optical fibers using Surface Plasmon Resonances
(published in Optics Express, 2010)
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Abstract: Deposition o f a conformal nanoscale polymer coating was characterized using
a fiber SPR sensor. The sensor platform consisted o f an unmodified gold-coated single
mode fiber where SPR was excited through the coupling o f the core mode into the
cladding modes using a Tilted Fiber Bragg Grating. The results from this study show how
the sensor can monitor in real time the formation o f polyelectrolyte coatings during a
process consisting o f several stages o f immersion. The experimental data was further
calibrated by simulations and Atomic Force Microscope imaging allowing us to
determine the thickness and refractive index o f the adsorbed polyelectrolyte.
©2010 Optical Society o f America
OCIS codes: (60.2370) Fiber optics sensors; (60.3735) Fiber Bragg gratings; (240.6680) Surface Plasmons.
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1. Introduction: In 2007, we proposed and demonstrated the first Surface Plasmon
Resonance (SPR) fiber sensor implemented using a conventional unmodified single mode
fiber with a tilted Bragg grating inscribed in its core [1]. Overall, SPR sensors can be

used to measure refractive indices, thickness changes and the occurrence of chemical
reactions or biomolecular recognition events over nanometer-scale thicknesses. SPR
sensors implemented in optical fibers are small, can be used remotely, and are relatively
easy to fabricate. The operating range of the tilted fiber Bragg grating-SPR (TFBG-SPR)
sensor, in terms of the refractive index of the material in which it is embedded, is
determined by the tilt angle of the grating. It is therefore possible to tailor the design of
the sensor for applications in various media. As shown by our group earlier [2, 3] a tilt
angle of 10 degrees optimizes the response of the sensor for measurements made in water
and other aqueous environments. In addition to its broad operating range, the sensor has
an inherently small cross-sensitivity to temperature that is further simplified by the fact
that one of the optical transmission features (the core mode back reflection upon itself)
can be used to measure the temperature at the device in real time without interference
from changes in the outer medium [3, 4], It was also demonstrated recently [5] that
polarization control of the light launched into the fiber core leads to a significant
improvement of the sensor response by clearly separating SPR-active and non-active
cladding modes. The concept of a Bragg grating assisted SPR sensor in a conventional
fiber has also been studied theoretically in great detail and showed to be able to compete
with bulkier and costlier SPR devices [6].
In this paper, we demonstrate how a TFBG-SPR sensor can be used for in situ and
real time detection of individual nanometer-thick polyelectrolyte layers formed during a
Layer-by-Layer self-assembly process [7]. Polyelectrolytes belong to a broad class of
polymer molecules that carry electrical charges that can interact with other charged
molecules. Given their ability to assemble on charged surfaces and to form multilayer
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structures on substrates of almost completely arbitrary shapes, polyelectrolytes have
found important uses in many fields, including chemical sensing and biosensing [8, 9], In
such applications, polyelectrolyte films can be used as a coating material and substrate
for hosting chemical reactions [10, 11], or they can be used as the sensing material itself
[12]. In the work presented here, the formation of a polyelectrolyte multilayer structure
was studied using alternating immersion of a gold coated TFBG-SPR optical fiber into
two well known poly electrolytes: negatively charged poly (sodium-4-styrenesulfonate)
(PSS) and positively charged poly (diallyldimethylammonium chloride) (PDADMAC).
Readings from the TFBG-SPR sensor make it possible to see the dynamics o f the
polyelectrolyte multilayer formation (build-up) through the immersion stages in various
solutions. The monitoring and detection of the formation of multilayered polyelectrolyte
films in situ and in real time by the TFBG-SPR sensor has several important
consequences: 1) the sensing device can be used as a process monitor for the deposition
on other substrates in mass production environments; 2) it is possible to fabricate fiber
optic biochemical sensors based on the polyelectrolyte-coated, gold-coated fiber grating
devices with very precise layer compositions and thicknesses; and 3) the sensor can be
used for the characterization of other properties of the deposited films besides thickness,
such as refractive index or density (with help from complementary measurements, as
shown below). These features of our TFBG-SPR sensor present a great advantage since it
is generally difficult to characterize the adsorption of nanoscale coatings on non-planar
surfaces using the most common thin film characterization methods such as UV-visible
absorption spectroscopy [13], ellipsometry, Atomic Force Microscope (AFM) [14],
Scanning Electron Microscopy (SEM) [15], or X-ray photoelectron spectroscopy [16].
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This is even more difficult when the chemical reactions occur inside process chambers
filled with liquids (such as those required for the LbL process).
Our results are presented as follows: the TFBG-SPR platform is briefly described and
its optical properties discussed in the context of the detection of conformal thin films on
the outer surface of the fiber; then the fabrication of the device and measurement
techniques are presented followed by the description of the LbL process and of the
polyelectrolyte solutions. Experimental results for two tests are presented and discussed,
with help from simulations of the coated TFBG-SPR structures. We show that it is
possible to calibrate the optical response of the device to a particular process and choice
of polyelectrolytes by a combination of modelling and post-fabrication final thickness
measurement using AFM. It is important to note that once this calibration is made, there
is no further need for AFM measurements to extract the thickness data from subsequent
optical measurements with the SPR-TFBG sensor.

2. Description and implementation of the TFBG-SPR Platform
Our sensor platform utilizes the SPR effect. One of the key requirements of any optical
SPR configuration is the presence of an interface between metal and dielectric materials
that have optical properties suitable for the excitation of Surface Plasmon Waves (SPW)
[17]. For light to excite a SPW at that interface, the SPR phase matching condition must
be satisfied: the longitudinal component of the propagation constant /3mc of the light wave
used to excite the SPW must be equal to the propagation constant /?p of the SPW that can
be supported by these materials. /?p is calculated as follows:
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where c is the speed of light in vacuum, co is the angular frequency of the light, while £m
and fext are the relative permittivity of the metal and of the material that is adjacent to the
metal interface where the SPW is located (the outside surface of the metal coating in our
case).
In order for the SPW to be confined to the surface without radiating into the
surrounding medium, the magnitude of /?p must be larger than the magnitude o f the
propagation constant of the light waves in that medium

(/? ext)-

As a result it is impossible

to excite a SPW with a light wave incident from above or below the metal film unless
some phase matching or other techniques are used. The usual solution for uniform
structures is to use tunneling of the light from a high index medium (i.e. large /?inc), across
the metal to its outer surface where the following condition can be met for the SPW to be
excited:
# ,= A „ e >/L >

(2)

The most widespread implementation of this configuration, the Kretschmann-Raether
configuration, makes use of a high index glass prism with a metal-coated base [17]. For
media with refractive indices lower than that of the prism, light beams incident on the
base of the prism can be totally reflected (for a range of angles that depends on
wavelength and the refractive indices of the media) and the associated evanescent field
can be used to tunnel across the metal and couple to a SPW, provided the metal layer is
not too thick.
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Achieving similar conditions in glass optical fibers is possible because when the
external medium has a refractive index lower than that of the glass (near 1.45 in the near
infrared for silica fibers), light again is confined in the glass by total internal reflection.
The challenge for fiber-based SPR sensors is to find a mechanism which would allow
coupling of light propagating in the core or cladding to the SPW, and more importantly,
which would provide precise control over this coupling. As noted in the Introduction, we
have found a way to do this in conventional single mode fibers [1], [5], and [4] without
having to use multimode fibers [18], custom-designed fibers [19], or fiber structure
modifications [20, 21].
Figure 1 presents a schematic diagram that highlights the analogy between the most
common bulk optic SPR platform (the Kretschmann-Raether configuration that uses
angle or wavelength scanning to tune fimc [17]), and the wavelength selective excitation of
individual cladding modes by a TFBG. In this configuration, we can individually and
separately excite over one hundred cladding modes just by changing the wavelength of
the core guided light, making it very easy to find modes that are phase matched to a wide
range of SPR conditions. Once a SPR has been identified in the fiber transmission
spectrum, the differential response of the cladding mode resonances that are phase
matched to the SPW can be used to monitor very precisely any changes of the SPR
conditions. In particular, we can measure changes induced by thickness or refractive
index modifications in the material that is immediately adjacent to the metal coating,
within the evanescent tail of the plasmon wave field. Since the structural integrity of the
fiber is not compromised in this configuration, the sensor structure is reliable and very
easy to mass-produce at low cost.
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Fig. 1. Analogy between the TFBG and prism-based excitation of plasmon waves by
resonant tunneling across a metal layer from a material with a refractive index higher
than the surrounding medium.

The main characteristic of the TFBG is that planes of raised refractive index are tilted
away from the perpendicular to the fiber’s longitudinal axis. Gratings with relatively
small tilt angles (2° -10°) allow the excitation of several tens of cladding modes [3,22] as
shown in Fig. 2. Each of the excited modes is guided by the cladding with effective
indices ranging from less than 1.300 to approximately 1.445 (for the resonances shown).
When this fiber is coated with a thin metal layer, this range of effective indices
corresponds to the possible plasmon effective indices that the grating can couple to.
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Fig.2. Transmission spectrum o f a bare TFBG with 10° of tilt measured in air.
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The propagation constant of each cladding mode in the spectrum o f Fig. 2 can be
found from the phase matching condition between the core mode, each cladding mode,
and the grating period of the TFBG:

A

(3)

where 6 is the tilt angle of the grating, A is the period of the grating, and each
propagation constant (J3=7jtne

must be evaluated at the wavelength at which the

coupling occurs for the given cladding mode [22]. In particular, the dispersion of the fiber
refractive indices with wavelength must be taken into account in order to reproduce the
spectrum of Fig. 2.
The combination of Equations 1 to 3 makes it possible to determine which cladding
mode can be used to excite SPR for a given set of grating parameters and refractive
indices of the materials used. Therefore, as shown in [5], by monitoring the SPR
wavelength shift (through the shifts in the amplitudes and wavelengths o f the cladding
modes which are coupled to the SPR) we can extract very precise information related to
the change of the bulk refractive index of the dielectric in proximity to the surface of the
metal. We show here that nm-scale thin films can also be measured accurately.

4. Experimental Methods
4.1 Fabrication o f the Sensor

The fiber used to fabricate the sensors was a standard single-mode telecommunication
fiber (Coming SMF-28) that was saturated with hydrogen prior to writing the grating; the

fiber was kept for 14 days at room temperature in a pressure vessel maintained at a
pressure of 140 atm to increase its photosensitivity to the ultraviolet light used in the
process of grating writing.
The 1 cm-long tilted gratings were written in the fiber core using the phase mask
technique with excimer laser irradiation at 248 nm. To obtain a “tilted” grating, we
rotated the fiber and phase mask together around a vertical axis that was perpendicular to
the fiber. The tilt angle of the grating determined the wavelength separation between the
core mode (Bragg) resonance and the peak of the envelope of the cladding mode
resonances in transmission [3]. The tested gratings had a 10° tilt with a Bragg resonance
at 1601 nm. As shown in Figure 1, this choice of grating parameters resulted in a
relatively wide cladding mode spectrum (over 100 nm), centered near 1550 nm, which
allowed the sensor to work in various aqueous solutions with refractive indices around
1.31-1.34 (we need cladding modes with effective indices slightly higher than the outside
medium index to couple to SPR). All gratings were subjected to a thermal stabilization
process that involved a quick anneal (approximately 1 minute at 400°C) to remove the
unstable portion of the ultraviolet induced refractive index change and a 12 hour
annealing at 120°C to outgas all remaining hydrogen.
The final step in the preparation of the sensor involved the deposition o f a gold layer
on the surface of the fiber where the grating was located. The gold coating was deposited
using a table-top vacuum sputtering system with the fiber axis parallel to the target. To
render the coating relatively uniform around the circumference, two depositions were
carried out with a fiber rotation of 180 degrees between depositions. For the two tests
reported here, we used nominal gold film thicknesses of 20 and 50 nm respectively, as
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determined by the thickness measured on a flat control sample in the same sputtering
system.
4.2 Measurement setup
The optical transmission of the sensors was carried out using two different kinds of
instruments. For the first set of measurements, an Optical Sensing Analyzer (model Si720
from Micron Optics) was used in combination with a Polarization Controller from JDS
Uniphase and the measurement resolution was set to 0.0025 nm.

The polarization

controller was used to optimize the linear polarization of the light incident on the grating
[5]. This system allowed the interrogation of the sensor at a rate of 1.2 seconds per full
spectrum measurement. In the second case, an un-polarized broadband amplified
spontaneous emission source (JDS Uniphase) and an optical spectrum analyzer (ANDO
AD6317B) with the resolution set at 0.015 nm were used to interrogate the sensor over
long periods (several hours) at a low recording rate of around 1.5 minutes per full
spectrum measurement. The use of unpolarized light decreased the sharpness of the SPR
response (since only half the light was in the correct polarization to excite the plasmon
wave on the metal), but still allowed accurate measurements to be made. However, the
measurements obtained with the fast sweeping source are slightly noisier.
During the experiments, the sensors were fixed by a UV-sensitive adhesive in a 7.5
by 2 cm plastic cell provided with a carved out indentation (45 mm by 5 mm) which was
filled with the various solutions during the tests. A glass slide was placed on top o f the
fluid-filled cell during each measurement step to ensure that evaporation did not occur:
without this precaution the sensor would pick up the refractive index changes caused by
evaporation in the small volume of the cell. All experiments were conducted at a constant
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temperature of 23° C. In principle this does not matter since the TFBG itself is inherently
temperature-insensitive [3], and the intrinsic temperature sensitivity of the TFBG-SPR
effect has been found earlier [4] to be negligible relative to the shifts that were observed
here.

4.3 Layer-by-Layer deposition method
The two oppositely charged electrolyte solutions used in this study were prepared from a
poly (diallyldimethylammonium chloride) solution (PDADMAC; 35 wt % in water, MW
<100,000), and poly (sodium- 4-styrenesulfonate) (PSS; MW~70,000), both from Aldrich
Inc. A stock solution of 10'3 M NaCl was prepared using 18.2 MQ cm de-ionized water
as a solvent. This solution was used for making lmg/ml of PSS and PDADMAC
solutions.
Before the experiment, the gold-coated sensors were cleaned with ethanol and 18.2
MQcm de-ionized water. To deposit the polymers on the surface of the sensors, the
sensors were first fixed in the cell. Second, the cell was filled with 800 pL of
PDADMAC solution for 10 minutes; this was followed by a wash with de-ionized water
(the washing step lasting approximately 4 minutes) and then the fiber was left to dry in
air. The same process was repeated with the PSS solution. These four steps constitute the
formation of one PDADMAC-PSS bilayer consisting of pair of PDADMAC and PSS
monolayers. The four-step procedure was repeated four times during the first test in order
to deposit 4 bilayers and 15 times during second test in order to deposit 15 bilayers.
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SPR measurements were recorded during the sensor immersions in the polyelectrolyte
solutions, and also during the immersions in de-ionized water that took place in between
the polymer depositions.

5. Experimental Results
5.1 Optical transmission measurement
A typical transmission spectrum of the sensor immersed in the polymer solution is
presented in Fig. 3. The circled region on the spectrum shows which cladding modes
tunnel across the gold film [5], thereby incurring loss and decreasing the amplitude of the
corresponding resonances (see Fig. 1 for a comparison with a transmission spectrum with
no SPR).
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Fig. 3. Transmission spectrum o f a TFBG-SPR sensor interrogated using polarized light
and immersed in the polyelectrolyte solution. The location o f the SPR-coupled set o f
cladding modes is shown with the circle. The arrow points at the cladding modes whose
amplitudes are used to infer the SPR shift (see text for details).
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Any change in the refractive index of the material within the evanescent tail o f the
plasmon wave will cause a change of the effective index of the surface plasmon mode (as
seen from Eq. 1), and therefore a wavelength shift in the position of SPR. Position of the
centre of SPR region could possibly be found as the centre of the envelope which could
be used to fit top or bottom of the resonances shown with the red circle in Fig.3. Since the
wavelength shifts resulting from the deposition of monolayers of polyelectrolytes are
expected to be much smaller than the spectral width of the SPR, it is expected that the
traditional way to track SPR through fitting might result in a low signal to noise ratio.
Therefore, as explained in more detail in [5], we measured the amplitude change of
several individual cladding mode resonances located on the edge of the SPR (the most
sensitive resonance is the one shown with an arrow in Fig. 3) instead of trying to fit the
SPR envelope at each step. The SPR wavelength shift in nm was then calculated by
dividing the amplitude change of the resonance in dB by the local slope of the SPR
envelope (dB/nm).

5.2 SPR Film growth measurement and interpretation o f the experimental results
Results of the two experiments, corresponding with the deposition of 4 and 15
bilayer structures are shown in Figs. 4 and 5. The main idea behind conducting two tests
was to not only show the reproducibility, but also to explore the real-time dynamics of
the polyelectrolyte coating formation over short and long time scales (thin and thick final
layers).
During the first test, data was acquired every 1.2 seconds, providing an insight into
the formation of the polyelectrolyte coating from the first second of the first immersion.
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The sensor response during immersions in the polymer solutions, each lasting 10 minutes,
was combined with responses measured in water (the drying steps cannot be shown
because the SPR effective index for air as the outer medium lies outside the range of
effective indices accessible with our device). Each immersion in water lasted around 1
minute and can be recognized in Fig.4 by a strong downward SPR signal change due to
the refractive index mismatch between polymer solutions and water. The inset displayed
in Fig.4 shows a combination of the sensor responses measured only in water (data
related to soaking in polymer solutions was eliminated).
Overall, Fig. 4 shows a step-by-step positive SPR change following the deposition of
each bi-layer. However a closer look at the SPR shifts during the deposition of bi-layers
reveals the surprising result that the shift is essentially inexistent during the immersions
in the two polymer solutions, but jumps sharply following the rinsing and drying steps,
especially after the immersion in the second polyelectrolyte. The inset o f Fig. 4 further
shows definite positive SPR shifts during the short rinsing stages.
The results of the second experiment where a “thicker” 15-bilayer structure was
deposited are shown in Fig. 5. Several measurements were taken during each of the 10min immersions in the polymer solutions. SPR dynamics during the rinsing steps has
been removed from the figure to highlight the growth of the film during each immersion.
The results of this second test confirm those of the first and indicate a monotonic increase
of the SPR wavelength as a result of the deposition of the first 22 monolayers. This
increase is very regular except for the first few layers, where the polymer film is
beginning to form, and the last few layers where the growth is more inconsistent. As
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discovered in the first test, here SPR growth mostly stems from intermediate steps
consisting of rinsing in water and drying in the air.
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Fig. 4. Change o f the SPR wavelength observed during the immersions in the polymer
solutions and during soaking in water. Each 10-min immersion in the polymer solution is
followed by a 1-min immersion in deionized water. Inset shows SPR change observed in
water. Shown data was smoothed using moving average filter.
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Fig. 5. The SPR wavelength change during the deposition o f a thicker polymer film
(measurements acquired only in the polymer solutions).
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5.3 Experimental verification o f the film deposition
An AFM scan of the sensor surface before and after the deposition of the 15 bi-layers was
conducted to corroborate the SPR measurements. The scanning was performed in semi
contact mode and the scan of the film was completed several days after the deposition
when the polymer coating had completely dried out.
Images (a) and (b) in Fig. 6 show the surface of the sensor before and after the
deposition of a polymer film while Fig. 7 shows the height profile of the surface of the
polyelectrolyte coating across the boundary of a scratch made on the coating. The scratch
was made mechanically and was introduced in order to determine the thickness of the
deposited structure. The total thickness of the deposited layers (gold plus polymer) was
found to vary between 22 and 60 nm with an average thickness of 36.8 nm. Removing the
gold thickness from this measurement (20 nm), we obtained an average value of 16.8 nm
for the polymer layer, i.e. 1.12 nm per bi-layer, consistent with values reported for this
type of deposition [23]. As expected, there is a large variance in the total thickness (easily
observed in Fig. 6(b)) as the deposition appears non-uniform.

Fig. 6. (a) AFM image o f the gold coating before deposition o f the polyelectrolyte film,
(b) AFM image o f the gold coating with 30 monolayers o f the polyelectrolytes. The
image was taken near the boundary o f a scratch which was done to remove the polymer
coating in order to determine its thickness.
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Fig. 7. One o f the measured height profiles o f the coating across the boundary o f the
scratch on the surface o f the fiber.

6. Data analysis and discussion
6.1 Layer build-up dynamics
For the high temporal resolution measurement reported in Fig. 4, the most striking
feature is that the bi-layer organization appears rather unexpectedly to occur mostly
during rinsing and drying stages instead of during soaking in the polyelectrolytes. The
negative SPR jump observed during water rinsing is caused by the lower refractive index
of the water relative to the buffer solutions that were used for the polyelectrolyte
deposition. But the gradual positive SPR shifts observed during the rinsing stages also
indicate that the films become optically denser. These shifts do not converge to a steady
value however and this may be an indication that the process had not stabilized and that
different layer densities might have occurred if longer rinsing durations had been used.
The fact that the real-time data recorded during the adsorption of the polyelectrolyte
molecules does not show a significant SPR shift, while soaking in water and drying steps
always results in a SPR increase, may be explained by the ionic strength of the solutions
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used and its impact on the configuration of the polyelectrolyte molecules. More
specifically, polyelectrolyte chains in an aqueous solution of ionic salt (1 mM NaCl),
assume a coiled configuration due to the screening of charge along the polymer chain by
counter ions in the solution. Adsorption of polyelectrolytes with such coiled
configuration to the surface of the sensor results in a layer with a certain thickness and
density that is strongly related to the amount of coiling [24]. However, when the sensor
with the adsorbed polyelectrolyte molecules is immersed in deionized water, most o f the
counter ions are expelled from the polymer matrix [25]. Then the charge density in the
polymer chains increases and in turn stresses the polymer backbone into a flatter
configuration, making the film denser. This process repeats for each group of deposited
bi-layers.
The longer term measurements reveal the same kind of build-up with distinct SPR
shifts occurring mostly right after the rinsing step of each bi-layer, but also that the net
shift following each bi-layer is not uniform. We believe this to be due to the fact that the
layers themselves are not uniform, as shown by the subsequent AFM images of the final
coatings. These observations indicate the potential of our TFBG-SPR as a real-time
process monitoring tool for nanoscale deposition processes in liquids.

6.2 Extracting additional information from the SPR shift data
The shift of the SPR resonance arising from the deposition of a thin coating on the
surface of the fiber depends on the thickness of the added layer but also obviously on its
refractive index. Numerical simulations were performed to confirm the experimental
results obtained from the sensor and to evaluate the refractive index of the deposited
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polymer film. The simulations were carried out using a complex fiber mode solver from
Photon Design (FIMMWAVE) to find the effective indices of the fiber cladding modes
that tunnel across into the SPR. The simulated structure was made up of the SMF fiber, a
gold coating of 20 nm, and a thin dielectric coating with various thicknesses and
refractive indices. In all cases pure water was used as the outer medium. The parameters
used in the simulation are given in Table 1 (we used material refractive index values for a
wavelength of 1545.335 nm; the dispersion of the material was taken into account).
Table 1. Refractive indices of the materials used

Refractive index

Core

Cladding

Gold

Water

1.4504

1.4440

0.5194-

1.3150

ilO.6821
Source

[26]

[27]

[28]

For each value of coating thickness and refractive index, the mode solver calculates
the real and imaginary parts of the effective index of all the cladding modes using a
cylindrical Finite difference algorithm. The SPR-modified modes are identified by a
larger value of the imaginary part of their effective index [5]. Fig. 8 shows two sets of
cladding mode effective indices corresponding to the fiber without and with a dielectric
coating, both immersed in water. A well-defined SPR peak consisting of a group of lossy
cladding modes appears very clearly in each case. As can be seen from Fig.8, the position
of the SPR peak shifts towards longer wavelengths if a coating with a refractive index
higher than the refractive index of the solution in which the sensor is immersed was
deposited.
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The simulations allowed us to plot the expected SPR effective index shift values with
increasing coating thickness for various values of the refractive index of the coating (Fig.
9). In order to overlay the experimental results on the same graph and hence to determine
which film refractive index provides the best fit to our data, we had to convert SPR
wavelength shifts into effective index shifts and also assign a thickness value to each
layer. Since SPR shifts were measured in water, the “dry” average final thickness
measured with the AFM had to be converted into a fully hydrated thickness prior to
adding the measured SPR vs thickness values on the simulation template. According to
the experimental results, the total SPR wavelength shift due to the deposition of the 15 bi
layer structure was 5.99 nm. Using Equation 3, this total shift corresponds to a change in
plasmon effective index of 0.01. For the thickness, the AFM result on the final dried film
gave an average thickness of 16.8 nm but it is estimated that the coating was twice as
thick when fully hydrated [29], i.e. approximately 33.6 nm of overall thickness or 2.24
nm per fully hydrated bi-layer.
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With these considerations taken into account, we get that for the regular portion o f the
film growth (roughly from 50 to 220 minutes on Fig. 5) the results of Figure 9 show that
the average slope of the effective index change calculated from the experimental data
matches best the effective index shifts expected from the deposition of a polymer with
refractive index of 1.515 (hydrated). As a final note on these results, the response of the
TFBG-SPR sensor that we use actually represents an average o f several shorter
measurements since the grating is 1 cm long and the plasmon propagation distance for
our configuration is of the order of 500 Dm (calculated from the peak values o f the
imaginary part of the effective index).

Therefore, while the AFM scan revealed the

highly irregular structure of the deposited film (Fig. 6(b)), our sensor measurement
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averages these irregularities and we feel confident that the SPR response can be
interpreted using the average thickness of the coating determined by the AFM.

8. Conclusion
The results presented in this paper indicate that TFBG SPR sensors implemented in
metal-coated standard telecommunication optical fiber are well suited for in situ
characterization of the self-assembly of polyelectrolyte layers on the surface of an optical
fiber. In the example provided, individual bi-layers had thicknesses of the order of 1.12
nm (once dried) and the sensor response provided real-time monitoring o f the film
growth during the deposition of 15 bi-layers with good linearity. A final, post-process
AFM measurement on the deposited film provided the calibration factor between the
thickness change and wavelength shift of the SPR resonance and also, indirectly through
modeling of the SPR behavior, the refractive index of the final film (1.515 while fully
hydrated in the process container). The overall results indicate that this fiber SPR sensor
is also well suited to be used as a probe for the monitoring of liquid-phase deposition
processes for various dielectric coatings on other substrates (of any form) in real time and
in situ.
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Abstract:

Surface Plasmon Resonance (SPR) biosensors prepared using optical fibers can be used
as a cost-effective and relatively simple-to-implement alternative to well established
biosensor platforms for monitoring biomolecular interactions in situ or possibly in vivo.
The fiber biosensor presented in this study utilizes an unmodified single mode fiber as a
transducing element with an in-fiber tilted Bragg grating used as the coupling element to
excite the SPR on the surface of the sensor. The label-free biorecognition scheme used
herein relied on the functionalization of the gold-coated sensor with aptamers, synthetic
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DNA sequences that bind with a high specificity to a given target. In addition to being
able to monitor in real time the functionalization of the fiber by the aptamers, the results
show that the fiber biosensor is capable of detecting the presence of the aptamer’s target,
in this case thrombin, at various concentrations, both in buffer and serum solutions. It is
also demonstrated that the SPR biosensor can be successfully applied for the evaluation
of the dissociation constant (KJ), since the binding constant agreed with values already
reported in the literature.

Introduction:
The rapid and sensitive detection of analytes at low concentrations is paramount in
many fields such as medicine, environmental monitoring and food safety. The use of
compact and cost-effective solutions such as fiber sensors is appealing since they can be
used for in situ and remote measurements using low cost equipment and sensing
components. However, the performance of fiber sensors can be compromised by several
issues associated with the design of the transducing mechanism and with difficulties
arising from the need to modify the fiber geometry. These issues result in an insufficient
sensitivity, a low reproducibility of the measurement performance and the fragility of the
fabricated sensors. Thus, fiber-based biosensors have not yet been able to replace or
compete for real-life applications with other biosensing platforms such as those relying
on planar optical, piezo-electric or electronic transducing elements.
In this project, we are studying an innovative fiber biosensor platform that is able to
overcome the challenges mentioned previously. It combines a number of technologies to
create a simple and robust platform that has been successfully applied to a full range of
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target-analyte interactions. Compared to other technologies relying on bulk optical
elements, the possibility of monitoring biomolecular interactions using fiber biosensors
provides a unique opportunity for in situ biochemical measurements.
The sensing mechanism used in this study relies on the Surface Plasmon Resonance
effect. SPR is a unique electro-magnetic phenomenon occurring at the interface between
materials with opposite dielectric constants1. It allows for the detection of material
changes occurring at the nanometer level in layers adjacent to this interface. As a result,
SPR has been successfully applied for the characterization of various biomolecular
reactions and their dynamics . SPR platforms traditionally employed in biosensing use
the total internal reflection of light on the base of a high refractive index prism to excite
Plasmon waves, as in the so-called ‘Kretschmann’ configuration . Although the prismbased SPR platform has a high sensitivity, it is rather costly, bulky and is limited because
it can only be applied in a laboratory environment. Thus, SPR sensing platforms utilizing
an optical fiber as a transducing element have gained considerable attention since it
allows for the sensor design to be very compact and cost-effective. Another advantage is
related to the use of a single-mode fiber, making it possible to operate remotely over
large distances because there is no issue with the modal distribution of the guided light
that reaches the sensor element. Compared to the commonly used prism-based SPR
configuration, the implementation of SPR on the surface of an optical fiber is more
challenging because light propagating in a fiber has to be first ‘phase-matched’ to the
surface Plasmon waves. Secondly, the detection of chemical changes occurring on the
surface of the sensor requires monitoring of very small changes of the coupling angle
between the light propagating in the sensor and Plasmon waves on its external surface.

This is not always feasible taking into account the significant spectral width of SPR
coupling achieved in certain designs.
Traditionally, SPR excitation in optical fibers has been accomplished using either
microstructured fibers4, standard fibers that were modified5'7 using in-fiber gratings or for
o

the most part a combination of these features . The use of microstructured or modified
fibers, such as photonics crystal fibers, tapered, thinned or side-polished fibers, increases
the difficulty in fabrication and cost while also diminishing the mechanical strength of
the sensing elements. In most cases, fibers used in such designs are multimode
waveguides. Therefore, it is still quite difficult to achieve precise control over SPR
changes using the spectral dependence of the evanescent field coupling in large core
multimode fibers. From this perspective, grating-assisted coupling of light from the core
mode of a single mode optical fiber to selected cladding modes provides very narrow
resonances in the transmission spectrum that are advantageous for the precise tracking of
SPR changes. In-fiber gratings used for SPR excitation in a single mode fiber is also a
key for maintaining its structural integrity9. One of the disadvantages associated with
using a straight in-fiber grating, such as a Long Period Grating (LPG) or Fiber Bragg
Grating (FBG) is their limited operating range. Operating range (or range of measurable
refractive indices) of a grating-based sensor10 is proportional to the number o f excited
modes that could be coupled to SPR. Straight in-fiber gratings can excite only one fiber
mode in a given spectral window. Thus the variation of the refractive index of ambient
that can be detected by such a sensor type is limited by the spectral width of the single
excited mode.
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The sensor presented here avoids all of the above issues by using a tilted Fiber Bragg
Grating (TFBG). Since the TFBG is imprinted in the fiber core at a certain angle relative
to the longitudinal axis of the fiber, it allows for a considerably wider operating range by
exciting tens of claddings modes (Figure 1A), at unique well-defined wavelengths over a
relatively modest spectral window. Each of the excited cladding modes can be potentially
coupled to a SPR wave on the surface of the fiber if the SPR phase matching condition is
satisfied, as determined by the refractive index of the medium immediately adjacent to
the fiber surface11. We use an unmodified and inexpensive standard telecommunication
single mode fiber (CORNING SMF-28) in these experiments, making the sensor very
robust and simple to manufacture. Besides being robust, the single mode fiber has no
issues with the modal distribution of the guided light that reaches the sensor element; this
is something that could be observed in multimode fibers and could affect SPR spectral
width. Furthermore, the single mode fiber’s transmission loss is 0.17 dB/km

(or

equivalently, less than 4% of power loss per km) while the dynamic range for measuring
the transmission of in-fiber devices with widely available telecommunication
instrumentation (since we are using ordinary telecommunication fiber in its normal
wavelength range) is well over 40 dB (or 99.99%). Such low transmission losses could
allow for remote operation over large distances (up to multi-km distances).
An additional advantage associated with using TFBGs is the possibility to eliminate the
effect of the temperature cross-sensitivity from the sensor readings. In other kinds o f SPR
sensors, the well-known cross-sensitivity of the SPR coupling angle on temperature
requires stringent temperature control during experiments and the presence o f a
temperature sensor or second sensing element. Although our metal-coated TFBGs are
74

also sensitive to temperature variations, it is possible to eliminate this effect during the
processing of the experimental data (even in real time). This is due to the invariance of
the overall transmission spectrum of the TFBG to the temperature and the presence of
one spectral resonance that is only dependent on the temperature that can be used as a
high accuracy thermometer (with 0.1 °C precision)13.
Having a wide operating range, a relatively high wavelength shift sensitivity of 455 nm
per unit of refractive index (riu) 11 and a very simple fabrication method has allowed this
sensor platform to be successfully applied for chemical sensing and real-time in situ
monitoring of polyelectrolyte multilayer formation14. The material presented here deals
with applying the same sensor technology towards biosensing and it is one of the first
complete and rigorous experimental studies of a SPR fiber biosensor utilizing a TFBG.
As molecular recognition is the cornerstone of biosensing, an essential component to
any biosensor is the specific molecular recognition probe that can target the analyte of
interest. While antibodies have been the gold standard for molecular recognition probes
for several decades, the relatively new technology of aptamers is emerging as a more
robust and cost-effective alternative. Aptamers are short oligonucleotide sequences that
can be synthesized to bind with a strong affinity and specificity to a given molecular
target15, 16. Aptamers have already been successfully applied as molecular recognition
17

18
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probes for a variety of sensor techniques such as electrochemical ’ , piezoelectric ’
1f t
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and optical sensors ’ ’ . Prism-based SPR sensors have also been previously reported
to use aptamers20, 23,24. In the field of biosensing, one of the most promising advantages
associated with the use of aptamers is the possibility of synthesizing aptamers that bind to
7c

'jf.

a wide range of targets including drugs , proteins , or even supramolecular complexes
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such as viruses or bacteria ■ . Recently, an aptamer-modified biosensor
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using a pre

existing and partially-automated SPR sensor platform was implemented in an etched
multimode fiber5. Taking into account growing interest towards aptamers as highly
modifiable and versatile biorecognition elements and the advantages of fiber-based SPR
sensors, we were interested in studying the effectiveness of an aptamer-based SPR sensor
implemented with our TFBG, standard single-mode fiber platform (See Figure 1). In this
way, we sought to avoid the drawbacks of using a modified, multimode fiber, while
preserving the ease of use, sensitivity, and selectivity of an aptamer-fiber system. Our
experimental results indicate that our sensor can be used for the real-time monitoring of
both the self-assembly of aptamers on the surface of a gold-coated fiber as well as for
detection of protein molecules at various concentrations in solutions including serum.
The dissociation constant (Kj) of the target bound to the aptamer-sensor surface was
determined and was found to be comparable to that found in solution studies.
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Figure 1. (A) 3D illustration of the presented SPR-TFBG biosensor: a standard optical
fiber with a TFBG imprinted in its core coupling light to the SPR. A monolayer of
thrombin aptamer probes (shown in red) immobilized on the gold coating interacts with
their cognate thrombin protein targets (shown in blue). (B) Sensor’s response measured
in the aptamer solution, SPR-coupled part is shown with red brackets. The red arrow
indicates the most sensitive SPR-coupled cladding resonance.

Experimental section
Fabrication of the TFBG-SPR sensor:
As reported earlier11,14,30, the SPR-TFBG sensor was manufactured using a standard
single-mode fiber (Coming SMF-28) with a TFBG inscribed in the fiber’s core and gold
coating deposited on the surface of the fiber’s cladding. TFBG was manufactured using
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the phase-mask technique: it required shining of UV light at 248 nm onto the surface o f a
bare fiber that was previously saturated with hydrogen. The grating’s planes were written
with a certain tilt relatively to the longitudinal axis of the fiber (Figure 1A). Tilt o f the
grating is an important parameter that can be used to choose which set of cladding modes
is going to be excited. As a result, it makes it possible to adjust the operating range of the
sensor tailoring it towards certain refractive indices. The gratings had a tilt of 10°, which
allowed them to operate in aqueous solutions with refractive indices around 1.31-1.34.
A thin gold coating was deposited on the surface of the fiber after the gratings were
inscribed. Deposition was conducted in a vacuum sputtering chamber and required two
consecutive runs with the fiber being rotated by 180° between depositions to ensure a
more or less uniform coating around the circumference of the fiber. Thickness of the gold
layer was optimized to have strongest SPR effect and was selected to be 50 nm for these
experiments.

Experimental setup, optical configuration:
The experimental setup required the sensor to operate in the transmission regime.
During the experiments, the sensors had to be fixed in a 7.5 cm by 2 cm plastic cell
designed specifically for the biosensing tests. While each individual sensor was fixed in
the platform with help of UV-sensitive adhesive, the sensing element (0.5 cm in length)
was immersed in a carved out indentation (45 mm by 5 mm), which was then covered by
a glass slide to avoid evaporation of fluids during the experiments. Immersion of the
sensor was conducted at the beginning of each test using a pipette; on average 600 pL of
fluid was added.
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Sensors were interrogated using an Optical Sensing Analyzer (model Si720 from
Micron Optics). Light over 1520-1570 nm range was linearly polarized using Polarization
Controller from JDS Uniphase. Before each experiment the orientation of the polarization
was adjusted to maximize coupling of the cladding modes to the SPR to ensure the
strongest contrast between SPR-coupled and non-SPR modes. The measurement
resolution was set at 0.0025 nm and measurements were recorded each 0.8 seconds. A
schematic of the used optical setup can be found in the Supporting Information (Figure
SI).

Analysis of the experimental data:
Figure IB provides an example of the typical transmission spectrum obtained with the
SPR-TFBG sensor while being immersed in the aptamer solution making it possible to
excite the SPR. The red bracket in Figure IB denotes the portion of the SPR-modified
spectrum. The analysis presented in this paper is based on tracking the changes in the
SPR-modified portion of the spectrum; more particularly tracking of the most sensitive
SPR coupled cladding resonance. This resonance occurs on the left from the narrowest
part of the SPR-coupled region, as indicated by the red arrow in Figure IB. The power
level of the maximum of that resonance was taken into account during evaluation of the
SPR signal change.
Evaluation of the SPR signal change based on this method, where the absolute value of
the position of only one resonance is considered, was applied for analysis of the data
where the refractive index change was anticipated to be relatively small. Such
experiments included simple one-step tests with a certain chemical reaction taking place
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on the surface of the sensor, such as self-assembly of aptamers or binding of target
molecules to the aptamers. However, experiments where a larger refractive index change
occurred required a different approach that would ensure consistency between the
datasets obtained during different parts of the experiment. Such experiments, where the
sensor was immersed in several solutions with different refractive indices, would be
impossible to analyze taking into account the same SPR-coupled resonance because
different solutions would result in different resonances being identified as the most
sensitive. Thus, the analysis of such tests was based on tracking of the normalized
amplitude value of that resonance. Such normalization ensured that the SPR changes
happening in different solutions and affecting different resonances with different
amplitudes could be compatible and comparable. Data analysis based on normalized
value of the resonance’s amplitude was applied for the K j evaluation (see below). All
experimental data was smoothed by using a 400-term LOESS filter31.

Aptamer sequences, buffers, serum, thrombin protein and water:
All buffer solutions were prepared using doubly deionized water from a Milli-Q water
system (ThermoFisher). All DNA phosphoramidites and modifiers were purchased from
Glen Research. Bovine Serum and Bovine Serum Albumin were purchased from Sigma
Aldrich. Bovine serum solution for testing was prepared as a solution of 50% Serum:
50% Tris Buffer (50 mM Tris, 1 mM MgCL, 140 mM NaCl, 5 mM KC1). The thiolated
thrombin aptamer, DNA sequence HS-(CH2)6-5’-GGT TGG TGT GGT TGG - 3’ (herein
called thrombin aptamer), was synthesized on a MerMADE 6 DNA synthesizer
(Bioautomation Corporation). The sequence purification was conducted using Clarity
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QSP Cartridges (Phenomenex). The DNA was dissolved in “DNA buffer” (5 mM
phosphate, lOOmM MgCl2, 50mM NaCl). DNA sequences were confirmed by ESI-MS
and the Ellman’s test32 was conducted to test for presence of the 5’ Thiol group prior to
binding.
Human alpha-thrombin protein was purchased from Haematologic Technologies Inc.
The protein was aliquoted as needed and dissolved in “Protein Buffer” (50 mM Tris,
lmM MgCl2, 140 mM NaCl, 5 mM KC1).
The sequences used for the confocal microscopy experiments were purchased from
Alpha DNA (Montreal). The thrombin aptamer sequences possessed the 5’-thiol’C6
modifier, as well as a Cyanine 3 (Cy3™) dye modifier at the 3’ end, making the overall
sequence 5’-HS-(CH2)6-GGT TGG TGT GGT TGG-Cy3-3’ (herein called Cy3 DNA).

Immobilization of the thrombin aptamer:
Prior to the immobilization of the thrombin aptamer on the surface of the sensor, the
sensors were washed with ethanol and then with Milli-Q water. After the cleaning step,
DNA functionalization was conducted by filling out the carved indentation with the
aptamer solution of the desired concentration. Transmission spectra were collected
automatically every 0.8 seconds during the entire experiment. Aptamer deposition times
and concentrations varied between tests. After the aptamer adsorption step was complete,
the sensor was rinsed with DNA buffer several times before the protein solution was
added.
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Binding of the thrombin protein to the thrombin aptamer:
Thrombin solutions were prepared to a desired concentration using human a-thrombin
and Protein Buffer. The solutions were used to fill the cut out indentation of the platform.
The duration of soaking in the thrombin solution varied between 20 min and 2 hours
depending on the experiment. After immersion in the protein solution, the sensor was
washed with Protein Buffer for several minutes to prepare for the next step.

Confocal microscope imaging:
Confocal microscope imaging combined with fluorescent labelling was used to
evaluate and confirm the self-assembly of the aptamer on the surface of the gold coating
of the sensors.
All confocal microscopy images were collected on a Zeiss LSM510 with a PlanAcochromat 63x/1.4 Oil Die objective with LP950 filter, with an excitation wavelength
of 550 nm and an emission wavelength of 570 nm.
Before running the experiment, the sensors were prepared by rinsing them with
anhydrous ethanol and then with DNA Buffer. Cy3 DNA was dissolved in DNA Buffer
to make a 45 pM solution. Sensors were then immersed in the aptamer solution for 20
hours, rinsed thoroughly, and later imaged while mounted on microscope slides in a
solution of 50% glycerol in water, and covered with 1.7 pm thick cover slides.

Atomic Force Microscope (AFM) Imaging:
AFM imaging was conducted in order to evaluate the surface of the sensor after
binding to thrombin protein. All AFM images were collected on an Ntegra system using a
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SFC050LNTF AFM Head on an inverted microscope (Olympus 1X71) (See Supporting
Information for details regarding AFM tools). Before imaging, gold-coated fibers were
immersed in a 25 pM solution of thiolated thrombin aptamer for a period of 4 hours. The
fiber was then rinsed with DNA buffer and immersed in a 30 pM solution of a-thrombin
in Protein Buffer for approximately 12 hours. After immersion, the fibers were rinsed
with Milli-Q water and dried in air before imaging. All samples were collected in air on
the dry samples.

Results and discussion:
Monitoring of thrombin-aptamer self-assembly:
Results of the experiments that involved soaking of the sensor in the aptamer solutions
of varying concentrations are shown in Figure 2. Raw SPR data is shown in the
sensorgram in Figure 2A along with the filtered signal in order to illustrate a difference
between both types of signals. As it can be seen, the signals obtained in the solutions with
aptamers showed a considerable increase over the first 6 to 8 minutes of soaking (Figure
2A), and then showed a much slower change, suggesting that initial binding of the
aptamer to the surface occurs quickly. Moreover, the signal obtained from soaking in the
DNA buffer was significantly lower than the signal obtained in the aptamer solutions.
Doubling the aptamer concentration from 10 to 20 pM did not lead to a doubling of the
signal, suggesting that 20 pM aptamer is concentrated enough to saturate the surface for
our experiments.
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Figure 2. (A) Real-time SPR signal changes over the first 15 minutes of aptamer selfassembly versus soaking in the DNA buffer and Milli-Q water, raw SPR signal is shown
along with filtered data. (B) Bar diagram illustrating difference in SPR signals after first
15 min of soaking in solutions.
Attachment of the aptamers was verified using confocal fluorescent imaging (Figure
3A). DNA modified with the fluorescent Cy3 dye was immobilized on the surface of the
sensor and was imaged after unbound aptamers were rinsed away during the washing
step. A fluorescent signal coming from the fiber surface can clearly be seen in the case of
the Cy3 DNA modified surfaces. As a control, a bare sensor immersed in a solution of
free Cy3 dye showed no fluorescence (see supporting documentation, Figure S3 A-B).
These results confirm the immobilization of the modified thrombin aptamer sequence on
the surface of the fiber.
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Figure 3. (A) Confocal microscope image of an optical fiber immersed in a 45 pM of
Cy3- and thiol-modified DNA solution for 20 hours. 11% laser strength, detector pinhole
width 55pm, 63X magnification were applied. (B) AFM image of sensor’s surface after
attachment of the thrombin (tapping mode, measured in air on the dry sample).

Detection of the thrombin target:
Results of the immersion of the aptamer-functionalized sensor into the thrombin
solutions are shown in the Figures 3B and 4. Figure 4A indicates that, similarly to
soaking in DNA solution, the SPR signal changes rapidly within the first 10 min of
immersion and then stabilizes. In addition to the signal comparison with Protein Buffer,
several control solutions were also examined. BSA is typically used as a control for
thrombin aptamer studies however, it is much larger than thrombin which can lead to
some non-specific binding (67 kDa compared to thrombin’s 37 kDa). Pepsin, which is
comparable in size to thrombin (35 kDa) and should have no affinity for the thrombin
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aptamer, was also examined in order to gain a better perspective regarding non-specific
binding. Comparison of the thrombin data against that generated by soaking in the BSA,
pepsin, and buffer solutions indicates that selective detection of target molecules at
concentrations that are as low as 0.1 pM is possible. A difference in signals can be
detected in as little as 10 minutes (Figure 4A). However, after 100 minutes the signals
have stabilized and show the greatest discrimination between specific and non-specific
signals (Figure 4B).
Evaluation of the sensor’s response in a more complex solution such as serum is also
shown in the bar diagram, Figure 4B. The results for soaking in serum and serum mixed
with protein show that, despite a strong non-specific signal increase in the presence of
serum, the attachment of thrombin can still be detected. The absolute SPR signal
difference between the 50% serum solution and the 5 pM thrombin-serum solution
(approximately 0.07 dB) is very similar to the difference between buffer and 5 pM
thrombin-buffer solution (0.074 dB) Thus, the specific thrombin-aptamer interactions can
be effectively detected, even in complex media.

protein, 5 pM
protein, 0A p M
protein buffer
BSA,
pepsin. 5 p M

protein
5 pU
-protein
0.1 pM

Time, min
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Figure 4. (A) Real-time SPR response measured during the first 15 minutes of soaking in
0.1 and 5 pM thrombin solutions versus soaking in 5 pM BSA, 5 pM pepsin and Protein
Buffer. (B) Bar diagram comparing SPR response abtained in serum and protein sultions
after soaking for 100 min.
The attachment of protein was confirmed by imaging the sensor’s surface using AFM
(Figure 3B). AFM reveals that the scanned sensor’s surface has many new structural
features with sizes at the pm and sub-pm scale that are not present on the aptamer
modified surface alone (see Supporting Information for 3D AFM images, Figures 4S AC). It is anticipated that a molecule of thrombin protein has a dimension of 4.5 x 4.5 x 5
nm34, which is much smaller than the observed features. A possible explanation of
observed features could be that the protein molecules formed clusters in the solution
before or during the interaction with aptamer molecules. In the latter case, formation of
protein clusters on the surface of the sensor could be a result of the uneven distribution of
aptamer molecules on the surface of the sensor, a finding that has been previously
reported35.
Even though the thrombin molecules did not form a uniform layer on the surface of the
sensor, measured SPR signal changes should be proportional to the overall protein
amount adsorbed to the surface of the grating. The SPR is excited over the full length of
the grating, which is 1 cm, therefore, the observed SPR response was averaged over the
length of the TFBG that was used to excite the SPR.
The signal to noise ratio (SNR) varied from 0.5 to 3.97 for experiments with aptamers
(presented in the Figure 2B) and from 0.36 to 19.83 for experiments with thrombin
(presented in the Figure 4B), depending on the experiment. Errors were found as a
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standard deviation between the data points of same SPR data set when the signal was
saturated and leveled off. There was a relatively high noise level because of the intrinsic
noise of the interrogation system. The SNR could be significantly improved by selecting
a more stable light source with a lower level of noise.

Ka

analysis and sensor’s characterization:

The dissociation constant ( K d ) is a widely used parameter applied to characterize
binding strength between two interacting molecules. The motivation behind using a fiber
biosensor for determining K d constants stems from the interest in developing a portable
sensor platform that can be applied to the in situ measurement of biomolecular kinetic
interactions without perturbing the surrounding environment.
The dissociation constant (Kd) for the thrombin aptamer has been reported earlier,
based on studies by 36-38 be between 20 and 200 nM. However, it is well known that the
functionalization of aptamers to surfaces may alter the binding characteristics of the
system39. Therefore, the characteristics of the immobilized aptamers and their effect on
the binding dynamics had to be assessed.
Evaluation of the Kd constant was performed using an analyte “Ladder” test. Initially
the sensor was functionalized with the aptamer followed by its immersion in successive
solutions of increasing concentrations of the target. Figure 5 shows the results of one
ladder experiment where the sensor was immersed in a set of solutions with thrombin
concentration increasing from 0.1 pM to 5pM. The SPR signal (raw and smoothed data)
was obtained by normalizing the amplitude of the most sensitive SPR-coupled resonance.
Figure 5 illustrates the correlation between increase in SPR signal and deposition of the
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aptamer (step 3). This was followed by subsequent soaking of the sensor in solutions of
increasing thrombin concentration (steps 4-7). Washing with protein buffer (step 8) did
not lead to a dramatic loss of signal, confirming the specific interaction between the
protein and the sensor. Removal of the biomolecular layer was achieved by soaking in
sodium carbonate (step 9). The inset in Figure 5 illustrates the relationship between
normalized SPR signal change and thrombin concentration that was used to determine Kj.
It was found that the Kd for the sensor was approximately 40 ± InM indicating that
attachment o f the aptamer to the gold surface of the sensor did not significantly affect the
binding affinity between the aptamer and thrombin. See Supporting Information, Figure
S5, for Kd SPR data and for details regarding the model fit applied to evaluate the Kd
constant.
This suggests that this method of sensor generation offers the potential for cheap
portable alternatives to the bulky expensive systems usually associated with analytical
detection methods.
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Figure 5. SPR signal change during the Kd - type test (‘Ladder’ test). Description of each
step: 1. MilliQ water; 2. DNA buffer; 3. Aptamers, concentration 20 pM; 4. Thrombin,
concentration 0.1 pM; 5. Thrombin, concentration 0.5 pM; 6. Thrombin, concentration 1
pM; 7. Thrombin, concentration 5 pM; 8. Protein buffer; 9. Regeneration in 0.2 M of
Na2C03. Inset: Evaluation of the Kd constant using relation between ligand’s
concentration and SPR signal. The data set was normalized to the maximum of the SPR
signal and was fitted using Hill’s equation40 (see Supporting Documentation for
information regarding the fitted model and Kd experiment’s data).
Conclusions
This study demonstrates for the first time how a TFBG-SPR sensor manufactured from
an unmodified single mode fiber can be used as a biosensor to detect a biomolecular
target at varying concentrations. The results showed that the TFBG-SPR sensor could be
successfully applied to biosensing studies making this biosensor platform a strong
alternative to the existing biosensing modalities that rely on optical and non-optical
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transducing elements. More specifically, this system can be used for the real-time quality
control of sensor manufacturing as the self-assembly of the sensor can be monitored. It
was reported that aptamers, which were used as the biorecognition element, attach
themselves to the surface providing the same signal observed in the detection of the
analyte itself. This system provided a robust detection of thrombin in buffer and more
complex solutions such as serum. The signal difference between specific and non-specific
interactions remained the same regardless of the solution, which suggests several
possibilities for future work in complex environments.
The findings confirmed that the biosensor can be applied for traditional real-time
characterization of biorecognition element-target interactions, as well as, for a multi-step
analysis to determine the K d constant. The value of Kd was found to be well within the
range of values already reported in the literature. These findings together suggest that this
sort of sensor platform could be used for the in situ characterization of biochemical
reactions which makes it a viable alternative to other more costly or bulky wellestablished analytical tools.

ASSOCIATED CONTENT
Supporting Information. Additional information as noted in text.
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with a Surface Plasmon Resonance Fiber Grating Aptasensor’
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Abstract:

Surface Plasmon Resonance (SPR) biosensors prepared using optical fibers can be used
as a cost-effective and relatively simple-to-implement alternative to well established
biosensor platforms for monitoring biomolecular interactions in situ or possibly in vivo.
The fiber biosensor presented in this study utilizes an unmodified single mode fiber as a
transducing element with an in-fiber tilted Bragg grating used as the coupling element to
excite the SPR on the surface of the sensor. The label-free biorecognition scheme used
herein relied on the functionalization of the gold-coated sensor with aptamers, synthetic
DNA sequences that bind with a high specificity to a given target. In addition to being
able to monitor in real time the functionalization of the fiber by the aptamers, the results
show that the fiber biosensor is capable of detecting the presence of the aptamer’s target,
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in this case thrombin, at various concentrations, both in buffer and serum solutions. It is
also demonstrated that the SPR biosensor can be successfully applied for the evaluation
of the dissociation constant (KJ), since the binding constant agreed with values already
reported in the literature.

We submit the following information as supplemental information:
1. Information about used optical setup;
2. Additional information about AFM configuration;
3. Confocal Control image;
4. 3D AFM images of the sensor’s surface;
5. Kd graph;
6. Information about fitting model applied to evaluate Kd constant;

1. The optical setup

Source

Detector

Micron Optics S:720
Polarization Control let
JDS Uniphase

FIG. SI: Schematic of used optical setup including Micron Optics interrogation unit
(si720), optical polarizer and sensor element immersed in the plastic platform.
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2. Additional information about AFM configuration:
All AFM images were collected in a dynamic mode using Tap300AI scanning probes
purchased from BudgetSensors. The probes had a length of 125 pm, a mean width o f 30
pm, and thickness of 4 pm. Each probe’s tip’s height was 17 pm, and its radius was less
than 10 nm.

3. Confocal control image of the bare sensor’s surface:

»)

b)

FIG.3S Confocal microscope images of optical fiber immersed in a 30pM solution of
Cy3-dye for 20 hours: a) 11% laser strength, detector pinhole width 55pm, 63X
magnification; b) 80% laser strength, detector pinhole width 55pm, 63X magnification.
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4.3D AFM images of the sensor’s surface:

FIG.4S (A) 3D AFM image of the sensor’s surface after soaking in the thiolated thrombin
aptamer solution (B, C) 3D AFM images of the sensor’s surface after attachment of
thrombin (shown at different scales).
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FIG 5S. Kd signal, raw data is shown along with smoothed data. Description of each step:
1. Protein Buffer; 2. Thrombin, concentration 0.00685 pM; 3. Thrombin, concentration
0.0205 pM; 4. Thrombin, concentration 0.0616 pM; 5. Thrombin, concentration 0.185
pM; 6.Thrombin, concentration 0.55 pM; 7. Thrombin, concentration 1.66 pM.
6. Information about fitting model used to calculate K a constant:
Hill’s equation has extensively been employed in pharmacology to study drug-receptor
interaction40. It has been applied to fit our experimental data presented in the Figure 5S
and Figure 5 (Inset) to evaluate Kd constant:
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Abstract:
This paper reports on the application of an optical fiber biosensor for real-time
analysis of cellular behavior. Our findings illustrate that a fiber sensor manufactured from
traditional telecommunication fiber can be integrated into conventional cell culture
equipment and used for the real-time and label-free monitoring of cellular responses to
chemical stimuli. The sensing mechanism used for the measurement of cellular responses
is based on the excitation of Surface Plasmon Resonances on the surface of the optical
fiber. In this proof of concept study, the plasmonic fiber sensor was utilized to study the
effect of a number of different stimuli on cells. In particular, we tested trypsin to induce
cell detachment from the sensor’s surface, serum to monitor its uptake by cells, and
sodim azide to inhibit cellular metabolism. The effect of these different stimuli on
cellular morphology was confirmed with several imaging tools. The SPR data was
validated by alamar blue assay phase contrast and fluorescence microscopy. The results
indicated that the fiber biosensor can be successfully utilized for real-time and label-free
monitoring of cellular changes in the first 30 minutes following addition of a stimulus.
Furthermore, we demonstrated that these optical fiber biosensors can be easily
regenerated for repeated use, proving this platform as a versatile and cost-effective
sensing tool.

Optical fiber sensors have been widely applied for the detection of a broad range of
biological targets such as, nucleic acids68, antigens69, antibodies70 and other low and high
molecular weight analytes. Recently there has been an increasing emphasis on the
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characterization of larger and more complex biological targets including cells, bacteria71
*

72

, _, .

and viruses . The use of cells as an integral part of the biorecognition scheme is driven
by a growing demand for a better understanding of newly discovered cellular signaling
pathways, a need for the characterization of drug-cell interactions as well as for a
comprehensive evaluation of cellular interactions with their microenvironments73,74.
Optical label-free characterization of cellular behavior can be accomplished via
several approaches. One approach is to use traditional imaging tools where light
propagates in free space and interacts with cells positioned on its path. For instance,
imaging using traditional cell phone cameras has been demonstrated as a cost-effective
solution that could be integrated into cell culture incubators to monitor cellular responses
induced by drugs and other stimuli65,75.
Another strategy to characterize cellular behavior is to use optical analytical tools
where cells are in direct contact with optical elements used to confine and guide light.
The detection of cellular reactions within the attached cells is made possible by the
evanescent field of the light being confined by the optical elements: this evanescent field
decays exponentially away from the boundary up to a distance of a few micrometers,
sufficiently deep to penetrate into the cells and probe their chemical state. Monitoring the
attenuation or phase of the light due to the interaction with cells can be used to interpret
intra- and extra cellular changes while the cells are exposed to various physical or
chemical stimuli. In particular, changes in the optical field can be used to monitor cellular
adhesion, detachment64, death4, contraction, as well as triggering intracellular reactions8,
64 that are very challenging to monitor with other means.
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So far, the use of such

analytical tools for cellular characterization has been limited to a few optical platforms
such as, the well-established Surface Plasmon Resonance (SPR)3-4,2,1 and resonant
waveguide grating EPIC® systems7’8' 64. The signal captured from these sensors is labelfree, real-time, dose-dependent and can be easily quantified.
Although these optical systems can be used to characterize a wide range of cellular
responses, the platforms themselves are large and are not designed to be integrated into
tissue culture incubators. Handling of cells outside the incubators during their analysis
limits cell viability and affects cellular metabolism. Moreover, operation of the platforms
mentioned above is complicated and requires highly trained personnel. In this context,
optical sensor platforms that are made using optical fiber offer several competitive
advantages such as compactness, remote sensing capabilities, simple integration into cell
culture equipment, and potential for in situ measurements. When the fiber sensors operate
at standard telecommunication wavelengths, as in our case, both the fiber devices and
interrogation equipment become highly cost-effective compared to more complex and
bulkier custom designed optical sensing platforms. Taking into account that the
sensitivities reported in the literature for fiber sensors can be similar to that of traditional
platforms employing planar optical structures76, fiber sensors position themselves as a
versatile solution that can be used in a range of applications, such as in situ whole cell
sensing where bulky platforms would be disadvantageous.
Yanase et al. (2010) showed that a plasmonic fiber biosensor could be used for
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monitoring cellular response when cells are exposed to a stimulus, i.e. albumin . The
sensor employed in that study was manufactured using a multimode quartz fiber.
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However, the use of multimode fiber restricts sensor detection levels as well as hinders
the quality of the detected optical signal. In this study we propose to use a completely
different sensor manufactured using a standard telecommunication single mode fiber in
order to improve upon these results. The use of traditional single mode fiber allows the
fiber sensor to be very robust while achieving a high level of performance. Moreover, this
is the first optical fiber sensor that was fully integrated into conventional cell culture
equipment making it possible to conduct the experiments in a controlled environment. By
conducting all measurements in a standard incubator, we obtained high cell viability and
we were able to monitor cellular responses for prolonged periods of time.
Herein we present the application of a fiber biosensor, a miniature and portable
sensor platform, for real-time and label-free monitoring of cellular responses.
Particularly, we demonstrate that the plasmonic fiber sensor can be used for the
characterization of a set of fine cellular responses triggered by selected stimuli. The
sensor is manufactured using single mode fiber and works through the excitation of
plasmon waves on its gold coated surface.
EXPERIMENTAL SECTION
Materials
Fibronectin was obtained from BioLegend (San Diego, CA, USA). Phosphate
buffered saline (PBS), Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum
(FBS), 10X trypsin and penicillin/streptomycin were purchased from Gibco (Carlsbad,
CA, USA). Alamar Blue, Calcein AM, Ethidium homodimer, phalloidin (Alexa-Fluor
594), and 4’,6-diamidino-2-phenylindole (DAPI) were obtained from Invitrogen Corp.
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(Carlsbad, CA, USA). Bovine serum albumin (BSA) and sodium azide was supplied by
Sigma-Aldrich (St. Louis, MO, USA). Paraformaldehyde was obtained from Electron
Microscopy Sciences (Hatfield, PA, USA). 4-well plastic plates were purchased from
Fisher Scientific Co LLC (Pittsburg, PA, USA). All reagents were used as received
without further purification.
Fabrication of the Plasmonic Sensors
The sensors used in this work (Figure 1A) were manufactured using a traditional
telecommunication single mode fiber (CORNING SMF28)45’48. As reported earlier, the
fabrication of sensor elements was completed in a two-step process that involved the
fabrication of a resonant grating element followed by a deposition of a gold coating on
the surface of the fiber. The gratings were imprinted in the hydrogen-loaded fiber by
using UV light shined through a diffractive phase mask, which had a period of 1096 nm.
The UV beam was imposed on a fiber with an excimer laser operating at a wavelength of
193 nm. After the inscription process, the gratings were annealed with a heat gun at
400°C for approximately 1 min and thermally stabilized in the oven at 120°C for 12
hours. The final step was the deposition of a 50 nm thick gold coating on the surface of
the fiber. The deposition was implemented using an electron beam evaporation setup
(Balzer Evaporator system).
Principle of Operation of the Plasmonic Fiber Biosensor
The fiber sensor operates through the excitation of the SPR effect on the surface o f
the gold-coated fiber45’48’30,51. A schematic of the sensor with cells attached to its surface
is shown in Figure 1A. The SPR excitation is achieved by means of a tilted grating
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imprinted in the fiber core. The Tilted Fiber Bragg grating (TFBG) acts as a resonant
element redirecting light from the guided core to the surface of the fiber. When the
wavelength of the light propagating in the fiber is such that a phase matching condition
for the excitation of the SPR is satisfied, some of the light escapes from the cladding and
is coupled to plasmonic waves on the outer surface of the gold-coated fiber.
The surface plasmon wave is confined at the interface between gold coating and
dielectric outside fiber (or sensed medium) with the evanescent tail of the plasmonic field
penetrating deeply in the dielectric. It provides the whole excitation system with an
enhanced sensitivity towards refractive index changes that occur near the surface. When
cells are attached to the surface of the gold coating, the plasmonic field penetrates into
the cells and enables the monitoring of chemical changes occurring inside them. The
depth of penetration of the plasmonic field is proportional to the wavelength used to
excite the SPR35 and is approximately 1400-1500 nm for this sensor. The measured SPR
signal results from the average of all chemical changes occurring on the surface of the
sensing element which covers 3.92 mm2 (for a 1 cm-long grating) with a depth of
penetration of 1500 nm.
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Figure 1. Optical fiber configuration. (A) 3D illustration of a fiber sensor with cells
attached to the surface of the gold coating. Fringes in the core of the fiber indicate the
tilted grating that redirects the light towards the surface of the fiber; (B) Photograph of a
4-well plate with an integrated fiber sensor during a typical experiment. Arrows point at
optical fiber wired outside the plate; (C) Schematic of the optical interrogation setup (all
the line arrows represent single mode fiber connections).
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Optical Instrumentation and Sensor Integration into an Incubator
All sensors were fixed on the bottom of rectangular 4-well plates using a UVcurable adhesive (Thorlabs, Newton, NJ, USA). The fiber tails of the sensors were guided
through two holes made in the sidewalls of the plates (Figure IB). Plates with sensing
elements were placed in an incubator while the tails of the sensors were wired outside the
incubator and connected to the interrogation setup (Figure 2C). The interrogation unit
consisted of an Optical Sensing Analyzer (model Si720 from Micron Optics) and a
Polarization Controller from JDS Uniphase. Measurements of the optical transmission
spectrum of the devices were saved every 0.2 sec with the spectral resolution set at
0.0025 nm. The collected data was internally processed by the Micron Optics unit with a
10 kHz filter.
Cell Cultures
The NIH-3T3 fibroblast cells were maintained in DMEM medium supplied by 10%
FBS and 1% Pen/Strep. Cell cultures were maintained in a 5% CO2 regulated incubator at
37 °C. Media was changed every other day during cell culture period. Upon reaching 7080% confluence, cells were either passaged into new flasks or harvested by trypsin and
counted at the desired cell density (1 million cells/mL) to be used in experiments with the
SPR-TFBG sensors.
Sensor Modification and Monitoring Cellular Response
To ensure cell attachment on the sensor surface, the gold coating was modified with
fibronectin protein, which is a well known cell-adhesive reagent77. The fiber sensors were
sterilized under UV light and washed with PBS six times before the surface modification.
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After aspiration of PBS, 500 pL of 100 pg/ml fibronectin was placed on the sensors for
one hour to facilitate the interaction of the gold coating and charged functionalities of the
protein. Fibronectin was then removed, the sensors were rinsed with PBS and
c

^

subsequently seeded with 5 mL of NIH-3T3s at a 2.1*10 cells/cm density. The sensors
were incubated for two hours and the media was changed. Later, the sensors were
incubated for an additional 10 h at 37 °C to enable formation of a monolayer of cells on
the surface of the fibers.
The experimental routine included recording of the sensor’s output for 30 min
before the addition of a stimulus, followed by aspiration of old media and addition of an
agent in fresh media. The amounts of agent mixed with media were substantially smaller
than the total amount of added media: therefore no detectable refractive index change
was recorded by the sensor as a result of the addition of a new mixture. In such
conditions, all SPR signal changes observed right after addition of stimuli were caused by
the cellular responses rather than a bulk refractive index mismatch. Measurements o f the
SPR signal were conducted for 60 minutes after the aspiration and the addition of each of
the stimuli.
After the experiments, sensor surfaces were regenerated by incubating with trypsin
and ethanol. Sensors were first rinsed with PBS, then exposed to trypsin (10X) for 30
minutes and later left in ethanol solution (70%) for 10 minutes. The regeneration step was
completed by washing the sensors with PBS.
Cellular Assays and Sample Imaging
Live/Dead test, Alamar Blue assay and DAPI/Phalloidin staining were carried out
following manufacturer’s protocols. Alamar Blue assay was read using a Fluostar
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fluorescence plate reader supplied by BMG LABTECH GmbH (Offenburg, Germany) at
544 nm/590 nm (Ex/Em). Images were acquired using an inverted fluorescent microscope
(Nikon Model TE 2000-U, Nikon instruments Inc., USA). Spot Advanced Software
4.6.4.6 supplied by Diagnostic Instruments, Inc. (Sterlington Heights, MI, USA) was
used for capturing images.
Statistical Analysis
Statistical analysis of Alamar Blue data was performed using one-way analysis of
variance (ANOVA) with Bonferroni post-test processing using the GraphPad software by
Prism Inc. (La Jolla, CA, USA). For the analysis, the level of significance was set at
p<0.05 (***p<0.001, **p<0.01, *p<0.05).

RESULTS AND DISCUSSION
SPR Data Analysis in the Context of Cellular Analysis
Figure 2 shows typical transmission spectra acquired with an SPR-TFBG sensor as
well as an exemplary data analysis of the response of the sensor covered with cells.
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—
Sensor with cells, before addition of trypsin (4X)
— - Sensor without cells, after addition of trypan (4X)
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Figure 2. Typical SPR curves obtained with the fiber sensor set-up. (A) SPR-TFBG
transmission spectra. The black spectrum is obtained for a sensor with NIH-3T3 cells on
its surface. The blue spectrum is from the same sensor after the cells were detached using
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trypsin (4X). Quantitative information is extracted by measuring the amplitude change of
the most sensitive resonances indicated by an arrow; (B) Change in the amplitude o f the
most sensitive SPR resonance following the addition of trypsin (4X); (C) Reproducibility
of experiments with trypsin at 2X concentration. The black curve is the average of the all
SPR signals with a confidence interval of o=0.578.
Both spectra shown in Figure 2A were obtained with the same SPR-TFBG sensor. The
upper response was measured in the presence of cells attached to the sensor surface while
the bottom response was measured after cells were detached by trypsin. The difference in
the shape of the output signal can be attributed to removal of cells from the fiber resulting
in a change in the refractive index at the surface of the sensor. SPR-coupled portions of
the spectra responsive to cellular behavior are indicated with arrows pointing at the most
sensitive SPR coupled resonances (those resonances that change most strongly to small
refractive index changes). The experimental data was analyzed using the method
previously presented in Shevchenko et al. (2010)

AO

that is based on tracking the relative

amplitude of the most sensitive SPR-coupled cladding mode resonance. The relative
change in the amplitude of a resonance is proportional to the SPR effective index change
and therefore could be used to evaluate the alterations in refractive index on the sensor
surface. Figure 2B shows a typical SPR response during the process of trypsinization.
Arrows indicate the moments when the original media surrounding the sensor was
aspirated and a fresh solution with trypsin was added. The strong SPR signal changes
observed in between these two points is a transient result that reflects the emptying of the
Petri dish and can be simply omitted from the data analysis.
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To illustrate the reproducibility of SPR results, three sets of SPR responses were
obtained from three different sensors exposed to the same conditions (Figure 2C). All
three sensors were seeded with five million NIH-3T3 cells, incubated for 12 h, and
exposed to trypsin (2X) solution for 60 minutes. Standard deviation a between the
average signal and the three sets of data is 0.0578 indicating the appropriate level of
reproducibility of the results.
In addition to seeding sensors with cells and exposing them to a stimulus, it was
also possible to regenerate the surface of used sensors using ethanol and trypsin solutions.
The sensor surface was regenerated as described in the Experimental section. Exposure to
ethanol, trypsin and PBS cleaned the surface from cellular residues and enabled the reuse
of same sensors in several experiments.
Detection of Cell Detachment
Following 12 h of incubation period with NIH-3T3 cells, the SPR-TFBG sensors
were exposed to different concentrations of trypsin solution. Trypsin, a serine protease, is
regularly used to cleave cells from the surfaces to which they adhere through destruction
of peptide bonds.
Presented in Figure 3A are SPR responses o f fiber sensors coated with NIH-3T3
cells and exposed to three different concentrations of trypsin (0.5X, 2X and 4X). It can be
observed from Figure 2C and Figure 3A that SPR signals induced by the addition of
trypsin are always negative and saturate within first 20 minutes after of the

initial

exposure. The amplitudes of the recorded negative SPR signals decrease proportionally to

the concentration of the applied solution, which is consistent with results reported by
Fang et al 200664.
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Figure 3. Real-time SPR signals obtained during cellular exposure to trypsin solutions,
control SPR measurements, and cytoskeleton/nuclei imaging. (A) SPR responses were
measured while NIH-3T3 cells were exposed to trypsin solutions (0.5X, 2X and 4X
concentrations). Arrows indicate points at which old media was aspirated and the new
solution was added. Inset shows SPR responses starting from the moment of addition of
stimuli. (B) Various control experiments were performed to monitor SPR responses in the
presence and absence of trypsin (2X). (C) Cytoskeleton/nuclei staining (F-actin/DAPI)
demonstrates the remaining cells on the sensor surface after exposure to different
concentrations of trypsin.

114

Figure 3B provides results for a set of SPR controls which illustrates that the
measured SPR responses presented in Figure 3A were only due to a reduction in the
number of attached cells and not due to other background chemical processes. The SPR
response caused by cellular detachment induced by trypsin (navy curve) is compared to
the response of a sensor with cells exposed to a regular media (grey curve). As expected,
no change in the SPR signal was recorded when standard media was added to the sensor.
The violet SPR curve represents the sensor response to media with an adjusted refractive
index. In this case, the refractive index of the solution was lowered by the addition of
PBS in order to match it to the refractive index of the 2X trypsin solution. Difference
between two responses (dark navy and violet SPR curves) confirms that the measured
SPR signal is due to a specific cellular interaction with trypsin solution and is not due to
the refractive index mismatch. Additionally Figure 3B provides the SPR response o f a
sensor without cells while being exposed to 2X trypsin solution (black curve). The
difference between a sensor with 3T3 (navy curve) and a sensor without 3T3 (black
curve), of which both were exposed to trypsin, proves that the measured SPR signal
should be attributed to the change in the number o f attached cells and was not affected by
the change of the bulk background refractive index induced by the addition of trypsin.
The flat response during the control test without cells (black curve) also confirms that
there is no non-specific adsorption to the surface o f the sensor upon exposure to trypsin.
The absence of non-specific interactions proves that the decay in the SPR signal for the
sensor with cells exposed to trypsin is not distorted by extracellular non-specific
processes.
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The effect of different trypsin concentrations on the degree of cellular detachment
was also confirmed with fluorescence staining of cytoskeleton and nuclei. As can be
observed in Figure 3C, the density of cellular coverage was affected by the addition of
trypsin for all concentrations. A higher concentration of trypsin solution results in lower
number of attached cells which correlates well with the real-time SPR data shown in
Figure 3A.

Detection of Cellular Uptake
In addition to the detection of cell detachment the sensor was applied towards
monitoring cellular uptake of serum (Figure 4). Fetal Bovine Serum (FBS) is widely used
as a supplement for in vitro cell cultures. Usually used at 10% (v/v) concentration it
provides cells with nutrients required for sustained cell growth and proliferation. In this
experiment, FBS was used at concentrations of 10%, 30% and 50% (v/v), and was
expected to have positive effect on SPR response due to possible cellular uptake of
nutrients.
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Figure 4. The addition of serum and its cellular uptake monitored in real-time with SPR
fiber sensors and confirmed with alamar blue assay and phase contrast imaging. (A) SPR
responses during exposure to 50% (v/v) FBS solution. The black curve is an original SPR
signal obtained in the presence of cells, the grey curve is a control SPR signal obtained in
the absence of cells. The dark grey curve is the corrected SPR signal obtained from the
difference between the original SPR and the control SPR signals. (B) Corrected SPR
responses during exposure to different serum solutions (10%, 30% and 50% (v/v)) versus
response to media without FBS. (C) Alamar blue assay results for different FBS
concentrations; (D-E) Phase contrast images of the NIH-3T3 cells exposed to FBS
solutions (50% FBS, 30% FBS, 10%FBS and 0%FBS). (D) Images were taken before the
addition of FBS. (E) Images were taken 7 minutes after the addition of FBS.
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It was found that serum, which contains a substantial number of proteins, resulted
in a considerable non-specific adsorption on the surface of the sensors. Figure 4A shows
a comparison between original SPR signal measured in the presence of cells exposed to
serum and a control SPR signal measured by a sensor without cells, also exposed to the
same concentration of serum. The SPR signal increase observed in the case of the sensor
without cells is due to non-specific adsorption of proteins from serum on the surface of
the sensor. In order to eliminate the contribution from non-specific adsorption, each SPR
signal presented on Figure 4B was provided as the difference between the SPR signal
measured in the presence of cells and the SPR signal measured in the absence of cells, as
illustrated in Figure 4A.
Figure 4B demonstrates cellular responses to 50%, 30% and 10% (v/v) FBS
solutions. It can be observed that the SPR signal increased within the first five minutes
following addition of 50% FBS (Figure 4A-B). The addition of 30% of FBS also resulted
in a slight positive change. On the contrary, addition of media with 10% and 0% o f FBS
resulted in a slightly negative SPR change (Figure 4B).
Alamar blue assay was also used to evaluate effect of FBS addition on metabolic
activity of cells. Results presented in Figure 4C indicated a consistent increase in the
alamar blue fluorescence signal, which was proportional to concentration of applied FBS
solution. Additionally, phase contrast images were acquired in order to study the effect of
addition of FBS solution on cellular morphology (Figure 4D-E). It should be noted that
seven minutes after the addition of 50% (v/v) FBS on the cells, an increase in the cellular
size was observed. There was also a slight increase in the cellular size for 30% (v/v) FBS.
On the other hand, the addition of media with 10% (v/v) FBS and media without FBS did
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not result in any observable change of cellular shapes. Both alamar blue assay and phase
contrast imaging data are consistent with obtained SPR results indicating that there is are
considerable cellular morphological changes at higher serum concentrations while at
lower concentrations the changes are barely detectable.
Detection of Inhibition of Cellular Metabolism
The study was completed with the addition of an agent that affected cellular
metabolism and acted as a toxin. Sodium azide (NaNa) is a crystalline salt that is known
for inhibition of metabolic activity in mitochondria. By interacting with Fe3+ ions, sodium
azide interrupts oxidative phosphorylation and thus inhibits respiration and metabolism
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Figure 5A shows the SPR responses measured while NIH-3T3 cells were exposed
to two different concentrations of sodium azide (10 mg/ml and 2 mg/ml) and media. They
are compared with a control SPR response measured in the absence of cells. The
measured SPR signature of cellular response to sodium azide exhibits a slow SPR decay.
In both cases, the decay in the SPR signal is proportional to the concentration of the
applied toxin (sodium azide). As expected, the response to the toxin in the absence of
cells and response to media alone are both flat.
Phase contrast images allowed us to observe the changes in cellular morphology
upon activation by sodium azide (Figure 5C-D). The phase contrast images compare cells
before and 30 minutes after addition of the toxin. A higher concentration of toxin result in
a significant reduction in the cellular size. A smaller concentration of sodium azide only
slightly affects cellular shape while also causing some cellular shrinkage. No change in
cellular morphology was observed in the case of the addition o f standard media.
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Additionally, live/dead staining showed that addition of sodium azide results in an
increase in the number of dead cells after one hour of exposure to this chemical (Figure
5E).
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Figure 5. Real-time SPR response of sensors during cellular exposure to sodium azide
complemented with alamar blue assay results and imaging confirming effect of the toxin
on cellular mortphology and viability. (A) SPR responses during cellular exposure to
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sodium azide (10 mg/ml, 2 mg/ml) and media versus SPR control response to sodium
azide (lOmg/ml) in the absence of cells.

(B) Alamar Blue assay results for tested

concentrations of sodium azide. (C-D) Phase contrast images of NIH-3T3 cells exposed
to sodium azide (lOmg/ml and 2mg/ml) and standard media. (C) Images of cells right
before addition of sodium azide. (D) Images of the same cells 30 minutes after addition
of sodium azide. (E) Live/dead staining of NIH-3T3 cells exposed to sodium azide
(lOmg/ml, 2mg/ml) and standard media for one hour.

Discussion
The SPR results present three distinct optical signatures that correspond to very
specific cellular responses induced by applied stimuli. SPR signals are generally
proportional to refractive index changes on the surface of the sensor. When coated with
NIH-3T3 fibroblast cells, SPR-TFBG sensors measure a local refractive index change
that is strongly influenced by the density of cells attached to the surface and also to
reactions within the attached cells, which lead to changes in the mean refractive index of
the cell interior. The 1 cm-long fiber biosensor has a sensitive surface area of 3.92 mm2
and a significant depth of penetration of the plasmonic field which is approximately 1500
nm. As a result, the measured response is an average of the responses from all the cells
attached to its sensing area. The density of cells attached to the fiber surface, changes of
the cellular morphology or changes of intracellular content have considerable effects on
the sensor response as the combination of these factors determine the average refractive
index seen by the plasmon wave over its propagation length along the fiber.
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The optical signature measured during cellular detachment induced by trypsin was
a negative SPR change with semi-exponential character (Figure 3A). The signal change
was consistently dose-dependent and was not caused by refractive index mismatch or by
non-specific adsorption, as proved by various controls (Figure 3B). As reported by
Strasser et al. (2011)
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the refractive index of intracellular content is on average higher

than that of media, thus a decrease of the number of attached cells should result in a
decrease in the effective SPR index. The observed negative SPR signal change confirms
the anticipated refractive index decrease and is correlated well with fluorescence images
showing a reduction of the number of attached cells.
The optical signature measured during exposure of cells to FBS demonstrated the
opposite character, it was positive with a very rapid saturation time (5-10min). The rapid
SPR increase in the case of 50% and 30% (v/v) FBS could be attributed to the cellular
uptake of nutrients from the added solution and their subsequent spreading. Phase
contrast images confirm that there is a slight increase of the cellular shapes right after
addition of FBS solutions at 30% and 50% (v/v) concentrations. The absence of positive
SPR signal change after addition of 10% and 0% (v/v) FBS could be explained by the
fact that right before the addition of a stimulus the sensors were immersed in media
solution with the 10% (v/v) concentration of FBS, thus cells did not react to the same or
lower concentration of serum. The decrease in the SPR signal after the addition of media
without FBS could be caused by cellular uptake of freshly added media and subsequent
intracellular refractive index decrease.
The addition of sodium azide also produced a distinct optical signature (Figure 5A)
that can be characterized by an SPR signal decay within 20 minutes. The recorded
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negative decay of SPR signal is consistent with the SPR signature of sodium azide
reported by Chabot et al 4. Phase contrast imaging indicates that there was a significant
change in the cellular shape due to exposure to sodium azide at both concentrations.
Live/dead fluorescence staining shows that there is also a consistent increase in the
number of dead cells after exposure to sodium azide. Alamar blue assay confirms that
there is a reduction in the metabolic activity after exposure to sodium azide that correlates
with the SPR data. All results are making apparent the immediate effect of sodium azide
that is expressed through a negative SPR signal change, a decrease o f metabolic activity
and an increase in the number of dead cells. Thus it can be concluded that the observed
SPR signature is representative of immediate cellular response to a toxin, which results in
an inhibition of the metabolic activity and cellular death.
All three stimuli, trypsin, FBS, and sodium azide, have had different effects on
NIH-3T3 fibroblast cells and resulted in distinguishable optical signatures that are
reflective of cellular changes. While exposure to FBS produced the smallest SPR signal
change, trypsin caused the strongest negative SPR signal change. SPR-TFBG sensors
having several tens of cladding resonances and as a result of it, a wide operating range,
are an appropriate choice for tracking such big chemical changes. At the same time, a
wide operating range does not compromise the sensitivity of the sensor. The high
sensitivity (500 nm/refractive index units45) allows for the measurement of intracellular
changes of smaller magnitudes, such as those obtained in the case of serum uptake that
could be barely visualized using standard imaging tools. In the future, if necessary, a
slightly different interrogation setup reported by Caucheteur et al 201151 may enable the
detection of even finer intracellular changes that could be triggered inside cells ensuring
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that the sensor platform can be employed for a wide spectrum of triggered intracellular
responses.

Conclution
This paper presents the findings from one of the first fiber biosensors for real-time
analysis of cellular behavior. The SPR-TFBG sensor is a compact and robust fiber
biosensor that is manufactured out of a standard telecommunication single-mode fiber
coated with a thin layer of gold and interrogated with traditional fiber optic device
measurement instrumentation. The presented sensor was the first fiber sensor to be
completely integrated into cell incubator equipment. To enable cell adhesion to the
surface of the fiber, the sensors were coated with fibronectin. It was followed by
incubation of sensors with NIH-3T3 fibroblast cells and they were exposed to different
stimuli, namely, trypsin, FBS and sodium azide, producing three distinct optical
signatures. Trypsin cleaved attached cells from the fiber sensors resulting in a sharp
decrease of the SPR signal. On the other hand, the addition of serum resulted in a sharp
increase of the SPR signal, which could be caused by the uptake of nutrients from the
serum solution. The addition of sodium azide resulted in a slow SPR signal decay that
could be explained by the inhibition of cellular metabolism upon penetration of sodium
azide inside the cells. In all cases the measured cellular response was immediate and the
amplitude of SPR change was proportional to the concentration o f applied stimuli.
Responses to all stimuli were compared to the set of controls where sensors were exposed
to solutions without stimuli, or where only stimuli were applied to sensors in the absence
of cells. Rigorous control experiments enabled the confirmation of measured SPR signals
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resulting from a specific cellular response to the added stimuli. It was also proven that
surface of the sensors can be regenerated for repeated use.
Overall, the results illustrate that it is possible to use the presented fiber biosensor
technology to characterize a wide range of cellular responses right from the moment of
stimulation. The information is obtained in real-time and the whole measurement method
is label-free, providing a unique platform for non-invasive monitoring of cellular
behavior. Furthermore, this sensor technology has the potential to be used in the
characterization of less pronounced and more complex cellular reactions, such as for
triggering very specific signaling pathways that would be challenging to detect using
other analytical tools.
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Chapter 6

6.1 Discussion
SNR: As it was mentioned in Chapter 1, SNR is a function of the signal strength
and the noise level. It was concluded that the main source of noise in the applied
interrogation setup was the laser source that was built into the Micro Optics Si720
interrogation unit. Its noise level has been quite consistent throughout all experiments.
Experiments with the detection of DNA self-assembly and detection of alpha human
thrombin as presented in Chapter 4 illustrate that the noise level can be substantial
compared with the signal strength and therefore results in low SNR. To improve SPR
signal quality, data averaging was applied in order to smooth the signal and get rid of the
noise. However, in the case with the monitoring of cellular reactions (Chapter 5), the
amplitude of the measured refractive index change was significantly bigger. Even though
the interrogation system had the same noise level, the SNR was no longer an issue and
there was no need to smooth the data. Thus it can be concluded that applications focused
on detecting biomolecular interactions or other chemical reactions that would not induce
strong bulk refractive index change require SPR-data post-processing such as filtering or
smoothing of the measured signal. Another solution could be to change the interrogation
unit and to employ a more stable light source.
SPR polarization selectivity: As it was shown in Chapter 2, SPR excitation on the
surface of a metal coated fiber is highly sensitive to the polarization state of the incident
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light. It was shown that it is possible to alter the strength of SPR coupling by rotating the
vector of the polarization. This sensitivity can be explained by the fundamental
dependency of SPR on the polarization state of the light used to excite it. For instance, it
is known that in planar structures the TM mode is primarily responsible for SPR
excitation while TE mode cannot be coupled into SPR. However in the case of SPR
excitation on the surface of a metal coated optical fiber we cannot consider the TE or TM
modes simply because fiber cladding is a circular waveguide and it supports more
complicated mode structures (hybrid modes). Nevertheless, the employed TFBG allows
excitation of cladding modes with various combinations of electro-magnetic components
that provides an opportunity for polarization sensitivity. The rotation of linearly polarized
light reaching the grating determines which cladding modes are going to be excited
through TFBG.
Although it is difficult to determine the relative orientation of the light polarization
reaching the TFBG and the TFBG structure itself, it is possible to control coupling to
SPR and minimize polarization losses. Control over coupling can be achieved by rotating
half-wave and quarter wave plates in polarization controller therefore aligning
polarization vector with respect to TFBG orientation.
A setup involving use of polarized light is extremely sensitive to the fiber
alignment. After an experiment has been started it is important to minimize fiber
movement and bending over sharp edges that could cause change of the polarization of
light that interacts with a TFBG.
Once certain cladding modes have been excited it is not possible to alter
polarization content of these modes by changing the environment in which sensor is
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immersed. Excitation of modes and their polarization content is only determined by the
relative alignment of the TFBG and the incident light polarization.
Limitations of the SPR-TFBG sensor configuration: this research revealed the
advantages and limitations associated with the SPR-TFBG setup. Some of the limitations
are as follows:
1)

Even though chemical sensitivity is considerably high (450-550 nm/RIU), the

SNR can be an issue in applications that involve a very small refractive index change,
such as the detection of DNA self-adsorption;
2)

The quality of the gold coating has a direct influence on the SPR coupling. By

impacting the width of SPR coupled region; as well as, the amplitudes of the resonances
of the coupled modes. The variation between gold coatings of different sensors can result
in measurable differences in spectra possibly leading to reproducibility issues;
3)

In situ bio-chemical measurement require a microfluidic platform that can

provide a controlled environment and consistency between experiments. Taking
measurements without such a custom-designed platform might have a tremendous effect
on the reproducibility of the obtained data;
4)

Polarization sensitivity provides an opportunity to fine-tune SPR coupling;

however it also makes the fiber setup vulnerable to such effects as fiber bends and
movement. It is important to keep the fiber straight and stationary in order to maintain the
same polarization throughout the experiment. This can be an issue for in-field
applications if long fibers are used for connecting interfacing the sensor element;
5)

Considerable depth of penetration of plasmonic field has been taken into

consideration when developing an application for the SPR-TFBG sensor. While it is an
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advantage for applications like measurement of cellular responses where range of
refractive index changes is considerable, it can be a limitation as in applications like
detecting DNA self-adsorption where thickness of the adsorbed monolayer is only few
nm; and
6)

Sensor’s reuse is possible with the current configuration; however

experiments illustrated that the gold coatings deteriorate after 4 to 5 experiments. It is
recommended to explore other metal coatings that can be more stable and thus allow for
more usages.

6.2 Summary

In this thesis a plasmonic fiber sensor has been studied and its application in
several different areas was explored.
The sensor element presented here was first reported in Shevchenko’s thesis
. The sensor works through the excitation of the SPR effect on its surface. The
excitation is accomplished with the help of a TFBG imprinted in the core of a single
mode optical fiber. The planes of the grating are oriented at a slight angle (6°-10°)
relative to the normal of the fiber’s axis, granting access to several tens of cladding
modes the same time. If a fiber with a TFBG is coated with a thin metal layer and the
phase matching condition for SPR is satisfied, then cladding modes can be coupled into
SPR. All of the excited claddin modes potentially could be coupled into SPR, providing
this particular sensor configuration with a wide operating range (0.1 RIU). Shevchenko's
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master’s thesis reported on the original discovery of the SPR-TFBG coupling mechanism
and attempted the first characterization of its chemical sensitivity.
Research presented in this thesis is built upon the previously proposed sensor
configuration; however it delves deeper into the optimization of the sensor setup,
developing data analysis, and more importantly applying the sensor in chemical and
biological sensing.
The work presented here begins with a fundamental discovery into the mechanism
behind SPR excitation and develops a method of analysis that can ensure the successful
application of the sensor for measuring various bio-chemical processes. This research
milestone consisted of studying in great detail the coupling of light into a plasmonic
wave, as presented in Chapter 249. These findings illustrate that SPR-TFBG sensors are
highly sensitive towards the orientation of the polarization of the light used to excite
SPR. One can optimize the coupling of cladding modes into SPR by rotating the angle of
polarization of the linearly polarized light at the input of the sensor. The attained control
over the SPR coupling by adjusting polarization allows for tuning and maximizing of
SPR coupling, thus producing a better SPR signal, a narrower SPR resonance and a
smaller SNR.
The coupling of cladding modes into SPR alters the transmission spectrum, making
it more complex than the transmission spectrum of a bare TFBG. The SPR-TFBG
response overlaps the regular TFBG spectrum with a set of cladding mode resonances
that are coupled to SPR. Amplitudes of SPR-coupled resonances must be monitored in
order to extract information about chemical changes taking place on the surface of the
fiber. Work presented here consists of matching experimental data with theoretical
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findings to provide insight into the way the spectral response of the sensor is formed. The
FIMMWAVE mode solver from Photon Design was used to identify all cladding modes
that could be coupled into SPR for a certain fiber sensor configuration. Theoretical
findings helped to find out that SPR-coupled modes have a significant imaginary
component and that they occur at the same wavelengths as those resonances with smallest
amplitudes in the measured SPR-TFBG spectra. This helped to identify that part o f the
spectrum is SPR-coupled and should be monitored for the purpose of extracting
information about changes occurring on the surface of the sensor.
Identification of the SPR-coupled resonances and the centre of the SPR were
followed by the development of a data analysis technique specific to this particular
sensor. Applications involving the monitoring of chemical changes (such as adsorption of
sub-nm thick polymer layers or DNA monolayer) required the development of a data
analysis approach that would permit monitoring of hardly detectable spectral changes
with the lowest SNR. The chosen analysis method consists of the tracking the amplitude
changes of the most sensitive SPR-coupled resonance. Such analysis grants the sensor a
high refractive index resolution of 4*10"5, which proven to be critical in biomolecular
applications.
The breakthrough in our understanding of the interaction mechanism between the
TFBG and the SPR has made possible the advancements associated with the sensor
applications that are reported in chapters 3, 4, and 5.
Chapter 3 presents the application of the SPR-TFBG towards monitoring of the
process of the formation of thin polymer layers. SPR-TFBGs were used towards real-time
monitoring of the process of adsorption of 30 monolayers deposited in a step-by step
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process. SPR data revealed the characteristics of the polymer adsorption process,
providing the data necessary for the study of the dynamics during formation each of the
monolayers. The adsorbed polymer structure was later studied using AFM, which
provided the means to identify the thickness o f the deposited polymer layer. SPR
response was combined with theoretical data which provided the opportunity to evaluate
the studied process and the performance of the sensor. The combination of SPR response
with a theoretical model revealed an opportunity for multiparameter characterization of
the polymer coating .
Chapter 4 presents an application of SPR-TFBG sensor towards biosensing. The
sensors' surface was functionalized with a monolayer of aptamers that served as
biorecognitiuon elements. Following this, the functionalization sensor was applied to the
detection of target molecules of thrombin. Results indicate that the sensor can be used to
detect thrombin-like targets at concentrations in between 0.1 pM - 5 pM in buffer and
serum. The sensor was alsoused to characterize affinity between interacting
biomolecules. SPR data was supported with fluorescence imaging and AFM in order to
confirm the SPR findings30.
Chapter 5 presents the application of the SPR-TFBG towards cellular analysis. For
this particular application, the SPR-TFBG sensor element was integrated into a Petri dish
and the entire sensor interrogation unit was setup to operate with a cell culture incubator.
The surface of the sensor was modified with a layer of fibronectin protein which ensured
cellular adhesion to the surface of the gold coating. The sensor was then incubated with
fibroblast cells for 12 hours, and following this the sensor was applied to measure the
cellular response of the attached fibroblast cells. Cells adhered to the surface o f the
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sensor were exposed to three different stimuli that induced three distinct responses.
Studied cellular processes were cellular detachment, cellular uptake of nutrient and
cellular death induced by a toxin. The SPR response obtained in experiments with cells
was complemented with a set of control responses aimed to eliminate background
processes such as non-specific adsorption occurring on the surface of the sensor. Final
SPR data was confirmed with imaging and spectroscopy data, revealing the possibility to
study extra- and intra- cellular processes right after their instigation in a real-time and
label-free regime66. In this particular application, the sensors' capacity to measure extraand intra-cellular reactions is attributed to its high sensitivity, significant depth of
penetration of plasmonic field inside sensed media and its wide operating range.
All explored applications were aimed at measuring vastly different chemical and
biological processes by taking advantage of the sensor's various characteristics. The
development of the polarization optimization of SPR coupling, the shifting the operating
range towards aqueous solutions, the development of an analysis method for
interpretation of fine spectral changes and the development of custom experimental
platforms for biochemical sensing ensured the successful utilization of the SPR-TFBG
sensor in each of these applications. The attained performance of this sensor is
comparable not only to the performance of other fiber sensors but also to the performance
of state of the art analytical platforms, illustrating its potential for real-life applications.
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6.3

Future Work Recommendations

There are several directions for future research that can be recommended in order
to further the work of the SPR-TFBG sensor. They are categorized in four groups and
presented below in the order of deceasing importance:
1.

Improvement of the quality of metal layer and sensor’s manufacturing

techniques:
Reproducibility is one of the major issues preventing commercialization of
analytical and sensor technologies. Reproducibility of the SPR-TFBG sensor results
(similar to results generated by any other SPR sensor) strongly depends on the quality of
the metal layer and its uniformity around circumference of the fiber. Furthermore,
roughness due to variability in the thickness o f the metal around its circumference
increases the SPR width, thus lowering the SNR.
1) Sensors manufactured for this project were subject to electron beam evaporation
and sputtering deposition techniques. It is recommended that other metal coating
techniques are explored with the aim of enhancing the uniformity of deposited coatings
and improving control over surface roughness.
2) It is recommended to explore other kinds o f metals and possibly combination of
several different metals (or semiconductors) with the purpose of gaining more control
over SPR excitation and SPR output parameters.
2.

Development of a more sophisticated data analysis approach:

Due to the complexity of the sensor output signal, the SPR-TFBG sensor requires a
custom-designed data analysis solution. The data analysis technique applied in this work
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was based on the relative amplitude change and was mostly derived from the
experimental data. It is recommended that the existing data analysis approach is
improved by assimilating more of theoretical findings in order to confirm spectral
changes occurring during biochemical reactions (or any other reaction to be studied).
Moreover, the development of data analysis should be done while sensor’s performance
is evaluated using another analytical tool. The sensor analytical tool should serve as a
reference and allow for referenced monitoring of the SPR-TFBG response. It should be
mentioned that the resolution and SNR performance of the reference analytical tool
should be at least at the same level as the performance of the SPR-TFBG sensor. SPR
Biacore or QCM platforms are well-known analytical platforms that exhibit a very high
performance level and therefore could be used for referencing.
3.

Further miniaturization and integration of the element sensor:
One of the advantages of the developed sensor is its potential to be used to measure

biochemical processes in situ. In order to explore in situ applications, it is important to
design a sensor platform that can ensure control over sensed processes and the timely
delivery of targets/reagents.
1) The sensor element could be integrated with a microfluodic platform that would
reduce the volume of the sensed media to be delivered, and would thus allow for overall
control over delivery of analyzed substances.
2) The current sensor configuration relies on TFBG working in transmission; it is
recommended that a reflection regime is explored for the purpose o f miniaturization of
the sensor element. Fiber sensor working in reflection (i.e. a fiber probe) would simplify
the sensor configuration and would thus allow for a simpler experimental routine.
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3) It is recommended that several sensing elements are integrated so that they can
work in a parallel. Such a configuration can allow for parallel measurements of the same
process; it could be applied for the monitoring of various cellular processes if sensor
elements are integrated in a Petri dish. If sensor elements are integrated to work in
parallel and functionalized by using different biorecognition elements, they could be
applied for the detection of several analytes in the same environment. On another side, if
one of the sensor elements is not functionalized, then its readings could be used as a
control response.
4) The integration of a sensor element into a portable device can also be pursued.
Further engineering work is needed in order to integrate a sensor element with some kind
of interrogation setup so that the final product can be a compact and hand-held device.
4.

Biorecognition schemes and surface modification approaches:
Finding appropriate biorecognition schemes for each specific application is as

important as the developing the sensor element itself. It is important to match the SPRTFBG sensor with a biorecognition scheme that can take advantage of the sensors'
strengths, such as its wide operating range and big depth of penetration of plasmonic field
within the sensed media.
1)

In order to take advantage of the big depth of penetration of plasmonic field into the

sensed media, it is recommended that the development of biorecognition schemes similar
to immunoassays is attempted. The adsorption of several biomolecular layers and the
amplification of the detected target signal with nanoparticles or biomolecules can provide
the opportunity to reduce the LOD to femtomolar and picomolar concentrations.
However, it should be remembered that the utilization of sandwich assay biorecognition
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schemes makes the detection of analyte labeled and complicates the whole procedure of
analyte detection. It might not be suitable for applications where the sensor would be
packaged in a hand-held device and used outside of a laboratory setting.
2) Another approach that could help decrease the LOD and keep the sensing modality
label-free is to increase the surface area of the sensor. This could be accomplished by
increasing the surface roughness of the metal coating, by depositing nanoparticles80 or by
depositing a 3D matrixes on a surface of the metal. In these cases increased surface area
results in bigger overlap between plasmonic field and receptor-analyte conjugates thus
increasing SNR. Use of nano-engineered sensor surfaces can also help with elimination
o t o7

of non-specific interactions and increase of specific sensitivity ’ .
3) It is important that a method to regenerate the surface of the gold-coated sensor is
found in order to improve sensor’s longevity. Sensors applied in the cellular sensing
project66 (Chapter 5) were regenerated with the help of trypsin and buffer solutions. The
application of trypsin ensured the cleavage of cells from the sensor’s surface, such
surface treatment was proven to be sufficient for that particular application. However this
method might not be effective for other applications, especially those that deal with
detection of biomolecular targets at small concentrations and might require more rigorous
control over sensor’s surface quality.
It is also recommended that the combination of plasmonics with other optical
effects such as SERS, Coherent anti-Stokes Raman spectroscopy (CARS), spectroscopy
and fluorescence is explored. By combining different sensing mechanisms, a variety of
different functionalities can be achieved. For example, combining plasmonics with
fluorescence can provide the opportunity for multi-target or multi-parameter analyte
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detection and the achievement of smaller LODs. Combining plasmonics with CARS 83
can provide the opportunity for very sensitive detection (CARS generally has smaller
LOD than SPR). Combining plasmonics with both CARS and spectroscopy can provide
the opportunity to detect analyte with, or even without the aid of a small biorecognition
element.
In summary, a combination of the plasmonic effect with other optical effects can
result in new disruptively improved sensor performance with a higher sensitivity and an
improved functionality. Matching of the sensor element with an appropriate
biorecognition scheme will help with leveraging of the sensor’s fundamental properties
such as sensitivity and resolution that are predetermined by the employed sensing
mechanism while having direct influence on the LOD and specificity. And finally,
integration of the sensor element with other optical components, sensors and a
microfluidic platform can ensure successful application of the sensor in a chosen domain.
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List of Abbreviations

AFM: Atomic Force Microscope
BSA: Bovine serum albumin
CARS: Coherent anti-Stokes Raman spectroscopy
DNA: Deoxyribonucleic acid
ELISA: Enzyme-linked immunosorbent assay
FBG: Fiber Bragg Grating
LOD: Limit of Detection
LPG: Long Period Grating
NIH-3T3: National Institute of Health 3T3 (fibroblast cell line)
PBS: Phosphate buffered saline
PDADMAC: Polydiallyl Dimethyl Ammonium Chloride
PSS: poly sodium-4-styrenesulfonate
QCM: Quartz Crystal Microbalance
RIU: Refractive Index Unit
SELEX: Systematic Evolution of Ligands by Exponential Enrichment
SEM: Scanning Electron Microscope
SERS: Surface enhanced Raman spectroscopy
SMF-28: Single mode fiber (full name Coming® SMF 28™)
SNR: signal to noise ratio
SPR: Surface Plasmon Resonance
TFBG: Tilted Fiber Bragg Grating
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Glossary

Affinity: attraction of molecules for each other.
Analyte: a substance or chemical constituent that is of interest in an analytical
procedure.
Antibody: a protein produced by the body's immune system when it detects harmful
substances, called antigens.
Antigen: a substance that evokes the production of one or more antibodies.
Aptamer: an oligonucleotide sequence identified by in vitro selection (SELEX) from a
random sequence library of deoxyribonucleotides or ribonucleotides.
Aptasensor: biosensor that uses aptamers as a biorecognition element.
Biorecognition element: biomolecule on the surface of the sensor responsible for
interacting with target molecules and changing one of the properties (thickness,
refractive index of the biorecognition layer, generation of fluorescent signal) that is being
monitored by the sensor.
Cytoskeleton staining/actin staining: staining of the cell inner content (actin organelle
structures) using fluorescent phalloidins.
Fibernectin: a kind of extracellular matrix protein that can be used to facilitate cell
adhesion to surfaces.
Fibroblast: connective tissue cell responsible for secretion of extracellular matrix and
collagen.
FIMMWAVE: a generic, fully vectorial mode finder for 2D+z waveguide structures,
which may be made of any material and of almost any geometry.
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Immunoassay: a kind of biochemical test aimed to detect analyte with help of several
kinds of buiomolecules. Some of these biomolecules are antibodies.
Label-free analysis: an analysis that does not require any kind of label (radioisotope,
fluorophore, nanoparticle) for detection of the target.
Specificity or selectivity: capability of a biosensor to detect presence of the analyte and
distinguish it from other biomolecules presented in same solution.
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