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Abstract

New and improved monitoring of complex multivariable environments often
relies on the diversity and implementation of new sensor technologies. Before
and after the worldwide recession, the sensor market showed to have a growth
around 10% per year. This suggests that there is a substantial need of tools for real-
time detection of various chemical compounds and biochemical entities in various
applications. These application areas may be as diverse as monitoring of energy
storing or energy production processes, monitoring of biohazard or human-made
chemical contaminants, or monitoring of biomarkers for medical diagnostics and
treatments. Different types of sensors are often made for specific applications in
mind such as to work in high temperatures, in corrosive environments, or with the
possibility for miniaturization. Biochemical sensor development is often driven by
certain functionalities such as label-free, selective and high sensitivity sensing with
possibilities for miniaturization to obtain fast diffusion times and sensor response.
Optical fiber (OF) based waveguide sensors have shown to be a popular platform for
miniaturization with possibility for sensor insertion into small volumes, tissues or
vessels. Also, the sensing with OFs can be multiplexed by using the free-variables of
light properties of frequency, amplitude, phase, and polarization.

This thesis presents novel fiber optic (FO) sensor architectures based on interfer-
ometric or localized surface plasmon resonance (LSPR) modalities for multianalyte
label-free sensing at a single point. The sensor consists of a stimuli-responsive hydro-
gel that represents a low-finesse Fabry-Perot (FP) cavity embedded with noble metal
nanoparticles (NMNP) that exhibit LSPR. The sensing modalities were interrogated
in reflection by spectroscopic measurements in visible (VIS) and infrared (IR) light
frequencies. The interferometric sensing was performed by detecting chemically
induced length changes of the FP cavity from the phase change measurements of
the sinusoidal spectra in IR light frequencies. The LSPR sensing was performed
by detecting the change in the local refractive index (RI) on the NMNP surfaces
from the resonance frequency change measurements of the Lorentzian spectra in
VIS-IR light frequencies. Proof-of-concept demonstrations of the FO sensor system
show that the LSPR wavelength changes of the NMNP for deswelling hydrogels
were dominated by local RI variations for low number densities (ND), while for
high NDs, the LSPR wavelength changes for deswelling hydrogels were dominated
by plasmon coupling. The interferometric sensor was negligibly influenced by the
NDs used with a signal and a response comparable to previous work. At optimized
NDs, the LSPR wavelength changes were small for gold nanorods (GNR) in different
hydrogel swelling equilibriums, whereas for receptor-analyte recombinations on
the GNR surface significant LSPR changes were observed. The proof-of-concept
sensor systems presented in this thesis introduces some general aspects for obtaining
multiparameter sensing in a single point as well as models for understanding the
response of the sensing modalities. With further optimization, the FO designs may
prove to be a highly selective, sensitive and a fast label-free monitoring device of
specific biomarkers for biological or medical applications.
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Introduction

There is a tremendous need for tools for real-time monitoring of various chemical
and biochemical entities in different application areas. The application areas are as
diverse as monitoring of biohazardous entities, human-made chemical contaminants,
energy storing or energy production processes, or monitoring for medical diagnostics
and treatment. This demand for sensor technologies can be reflected from the
worldwide recession, where the sensor market happened to be unaffected, with a
continual growth around 10% a year [1]. Controlling and regulating complicated
chemical processes may improve and open up new possibilities in many areas such
as increasing the life cycle of commercial hydrogen fuel cells, efficient energy pro-
duction from waste, or faster treatment methods for patients in intensive care units.
Optical microscope techniques are among the most powerful methods used to iden-
tify and quantify the presence of specific molecules in complex fluid environments.
These techniques are so far not directly applicable to real-time monitoring or for
monitoring outside the laboratory setting. Optical waveguides or electrical sensors
may offer the unique features required for highly specific and precise measurements
in the field and point-of-monitoring settings.

The monitoring of complex multivariable environments often relies on the di-
versity and the implementation of new sensor technologies. The sensor is often
designed as defined by the application in mind with requirements such as fast re-
sponse times, high selectivity, robustness, multiplexing possibilities, remote sensing
possibilities, label-free chemical sensing, or possibility for miniaturization. A li-
brary of sensor designs is thus useful for finding balanced solutions between the
minimum requirements needed and the cost-effectiveness. For biochemical sensors,
miniaturization is a vital objective since smaller size leads to fast diffusion times
and fast sensor response. For medical applications, miniaturization enables sensor
insertion into small sample volumes, tissue or vessels. The drive from objectives
such as miniaturization, label-free sensing, multiplexing possibilities and remote
sensing capabilities, has led into the development of light-waveguide platforms in
a various configuration such as lab-on-a-chip [2], or distributed fiber optic (FO)
sensors [3]. Optical fiber (OF) waveguides in particular, prove to be a popular
technology platform concerning remote sensing capabilities, label-free sensing and
miniaturization [4]-[9]. OF based sensors are also immune to electro-magnetic
interference and can monitor in high temperatures or corrosive environments. The
light-matter interactions in the sensor integrated on the OF can be measured as a
function of amplitude, frequency, polarization or phase. Hence, the modulation of




light properties offer many possibilities for signal multiplexing that can be applied
for multiparametric sensing in complex multivariable environments.

The applications of a FO waveguide is defined by size, capability for remote
sensing, multiplexed sensing, or defined by the capability of being inert in different
environments. Establishing the sensor on the OF end face removes the possibility
for distributed sensing, but several parameters can be combined in a single point
as demonstrated in [6], [8], [9]. Such types of miniaturized OF sensors offer
point-of-monitoring (not specifically medical applications) and may become an
important technology platform in both research and industry. Stimuli-responsive
hydrogels have been synthesized for various applications but few have been used
for label-free biosensing due to the limited sensitivity offered by the interrogation
techniques available [10]-[12]. A prime example of OF waveguides as a tool to
solve this issue has been demonstrated in [13], which can be customized for a range
of applications. The length determinations of responsive gels with OFs have shown
to obtain resolutions as low as in the nm range [5].

The use of localized surface plasmon resonance (LSPR) in noble metal nanopar-
ticles (NMNP)s are also promising candidates for label-free sensing since they have
fast response times, high sensitivity, and high selectivity [14]. Biofunctionalization
of NMNP surfaces is simple and can be used for detecting receptor-analyte recom-
binations. The label-free sensing of analytes can, in addition, be multi-parametric
by resolving the different LSPR observed for NMNP of different size and shapes
[9]1, [15]. This thesis focuses on utilizing stimuli-responsive hydrogels and LSPR
of NMNPs with FO architectures for label-free sensing applications demonstrated
in proof-of-concept experiments. The proof-of-concept sensor systems are timely
demonstrated and limited to laboratory tests without having to use resources to
optimize the materials for one specific application in mind. By conducting sensor
experiments in this manner, it is possible to understand the fundamental origin and
features for the interferometric and LSPR sensing modalities.

1.1 Aim of Thesis

This thesis aimed to develop new and innovative FO architectures in reflection
for label-free sensing of specific molecular entities. The FO sensor systems were
based on using stimuli-responsive hydrogels and based on using LSPR of NMNPs as
continued development of the OF sensors constructed in [13].

The secondary objectives used for reaching the overall objective above can be
itemized as follows:

* Develop, demonstrate, and characterize LSPR based OF sensor in reflection by
using NMNPs embedded in hydrogel immobilized on the OF end face.

Chapter 1 Introduction




* Explore the features of the LSPR sensing modality concerning inducing plasmon
coupling or inducing changes in the local refractive index (RI) on the NMNP
surfaces and establish a model from the results obtained.

* Investigate the influence of NMNPs on the extrinsic Fabry-Perot interferometer
(EFPI) FO sensor developed in [13] and develop an FO architecture combining
interferometric and LSPR sensing modalities.

¢ Characterize and demonstrate the FO sensor in reflection mode that combines
the interferometric and LSPR sensing modalities as well as establishing a model
for the observations made.

* Understand the LSPR response of the proof-of-concept sensor systems from the
characterization of NMNP distributions in the hydrogel.

The following chapter presents the theoretical background necessary for discussing
the results obtained in this work. The background chapter presents modefields in
OFs, extrinsic or intrinsic FO systems, label-free sensing with hydrogel and NMNPs,
Fabry-Perot (FP) interferometers, the theory of nanoplasmonic systems, particle
distribution functions, and implementation challenges concerning the utilization of
plasmonic or interferometric sensor systems. Subsequently, the publications included
in this thesis are summarized and discussed. The summery and discussion are
presented given the aims above and relates the different papers to one another.
The papers are not listed chronologically concerning publication date. To make it
easier to follow the ideas presented in the summery and discussion, the papers are
presented in a sequence that is the most intuitive for the reader. The last chapter
contains the conclusion and outlook of the results and discussion presented in this
thesis. This chapter is more subjectively presented concerning what the author of this
book thinks about the contemporary development in this field as well as concerning
some ideas that could lead to new exciting research questions.

1.1 Aim of Thesis







Background

New sensor systems offer new possibilities for fast, selective, sensitive and ro-
bust monitoring of different types of environments. Sensors can be defined as
self-contained devices capable of providing real-time analytical information by rec-
ognizing and detecting physical or chemical quantities. The recognition of force,
pressure, temperature, pH, ionic strength, or biomolecules are converted into a
signal (electrical, optical, or mechanical) by a transducer that can be quantized by a
detector. The signal detection can be either passive or active. Active sensing utilizes
an excitation signal to detect physical or chemical entities whereas passive sensing
omits the excitation signal. The drive for developing new sensor technologies is
often based on the possibility for miniaturization, to work in harsh environments
(e.g., corrosive, temperature, pressure, and intense electromagnetic fields), or the
possibility for remote sensing. This has led to the development of light-waveguide
platforms in various configurations such as the lab-on-a-chip [2] or distributed FO
sensors [3].

OF waveguides prove to be a popular technology platform for developing
miniaturized sensors in remote sensing settings [4]-[7]. The general components
of OF sensor systems in transmission or reflection can be illustrated as shown in

Fig. 2.1. OF sensors are usually configured for active sensing where the source

Sensor
Optical Fiber Recognition Optical Fiber

(a)

Optical Fiber

Electronics |—| Detector Sensor
Optical Fiber Recognition
Splitter/Coupler Transducer

Source

Optical Fiber
(b)

Fig. 2.1: (a) General components of OF sensors in transmission; (b) General compo-
nents of OF sensors in reflection.

is producing the excitation signal composed of coherent or incoherent, narrow




or broadband light-frequencies. The excitation signal or light properties can be
modulated for amplitude, frequency, polarization or phase. Thus, the utilization
of light as the excitation signal offers numerous ways for signal multiplexing with
possibilities for multiparametric sensing in complex environments. The transducer
based on light-material interactions converts the recognition of a physical or chemical
quantity. The sensor (recognition and transducer) can be based on OF components
such as fiber Bragg gratings (FBG) [16], long period fiber gratings (LPFG) [17]
or nanostructured noble metals on OF side or end face [7], [18]. Changes in
the light-material interactions in the OF sensor is measured by the detector (e.g.,
spectroscopic, polarimetry, interferometric, or changes in intensity) that is controlled
by electronics. For OF sensors in transmission shown in Fig. 2.1(a), light is guided
by OF from source to sensor to the detector. For OF sensors in reflection (as shown
in Fig. 2.1(b)), light is guided by OF from the source to the splitter/coupler to the
sensor and back to the splitter/coupler and then to the detector. The splitter is based
on integrated waveguides on a substrate whereas couplers are based on fusing OF
cores together, so the light is coupled between the two fibers. Some losses are thus
involved by using splitters or couplers for OF sensor systems in reflection.

This chapter presents the sensing modalities used in this project as well as the
theoretical background for discussing the results obtained in Chapter 3. Selected
FO sensor systems are also presented to demonstrate the extrinsic or intrinsic trans-
duction methods. Furthermore, different types of OF sensor systems are proposed
concerning single or multiparametric sensing based on interferometric and nanoplas-
monic modalities as well as the sensor functionalities that follows with them. Lastly,
a few remarks are mentioned concerning the challenges of preparing sensor ma-
terials such as hydrogels embedded with NMNP for electron microscopy since the
distributions of NMNPs in hydrogels are partly defining their nanoplasmonic sensor
response.

2.1 Sensors Based on Optical Fiber Systems

The monitoring of complex multi-variable environments often relies on the
diversity and the implementation of new sensor technologies. Active and passive
electrical sensors are continually under development and used in many ways such
as for internet-of-things, in smart phones, in computers, in cars and more. Some
applications require the sensor system to perform in harsh environments or to be
miniaturized. For biochemical sensors, miniaturization is an essential objective as
it can be inserted into small sample volumes, tissue or vessels. The functionality
of a miniaturized sensor is improved since small size leads to fast diffusion times
and fast sensor response [19]. Light confined by waveguides such as OFs is a
popular technology platform for developing miniaturized sensors [4]-[7]. Also, to
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being immune to electro-magnetic interference, OF sensors can be used in high
temperatures and corrosive environments [3], [16].

The recognition of an element converted into a signal by the transducer (see
Fig. 2.1) in an optical sensor is based on modulating one or several light properties
such as amplitude, frequency, polarization or phase. How light interact with materials
can, therefore, be measured by using spectroscopy, polarimetry, interferometry or
measured as a function of intensity. In this thesis, spectroscopy and interferometric
methods have been used to obtain characteristic reflection signatures of light-matter
interactions as well as the phase difference of light by using extrinsic FO sensors. In
the following Section 2.1.1, the mode-fields in waveguides are described in such a
detail that serves as a foundation for the FO systems presented in this thesis and for
the selected FO sensors examples presented in Section 2.1.2 and 2.1.3.

2.1.1 Modefields in Optical Fibers

The light properties of dielectric waveguides can be well described by using
Maxwells equations (ME). Light can be expressed as a transverse electromagnetic
(TEM) plane wave that creates charges and currents when propagated in dielectric or
metal media. The sum of several TEM waves in a dielectric slab can be represented
as a total electromagnetic field. The electric and magnetic field vectors for charges
and currents in position and time arising from the total electromagnetic field is thus
solved by using the ME. For a planar dielectric slab with separation, d, and with RI
as, n1 and neo, shown in Fig. 2.2, the total internal electric-field complex amplitude
with propagation constant, /3,, = nikg cos 0, and wavelength A\ can be expressed
as [20]

E.(y,2) = amum(y) exp (—ifmz) 2.1

where
cos (kry), m=0,24..
U (Y) X ( (2.2)
sin (kry), m=1,3,5...

Here kp = \/n}kd — B’ = Fsinfp, =5 <y < 4, A = 22, ko = 55, ap is

a constant, and 6,, is the traveling angles at the modes m. The internal field in
medium n; from (2.2) is illustrated in Fig. 2.3. The bounce angles, 6,,, will only exist
between 0 and the critical angle for total internal reflection, .. In this approach, the
self-consistency condition! is used to determine the bounce angles of the waveguide
modes with appropriate boundary conditions for the inner and outer media. For
each reflection in the slab, there will be a phase shift as a function of the angle # and
polarization, which represents an additional traveling distance. By estimating the
field confinement in the slab, it is possible to estimate the phase shift or additional

'a wave reproduces itself after each round trip.
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Fig. 2.2: Light guided by a planar dielectric slab with incident angles smaller than the
critical angle for total internal reflection. The illustration is from [20].

~

Fig. 2.3: Internal and external field distributions of the transverse electric modes
guided by a planar dielectric slab. The illustration is from [20].

traveling distance for each reflection in the dielectric slab. The external field in
medium ny as illustrated in Fig. 2.3 can be described as

() {exp Comy).y > df2 2.3)

exp (Ymy), Yy < —d/2

where ¥y, = 1/Bm? — n22k§ is the extinction coefficient [20]. The total electric field
in Fig. 2.3 for an arbitrary TEM plane wave guided in the dielectric slab would
represent a superposition of its modes m = 0, 1, 2.... The ratio of the power in the
slab to the total power is often known as the confinement factor (CF).

The CF and number of modes in a waveguide are highly dependent on its
size and geometry. For plane dielectric waveguides the number of modes for
the transverse electric (TE) wave is, M = %, where, NA = /n? —n3, is
the numerical aperture [20]. The conditions for guiding one or several modes
is then found by choosing, 1 < M < 2, or, M > 1, respectively. For three-
dimensional waveguides as shown in Fig. 2.4, the effects from meridional and
skewed rays have to be taken into account. For an OF, the TEM plane wave
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Acceptance Unguidedray 5 Guided ray

(©)

Fig. 2.4: (a) OF with guided and unguided rays as defined by acceptance angle, 6, =
sin! NA, and 6,; (b) OF guiding meridional rays; (c¢) OF guiding skewed
rays. The illustration is from [20].

U(r, ¢, z) = um(r) exp (—ilp) exp (—if;mz) can be solved by the Helmholtz equa-
tion in a cylindrical system as shown in Fig. 2.5 to find the radial distribution of
the field in the core and cladding for integers [ = 0,+1,+2... and m = 1,2,3...,
where 3, ,, is the propagation constant in the z direction. The results from the

Fig. 2.5: Cylindrical coordinate system for the TEM plane wave. The illustration is
from [20].

Helmholtz equation leads to an ordinary differential equation for the radial profile.
The differential equations can further be written separately for core and cladding.
The solution of these differential equations is found by using the Bessel functions

Ji(krr), r<a core
Up,m X 2.4)
Ki(yr), r>a cladding

where kr = \/n}k3 — Bim?, ¥ = \/Bim> — n3k3, J; is the Bessel function of the

first kind, and K] is the modified Bessel function of the second kind [20]. k7 and
~, respectively then determine the change in rate for v, (kr,,r) in the core and
cladding. Noting that, k2.+~% = NA2kZ, is a constant it can be shown that decreasing
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kr increases 7, i.e. the field is more confined to the core, whereas increasing ki
decreases 7, i.e. the field is less confined in the core. By normalizing k7 and ~ to the
radius of fiber core, q, it is possible to express the V parameter from /k%a? + y2a?
as

V= aQINA (2.5)
Ao

V is here a design parameter for the OF. By analyzing the continuous derivative
at, r = a, for the two expressions in (2.4), the values of the V parameters for low
order modes can be found. The cut-off wavelength, \., determines the maximum
wavelength that can be guided in one or several linear polarized (LP) modes and
can be found for the values of V shown in Tab. 2.1. With, [ = 1, and, m = 1, it

Tab. 2.1: V parameter value for the cutoff wavelength for one or several modes LP; ,,

1 2 3

0 3.832 7.016
2.405 5.520 8.654

= els ]~

can be shown that a transverse electric single-mode (SM) plane wave is guided by
the OF when V' < 2.405. NA and a are then OF design parameters to obtain SM
propagation at wavelength, \g. For substantial V values, it is possible to relate it to
the number of modes as M ~ 2V?2.

Different sensor applications require different OF design parameters. Sensor
applications using narrow pulse propagation are usually not preferred in multi-mode
(MM) OF as each mode in the fiber is traveling with different group velocities, causing
the pulse to spread. However, MM OF might have an advantage in fluorescence or
absorbance measurements due to the high NA for illumination and collection of light
intensities. Similarly, SM OF is usually preferred in applications such as distributed
temperature or strain sensing due to the low dispersion of the pulse propagating
in the fiber. In other applications where the evanescent field is used to detect or
measure concentrations of chemicals, the use of SM OF with removed cladding is
sometimes not practical considering that the core is in the range of ~ 8 ym. In the
following Sections 2.1.2 and 2.1.3 we will have a brief look at different types of OF
sensors and what they can offer.

2.1.2 Intrinsic Fiber Optic Sensor

Intrinsic FO sensors probes light-matter interactions in the cladding or core upon
external stimuli from the surrounding medium. These light-matter interactions are
often based on the light scattering or refraction in the OF. By measuring the change
in light scattering or refraction, temperature or pressure can be monitored from
changes in strain or compression of an OF [3], [21], [22]. Therefore, FO systems
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detecting changes in temperature or strain are often based on FBG components or
spontaneous elastic scattering in SM OF.

Fiber Bragg Gratings

FBG is fabricated by inscribing periodic RI modulations in an SM OF by illumi-
nating it with fringes of ultra-violet (UV) light. The reflectance of an FBG can be
analyzed by tracking the complex amplitudes of the forward and backward waves
traveling through a multi-layered medium M = My...MyM;, where M is known
as the transmission matrix, as shown in Fig. 2.6(a)?. M;,; of the 2x2 transmis-

n,  mn d,d, A
U E+) U;) / I — /
M <
—~— le—— |
U(—) U(_) |
1 2 1 2 v
(a) (b)

Fig. 2.6: (a) Forward and backward plane waves traveling in through a multi-layered
medium represented as the wave-transfer matrix M; (b) FBG with RI modula-
tion separated by period A. The illustration is from [20].

sion matrix is expressed as 1/t*, where t* is the complex (conjugate) amplitude
transmittance [20]. The real component of 1/¢ is

2 N2
Re {1} _ (1 +mn2)° cos (@1 + p2) — (ng —m)” cos (91 — @2) (2.6)

t 4ning 4nine
where ¢ = n1kod; and w2 = nokods is the phase introduced in the grating period,
A. as shown in Fig. 2.6(b). It follows from the Bragg total reflection regime
that, Re {%} = cos® > 1, where ® is known as the Bloch phase [20]. To obtain

t
obtained when the round-trip phase is, 2(p1 + ¢2) = 2ko(n1d1 + nads) = 27. With

net = (n1dy + nada)/A as the effective RI, the Bragg wavelength is found as

total reflection with Re {l} > 1, it can be shown that the maximum in (2.6) is

AB = 2negA 2.7)

2Extensive information about using the transmission matrix to characterize photonic components can
be found in Chapter 7.1, page 246, in [20]
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Hence, a change in temperature or strain will change the period A of the FBG and
the Bragg wavelength position. The temperature sensitivity of the Bragg wavelength
position can be expressed as

Alg = )\B(OzT + B)AT (2.8)

where ar is the thermal expansion coefficient and 3 is the thermo-optic coefficient
[16]. Multiparametric sensing of temperature or strain is feasible by incorporating
several FBGs with different A and corresponding Ap [21]. Therefore, each FBG
represent a point for temperature or strain sensing.

Distributed Sensing

Distributed temperature or strain sensing is possible by self-correlating the signal
from the spontaneous elastic back-scattering in SM OF [3], [22]. This scattering
process is known as Rayleigh scattering and is usually considered as a contribution
to the attenuation of light in the fiber in telecommunication applications. It is also
possible to utilize the inelastic back-scattering in SM OF known as Raman or Brilluoin
scattering, which requires simpler processing methods as compared to using the
Rayleigh scattering [23].

Rayleigh scattering from a narrow pulse propagating in the OF is useful for ob-
taining distributed temperature monitoring by measuring the temporal or frequency
resolved changes in the scattering amplitude. The Rayleigh scattering coefficient of

OF can be expressed as
873

34
where n is the RI, p is the photo-elastic coefficient, k5 is Boltzmann constant, ¢, is the

QR = nspzeckBTF (2.9)

isothermal compressibility, and T is a fictive temperature of the density fluctuations
frozen into the OF when it is cooled in the fabrication process [22]. An(¢, z) with
dielectric parameter, A (¢, z), is fluctuating randomly in time, ¢, as a result of the
random oscillation of electrons clouds from the molecules in the OF. The incident
light is reorienting the oscillating electron clouds with a collective response. These
collective reorientations of random oscillating electron clouds results in Rayleigh
back-scattering with random amplitude intensities that changes with the temperature
or strain state of the OF. Therefore, the change in these random collective oscillations
and Rayleigh scattering amplitude intensities must be probed to find the change in
temperature or strain. The transverse backward wave propagation of the Rayleigh
scattering can be expressed as

E = U(z,k)exp(—ikz) (2.10)
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where ¥(z, k) is the Rayleigh scattering amplitude that is dependent on the local
variations of the dielectric parameter Ae(z) within the range 2 [3]. Applying a
Fourier transform on the random spatial variations of the permittivity relates the
Rayleigh backward scattering signal to ¥(z, k) — ¥(0, k). A reference length of the
fiber is required to self-correlate the changes in the random fluctuating signal. The
spatial resolution for these temperature or strain measurements is proportional to
the pulse width propagating in the OF. Signal strength and spatial resolution are
therefore often conflicting parameters in distributed OF sensors.

2.1.3 Extrinsic Fiber Optic Sensor

Extrinsic FO sensors probe light-matter interactions in the core-cladding in-
terface or on the fiber end face. These light-matter interactions are often based
on absorption or scattering of molecular entities that is used for determining their
concentration [24]. Extrinsic FO sensors are also often based on interferometric or
surface plasmon resonance (SPR) measurements [25], [26]. For the light-matter
interactions occurring on the OF side face, the CF of the TEM wave must be chosen
so that the evanescent field is interacting with sensing-medium. To achieve this the
cladding can be removed, or gratings can be inscribed into the fiber to excite the
TEM mode(s) into the cladding. Some impressing FO systems can be summarized
below based on the side face or end face sensing.

Light-Matter Interactions on the Side Face

For cladding removal, MM OF is straight-forward to handle due to its larger
core, but will not offer the control over the propagation constant at the fiber-solution
interface due to a large number of modes. To use SM OF for side face sensing the
TEM modes can be exited into the cladding by the use of LPFG or tilted fiber Bragg
gratings (TFBG) [17], [27]. TFBG is similar to FBG as shown in Fig. 2.7(a), but
has a grating period projected with an angle so that A = A,/ cos § where 6 is the tilt
angle and A, is the actual period of the grating. As several modes are refracted by
the tilted grating into the cladding, the phase of the traveling wave in the cladding
and core is matched for each mode. The phase matching condition between mode,
i and j, is B; = B; £ B, with B¢ = 2r/A as the grating constant. The resonance
wavelength ); for the phase matching between the core mode and another mode, I,
becomes then

A= [nggFe(N) + kg (A)] A (2.11)

where nc®()\;) is the effective index of the SM guided by the core and nlg();) is the
effective index for mode [ [27]. The magnitude of the propagation constant /3; with
the corresponding ), is also possible to control with the polarization of the incident
TEM plane wave. These characteristics have resulted in some exciting approaches
for FO based SPR biosensors improving its figure of merit (FOM) significantly [29],
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Fig. 2.7: (a) Ilustration of a TFBG with tilt angle ¢ and grating period A; (b) Surface
plasmon polaritons (SPP) excited on the gold-coated TFBG by the TEM modes
with corresponding propagation constant in the cladding. The illustrations
are from [28].

[30]. With a gold layer deposited on the TFBG side face with a thickness in orders
of nanometers as shown in Fig. 2.7(b), the propagation constants in the cladding,
b1, can be phase matched with the propagation constant of the surface plasmon
polaritons (SPP), Bspp, exited along the gold-solution interface. With 3, = ﬁlspp it is
possible to write

e(N)em

konke(\) sin ) = ko | ——22"
onegr (M) ! 0 e(N) +em

(2.12)

where () is the dielectric function of the metal and &, is the dielectric constant of
the medium [27], [28], [31]. For TFBG, the SPR is usually exited in the infrared (IR)
range, which may improve the sensitivity of SPR sensors providing longer propaga-
tion lengths of the SPP [29]. By obtaining the polarization dependent loss spectrum
of the TFBG-SPR sensors, the FOM have shown to be higher than 10000, which is
much higher than many SPR refractometers, which lie between 10 and 1000; an
exciting development of miniaturized SPR sensors [27], [30].

Light-Matter Interactions on the End Face

Various OF sensor systems utilizing light-matter interactions on their end faces
in reflection or transmission may also offer suitable solutions for many biosensor
applications. For transmission measurements, the absorption of chemical compounds
can be determined using one fiber for illumination and another fiber for light
collection [32]. MM OF has a larger core and NA than SM OF and may be more
convenient to use considering that the fibers have to be aligned. By using Beer-
Lambert law, the concentration can be found for a fixed path length of the beam
between the two fibers. Interferometric measurements from two OF end faces near
each-other may also be used to determine the RI between them. Aligned end faces
of two SM OF can be modeled as a dielectric slab with n; as the RI of the fiber cores
as shown in Fig. 2.8, and with ns as the exterior medium. The transmission matrix
is composed of three layers, M = M3MsM;, with M; and M3 as mediums with n;
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Fig. 2.8: Illustration of dielectric slab modeled as an interferometric RI sensor. The
illustration is from [20].

and M as a medium with ns. The total transmission is found from the 2x2 matrix
M with Ms 5 as 1/t. t can then be expressed as

dning exp (—iy)
t= - (2.13)
(n1 +n2)? — (n1 — n2)? exp (—i2¢p)

where ¢ = nokod, and d is the width of the dielectric slab [20]. For a constant d, the
RI of the exterior medium, ns, can be monitored as a function of the change in phase

. FP interferometers used for optical length path measurements are described more
in detail in Section 2.3.

Reflection based OF sensor systems may have simpler fabrications methods and
a more convenient configuration for insertion into the environment that is monitored.
OF RI sensors can be configured to have periodic patterns of noble metals on the
facet or to be configured with a gold nanolayer on etched multicores in fiber bundles
as shown in Fig. 2.9 and 2.10 [6], [33]. In Fig. 2.9, the incident TEM plane wave
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Fig. 2.9: Periodic noble metal structures on SM OF. The image is from [33].

on the periodic noble metal nanostructures (NMNS) on the facet excites localized
surface plasmons that can be used for local RI sensing. The mechanisms behind
localized surface plasmons are described more in detail in Section 2.4. For the OF
bundles in Fig. 2.10, a gold nanolayer is deposited on the spiky end faces of the
multicores. Each core represents an SPR sensor where the propagation constant,
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Fig. 2.10: SPR based multicore FO sensor. The illustration is from [6].

f1,1, incident on the dielectric-gold interface is phase-matched with the propagation
constant, Sspp, of the SPP.

e(Nem

e (2.14)

ni k/‘O sin econe = k/'O
where 0cone is the bounce angle of f;; at the dielectric-gold interface [6], [31].
Multiparametric sensing is possible in this configuration since ¢,, is measured locally
on each of the spiky cores with gold surfaces.

2.2 Nanoparticles and Hydrogels for Label-Free Sensing

Label bound detection methods are often used in optical microscopy with
molecules that are fluorescent or chemiluminescent. The molecular label binds to
another molecule of interest and its amount can be observed by the intensity of
the photons spontaneously emitted by the molecular labels. Label-free detection
methods consist of omitting the molecular label only to measure the amount of the
molecule of interest directly. By omitting the molecular label it is possible to monitor
both the association and dissociation of molecular compounds directly in real time,
e.g. as performed in the SPR technique [34], [35]. Label-free detection methods in
photonic sensors are often based on the following features: (1) The measurement of
light absorption or scattering of specific molecules; (2) The measurement of light
interference in responsive dielectric mediums to determine the physical lengths
between the RI modulations; and (3) The measurement of changes in the polariz-
ability density® for the dielectric function of materials and its surroundings. This
thesis consists of using all three photonic label-free sensing features in developing
novel label-free OF sensor systems. The following Sections 2.2.1 and 2.2.2 describes
label-free recognition elements based on hydrogels and NMNPs.

3the material parameter in ME.
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2.2.1 Noble Metal Nanoparticles

The NMNPs, made of gold or silver, are widely used in optical applications due to
their wavelength dependent light scattering and absorption properties giving intense
optical signals that can be observed in, e.g. dark-field optical microscope techniques.
Copper has a high susceptibility to oxygen and is less used. The scattering or absorp-
tion of NMNPs for different wavelengths is dependent on particle size, particle shape
and the RI of the medium surrounding them as shown in Fig. 2.11 [14]. Fig. 2.11(a)
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Fig. 2.11: (a) Optical dark field microscopy and scanning electron microscopy (SEM)
images of scattered light from different gold nanoparticle (GNP). The images
are from [36]; (b) Hlustration of the spectral response to RI changes of the
LSPR from GNPs. The illustration is from [37].

shows the optical dark-field and SEM images of scattered light from different GNPs,
demonstrating the scattering wavelength (or color) dependence on their size and
shape. Fig. 2.11(b) illustrates the scattering wavelength dependence on the local RI
on the surface of the GNP. The maximum scattering with the corresponding wave-
length is redshifted for the recombination of receptor-analyte on the GNP surface.
The intense light scattering and absorption of GNP are due to its electron cloud
oscillating collectively in resonance with the frequency of the incoming TEM wave.
The localized collective oscillation of the electron cloud or LSPR can be considered
to be a dipole for small particles with » < 30 nm, that have an electric field decaying
with center-to-center distance d—> [38]. Due to the intense electric field on the
surfaces of NMNPs of different sizes, shapes, and cluster configurations they are
also often used for surface enhanced raman scattering (SERS) [14], [31], [39]. The
theoretical background for LSPR is described more in detail in Section 2.4.

2.2 Nanoparticles and Hydrogels for Label-Free Sensing
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The analyte-receptor recombination on NMNP surfaces can be described with
the Langmuir model as
ka
[A] + [R] == o [AR] (2.15)

where [AR] is the molar concentration of the analyte-receptor complex, [A] is the
molar concentration of the analyte, [R] is the molar concentration of the receptors,
and k, and kq are the association and dissociation rate constants, respectively [35],
[40]. In the steady-state, we can equate the reaction rates for the association,
va = ko [A][R], and dissociation, vq = kq[AR], and write [AR] as a function of [A]

as
[A]

(2.16)

where [R] is the initial concentration of unbound receptors, and Kg = K, ! =

{2} %g} = Z—i is the dissociation constant [35], [40]. [AR] increases non-linearly for

[A] with a decreasing rate and the analyte binding to receptor will in (2.16) saturate

for [A] > K4. High K4 would then indicate that the analyte-receptor complex
formation is weak, whereas a high K, would indicate an intense formation of the
analyte-receptor complex.

2.2.2 Hydrogels

A hydrogel is a three-dimensional hydrophilic polymer network that contains
a substantial volume fraction of water without being dissolved. Due to its ability
to contain high amounts of water, hydrogels are widely used in applications such
as drug delivery or tissue regeneration, but are however less exploited in biosensor
applications [10], [11]. The hydrogel can be synthesized with recognition elements
bound to the polymer chains so that the equilibrium for swelling is changed upon
external stimuli, as shown in Fig. 2.12. The change in equilibrium swelling can
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Fig. 2.12: (a) Change in swelling equilibrium for protonation or deprotonation of the
recognition element; (b) Change in swelling equilibrium for receptor-analyte
recombination. The illustrations are from [12].

be controlled as a function of solvent, pH, temperature, or ionic strength. By
incorporating receptors in the hydrogel polymer network, such as an antibody,
selective and label-free sensing of antigen can be performed as the recombination
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antibody-antigen is contracting the hydrogel [12]. The dynamic swelling of ionic
hydrogels can be described by the zero total osmotic pressure II. The zero total
osmotic pressure is composed of I, the free energy arising from mixing the
polymer and solvent, I1.y,s, the elastic force in the polymer chain deformation, and
IT;on, the difference in concentration of mobile ions on the inside and outside of the
charged polymer chains. IT = IIix + Iejas + Hion is described as

RungT
%1

II= (ln ((Zsl) +¢2+X¢%)+ vaT ( ¢2 <¢2> g) +Rn1gTACtot (217)

Vo 2020\ d20

where ¢; and ¢- is the volume fraction of solvent and polymer phase, respectively, v
is the molar number of elastic active polymer chains in reference to volume fraction
¢2,0, Rug is the molar gas constant, x is the Fory-Huggins interaction parameter,
V1 is the molar volume of solvent, V} is the reference volume of the hydrogel, T is
absolute temperature, and AC} is the difference in electrolyte concentration on
the inside and outside of hydrogel [12], [41]. The term, Il,s, may describe the
swelling equilibrium as a function of cross-linking density due to receptor-analyte
recombination. The formation of [AR] complexes that change II.,s can be expressed
asin (2.16). For slow diffusion times, the association time constant will be dependent
on the spatial distribution of the receptors, i.e., the association time constant will
be different for a two dimensional hydrogel than for a three-dimensional hydrogel.
The diffusion time can be determined by the use of FicK’s first law or the Nernst
diffusion layer concept [35], [42]-[44]. In FicK’s first law the flux of the analyte, .J, is
proportional to its diffusion constant, J o D « 1/dj,, where d}, is the hydrodynamic
diameter of the analyte. Thus, smaller analytes have faster diffusion times than
larger analytes. From the Nernst diffusion layer concept there is a so called diffusion
layer creating a concentration gradient in the support-hydrogel-solution interfaces.
The mass-transfer resistance of the analyte in the diffusion layer with length, 4, can
be described as ran = 0/Dan1, where D,y is the diffusion constant of the analyte
[35], [44]. With the hydrogel-solution phase as the first diffusion layer and the
support-hydrogel phase as the second diffusion layer, there will be a concentration
gradient in the support-hydrogel phase dependent on r,,. In the steady state,
the analyte flux in the first diffusion layer will be equal to the analyte flux in the
second diffusion layer. Hence, the analyte diffusion constant will be smaller, and the
concentration gradient will be more substantial in the support-hydrogel phase than
in the hydrogel-solution phase.

Transducers used for estimating the change in equilibrium swelling are often
based on optical microscope imaging, conductometric, dynamic light scattering,
liquid column length or OF sensing [45]-[49]. The feasibility of using hydrogels
as label-free sensors is usually limited by the accuracy of the methods used for
detecting the change in hydrogel volume [12]. OF sensors may improve the accuracy

2.2 Nanoparticles and Hydrogels for Label-Free Sensing
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of detecting these volumetric changes by monitoring the light interferences in the
hydrogel. Such OF sensor systems may be similar to the dielectric slab model
expressed in (2.13) for varying width of the slab and constant ns. Both hydrogels
and NMNPs are used for label-free sensing with OFs in this thesis. The proof-of-
concept OF systems with NMNPs and hydrogels are further described in Section 2.3
to 2.6.

2.3 Fabry-Perot Interferometers

Interferometric methods utilizes the interference of light to detect the change
in its optical path length as a function of the change in the material properties
it is propagating in. The signal-to-noise ratio provided by this technique is really
dependent on the instrumental configuration used, as shown from the various laser
interferometer gravitational-wave observatory (LIGO) installations around the world,
being able to detect ripples in space-time as a result of the gravitational waves made
by the merging of black holes [50]-[52]. An OF based FP interferometer may detect
the change in the optical path length intrinsically or extrinsically [25]. For intrinsic
Fabry-Perot interferometer (IFPI), gratings or disruptions can be introduced in the
core of a SM OF so the interference signal is monitored as a function of fiber strain
or compression [25], [53]. LPFG, FBG or TFBG are some examples of FO systems
that can be categorized as IFPI. FO system based on EFPI may use a mirror or a
transparent film on the end face of an OF to create a FP etalon [25], [53]. EFPI based
FO sensor may also be aligned with each-other to detect the optical path length or
RI changes in a medium with a transmittance as expressed in (2.13). EFPI based
OF sensors have been applied commercially for various purposes such as health
monitoring of space aircraft, engineering structures, and composites structures.
In Section 2.3.1 to 2.3.3, the reflection based FO EFPI sensors are described in
detail with respect to characterizing and interpreting interferometric signals and
concerning how SM OFs with hydrogels can be used for label-free biosensing.

2.3.1 Hydrogel — A Micro Fabry-Perot Cavity

EFPI based OF sensors in reflection can be analyzed by tracking the complex
amplitudes of the forward and backward waves traveling through two partially
reflective mirrors separated by distance d as shown in Fig. 2.13. The transmission
matrix for this system is M = M3MsM;, where M3 is mirror 2, M is the medium
separating the mirrors , and M; is mirror 1. Ms » of the 2x2 transmission matrix, M,
is 1/t. By rewriting 1/¢, the intensity reflection for the FP cavity is found as

(1= |m )1 = |ral*)

R=1-
[1 — rirg exp (—i2¢)|?

(2.18)
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Fig. 2.13: A FP etalon with partially reflective mirrors. The illustration is from [20].

where ¢ = nkod and n is the RI of medium M,. r; and ry are the amplitude
reflectance’s for mirror 1 and 2, respectively [20]. Assuming that arg{r;ro} = 0 it is
possible to write (2.18) as

SRmin
R=1-— 2.1
1+ (2F/7)2sin? ¢ (2.19)
where (1= D = )
1- T1 1- T2
= 2.20
S}{Hlll’l (1 _ "]"17’2|)2 ( )
o ™VIrirs| 2.21)
1-— ‘7‘1T2|

F is known as the finesse and is increasing as a function of the reflectance product
rire. In (2.18) and (2.19), it can be shown that the minimum fR is obtained when
¢ = nkod = qm, where ¢ = 1,2, 3.... The wavelength range, A\, between integers,
Ag, also known as the free spectral range (FSR), can be further expressed as

A8
2d,

FSR = (2.22)
where d, = nd is the optical length. The change in optical path length from ¢ can
be used to determine the change in n or d of the medium, My, by monitoring the
change in wavelength position of the minima in R or the change in FSR.

As mentioned in Section 2.2.2, optical techniques may increase the accuracy in
detecting small volumetric changes in stimuli-responsive hydrogels, making them
available for use in label-free biosensing applications. The hydrogel may represent
a micro FP cavity modeled as medium M in Fig. 2.13 with intensity reflection as
in (2.18). r; would here represent the support-hydrogel interface and ro would
represent the hydrogel-solution interface. Due to scattering, absorption and mode-
mismatch in the hydrogel, ro can be replaced with ~r,, where ~ is the loss factor.
Since the hydrogel contains a significant volume fraction of water the reflectance
product yr;re and finesse F' can be assumed to be small. With |yrirs| < 1 and
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arg{yriro} = 0, the total reflection intensity I()\) for a hydrogel can be expressed by
simplifying (2.18) into

I(A) = IpRnya = Io [|r1|2 + |7‘2\2 + 2|yr172] cos (290)] (2.23)

where I is the intensity of incident light. I(\) is a sinusoid with phase 2¢ =
4md,/Xo + o, where g is the initially arbitrary phase*. Thus, the FSR of I()\) can
be expressed as in (2.22) and its phase change as a function of the change in optical

length can be expressed as
47 Ad,

Ao
The change in d, is a result of both a change in physical length d of hydrogel cavity

Ay, = (2.24)

and a change in RI
Ady = Adngel + dAnge (2.25)

where ng is the RI of the hydrogel originating from solvent and polymer concentra-
tion. Due to the high volume fraction of water in the hydrogel, the main contributor
to the optical length change will come from the change in d as a result of hydrogel
swelling or contraction.

2.3.2 Interpretation of an Interferometric Signal
Quality of an Interferometric Signal

Quality of an optical resonator can be characterized by estimating the losses
arising from imperfect reflection at r; or ro, as well as from absorption and scattering
that occurs in the medium between r; and rs. It is possible to characterize the loss
by estimating the quality factor @ defined as 27 multiplied by the ratio of stored
energy to energy loss per cycle. With FF = FSR/d\ and with 6 as the full width at
half maximum (FWHM), @ can be expressed as [20]

0N p_ X

T FSR™ A (2.26)

For the unknown reflections values, r; and r; in F), it is possible to estimate @) by

determining the experimental values, 6\ and Ag.

To estimate the quality of a low finesse FP cavity expressed in (2.23), it is
possible to obtain @ as explained above, or it is possible to estimate the visibility
parameter indicating the strength of interference between the waves. The visibility
of (2.23) can be described as

max(I(A)) — min(I(X)

V= (i) + min(iO) (2.27)

“phase-shift at 7; and r» changes the reflection product from —|yri 72| to +|yri72| in (2.23)
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where max (I(\)) and min (I())) is the maximum and minimum intensity of I()\),
respectively [20]. By inserting (2.23) in (2.27) the visibility becomes

2|yryral

= — (2.28)
12+ [yraf?

Since @Q « F o ryiry for riry < 1, visibility can also be used as a measure of the
quality factor.

Determining FSR and Phase Change in an Interferometric Signal

As noise and other artifacts often disrupts the interferometric signals, the use of
interrogation techniques can significantly increase the accuracy of the monitoring.
Considering that the signal is sinusoidal with changing period and phase, the use
of interrogation methods such as cross-correlation techniques, fast Fourier trans-
formation or quadrature demodulation techniques could be very advantageous. In
this thesis, the focus will be on applying autocorrelation functions and quadrature
modulation techniques to determine the period and phase, respectively.

The autocorrelation function is a symmetric and a self-correlating method. To
illustrate the use it is possible to apply the function to the result in (2.23). With a
wavelength-vector with n,, = 1,2, 3... as the wavelength-vector integers with corre-
sponding reflection intensities and vector length N,,, the autocorrelation function is
measuring the correlation between I(\); and I(\);1, where k; = 0,1,2...(N,, — 1) is
the lag time. The autocorrelation for lag time, k;, is expressed as

2 Nu—k
= Py (10: = T (1N~ TOV)) (2.29)

where o, is the sample variance of the lag time series and I()\) is the mean of I())
[54]. The function will decay with lag time since the self correlating strength is
decreasing with k;. For a sinusoidal signal, the first peak in ry,, for k; > 0, represents
the maximum self-correlation strength for a lag time value that is equal to the period
of the sinusoid. The FSR of I(\) is then found from the first peak with corresponding
lag time since it is scalable to the wavelength.

By using the quadrature demodulation technique, it is possible to find the phase
of an interferometric signal by knowing its period or FSR. A signal, such as I(\), can
be modulated with a sinus or a cosinus resulting in the two functions

Leos(ny) = I(A) cos (frsrnw) (2.30)

TLsin (nw) = I(A) sin (frsrnw) (2.31)
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where frsg = 1/kpsr and kpgsg is FSR scaled as the lag time value found from the
autocorrelation function [55], [56]. For Af = frsr — fin) < fi(n), With f(y as the
absolute frequency of the signal, the phase ¢g, , in I(A) can be expressed as [55],
[56]

Lin
Doty = tan~ ! | = (2.32)
cos
where
1 Ny
Leos = Teos (M 2.33
& 5 i @
1 M
Iiin = xr Isin w 2.3

The error of the phase estimations is dependent on the error present in the estimated
demodulation frequency frsr, but can be decreased with increasing numbers of
periods in the signal.

In summery, the optical length can be determined from (2.22) by using the
autocorrelation method, whereas the change in optical length from (2.24) can
be determined by using of the quadrature demodulation technique. For significant
hydrogel swelling and deswelling, it might be practical only to use the autocorrelation
method to estimate the optical length if the sampling frequency of the interferometric
signal results in phase changes larger than 7/2. On the other hand, for small hydrogel
swelling and contractions, it might be practical to use the quadrature demodulation
technique combined with the autocorrelation method to detect the small changes in
the optical length.

2.3.3 Sensor Implementation with Single-Mode Optical Fiber

FO sensors based on EFPI in reflection mode can be fabricated by immobilizing
a hydrogel on the OF end face as shown in Fig. 2.14 [5], [13], [56]-[59]. IR light is
confined as a single transverse mode in OF core and hydrogel volume which ensures
sufficient interference between the field reflected at the fiber-gel interface, 1, and
the field reflected at the gel-solution interface, ro. Since the reflection-product is,
rire < 1, the hydrogel can be considered to be a low-finesse FP cavity. Hence, the
reflection intensity of this FP can be described as (2.23) and the swelling equilibrium
can be monitored by using the autocorrelation or quadrature demodulation methods
in (2.29) and (2.32). Due to the significant volume fraction of water in the hydrogel,
the contribution to changes in the optical length will arise from changes in the
physical length with minor influence from the RI.

The hydrogel swelling can be tailored to be responsive to a variety of different
biochemicals [5], [13], [56]-[59]. Firm adhesion of hydrogel on the OF end face
ensures that there is no gap in-between creating additional reflections, which is
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Single-Mode Optical Fiber Hydrogel

Fig. 2.14: Illustration of SM OF with hydrogel immobilized in its end face. IR light is
confined as a single transverse mode in core and hydrogel with reflection at
OF-gel interface and hydrogel-solution interface.

obtained by functionalizing the OF with silane groups that forms covalent bonds
with the hydrogel [60]. Low surface roughness on the hydrogel-solution interface
results in high visibility of the EFPI. and is obtained by polymerizing the pre-gel on
the OF end face in an oil-water emulsion as shown in Fig. 2.15. Here, acrylamide

Optical fiber guiding UV-light

Sensor segment with monomer solution on fiber tip
(immiscible in squalane environment)

Fig. 2.15: Optical microscope image of the UV-polymerization of the pre-gel in an
oil-water emulsion.

monomers are used as the backbone of the polymer network that can be incorporated
with recognition elements [5]. The pre-gel with photoinitiator can be deposited
on the OF end face with a pipette and further photopolymerized by using UV light.
Under UV illumination the photoinitiator releases free radicals that are catalyzing
the polymerization of the monomers, spacers and recognition elements in the pre-gel
[11], [61].

The number of modes carried by the OF as defined by the V' design param-
eter in (2.5) is also present in the FP cavity. The modes in the FP cavity can
be expressed by using Hermite-Gaussian beams with indexes (I, mng) [20]. For

2.3 Fabry-Perot Interferometers

25



26

Hermite-Gaussian beams the higher modes will propagate with an excess phase
Z(2) = (Ing + mpg) tan™" (%) where 2 is the Rayleigh range. The mode(s) carried
by the OF will also be present in the Hermite-Gaussian modes in the FP cavity. The
visibility of the FP interference will, therefore, be higher for OF with few modes
as opposed to OF with many modes. Hence, the use of SM OF have significant
advantages being able to detect nanometer changes in the hydrogel swelling as
compared to MM OF that is often limited by modal dispersion [5], [62].

2.4 Nanoplasmonic Systems

Nanoplasmonic systems are based on optical phenomena occurring at the
nanometer scale from light interacting with the confined collective oscillations
of electron clouds or plasmons. By using waveguides or mirrors, the optical field
can not be confined to a scale below half of its wavelength. However, by using the
optical field to excite plasmons in NMNS, the light is interacting with the oscillating
electron clouds confined to a scale smaller than the diffraction limit. Noble metals
show to be a suitable candidate to excite plasmons due to their high conductivity,
that is often displayed as a free electron behavior. Incident visible (VIS) light on
bulk gold excites bulk plasmons but cannot be used for RI sensing since they are
localized inside the material. By reducing the gold size below \/2, the plasmons can
be excited on the gold surface if the propagation constant, 8 = (27n/Ao) sin 6, of
the TEM plane wave is phase-matched with the propagation constant of the SPP as
mentioned in Section 2.1.3. The excitation of SPP is thus dependent on the angle
6 and the wavelength of the incident light. By reducing the gold size below )\/2 in
three-dimensions, the plasmons can be confined to a nanosphere or particle that is
collectively oscillating in resonance with the light frequency. The surface plasmons
traveling in this nanoparticle is known as LSPR and are dependent on the particle
size and shape as well as the local dielectric medium. This LSPR nano-probe can
be used for sensing local RI changes. The excitation of LSPR is also independent
of phase matching of propagation constants, i.e. it is independent of the angle of
the incident light. NMNS have been implemented with OF in the last decade in
various configurations and biosensor applications due to their label-free sensing, fast
response times, high sensitivity, high selectivity, remote sensing capabilities, and
simplified optical design [7]-[9], [18], [33], [63]-[77]. Multiparametric sensing
is possible as the LSPR can be spectrally resolved for different sizes and shapes
[91, [14]. Also, single or clustered NMNS of specific geometrical shapes exhibit
intense localized electric fields on their surfaces which is useful for other label-free
detection methods such as SERS [14], [31], [38], [39]. In the following Sections
2.4.1 to 2.4.5, extinction of NMNP, dipole-dipole coupling, LSPR dependence on
metal-dielectric function, as well as the implementation of NMNP with OF for local
RI sensing are described more in detail.
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2.4.1 Gold Nanoparticle — A Nano-Probe Sensing the Refractive Index
Spherical Noble Metal Nanoparticles

As mentioned in Section 2.2.1, the intense light scattering and absorption of
NMNP is due to the collective oscillating electron cloud in the particle that is in
resonance with the frequency of the incoming TEM plane wave. The scattering and
absorption are illustrated in Fig. 2.16. The scattering or absorption of NMNP can

Incident light —————p>
Scattered light

Transmitted -- absorbed light

Light extinction + —

N e
scattering ¥ / '\

Fig. 2.16: Illustration of scattering, absorption and extinction of an NMNP.

be quantified by measuring the difference between incident light intensity Iy and
transmitted intensity I; by using the Lambert-Beer law

I; = Ipexp (—oextNDd) (2.35)

where oext = 0sca + Tabs iS the extinction cross coefficient, oy, is the scattering
cross coefficient, o, is the absorption cross coefficient, ND is the number density
and d is the length of the light path traveling through the medium with NMNPs
[78]. The scattering and absorption of NMNPs will also be dependent on their
size, shape, composition and surrounding environment. The light extinction by
particles can be described from the Mie theory that is based on solving ME for a
homogeneous sphere [79]. The solutions consist of both low and high order multi-
poles of electromagnetic waves traveling on the sphere. The scattering, extinction
and absorption cross-section of gold nanospheres can be described as

_ Pyca _ 21 o 2 2

Osca = == > 2L+ 1)(Jagl* + [bo]?) (2.36)
Io kI 1=
Pex 27 &

Oext = 2 = 275" (2L + 1)[Re(ag, + by)] (2.37)
Iy kP =

P,
Oabs = Ia(‘)bs = Oext — Osca (2.38)
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where P is scattering, absorption or extinction power, Ij is the incident plane wave
intensity, L are integers representing a dipole for L = 1 or multipoles for L > 1
and k is the incoming wave vector [79]. ar, and by, are parameters composed of the
Riccati-Bessel functions 7, and x,

mapy (ma) Py (x) — ¢ (mx)ir ()

mapr (mzx)xy (z) — ¢ (ma)xr(x) (2.39)

ap =

_ ulma) () — il (ma)i ()
br(ma) ) (x) — mu, (ma)xz (@)

where the primes represent the first differentiation with respect to the argument

br, (2.40)

in the parenthesis, © = k,,,r, r is the radius of the particle, k,, is the wavenumber
of the incident light within a medium, m = nlm, n,, is the real refractive index of
the surroundings of the metal and n = ng + in; is the complex refractive index
of the metal [79]. For a dipole with < 1, one can use an approximation of the
Riccati-Bessel functions given by Bohren and Huffman to express the extinction and
scattering cross-section as

3
187e,, 2 dmrs €9
<t = 2.41
Oext )\ 3 |:(€1 ¥ 2€m)2 I (52)2i| ( 4 )
327ie,,2 [ Anr® 2 (61 — em)? + (€2)? (2.42)
(o = .
sea 2 3 (e1 + 2em)% + (£2)2

where ¢; and ¢; are the real and imaginary components, respectively, of the com-
plex metal dielectric function e(\) = &1 + ieg, &, is the dielectric constant of the
surrounding medium, r is the radius of the particle, and X is the wavelength of the
incident light [80]. Extinction and scattering scales with r3 and 75, respectively.
Extinction is thus dominating for small particles, whereas scattering is dominating
for larger particles. From the denominator in Equation (2.42) it can be shown that
extinction and scattering is maximized at the plasmon resonance condition

Rele(N)] = —2¢ep, (2.43)

Re [e(N\)] = £1()) is dependent on wavelength and needs to be negative to satisfy the
condition in (2.43). Noble metals like gold have negative dielectric values for visible
wavelengths due to the collective oscillation of conductive electrons in resonance
with the light frequency. From (2.43) it can be noted that the LSPR wavelength is
dependent on the dielectric properties of the surrounding medium ¢,,. Therefore, a
GNP can be used as a nano-probe for sensing the local RI on their surface.
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The Dielectric Function of Metals

The real and imaginary dielectric values as a function of wavelength for gold
or silver can be found from experimental measurements, such as from Johnson
and Christy [81]. Thus, it is possible to find LSPR resonance wavelength, Ay, for
Osca and ey, by matching €1 (Apax) With —2¢,,. The theoretical expression for ¢;
in (2.43) can be represented as free electron behavior for metals. From ME it is
possible to derive an expression of the effective permittivity for conducting materials
as a function of angular frequency, w, and conductivity, & [20]. Combining this
expression with the Drude model and further describing conductivity as a function
of frequency and electron collision frequency, v, the real dielectric function of metals

can be found as [31]

w2

— p

2
wp = | Nee. (2.45)
€0Me

Here w, is the angular frequency of the bulk plasma oscillations of the metal, NV is
the electron density of the metal, e. is the electron charge, ¢ is the permittivity of
vacuum, and m, is the effective mass of the electron. The collision frequency can
be related to the electron mean free path, I., as v = vg/I., where vp is the Fermi
velocity [31]. For v < w, the expression in (2.44) can be simplified to

)

wP
a=1-—= (2.46)
w
When w is lower than wy, 1 becomes negative, i.e., metals with high conductivities
will satisfy the plasmon resonance condition for a spherical particle in (2.43). Real
metals will have a considerable deviation from the free electron behavior at high
frequencies due to inter-band and intra-band transition. These effects can be included

by introducing e, in (2.46) as [31]

w’2

£1 = €oo — w—g (2.47)

By using (2.46) with the plasmon resonance condition &y = —2¢,, for a sphere the
LSPR wavelength resonance becomes

Amax = Apy/2n2, +1 (2.48)
Amax = Apy/2n2, + €xo (2.49)

where )\, = 27c/w, is the plasma oscillation wavelength of the bulk metal, and

while using (2.47) gives

Nm = +/Em, is the RI or the surrounding medium of the gold nanosphere [82].
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Spheroidal Noble Metal Nanoparticles

The scattering and extinction of spheroidal particles can be described by Gans
theory, a generalization of the Mie theory [83]. In the quasi-static approximation,
the scattering and extinction cross-section of spheroids are

2
Texs = 4 (%) Im(a) (2.50)
8 /2m\* 9
Osca = ? (7) Rela‘ (2.51)

where « is the polarizability of the spheroid [31], [84]. The polarizability in the
quasi-static approximation can be further expressed as

A+ R)V (N —em
T T <5()\) + H&‘m) (2.52)

1-Lp , Longitudinal mode
=117 (2.53)
lir 72, Transverse mode
P
1- 62 1 1 +e
Ly = 2 | -1 2.5
P e? |:2€ n<1—e> } (2.54)
1 2
=\V1-\ar 2.55
c (AR> (2.55)

where AR is the aspect ratio in « for longitudinal or transverse excitation and V' =
(4mabc) /3 is the volume of a spheroid with semi-axes a, b and ¢ [14], [83]. The AR
of oblate and prolate spheroids is the ratio between the major and the minor axis®.
The polarizability in (2.52) is maximized when the real part of the metal dielectric
function, £1(\), and the dielectric constant of the surrounding medium, &,,, satisfy
the relation

€1(A) = —ken (2.56)

By using (2.46), the LSPR peak position as a function of local RI can be described as

Amax = /\p \% Kan +1 (2.57)

From (2.57) it can be shown that the local RI sensitivity, S = A\yax/Any,, of noble
metal spheroidal particles is dependent on « and the AR of the spheroidal particle.

SFor oblate spheroids ¢ = b < a. For prolate spheroids a = b < c.
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2.4.2 Dipole-Dipole Coupling
Near-field of Two Dipoles

The electric field with a distance, d, away from the NMNP is composed of the
incident field, Ey, and the near-field, E,¢, of the NMNP

E =FEy+ Byt (2.58)

The near-field for all possible multi-polar modes can further be expanded as

Eny = %+Z—f+z—g+... (2.59)
where a, 3, v... is the dipole, quadrupole, octupole... polarizability tensors of the
particle, respectively [38], [84], [85]. Hence, for minimal distance, d, relative to
particle size more terms from the near-field expansion are included in E. For a two
particle system the electric field felt by either of the particles can be described as
(2.58). The plasmon oscillations for the two particles with center-to-center distance,

d, are now coupled, and the field at particle one and two can be expressed as®

Ey = By + 622 (2.60)
emd

Ey = Ep + g% (2.61)

where p; = e,,a1 F1 and py = £,,a2F5 is the dipole moment of particle one and two,
respectively [38], [84]-[86]. The factor & = 3 cos 01 cos B — cos 615 represents the
coupling orientation of the dipoles where 6, is the angle between the direction of
dipole one, 6, is the angle between the direction of dipole two, and 6,5 is the angle
between the direction of the two dipoles. For two dipoles in the side-by-side (s-s)
or end-to-end (e-e) configuration, £ becomes -1 and 2, respectively. By inserting
expression for p; and p into (2.60) and (2.61), the equation becomes

E (1 ye a;?) = B, (1 + g%) (2.62)
Ey (1 ye a;g“) - E, (1 n g%) (2.63)

The average polarizability (a) of the pair particles can be expressed in

1 1
5(]71 +p2) = §(€ma1E1 +emanEs) = e Epla) (2.64)

Sfor dipoles only
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By using (2.62) and (2.63) with (2.64), (a) can be described as

a>:1a1 (1—0—5%)4—042 (1—&—5%)

: e (2.65)

The average polarizability does not take into account the multi-pole effects ex-
pressed in (2.59). For small distances with near-contact between particle surfaces,
the solution in (2.65) will display inaccurate values of (). However, multipole
and retardation effects can be estimated by using the discrete dipole approximation
(DDA), which has been shown to be a robust method for determining the dipole-
dipole coupling of NMNPs of different size, shape and metal types [38], [87], [88].

Solutions for Particles with Identical Size and Shape

From (2.65), («) is maximized when

=0 (2.66)

By using (2.52) and assuming identical particles in the cluster with a; = a9, the
plasmon resonance condition becomes

e1 = —F(d)em (2.67)
2
g HrEge+1)
F(d) = R (2.68)
L+ R)V
9= B (2.69)
Substituting g = EQJ;QV as, A/B, and k as, C, expression in (2.68) can be further

simplified to
dmk £ f%(l + k)

F(d) = T TEL (TR (2.70)

where + and F indicates bright modes and dark modes, respectively.” The bright
modes occur due to the symmetric oscillation in the e-e and s-s configuration for
the longitudinal plasmon mode. On the contrary, the dark modes occur due to
the antisymmetric oscillation in the e-e and s-s configuration for the longitudinal
plasmon mode. The excitation of dark modes is often very complicated but can be
achieved by exciting them with the bright modes. The interference between bright
modes and dark modes may give rise to phenomena such as Fano resonances [31],
[84].

74 and — in numerator and denominator for bright modes, respectively. For dark modes it is opposite.
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Plasmon Ruler Equation

The LSPR wavelength resonance is dependent on the cubic power of the particle
dimension to interparticle distance ratio. This dependence is possible to scale, so
it display a universal behavior for particle sizes and shapes. This universal scaling
behavior is often known as the plasmon ruler equation (PLE) and can be useful for
accurate measurements of the distance between particles at the nanometer scale
[891-[91]. The PLE defined as A\/)g, can be derived first by using (2.46) and F(d)

in (2.67).
Amax = Apy/ F(d)n2, + 1 (2.71)

This can further be developed by finding its first derivative with respect to F.

Adpax Apn2
= o 2.72
AF(d) ~ 2/F(@d)nZ, +1 @72)
For entirely separated particles with d — oo the function \J,. = \,\/knZ, + 1.
Hence, the PLE is
A max 2 A
Amax _ A7 () (2.73)
Alnax 2y/(F(d)ng, +1) (kng, +1)

Note that the solution in (2.70) used for the PLE in (2.73) is based on the point
dipole model and does not take into account the retardation effects or the effect
of multi-poles expressed in (2.59). For small distances with near-contact between
particle surfaces the solution in (2.73) may display inaccurate values. However, by
using DDA methods the PLE is shown to be approximated as

A 7(5/D)>
— =~ 0.1 2.
" 0.18 exp < 023 (2.74)

for different shapes, sizes, type of metals and dielectric constants of medium [92].
Here, s = d — D, is the separation distance between particles and D is the diam-
eter of a particle along the axis of interparticle interaction. The decay rate, 7, in
aexp (—z/7), of PLE for different NMNP (size, shape, metal type) are shown to
be roughly 0.2 with only variations in the magnitude a [92]. This reflects that
the strength of interparticle electromagnetic coupling relative to the intraparticle
plasmonic restoring potential may have a universal decay rate for many types of
NMNPs.

2.4.3 Change in the Metal Dielectric Function

The LSPR wavelength shift may originate from effects other than the change in
size, shape, metal or dielectric medium. Charge transfer may occur between NMNPs
and chemicals that are broadening or shifting the plasmon resonance. This effect
is often known as chemical interface damping (CID), and may be explained by the
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plasmon decay rate (or collision frequency), v, that is a dampening constant for the
oscillating electrons in the Drude model in (2.44) [31], [85], [93]-[96]. The total
plasmon decay rate can be expressed as

Y =Y + Yrad + Vswf + YCID (2.75)

where -, is the bulk damping, ~;.q is the radiation damping, 7, is the electron-
surface scattering, and ~cip is the CID [94]. The bulk damping describes the
scattering of electrons with impurities, phonons, electrons or lattice defects. Radia-
tion damping occurs due to the secondary light emission. Electron-surface scattering
describes the scattering of electrons in NMNP with a size comparable to the mean
free electron path, .. CID is included as the last term and describes the damping that
occurs due to changing the chemical interface of the NMNP. The size dependence in
(2.75) can be further expressed for each term as

¥ = + 2KV + A;—:’F (2.76)
where £ is Plancks constant, V' is the volume of a particle with a proportionality
constant K,.q, leg is the average distance of electrons to surface, vg is Fermi veloc-
ity,and Agy,,s is a proportionality constant [31], [85], [93]-[96]. The CID overcomes
the other damping terms for small particle sizes when the average electron path
length to the surface is within a range so that the energy of the plasmon resonance
is transferred to the surface molecules.

Electrons may also be injected into or removed from NMNPs changing their
electron density leading to a plasmon resonance wavelength shift. This may occur
due to adding chemical reductants to the NMNP colloid solution or due to electrodes
in solution transferring electrons to the particles [97]-[101]. The NMNPs can also
be cathodically polarized by using radiolytically generated reducing agents [102].
For spheroidal NMNP, \,.x is found by using (2.47)

1-L
/\max = )\p\j Em ( 1)) + €0 (277)
Lp

where L, is the shape dependent depolarization factor in (2.54). By taking the first

derivative of (2.77) with respect to N (the electron density), it can be expressed as

8
Admax _ Np 1-L,
AN _2NJ€m< I, + €50 (2.78)

8for simplicity it is assumed that e, is not changing with N
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With )\ expressed as in (2.77) the ratio A\ pax/Ao becomes [97]

Admax o _AN

Ao 2N

(2.79)

The red or blueshift of LSPR for NMNPs is proportional to the decreasing or increasing
electron density, respectively. It can also be noted that the expression in (2.79) is
independent of particle size, shape and RI. However, the electrons injected or
removed from single or clustered NMNPs are dependent on their oscillating strength
as well as the thickness of the electrical double layer on their surfaces [97].

2.4.4 |Interpretation of a Plasmon Resonance Signal
Q Factor, Limit of Detection, Sensitivity, Figure of Merit

As for EFPI based resonators, the quality of a plasmon resonance signal can
be characterized by estimating the losses arising in each collective electron cloud
oscillation. From the Drude model in (2.44) the quality factor at resonance can be
expressed as ) = w/2v that is a function of the dampening constant, v [39]. It is
also possible to express the quality factor for nanoplasmonic systems as a universal

analytical formula
Em AW

Ac, o (2.80)

Q:_

where Aw is the angular frequency shift of LSPR for the change in the dielectric con-
stant Ae,, [103]-[105]. From (2.80) the minimum number of detectable analytes,
N,, or limit of detection (LOD) is
A m Vm
N, = 18len Vn (2.81)
v oo Q
where «, is the polarizability of the analyte, and V;,, is the modal volume of the
surface plasmons of a nanoparticle [103]-[105]. The sensitivity is also a useful
parameter that can be used to describe the FOM. Sensitivity in LSPR based sensors
is the ratio between wavelength shift and RI with units in (nm/RIU)

Admax
= 2.82
S Any, (2.82)
The sensitivity is a parameter in FOM as
FOM = 2 (2.83)
2 '

where 0 is the linewidth of the LSPR [14]. Sensitivity, FOM and LOD are instru-
mental parameters to describe the quality of an LSPR signal. The parameters may
also define the applications the LSPR sensor systems are used for.
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Estimating Plasmon Resonance Wavelength Shift

Due to noise and other artifacts disrupting the LSPR signal it may be useful to
apply interrogation techniques for estimating the plasmon resonance wavelength
shifts to increase the accuracy of the monitoring. For a Lorentzian LSPR signal, it
is possible to implement a wavelength or frequency estimator based on a Fourier
transform

F{L ((v—vg) — dv, Av)}F{L ((v —vy), Av)}
- (2.84)
|F{L ((v— o), Av)}\Q exp (—i27 fév)

where F represents the Fourier transform of the Lorentzian £, f is the frequency
of the Fourier domain, dv is the frequency shift away from v, Av is the Lorentzian
linewidth, and F{L ((v — v9), Av)} is a known reference signal that is sufficiently
averaged [106]. Based on estimating amplitude and phase in (2.84) it is possible to
find the shift in frequency év and the wavelength resonance shift.

For asymmetric Gaussian signals modulated by linear or non-linear functions, it
may be useful to apply a smoothing spline function to find LSPR peak wavelength.
The smoothing spline, s, can be computed for a smoothing parameter, p, that
minimizes the expression

Ny 2
9 0s
p;:lg[y s(zi)]” + ( m/(a:;:) T (2.85)

where N, is the length of the wavelength-vector z received from the spectrometer,
and y; is the LSPR signal for wavelength-vector, z; [107]. g; is used for specified
weighting of individual observations in y;. By choosing a fixed smoothing parameter,
the balance between residual error and local variation is also fixed.

2.4.5 Sensor Implementation with Multi-Mode Optical Fiber

FO LSPR sensors in reflection can be fabricated by immobilizing NMNPs in a
hydrogel on OF end face as shown in Fig. 2.17 [108]. By using MM OF, an intense
LSPR signal can be obtained as a result of the high NA exciting a significant fraction of
the NMNPs and an effective collection of scattering from the LSPR of the NMNPs. The
advantage of immobilizing NMNPs in hydrogel lies in the large number of particles
for sensing, precise control over number density (ND), low cost manufacturing
and having free standing single NMNP distributed in a three-dimensional aqueous
environment. Applications would consist of detecting volumetric changes in the
hydrogel, receptor-analyte recombination on the NMNP surface or by detecting
chemical concentrations with SERS. The method for fabricating hydrogel on the
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Fig. 2.17: Illustration of MM OF with hydrogel embedded with NMNP on OF end face.
Light is guided in the fiber core with NA colored as red in fiber and hydrogel.
The illustration is from [108].

OF end face is described in Section 2.3.3. The pH or ionic strength of the pre-gel
may change the surface charge on the NMNPs and induce aggregation. To prevent
nanoparticle aggregation, the pH or ionic strength of the pre-gel can be adjusted,
or the surface charge of the NMNP can be controlled by using different stabilizing
agents such as citric acid or polyethylene glycol (PEG) with carboxyl or amine groups
[109].

With NMNPs immobilized in the hydrogel, both scattering and absorption will
contribute to the reflected LSPR signal as shown in Fig. 2.18. Assuming that the

1. Incident light from lightsource 7. Scattering of GNP from (4) combined
2. Reflection at fiber-gel interface from (1) with extinction of GNP from (6)
3. Transmission from (1) through hydrogel only 8. Reflection from (5) and/or (3) at
4. Incident light on GNP from (1) hydrogel-solution interface and
5. Extinction of GNP from (4) transmission through hydrogel only
6. Reflection from (5) and/or (3) at hydrogel-solution 9. Scattering of GNP from (6) and (4)
interface and incident on GNP only 10. Reflection from (8), and (7)
‘ | ,\
Ncore=1.458 > <6 '
<L 10 ’_-,-— 8
\ Ncladding=1.398 7ngelzl.33

Scatterinw Extinction_=\/_

Fig. 2.18: Scattering and extinction of NMNP embedded in a hydrogel. The illustration
is from [108].
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scattering and absorption are weak, the change in reflected power due to NMNP can
be approximated as

1

APg = (1 - Ry)? [ (&

4

2
5 ) amRzaext} ND2dP,, (2.86)

where R; is the reflectance of the OF-hydrogel interface, R, is the reflectance of
hydrogel-solution interface, ND is the GNP density, NA is numerical aperture, d is
the physical length of the hydrogel and P, is the input power [110]. A reflection dip
for net absorption or reflection peak for net scattering will depend on the relative
strength of the scattering and extinction terms. Depending on the shape of the signal
it is possible to estimate the resonance peak wavelength by using the smoothing
spline interpolant in (2.85), or the Fourier estimation in (2.84) can be used. The
LSPR shift for the FO system in Fig. 2.17 will either be due to local RI changes
or dipole-dipole coupling. Changes in the hydrogel volume can be measured by
utilizing either or both of the effects depending on the polymer wt% of the hydrogel
and ND of the NMNPs used, while receptor-analyte recombination on the NMNP
surface can be detected from the local RI changes.

As mentioned in Section 2.3.3, the hydrogel also represents a micro FP cavity
that can be used for interference measurements. For MM OF the interference might
be washed out due to modal dispersion since each mode is traveling with different
group velocities. The number of modes can be approximated to be proportional to
V2 in (2.5) for large V parameter values. For Hermite-Gaussian beams (as mention
in Section 2.3.3) with indexes (Ing,mpe) the higher modes in the FP cavity will
propagate with an excess phase of Z(z) = (Ipg + mpg) tan™! (£) where 2 is the
Rayleigh range [20]. With V parameter of more than 100 for MM OF, there is
several thousands of modes in the FP cavity, i.e., the visibility of the FP cavity will
efficiently be reduced to zero.

2.5 Multiparametric Sensor Implementation

The advantage of using FO sensors for multi-sensing applications lies in control-
ling the TEM plane wave properties of phase, amplitude, polarization and frequency.
By controlling the wave properties, the sensor parameters can be multiplexed spec-
trally, temporally, or for polarization. The monitoring of several parameters is both
useful for obtaining information from several spatial points and for increasing the
accuracy of the sensing by correlating the relevant parameters. Spectral multiplexing
can be based on multiple sensing elements such as FBG or FP interferometers [16],
[21], [25], [53]. Temporal multiplexing can be based on distributed sensing-based
OFs by measuring the change in its intrinsic properties from the change in Rayleigh
or Brillouin scattering [3]. Many applications also require simultaneous measure-
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ment of several parameters in a single sample or single position. Multiple sensor
elements can be used in single sample or position, but the increased size of the
resulting sensor might not be acceptable. E.g., for medical applications there is a
great need for sensing multiple parameters in one single point, combined with other
essential features like small dimensions, label-free sensing, real-time monitoring
and high sensitivity. By exploiting the intrinsic or extrinsic light-matter interactions
on the core-cladding interface or on the OF end face, many of these requirements
can be satisfied. Multiple-parameter sensing can be achieved in a single position
by using multiple-modes as performed with TFBG [27], [28]. Spectral multiplexed
sensing in single positions can be achieved by using fluorophores of different wave-
lengths [111], [112], or using NMNPs of different LSPR wavelengths in an optode
or on the facet of a cleaved OF [9]. In this thesis, the LSPR and interferometric
sensor modalities described in Section 2.3.3 and 2.4.5 for obtaining dual parameter
sensing have been utilized. Some additional effects may arise in both signals, and
the mechanisms behind them are described in Section 2.5.1 and 2.5.2. The FO
sensor system combining LSPR and interferometric sensor modalities are described
in Section 2.5.3.

2.5.1 Distribution of Particles in Hydrogel

Since the hydrogel changes its swelling equilibrium in response to chemical
stimuli, it will also change the ND of the particles distributed in it. For hydrogel
deswelling, the interparticle distance decreases which may increase the dipole-dipole
interactions between the NMNPs. Therefore, the distribution of particles in the
hydrogel will influence the amplitude and linewidth of the observed LSPR signal.
The probability density function related to interparticle distances can be accurately
estimated by utilizing models based on the nearest-neighbor distribution function
(NNDF) [113]-[115]. With nearest-neighbor at a given distance, | = d — r, from a
point in the region exterior to the particles, the void NNDF for randomly-distributed
three-dimensional impenetrable spheres in the Carnahan-Starling approximation
can be expressed as

Hy (y) =24n (1 —n) (ey2 + fy+ g) exp [—n (Sey3 +12fy? + 24gy + h)} (2.87)

_ 1 1 _ ND7r(2r)3 . . . .
where y = 5. > 5, 7 = ——— is the reduced density, ND is the number density

and e =e(n), f = f(n), g = g(n), h = h(n) are the density-dependent coefficients.

149
e(n) = (e (2.88)
Fn) = —72"((131’))3 (2.89)
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772

g(n) = =) (2.90)
_ —9n? + T —2
h(n) = (T (2.91)
With 5 < 1, Equation (2.87) can be simplified to°
1
H, (y) = 24ny” exp [~8ny?| y > 3 (2.92)

With significant dipole-dipole interactions between NMNP for d < 5r [116], the prob-
ability of finding particles within this range can be computed by integrating H,(y)

_ 2r—r Sr—r =92

1
fromyl—TzitOyQZ T

P(d<5r) = ” 24my? exp [—8771/3] dy = —exp [—SUyS} + exp [—Snyﬂ (2.93)

YY1

From Equation (2.92) it can be observed that increasing ND for hydrogel contraction
der
27'7
its width is decreasing. Hydrogel swelling or contraction will then influence the

amplitude and the linewidth of the LSPR signal for d < 5r. Since NNDF is based on
the assumption that the particles are randomly distributed, it can also be compared

increases the amplitude of H,(%") at the mean interparticle distance, d, while

with LSPR coupling experiments of NMNP to determine the particle distribution
qualitatively.

2.5.2 Refractive Index For a Contracting Hydrogel
Changes in RI for a Dynamic Hydrogel Volume

Since hydrogels have a significant volume fraction of water, the swelling or
contraction will result in small RI changes that have negligible influence on the
interferometric measurements of the physical length of the FP cavity. By increasing
the wt% of the monomers used for polymerization, the network will be denser.
With high polymer density there will be larger RI changes for hydrogel swelling or
contraction. Hence, NMNP may sense the change in RI as a result of the change in the
hydrogel volume depending on the wt% of the monomers used in the polymerization.
This could be a disadvantage in receptor-analyte recombination measurements but
an advantage in detecting changes in the hydrogel volume!®. The RI of the hydrogel
can be represented by the relation

Ngel = NpLp + nw(l - -Tp) (2.94)

assuming no close-packing of particles.
change in polymer density is changing the local RI around the NMNP
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where n,, is the RI of the polymer, n,, is the RI of the water and z, is the mole
fraction of the polymer. As the hydrogel is composed of two components, polymer
and water, the relation between the mole fraction, x, and mass fraction, w, can be
found from

WMy = WpTTy (2 . 95)

My my

Mo _ 2.96
P, T M, (2.96)

where w),, is the mass fraction of the polymer, w,, is the mass fraction of water, m,,
is the mass of the polymer, m,, is the mass of water, M, is the molar mass of the
polymer and M,, is the molar mass of water. m, will be constant for hydrogel
swelling and deswelling, while m,, will change. By using the relations in Equation
(2.95) and (2.96), the ratio %:’ can be expressed with respect to the mole fraction

My 1 M, 1
— e 2.
myp <a:p> <Z\/fp + ]Ww;‘;z> xpa (2.97)

xp can be further described as a function of the hydrogel swelling degree by scaling

of the polymer as

it to the ratio % where Vjgel is the volume of pre-gel (the polymerization of
pre-gel is described in Section 2.3.3) on the OF and V is the volume of the hydrogel
on the OF. The ratio % as a function of % = v by using Equation (2.95) gives

wig Pp 1 Pw
My _ (l) (P) _ L (2.98)

2 Wp
My v Pp + e Pw v

where pj, is the density of the polymer (pure), and p,, is the density of water (pure).
By setting (2.97) equal to (2.98), z,, is scaled to v with a and b

a

Ty = ’Ug (2.99)

The ratio ¢ is only weakly dependent on the swelling degree. Therefore, it is possible
to approximate ¢ as a constant found with the initial value of x, and vo. By inserting
(2.99) into (2.94), the RI can be assessed for the hydrogel swelling and contraction
from knowing the initial and dynamic volume change.

RI Changes from Inclusion of Dipoles in Hydrogel

The NMNPs immobilized in the hydrogel can be represented as dipoles each
with a polarizability, «. In the quasi-static approximation, the dipoles pertubate the
electric field inside the hydrogel. The total perturbation of the electric field is found
by using the superposition principle and the macroscopic permittivity can be related
to the volume fraction of dipoles included with respect to the volume of the hydrogel.
The effective RI, e.g, as a function of the volume fraction, f, = Vaipoles/ Viydrogel, €an
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be expressed by using the Maxwell Garnett mixing formula for f, < 1 [85], [117]

Eoff — Em e(A) —éem
Coff + 26m Fo e(N\) + 2em, (2.100)
Here, the effective RI of the hydrogel without NMNPs can also be estimated by
modeling each monomer component as a dipole. £(\) is assumed to be constant for
), and the volume fraction f, is assumed to be composed of the volume of monomers
and volume of solvent in the hydrogel found from the wt% in (2.95) and (2.96). If
the hydrogel consists of NMNPs as dipoles, (1)) is dependent on A, and the effective
RI can be described as a function of polarizability
ot = £ + QL’L_ : (2.101)

dra

From (2.101) it is shown that the largest effective RI is when « is maximized at the
plasmon resonance condition [117].

2.5.3 Sensor Implementation with a Double-Clad Optical Fiber

The FO sensor system combining LSPR and interferometric sensor modalities
can be configured as shown in Fig. 2.19 [37], [110]. The hydrogel can be fabricated

E Gold nanoparticle
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-
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£ > ;
]
<
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i v )
nist cladding=1.45713 &
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N2nd cladding=1.44344
Dual core optical fiber Hydrogel

Fig. 2.19: Illustration of the dual core FO sensor combining LSPR and interferometric
sensor modalities. As colored with red, IR light is confined to a single
transverse mode both in the fiber inner core and hydrogel with reflection
at OF-hydrogel and hydrogel-solution interface. As colored with green,
VIS light is confined as MM in the larger core with a larger NA than the
IR light in the inner core. LSPR is measured with VIS light while the FP
interferometer is measured with the IR light. The illustration is from [37].

as described in Section 2.3.3. The sensing modalities are combined by using a double-
clad optical fiber (DCOF) that consist of a small core and a large core-cladding, with
NMNPs immobilized in a hydrogel on the OF end face. The IR light is confined
into a single transverse mode in an OF core and in a hydrogel (noted as red in
Fig. 2.19) with effective interference between the field reflected at the OF-hydrogel
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interface and the field reflected at the hydrogel-solution interface. The hydrogel is a
low-finesse FP in this system since r;r; < 1. The EFPI can then be interrogated in
the same way as the FO system in Fig. 2.14. The MM first cladding-core is guiding
the VIS light and is used for probing the LSPR of the NMNPs (noted as green in
Fig. 2.19). The high NA of the large diameter core ensures effective excitation
of a significant fraction of the NMNPs immobilized in the hydrogel and effective
collection of scattering from the LSPR of the NMNPs. The LSPR signal can then be
interrogated in the same way as in the FO system in Fig. 2.17. The mode-coupling
between the SM core and MM first cladding is negligible due to the short propagation
distances used (few meters).

A DCOF coupler is utilized to separate the MM and SM fields as shown in
Fig. 2.20. Most of the SM light is coupled to the IR spectrometer while most of the

Single-mode OF

R

Dual core OF
IR broadband

source

IR spectrometer
VIS broadband
source

VIS spectrometer;

Fig. 2.20: Diagram of the FO instrument combining LSPR and interferometric sensor
modalities with DCOF. The illustration is from [37].
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MM light is coupled to the VIS spectrometer. As mentioned in Section 2.3.3 and
2.4.5, a large number of modes in the FP cavity leads to zero visibility interference,
while for a single mode in the FP cavity leads to a high visibility interference. The
interference is thus suppressed for the LSPR spectrum with VIS light, while effective
interference occurs for the hydrogel FP cavity with IR light.

Concerning the hydrogel composition and NMNPs there are conflicting require-
ments for the two sensing modalities. For high polymer density hydrogel and low
NMNP ND it is possible to obtain high visibility of the interference signal whereas a
high LSPR signal is obtained for a hydrogel with high NMNP ND. With low polymer
density hydrogel, it is possible to reduce the effect of polymer chains in near the
plasmon wave as well as allowing analyte diffusion into the hydrogel volume. High
NMNP ND may also induce dipole-dipole interactions that will shift the LSPR for
hydrogel swelling or contraction. Hence, the hydrogel composition and NMNP ND
must be tailored to reach the desired interferometric and LSPR sensing requirements
to minimize any cross-talk or to reach the sensing requirements as defined by the
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application in mind. For a configuration where LSPR is utilized for sensing the
receptor-analyte recombination and where the interferometer is used for sensing
the hydrogel swelling, the polymer density should be low and the NMNP ND should
be optimized, so no dipole-dipole interactions are induced. In this situation, the
optical path changes caused by the significant physical swelling will dominate over
the minute change in bulk RI, while the LSPR shifts will be dominated by the analyte
binding to the surface rather than the density of the polymer chains.

2.6 Characterizing Origin of Observed Signals

In Section 2.5.1 an NNDF model for describing the probability of having par-
ticles separated at different distances is presented. The distribution of particles
may influence the amplitude and linewidth of LSPR signals from dipole-dipole cou-
pled NMNPs. The NNDF can also be used to estimate the amount of dipole-dipole
interactions present in the LSPR signal. Although the NNDF model is useful for
describing the spatial distribution of particles, it is only valid for a truly random
distribution. Since the surface charge of NMNPs ensures an efficient dispersion,
any disruption of these electrostatic repulsive forces would lead to inhomogeneous
particle distributions. Agglomeration of NMNPs can be estimated by measuring the
visibility of the interferometric modality of the OF sensor system presented in Section
2.5.3. The visibility measurements can detect highly agglomerated particle-clusters
but would not be able to detect agglomeration at the OF end face, hydrogel-solution
interface or agglomeration on the polymer network. However, the particle distribu-
tion may be successfully characterized by using volume imaging methods such as the
focused ion beam-scanning electron microscope (FIB-SEM) or the serial block-face
scanning electron microscopy (SBFSEM) techniques [118]-[122]. Therefore, this
section concerns the presentation of particle distribution models assumed to exist for
the NMNP-hydrogels as well as some remarks concerning challenges in preparing
hydrogels for SEM as the hydrogel structure is contained by the water absorbed in
the polymer network.

2.6.1 Model for Particle Distributions in Hydrogel

The NMNPs in hydrogels may exhibit different types of particle distributions as
illustrated in Fig. 2.21. A random distribution of particles may exist at the optimal
pH and ion strength of the gel resulting in sufficiently charged NMNP surfaces. The
OF end face, hydrogel-solution interface and the polymer network is in this condition
also electrostatically repulsive to the NMNP with a polymer network that is sterically
immobilizing them. The amount of dipole-dipole coupling of NMNP is then possible
to model from the particle distribution model (2.87) in Section 2.5.1. Particles may
also be distributed on the OF end face. This can occur as the result of binding to
functionalized surfaces (silane, biotin-antigen, negative or positively charged) due
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Fig. 2.21: Random and inhomogeneous distributions of particles in a hydrogel.

to the disruption of the surface charge of the NMNPs or as a result of covalent or
non-covalent bonds between the surface and NMNPs. The LSPR response and signal
from the particle assemblies on the OF end face may dominate over or significantly
blend with the LSPR response and signal from the particles distributed in the gel.

Depending on the stabilizing agent used on the NMNP surface, liquid-liquid
interface assembly may occur on the hydrogel-liquid (oil, water, solvent) inter-
face. For highly ordered assemblies this may increase the reflection of light at the
hydrogel-liquid (oil, water, solvent) interface [123], [124], and result in detecting
the extinction of NMNPs rather than the scattering. Another particle distribution may
occur due to the interactions between the polymer network and NMNPs. Anionic or
cationic polymer networks in hydrogels may attract NMNPs with an opposite surface
charge and form assemblies along the pore structures in the hydrogel. The LSPR
response and signal here is a function of the assembled and close-packed NMNPs on
the hydrogel polymer structure. Particle distributions in hydrogels can be studied
by using FIB-SEM or the SBFSEM techniques [118]-[122]. Electron microscopy
techniques require the samples to be in a vacuum and will propose challenges for
conserving the native hydrated state since its structure is contained by the water
absorbed in the polymer network. The structure of the hydrogel can be conserved by
choosing appropriate preparation methods, which also depends on the composition
of the hydrogel.

2.6.2 Hydrogel and Electron Microscopy — A Few Remarks

Imaging of NMNPs is possible by employing the SEM technique where an
electron beam with Angstrém electron wavelength is utilized for scanning the

2.6 Characterizing Origin of Observed Signals
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sample, that is lowering the diffraction limit as compared to using a light beam
with nm wavelengths in optical microscopes [125]. The incident electron-beam is
interacting with the sample as illustrated in Fig. 2.22. High beam voltage results

Sample

surface Primary electron beam

Auger electrons
Secondary electrons
(E <50 eV)

Backscattered
electrons

Characteristic
x-rays

X-ray continuum

Fig. 2.22: Beam range and interaction with the sample in SEM imaging. The illustra-
tion is from [125].

in mostly backscattering electrons (BSE) and x-ray characteristics while low beam
voltage results in mostly Auger electrons and secondary electrons (SE). SE detection
from the sample is often used for studying the morphology of low-density materials
and BSE detection from the sample is often used for studying the morphology of
high-density materials. By having a high and low density material matrix, it is
possible to select what type of materials that is supposed to be characterized by
using high or low beam voltage resulting in high SE or BSE intensities, respectively.
Hence, NMNPs can be characterized in hydrogels by using high beam voltage and
BSE detectors since metal nanoparticles are denser than the polymer network.

To study particle distribution of NMNP-hydrogels in SEM, an appropriate method
have to be chosen for conserving the hydrogel structure. Pore structures of hydrogels
can be conserved by using different drying methods such as high or low-temperature
drying [126]-[128] or critical point drying (CPD) [127], [129]-[131]. However, it
is still difficult to prevent collapsing characteristics from occurring for these drying
methods [127], [132], [133]. Any degree of hydrogel collapse will also result in
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close-packing of the NMNPs. By comparing images from conventional SEM with
specialized SEM techniques such as cryoSEM or environmental-SEM [129], [134],
it is possible to estimate the presence of these collapsing features. The contrast of
NMNP in gel-like samples may be further improved by omitting the sample metal
coating and instead include highly conductive sample holders [135], or by using
both SE and BSE detectors to obtain density dependent contrasts that highlights
the high densities areas in the image [136]. Imaging with the transmission electron
microscopy (TELM) can successfully characterize the particle distributions of metal
nanoparticles. This also requires the sample to be cut into nanometer thick slices.

In the work presented in this thesis, efforts have been made to map the metal
nanoparticle distributions in hydrogels by using electron microscopy [137]. The
hydrogels were prepared by fixation, dehydration and drying. From experience,
it was found that hydrogels do efficiently rehydrate. This results in challenges
concerning hydrogel collapse or challenges in performing ultramicrotomy for TELM.
In ultramicrotomy the sample has to be cut with a diamond knife on top of a water
surface. Cutting the fixated, dehydrated and dried hydrogels on top of a water
surface is rehydrating the hydrogel and results in dissociation. Hence, TELM imaging
of hydrogels becomes a complicated approach suddenly. However, the morphology
of the fixated, dehydrated and dried NMNP-hydrogel structures can be observed by
using conventional SEM. Small-sized contrast features are also observable for high
beam voltage and with BSE detector that indicates the presence of NMNPs. The
mapping of the particle distributions can then be performed with volume imaging
methods such as the FIB-SEM or the SBFSEM techniques [118]-[122]. The degree
of collapse and other artifacts [138] are however uncertain for dried hydrogels
in conventional SEM but can be estimated by comparing results with cryoSEM or
environmental-SEM images [139].

2.6 Characterizing Origin of Observed Signals
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Summary and Discussion of
Papers

3.1 Summary

3.1.1 Paper |

In paper I, an LSPR based OF architecture in reflection fabricated by immo-
bilizing GNPs in a hydrogel on the FO end face was reported. The LSPR of the
GNP in the hydrogel can be used for detecting receptor-analyte recombinations, for
SERS, or used as a plasmon ruler for detecting changes in the hydrogel swelling
equilibriums. By using different NMNPs of different size and shape they may also be
used for multianalyte sensing in complex mixtures. The immobilization of GNP in
hydrogels has some advantages over earlier designs that utilize the LSPR of noble
metal structures on the OF side or end face; (1) a large number of GNPs in hydrogel
results in strong LSPR signal; (2) precise control of GNP density and (3) free stand-
ing GNPs available for sensing in a three-dimensional aqueous environment. The
sensor integration on the OF end face results in more straightforward manufacturing
methods as compared to utilizing the side face since there is no need for cladding
removal. Also, by using a MM OF it ensures a high LSPR signal as a result of the
high numerical aperture exciting a significant fraction of the GNPs and effective
collection of scattering from the LSPR of the GNPs.

The results were presented as proof-of-concept experiments that explore the
LSPR and interparticle distance distribution attributes of the OF design with GNP-
hydrogel on the OF end face. Changes in the hydrogel swelling equilibriums were
controlled with pH solutions for different initial NDs of GNPs in the hydrogel.
The hydrogel deswelling results in increasing the RI as well as an increase in the
GNP density that may redshift the LSPR wavelength. From estimating deswelling
hydrogel volumes with GNPs in an optical microscope, the NNDF of the particles
could be computed. It was found from these measurements that the interparticle
distances are too large for dipole-dipole coupling to occur for the GNP densities used
in our experiments. These observations were in contradiction with the obtained
reflection spectra of the GNP-hydrogel on the OF end face. For the highest ND
used, the LSPR wavelength was dependent on the interparticle distances. Hence,
for the GNP densities used in our experiments, the interparticle distances are small
enough for plasmon coupling to occur. Considering that the NNDF is only valid
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for a genuine random particle distribution, this suggests that the particles in the
hydrogel might be inhomogeneously distributed. The assumption of dipole-dipole
coupling was consistent with the changes in the estimated FWHM of the LSPR
signal for hydrogel deswelling. The amplitude of the LSPR signal was measured
for hydrogel deswelling and was found to be decreasing. The decreasing amplitude
for decreasing interparticle distances suggests that higher GNP densities result in a
more significant dispersion in particle scattering caused by the increased fraction of
particles interacting and by the increased variations in local RI.

In summary, a new LSPR FO system was developed by immobilizing a GNP-
hydrogel on the OF end face and characterized by performing proof-of-concept
experiments to explore its LSPR and interparticle distance distribution attributes.
The LSPR response shows not only to be dependent on the initial GNP densities for
different hydrogel swelling equilibriums but also shows to be dependent on how the
GNPs are distributed. By controlling the GNP densities and hydrogel compositions,
this FO system may be used for detecting receptor-analyte recombinations, for
SERS, or used as a plasmon ruler for detecting changes in the hydrogel swelling
equilibriums.

3.1.2 Paper I

In paper I, a new single-point multiparameter FO sensor concept based on a
combination of interferometric and plasmonic sensor modalities on a DCOF end face
was demonstrated. The sensor consists of an EFPI in the form of a hemispherical
hydrogel embedded with spherical GNPs that exhibit LSPR. The LSPR of the GNPs is
sensitive to the RI of the surrounding environment, whereas the volume-responsive
hydrogel is sensitive to specific chemical compounds. The LSPR of the GNPs are
measured in the VIS range, and the EFPI is measured in the IR range. The two
sensing modalities are combined by using a DCOF, where VIS MMs are guided in
the first cladding, and IR SM is guided in the core. The VIS MMs in the first cladding
and hydrogel ensures high numerical aperture for collection and excitation of the
LSPR of the GNP and ensures interference suppression due to a large number of
modes. The IR SM confined in core and hydrogel enables accurate interferometric
measurements, which avoids the limitation of modal dispersion in MM EFPI.

The quality and cross-sensitivity of the interferometric and plasmonic sensing
modalities were assessed by measuring the visibility of the EFPI for different GNP
densities, the LSPRs of the GNPs for different hydrogel swelling equilibriums and
the FSRs for different GNP densities and hydrogel swelling equilibriums. The
hydrogel deswelling was controlled with increasing ethanol concentrations. Despite
having the GNPs immobilized in the hydrogel, the visibility was measured to be
near constant with small fluctuations for increasing GNP densities. The FSR of
the EFPI measured for hydrogel deswelling was increasing monotonically for low
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and high GNP densities. It was concluded that the visibility and the sensitivity of
the EFPI sensor with GNPs are similar to previous work and sufficient for many
applications. The LSPR wavelength showed to have small variances within 2 nm
for the deswelling GNP-hydrogel. It was concluded from this that the hydrogel
deswelling is not increasing the local RI but rather introducing small variations in
the dielectric environment on the surfaces of the GNPs. Also, no interference fringes
were observable in the VIS range due to the washed out interference in the MM
DCOF. The quality of the LSPR signal was comparable to other OF end face based
LSPR sensors.

In summary, interferometric and plasmonic sensing modalities were combined by
using a hydrogel embedded with GNPs immobilized on a DCOF end face. The quality
and cross-sensitivity of the two sensing modalities were assessed by measuring
the visibility for GNP densities, the FSR for hydrogel deswelling and the LSPR for
hydrogel deswelling. Results from this proof-of-concept demonstration proved the
utility of immobilizing GNPs in hydrogels to measure both interferometric and LSPR
signals with acceptable levels of cross-talk to obtain label-free and selective sensing
of specific biomolecules for medical purposes.

3.1.3 Paper llI

In paper I1I, the effect of the GNP shape, the hydrogel swelling degree, the bulk
RI and the feasibility of using LSPR of GNP-hydrogels for biosensing were further
studied as a continuation of the FO system developed in paper II. Spherical GNPs
were exchanged with gold nanorods (GNR) and the hydrogel was composed of
poly(acrylamide-co-acrylic acid) instead of polyacrylamide. Hence, the hydrogel
swelling can be controlled with pH solutions instead of ethanol concentrations. The
LSPR response from RI changes was assessed with glycerol and sucrose solutions
and the biosensing functionality of the GNRs was assessed with biotin-streptavidin
recombinations. The EFPI was interrogated with IR light, and the LSPR of the GNRs
were interrogated with VIS-IR light (450-850 nm). As for the FO sensor system
in paper II, the high numerical aperture of the MM first cladding with VIS-IR light
enables efficient excitation and collection of the LSPR of the GNRs. The interference
in the LSPR spectrum is suppressed due to a large number of modes in the first
cladding and hydrogel as well as due to the modal dispersion in the MM first cladding
of the DCOF. Using the SM core of the DCOF for the EFPI enables high visibility
interference spectra and avoids the limitation of model dispersion in MM fiber and
fiber tip FP cavity.

The characterization of the interferometric and plasmonic sensing modalities
was performed by controlling the hydrogel swelling with pH solutions and varying
the bulk RI with glycerol solutions as well as by varying the local RI with biotin-
streptavidin recombinations on the GNR surface. The pH induced hydrogel swelling
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caused weak redshifts of the longitudinal LSPR mode of the GNRs while increasing
the bulk RI caused significant blueshifts. The redshift with hydrogel swelling was
concluded to be due to the reduced plasmon coupling in the s-s configuration for
increasing interparticle distances. The total redshift was measured to be less than 1
nm for a volume-swelling degree of 6. For smaller cavity length changes, the LSPR
variations will be negligible and sufficient for many biosensing applications. The
blueshift for increasing bulk RI was concluded to be due to the alteration of the
surface electronic structure of the GNRs donated by the anionic poly(acrylamide-co-
acrylic acid) polymer network and the glycerol and sucrose solutions. Hence, care
must be taken when using this sensor concept for bulk RI sensing. The increasing
local RI for biotin-streptavidin recombinations on the GNRs was redshifting the
longitudinal LSPR by 7.6 nm, which demonstrated the effect and differences between
bulk and local RI sensing. Last, the FSR was found to be increasing monotonically
for deswelling hydrogels induced with pH solutions. The EFPI signal quality and the
response were concluded to be comparable to previous work and sufficient for many

biosensing applications.

In summary, the characterization of a multiparametric LSPR and interferometric
FO sensor has been conducted for different hydrogel swelling degrees, bulk RI
and local RI. The FSR and LSPR measurements from hydrogel swelling degrees
and biotin-recombinations proves the utility of immobilizing GNRs in hydrogels to
measure both interferometric and LSPR signals with an acceptable level of cross-talk
for use in medical or biological applications.

3.1.4 Paper IV

In paper IV, a comparison was made of different preparation methods of hy-
drogels for conventional SEM as an effort in developing methods to map NMNP
distributions with volume imaging methods such as the FIB-SEM or the SBFSEM
techniques. The nanoplasmonic response for the LSPR sensors presented in paper I
to III shows to be dependent on the orientation of the spheroidal NMNPs as well as
the distribution of the NMNPs. The orientation and the distribution of particles in
the hydrogel are mainly controlled by the self-assembly kinetics occurring in the hy-
drogel synthesis. Thus, to assess the particle self-assembly and distribution, volume
imaging methods can be used for characterizing the morphology of the NMNP-
hydrogels. The pore structure of hydrogels is contained by the water absorbed in
the polymer network and pose challenges for FIB-SEM or SBFSEM volume-imaging
since the sample must be in a vacuum chamber. By choosing appropriate preparation
methods, the structure of the hydrogel can be conserved in a vacuum. The hydrogels
were thus prepared for conventional SEM by using two drying methods; the critical
point drying (CPD) technique and the drying of hydrogels in hexamethyldisilazane
(HMDS) solvent.
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The results present SEM images of hydrogels with and without GNRs in SE and
BSE mode. The morphology of CPD and dried hydrogels in HMDS shows to have
comparable pore structures. This shows that drying with HMDS serves as a suitable
alternative to the CPD technique. Drying with HMDS is a cost-effective substitution
of the CPD technique that omits equipment use as well as it involves less parametrical
variables in the drying. The pore structures of anionic poly(acrylamide-co-acrylic
acid) hydrogels show to have more irregular structures than polyacrylamide hy-
drogels. This observation may be due to the more significant hydrophilicity of the
anionic poly(acrylamide-co-acrylic acid) hydrogels. The pore structures of hydrogels
should be assessed with care since most dried hydrogels exhibit collapsing features
due to rehydration after the dehydration and drying process. The dehydration
process with ethanol is making the hydrogel contract significantly. The hydrogel
pores structures observed in this paper can, therefore, be assumed to be smaller
than pore structures for hydrogels in their hydrated native state. Small-sized and
high contrast features were observable in the BSE SEM images of GNR-hydrogels,
which could indicate the presence of GNRs, since they are denser than the polymer
network. The obtained contrast of GNRs was low and difficult to distinguish from
artifacts associated with the sample preparations. The contrast of NMNPs in a low
density matrix can be enhanced by using highly conductive sample holders or by
combining SE and BSE images to map the density contrasts.

In summary, the preparation methods of hydrogels with and without GNRs
have been qualitatively assessed in conventional SEM as a precursor in developing
methods for mapping particle distributions in hydrogels with FIB-SEM or SBFSEM
techniques. To identify the spatial positions of the GNRs in the hydrogel, the contrast
needs to be enhanced with highly conductive sample holders or by using both SE and
BSE images to map the density contrast. Drying with HMDS can be used instead of
the CPD technique that omits the use of equipment and reduces the cost. Choosing an
optimized sample preparation method for SEM with optimized imaging parameters
is also highly essential for obtaining accurate information about materials that are
not correlated to artifacts. Hence, the results obtained from the preparation methods
and SEM imaging parameters in this paper are useful in developing methods for
mapping the NMNP distributions in micro-hydrogels by using FIB-SEM or SBFSEM
techniques.

3.2 Discussion

New and improved monitoring of complex multi-variable environments often
relies on the diversity and the implementation of new sensor technologies. The
sensor is often designed as defined by the application in mind with requirements
such as fast response times, high selectivity, high sensitivity, robustness, multiplexing
possibilities, remote sensing possibility, label-free sensing, or possibility for miniatur-
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ization. In some cases, the working environment may also expose the sensor to high
temperatures, corrosive entities, or high electro-magnetic fields. There are no sensor
designs that will satisfy all the requirements. Hence, a library of sensor designs is use-
ful for finding balanced solutions between the requirements and cost-effectiveness.
For biochemical sensors, miniaturization is a vital objective since smaller sizes lead
to faster diffusion times and sensor responses. For medical applications, miniatur-
ization enables sensor insertion into small sample volumes, tissues or vessels. OF
waveguides show to be a popular technology platform concerning remote sensing
and sensor miniaturization. Also, OF based sensors are immune to electro-magnetic
interference and can monitor in high temperatures and corrosive environments. The
light-matter interactions in the sensor integrated on the OF can be measured as a
function of amplitude, frequency, polarization or phase. Thus, the modulation of
light properties offers many possibilities for signal multiplexing that can be applied
for multiparametric sensing of complex multivariable environments.

The work presented in this thesis focuses on using interferometric and nanoplas-
monic sensing modalities with OF label-free sensor systems for multianalyte mon-
itoring at a single point. Light may only be frequency modulated to interrogate
both of the sensing modalities. The interferometric sensing can be performed by
detecting the length changes in a FP cavity by observing the phase changes of the
sinusoidal spectra in the IR light-range. The LSPR sensing can be performed by
detecting the local RI changes on the NMNP surfaces by measuring the resonance
frequency shifts of the Lorentzian spectra in the VIS-IR light-range. Results and
experiences from the earlier developed EFPI OF sensor designs enabled the im-
plementation of LSPR biosensing by immobilizing NMNPs in the FP cavity. The
nanoplasmonic concept was explored first in paper I, by measuring the reflectance
of spherical GNPs embedded in hydrogel immobilized on a MM OF end face for
different NDs and hydrogel swelling equilibriums. The LSPR attributes of the GNPs
in the three-dimensional hydrogel polymer network were characterized by varying
the initial ND in different hydrogel swelling equilibriums. From these measurements,
it was found that increasing initial GNP densities changed the LSPR response for
hydrogel deswelling from being dominated by the local RI changes in the hydrogel,
to being dominated by the reduced interparticle distance inducing dipole-dipole
coupling. These observations stood in contrast to the particle distribution model
used, that indicated the inteparticle distances to be much larger than the distance
for inducing dipole-dipole coupling. This model predicts interparticle distances for
a genuine random distributed interparticle distribution. Thus, the LSPR of GNPs
embedded in the hydrogel is not only dependent on local variations of the RI or the
interparticle distances inducing dipole-dipole coupling, but it is also dependent on
how the particles are distributed in the hydrogel.
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The results obtained from paper I gave detailed insight into the LSPR response
characteristics from the reflection of GNPs in hydrogels but left some unanswered
questions such as, how are the particles distributed? Is there any degree of particle
agglomeration in the hydrogel? By combining interferometric detection of cavity
length changes of the swelling hydrogel with the LSPR based RI sensing in paper
11, these questions might be answered. The visibility of the low finesse interference
of light in the hydrogel cavity in reflection depends on absorption, scattering and
mode mismatching. Hence, the degree of particle agglomeration would significantly
influence the visibility of the interferometer. By combining interferometric and
nanoplasmonic sensing modalities based on using the reflection of GNP-hydrogel
on a DCOF end face, a proof-of-concept sensor by sensing two parameters in a
single point was also demonstrated. The quality of the EFPI sensor was assessed
by measuring the visibility as a function of GNP densities as well as by measuring
the FP cavity lengths for different hydrogel swelling equilibriums with different
GNP densities. The quality of the LSPR sensor was assessed by measuring the
resonance wavelength as a function of hydrogel contraction. From the visibility
measurements, it was found that the GNPs are well dispersed through the hydrogel
and a strong LSPR signal can be achieved with the GNP densities used for this sensor
without reducing the quality of the EFPI signal. The FP cavity length measurements
indicated that the EFPI sensor response is comparable to earlier work that utilizes
hydrogels without NMNPs. The LSPR wavelength measurements show that the
local RI variations for different hydrogel swelling equilibriums are sufficiently small
enough not to introduce artifacts in the detection of receptor-analyte recombinations.
The interference was also washed out efficiently in the LSPR spectra due to the large
number of modes in the fiber and FP cavity, as well as due to the modal dispersion
in the MM DCOF.

From the results in paper II, it was concluded that the particle dispersion degree
could be observed through the visibility measurements and that it would serve as
a good indicator for assessing the quality of both interferometric and LSPR signals.
The EFPI and LSPR cross-sensitivity or cross-talk were small and the signal quality
was comparable to other work. This demonstrates the utility of immobilizing NMNPs
in hydrogels for measuring both interferometric and LSPR signals to obtain label-free
and selective sensing of specific biomolecules for medical or biological purpose.
Whereas the effect of embedding spherical GNPs in the hydrogel FP cavity as well as
the feasibility of using GNP-hydrogel for LSPR sensing have been elucidated in paper
11, other parameters such as the effect of particle shape, bulk RI and LSPR biosensing,
have been left undiscussed. Thus, the sensor characterization performed in paper II
is continued in paper III by exchanging the spherical GNPs with spheroidal GNRs,
by making the hydrogel responsive to pH instead of ethanol, and by functionalizing
the GNRs with biotin for detecting biotin-streptavidin recombinations. The FP cavity
lengths and LSPR wavelengths were measured for different pH and bulk RI solutions
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to assess the cross-sensitivity of the signals, whereas the LSPR response to local RI
changes was assessed by detecting biotin-streptaviding recombination on the GNR
surfaces. Two anomalies were observed in this proof-of-concept demonstration; (1)
an absorption dip was observed instead of the expected scattering peak of the LSPR
signal; (2) when increasing the bulk RI controlled with glycerol or sucrose solutions,
the LSPR wavelength was blueshifting instead of the expected redshifting. A reason
for the first anomaly could be that there are reflection points (self assembled gold
mirrors) in proximity to the OF end face, inside the hydrogel or on the surface of
the hydrogel that is increasing the influence of the extinction coefficient (reflections
result in transmission through GNRs to the OF) so it dominates over the influence
of the scattering coefficient (reflection from individual GNRs only). A reason for
the second anomaly could be that the LSPR is responding to changes in the metal-
dielectric function as a result of CID or as a result of a change in the electron density
in the GNRs. The difference between the LSPR response for bulk RI and local RI
changes were demonstrated from the biotin-streptavidin recombinations resulting
in a redshift. Despite the anomalies observed, local RI changes could be detected
from the LSPR wavelength redshift measurements from the biotin-streptavidin
recombinations, while negligible LSPR wavelength blueshifts (plasmon coupling in
the s-s configuration) were observed for hydrogel deswelling. Thus, the cross-talk is
small between the interferometric and LSPR sensing modalities and sufficient for
biosensing in medical or biological applications. The LSPR blueshifts for hydrogel
deswelling were an interesting observation as it indicates plasmon coupling of GNRs
in the s-s configuration. This suggests an organized orientation of the GNRs in the
hydrogel.

The first anomaly, where the reflection from GNRs in hydrogel results in a
absorption dip instead of a scattering peak, raises again the question that was posed
in paper I, how are the particles distributed in the hydrogel? The distribution and
orientation of the NMNPs in hydrogels may result in unexpected nanoplasmonic
features. This self-assembly of particles might be controlled kinetically in the hydro-
gel synthesis. The study of particle distributions in NMNP-hydrogels may elucidate
their nanoplasmonic properties. In paper IV, effort was made in the preparation of
NMNP-hydrogels for conventional SEM to characterize the particle distributions, as
a precursor for volume-imaging NMNP-hydrogels with FIB-SEM or SBFSEM. SEM
images in SE and BSE mode were obtained for polyacrylamide and poly(acrylamide-
co-acrylamide) hydrogels with and without GNRs, and were CPD or dried with
HMDS before imaging. It was concluded from these results that the contrast of
the GNRs is not high enough to distinguish them from artifacts associated with the
sample preparations. The hydrogel may also contain collapsing features that would
lead to a close-packing of the GNRs. Thus, some improvements are necessary to
obtain any quantitative information about the particle distribution in hydrogels.
The results can be used qualitatively in developing preparation methods for volume
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imaging of NMNP-hydrogels with FIB-SEM and SBFSEM, or for characterizing pore
structures of hydrogels.

Paper I and paper II-III can be perceived as a presentation of two different
proof-of-concept sensor systems, whereas paper IV can be perceived as a further
investigation of the results obtained from paper I to III. In paper I, the FO sensor can
be used for detecting receptor-analyte recombinations, detecting significant hydrogel
swelling equilibrium changes or used for SERS. In paper II and III, the FO sensor
can be used for detecting length changes of stimuli responsive hydrogels based on
the EFPI, whereas the LSPR of NMNP can be used for detecting receptor-analyte
recombinations or used for SERS. For real-life biosensing, the composition of the
hydrogel, type of NMNP and ND of the NMNP for the proof-of-concept systems must
be chosen as defined by the application in mind. The FO sensors are, therefore,
presented in their purest form as photonic devices instead of real-life biosensors to
demonstrate their general interferometric or plasmonic properties. The EFPI sensors
have in earlier work been developed for glucose sensing and the LSPR of the GNRs
have been used for biotin-streptaviding measurements in paper III. Thus, both the
EFPI and the LSPR FO devices have been demonstrated as biosensors individually.

3.2 Discussion
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Conclusion and QOutlook

Novel FO sensor systems have been presented in this thesis and characterized
concerning fundamental interferometric and plasmonic properties in combination
with a theoretical approach to understand the experimental observations of the
sensing modalities. The first FO sensor concept was demonstrated by using the
LSPR of the NMNP-hydrogel for sensing local RI changes on NMNP surfaces and for
detecting dipole-dipole coupling between the NMNPs. This sensor concept can be
used for detecting substantial changes in swelling equilibriums of stimuli-responsive
hydrogels, detecting receptor-analyte recombinations, or used for SERS. SERS is
possible by designing the NMNP-hydrogels so that it exhibits a large number of
plasmonic hot-spots. For low NMNP densities in deswelling hydrogels, the LSPR
wavelength shifts were dominated by local RI changes, whereas for high NMNP
densities in deswelling hydrogels the LSPR wavelength shifts were dominated by
dipole-dipole coupling. Theoretical modeling showed that the plasmon coupling
effect could only be explained by assuming an inhomogeneous particle distribution
in the hydrogel.

The second FO sensor concept was demonstrated by combining interferomet-
ric and LSPR sensing modalities for detecting both hydrogel swelling equilibrium
changes and local RI changes in one single point. This sensor concept can be utilized
to detect nm changes in hydrogel swelling equilibriums by using the EFPI as well
as utilized for detecting receptor-analyte recombinations by using the LSPR of the
NMNPs. It was shown by measuring the visibility for increasing GNP densities and
by measuring the FP cavity lengths (FSR) for hydrogel deswelling, that the EFPI was
unaffected by the particles immobilized in the hydrogel. The EFPI and LSPR sensor
signal and response were concluded to be comparable to earlier work. The visibility
of the EFPI could, in addition, be used for assessing the dispersion degree of the
NMNPs in the hydrogel FP cavity. The bulk RI controlled with sucrose or glycerol
solutions showed to induce an LSPR response that was different from the LSPR
response induced by the local RI changes of analytes binding to the NMNP surfaces.
The LSPR wavelength shifts for increasing bulk RI (increasing wt% of glycerol or
sucrose) were assumed to be a result of CID or due to the alteration of the surface
electronic structure of the NMNP donated by the monomers in the hydrogel and
the glycerol or sucrose solutions. The cross-sensitivity between the EFPI and the
LSPR sensor were found to be small for both spherical and spheroidal GNPs, i.e.
the LSPR wavelength have negligible shifts for hydrogel deswelling. For GNRs, the
small blueshifts indicated that the majority of the particles were highly organized
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in the s-s configuration. The distribution of NMNPs was in fact quite uncertain for
all of the FO sensors systems which led the work into characterizing the NMNP-
hydrogels in conventional SEM. The hydrogels were prepared for SEM by fixation,
dehydration and drying. From the results obtained and from experience it was
found that hydrogels do efficiently rehydrate. The rehydration results in challenges
concerning hydrogel collapse or challenges in performing ultramicrotomy for TELM.
Not surprisingly, water-ultramicrotomy of hydrogel fixated in epoxy resulted in a
total dissociation of the hydrogel-slices. The results from conventional SEM showed
that the hydrogel morphology was intact after performing fixation, dehydration and
drying, but the contrast from the NMNPs was low. Hence, some improvements are
necessary for obtaining any quantitative information about the particle distribution
in hydrogels. Nonetheless, the conventional SEM characterization results may be
used as qualitative information to develop preparation methods for volume-imaging
of NMNP-hydrogels with FIB-SEM or SBFSEM techniques.

FO waveguides may become increasingly attractive as a chemical sensor in the
medical and energy industry, environmental monitoring and R&D institutions with
a magnitude similar to the increasing popularity of using OF as temperature or
strain sensors. This development will not only apply to OF waveguides particularly,
but to both electronic and photonic sensor devices due to the increasing demand
for controlling complicated chemical processes, that we now understand from the
significant achievements made in basic research. Controlling and regulating com-
plicated chemical processes opens up new possibilities in many areas, e.g. making
the life-cycle of hydrogen fuel cells longer, efficient energy production from waste,
detect chemical markers in blood to obtain faster treating methods for patients in
intensive care units, or efficient monitoring and regulation of algae production. The
applications of FO waveguides may be defined by its size, capability for remote
sensing, capability for distributed sensing, or for its inert properties. Establishing the
sensor on the OF end face removes the possibility for distributed sensing but several
sensing parameters can be combined in a single point, as demonstrated in this thesis.
The possibility for inserting the OF into small samples or volumes may serve as
point-of-monitoring (not specifically medical applications). Combined with minia-
turization that results in faster diffusion times, response times and cost-effective
designs, OF sensors in reflection may become a favorite technology platform in
both research and industry. Hydrogels have been synthesized for various applica-
tions but few have been used for biosensing due to the limited sensitivity offered
by the interrogation techniques. The use of hydrogels as a low finesse FP cavity
on OF end face is a prime example of how FO waveguides became the ultimate
tool for detecting length changes of stimuli-responsive hydrogels accurately and
used as label-free sensors. The use of GNPs as label-free sensing probes are also
advantageous since they can be easily biofunctionalized, although some challenges
exists concerning stability issues in high ionic strengths or in corrosive solutions that
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results in particle agglomeration. Also, different NMNPs of size and shapes exhibits
different LSPR. These properties are quite useful for obtaining multianalyte sensing
in complex mixtures. The development of new photonic devices or sensors in this
thesis may inspire others to make use of the concepts presented. Perhaps LSPR
sensing can be combined with similar interferometric OF architectures, OF-LSPR
sensing can be multiparametric with NMNPs of different size and shape, or maybe it
is possible to achieve polarization sensitive measurements of highly ordered NMNPs
in a hydrogel or another embedding matrix. Maybe noble metal nanocomposite
hydrogels can be engineered to exhibit some impressive nanoplasmonic features?
Only our imagination puts boundaries on the research questions that are posted.
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Abstract: We report on a new localized surface plasmon resonance (LSPR)-based optical fiber (OF)
architecture with a potential in sensor applications. The LSPR-OF system is fabricated by
immobilizing gold nanoparticles (GNPs) in a hydrogel droplet polymerized on the fiber end face.
This design has several advantages over earlier designs. It dramatically increase the number
nanoparticles (NP) available for sensing, it offers precise control over the NP density, and the
NPs are positioned in a true 3D aqueous environment. The OF-hydrogel design is also compatible
with low-cost manufacturing. The LSPR-OF platform can measure volumetric changes in a
stimuli-responsive hydrogel or measure binding to receptors on the NP surface. It can also be
used as a two-parameter sensor by utilizing both effects. We present results from proof-of-concept
experiments exploring the properties of LSPR and interparticle distances of the GNP-hydrogel OF
design by characterizing the distribution of distances between NPs in the hydrogel, the refractive
index of the hydrogel and the LSPR attributes of peak position, amplitude and linewidth for hydrogel
deswelling controlled with pH solutions.

Keywords: reflection-based FO systems; smart hydrogel; LSPR coupling; nanoplasmonics; point
dipole model; Mie scattering; proof-of-concept; interparticle distance distribution; pH sensor

1. Introduction

Fiber optic (FO) sensors based on local surface plasmon resonance (LSPR) have been proposed in
various configurations over the last decade [1-4]. The most important features of LSPR FO sensors are
label-free sensing, fast response time, high sensitivity, high selectivity, simplified optical design and
remote sensing capabilities. The label-free sensing can also be multi-parametric by spectrally resolving
different LSPR observed for noble metal nanostructures (NMNS) of different sizes and shapes [5].
LSPR-based FO sensors usually utilize NMNS interacting with the evanescent field at the optical fiber
(OF) core-cladding interface or with the light at the OF end face [2,4]. The use of the OF end face
offers simpler manufacturing methods compared to utilizing the evanescent field since there is no
need for cladding removal. The techniques available for immobilization of NMNS on an OF end face
are limited to essentially a monolayer manufactured by photolithographic structuring of metal film,
thermal nucleation of metal film or random immobilization of nanoparticles (NP).

This paper reports on the development and the characterization of a new LSPR-based OF
architecture in reflection prepared by immobilizing gold nanoparticles (GNP) in a hemispherical
hydrogel on the OF end face with potential to be used in sensor applications, as shown in Figure 1.
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Figure 1. Illustration of the multimode (MM) OF with hydrogel containing gold nanoparticles (GNPs)
immobilized on a fiber end face. Visible light is guided in the fiber core with the numerical aperture
colored with red in the hydrogel.

The LSPR-based OF system is configured using a multimode (MM) OF with a semi-spherical
hydrogel containing spherical GNPs immobilized on OF end face. This configuration ensures a strong
LSPR signal as a result of the high numerical aperture (NA) exciting a large fraction of the GNPs and
effective collection of scattering from the LSPR of the GNPs. The advantages over earlier designs lies
in the increase of the number of GNPs available for sensing, the precise control over the GNP density,
having free standing single GNPs distributed in a three-dimensional aqueous environment, and low
cost manufacturing. The LSPR OF system can be utilized to detect volumetric changes in the hydrogel,
receptor-analyte recombination on the GNP surface or chemical concentrations with surface-enhanced
Raman scattering (SERS). By using NPs of different sizes, shapes or material compositions, they can
also be used for multianalyte sensing in complex mixtures.

We present proof-of-concept experiments where we explore the LSPR and interparticle distance
distribution attributes of the GNP-hydrogel OF design. The LSPR properties and interparticle distances
of GNP-hydrogel are assessed for the increasing number density (ND) of GNPs, as well as for
the increasing polymer density of the hydrogel. The polymer density is controlled by inducing
swelling or deswelling with pH solutions. The ND is controlled by changing the initial ND of GNPs
in the hydrogel, as well as by inducing swelling and deswelling of the hydrogel. Increasing ND
reduces the distance between the neighboring GNPs that may induce electrostatic interaction between
the particles, causing a shift in the LSPR. Increasing polymer density may also result in an LSPR
shift due to increasing refractive index (RI). The nearest-neighbor distribution function (NNDF) is
therefore computed for increasing ND of GNPs embedded in the hydrogel to assess the distribution
of interparticle distances, whereas the RI as a function of hydrogel deswelling is investigated based
on the estimation of the mole fraction of polymer and water. The LSPR peak position, amplitude
and full width at half maximum (FWHM) of the reflectance from GNP-hydrogel are characterized
for the hydrogel deswelling stimulated with pH solutions and for the increase in NDjy. In addition,
the sources of reflection are investigated with respect to the LSPR reflectance spectrum to determine
possible errors included in the LSPR peak position value. Since the LSPR peak position is measured
for the hydrogel swelling degree induced by different acidic solutions, the LSPR FO design is also
represented as a pH sensor.

2. LSPR Attributes of GNPs Immobilized in a Hydrogel

2.1. Scattering of GNP-Hydrogel

The absorption and scattering of incident light on NMNS depends on the optical frequency,
particle size and shape, the dielectric environment and the optical constants of the metal. The reflection
from GNP embedded in hydrogel immobilized on OF end face is a result of both scattering and
absorption. However, in our case with 80-nm GNPs, the reflection will be dominated by the
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scattering. With sufficient low GNP density and the absence of dipole-dipole interactions, the scattering
cross-section of GNPs embedded in hydrogel can be described by Mie theory for spherical particles [6],
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where Ps, is the scattered power, Iin is the incident plane wave intensity, L are integers representing a
dipole for L = 1 or multipoles for L > 1 and k is the incoming wavevector. a; and by, are parameters
composed of the Riccati-Bessel functions ¢, and xi,
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where the primes represents the first differentiation with respect to the argument in the parenthesis,

(2a)

(2b)

x = kyt, r is the radius of the particle, ky, is the wavenumber of the incident light within a medium,
m = ni,,,/ ny, is the real refractive index of the surroundings of the metal and i = ng + inj is the
complex refractive index of the metal. For a dipole with x << 1, one can use an approximation of the
Riccati-Bessel functions given by Bohren and Huffman to express the scattering cross-section as [7],
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where €1 and ¢; are the real and imaginary components, respectively, of the complex metal dielectric
function &(A) = €1 + i€y, €y is the dielectric constant of the surrounding medium, V is the particle
volume, and A is the wavelength of the incident light. Maximum scattering in Equation (3) occurs
when the condition of Re [§(A)] = —2¢y, is met. If the dielectric medium around the GNP changes,
the wavelength of the LSPR changes. The scattering of 80-nm GNPs can be computed by Equation (1)
with L = 1 as shown in Figure 2 for different RI of the surrounding medium (1,,).
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Figure 2. (a) Scattering cross-section computed from Equation (1) with L = 1 of GNP with 80 nm in
diameter for increasing refractive index (RI) of the surrounding medium; (b) LSPR peak position from
Figure 2a as a function of increasing RI.
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Optical constants of bulk gold where taken from Johnson and Christy [8]. The redshift for
increasing RI will also be associated with a spectral broadening and an increasing amplitude. By using
the Drude model, the LSPR peak position as a function of n,, = /¢, within a sufficiently narrow

range can be described as,
Amax = ApV2n,2 +1 4)

where A, is the plasma oscillation wavelength of the bulk metal [9]. A deswelling hydrogel increases
the polymer density, which also increases the probability of having polymer chains in close proximity
to the GNPs. The polymer chains in close proximity to the plasmonic wave of the GNPs increase the
local RI, which will redshift the LSPR.

2.2. Electrostatic Interactions between Dipoles of GNPs in Hydrogel

Considering a sufficiently high density of GNPs immobilized in the hydrogel, a dipole-dipole
interaction between them will occur due to the short interparticle distances. For center-to-center
interparticle distances d less than 57, the resonance condition Re [§(A)] = —2¢,, found from Equation (3)
should be corrected by including a dependence on the ND [10]. For two spheres of equal size in close
proximity to each other with near-field coupling in the longitudinal mode, the dispersion equation can
be described by the point dipole model [11,12],

1422 =0 (5)

where «a is the polarizability of the particle at point r; and «; is the polarizability of the particle at
point rp. The polarizability of a spherical particle in a medium with dielectric constant ¢, is,

3 & —&m
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(6)

where r; and ¢; are the radius and the dielectric function of the nanosphere, respectively. Equation (6)
can be substituted into Equation (5) for a1 and &, to obtain the dispersion equation for two equal

coupled spheres.
r\6 [ EA) —em \©
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By solving Equation (7) with respect to &(A), we find the dielectric function of the two-particle
“cluster” at resonance for antisymmetric plasmon oscillations,

() = —2ep (1 + 3(2)3> ®)

The resonance condition Re [§(A)] = —2¢,, used for describing Equation (4) can then be corrected
with Equation (8) to include the dipole-dipole interactions. With 11,4 = \/em€q = ngar\/1+ 3(%)3,
where n4] = /€y, is the RI of the hydrogel and ¢4 = (1 +3 (5)3> , the scattering cross-section of GNP

can be computed from Equation (1) with L = 1 for decreasing d as shown in Figure 3. A decrease in d
redshifts the LSPR wavelength. With constant r1g and increasing ND due to hydrogel contraction,

the redshift is proportional to (5)3 The redshift of the decreasing d will also be associated with a
spectral broadening and an increasing amplitude.
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Figure 3. (a) Scattering cross-section computed from Equation (1) with L = 1 of GNP with 80 nm in
diameter for the decrease in d; (b) LSPR peak position from Figure (a) as a function of decreasing d.
ny = 1.33.

2.3. The Influence of the Nearest-Neighbor Distribution Function on the LSPR Signal

The linewidth and the amplitude of the LSPR signal from the GNP-hydrogel depends on the RI
of the medium, the radiative and non-radiative damping of the oscillating electrons, as well as the
polydispersity index (PDI) of the GNPs (PDI = %aa“‘;e‘; of the cumulant analysis of the dynamic light
scattering of colloids [13]). For hydrogel deswelling, the interparticle distance decreases and increases
the dipole-dipole interactions between the GNPs. The resonance condition can be expressed as
Equation (8). The linewidth and the amplitude of the LSPR signal depend now also on the distribution
of the distances between the particles. The probability density function related to interparticle distances
can be accurately estimated by utilizing models based on the nearest-neighbor distribution function
(NNDEF). Work from Torquato, Lu and Rubinstein has derived theoretical expressions of ‘void” NNDF
of random distributed impenetrable spheres where the probability of finding the nearest neighbor
is at a given distance | = d — r from a point in the region exterior to the particles [14-16]. The void
NNDEF for randomly-distributed three-dimensional impenetrable spheres in the Carnahan-Starling
approximation can be expressed as,

Hy (y) =247 (1—7n) (ey2 + fy+ g) exp [—;7 (Sey3 +12fy? + 24gy + h)] > % ©)

wherey = L, = (pr[(62r)3 is the reduced density, ¢ is the ND and e = e(y), f = f(), § = g(n),
h = h(n) are the density-dependent coefficients.
1+
3+

fl) = *72'7((1 — 77'7))3 (10b)
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For our experiments, the GNPs have a diameter of 80 nm with ND at & 10!! particles/mL. Thus,
the reduced density for GNPs embedded in the hydrogel becomes 7 = 2.6 x 107°. Since 7 << 1 for
the GNP densities used in our experiments, Equation (9) can be simplified to,

1
Hy (y) = 24ny* exp |81’ |,y > 5 (1n

Considering that there is significant dipole-dipole interactions between GNPs for d < 5r,

the probability of finding particles within this range can be computed by integrating H,(y) from

_ 2r=r _ 1 _ Sr—r _
=Y =top=y =2,

P(d <5r) = /:2 241y% exp [7817]/3] dy = —exp [7817yg] +exp [7817]/‘;’] (12)

For the increase of ND in Equation (11), the probability of finding the nearest-neighbor at a
given distance | = d — r is increasing while the width of the distribution function Hy(y) is decreasing.
The change in ND for hydrogel swelling or contraction will then change the probability value H, %)
at mean interparticle distance (d) and influence the amplitude and the linewidth of the LSPR signal
ford < 5r.

2.4. Assessing the Refractive Index for Hydrogel Swelling Degree
We can express the RI of the hydrogel as,
Ngel = NpXp + My (1 — xp) (13)

where 71, is the RI of the polymer, 1, is the RI of the water and x, is the mole fraction of the polymer.
As the hydrogel is composed of two components, polymer and water, the relation between mole
fraction x and mass fraction w can be found from:

WMy = Wpty (14a)
My my
xpm = xwﬁp (14b)

where w), is the mass fraction of the polymer, wy, is the mass fraction of water, m,, is the mass of the
polymer, m,, is the mass of water, M, is the molar mass of the polymer and My, is the molar mass
of water. 1, will be constant for hydrogel swelling and deswelling, while m;, will change. By using
the relations in Equation (14a,b) the ratio % can be expressed with respect to the mole fraction of the

1 1
Mo _ (7) pr = 4 (15)
mp Xp Mp + waw Xp
xp can be further described as a function of the hydrogel swelling degree by scaling it to the ratio @
where Ve is the volume of pregel on the OF and V is the volume of the hydrogel on the OF.

polymer as,

The ratio ':T; as a function of % = v by the use of Equation (14a) becomes,
my (1) [waPrtee) 1
— = — 720}7 = *b (16)
mp 0 ‘DP + m ‘gw [
where p,, is the density of the polymer (pure) and py, is the density of water (pure). By setting
Equation (15) equal to (16), x,, is scaled to v with a and b,
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a
=v 17
X =0 17)

The ratio § is only weakly dependent on the swelling degree. We can therefore approximate  as
a constant found with the initial value of x,9 and vg. By inserting Equation (17) into Equation (13), the
RI can be assessed for the hydrogel for swelling and contraction.

3. Materials and Methods

3.1. Materials

The gels were prepared by using the following chemicals: acrylamide (AAM) (99%, Sigma Aldrich,
Schnelldorf, Germany), acrylic acid (AAC) (99%, Sigma Aldrich), N,N-methylenebisacrylamide
(BIS) (>99.5%, Sigma Aldrich), 1-hydroxycyclohexyl phenyl ketone (99%, Sigma Aldrich), dimethyl
sulfoxide (DMSO) (>99.9%, Sigma Aldrich), octamethylcyclotetrasiloxane (98%, Sigma Aldrich),
3-(trimethoxysilyl) propyl methacrylate (Silane A174) (98%, Sigma Aldrich), citrate-stabilized
spheroidal GNPs of 80 nm in diameter (7.8 x 10° particles/mL, absorption max: 551-557 nm, PDI < 0.2,
Sigma Aldrich), phosphate-buffered saline (PBS) (Tablet, Sigma Aldrich) and squalane (99%, Sigma
Aldrich). Milli-Q (mQ) water (resistivity 18.2 M/cm, Millipore Simplicity 185) was used for all
solutions. Hydrochloric acid (HCI) (1.0 M, Sigma Aldrich) and sodium chloride (NaCl) (18% w/v,
VWR, Oslo, Norway) were added to mQ-water to prepare solutions for controlling the hydrogel
swelling and contraction. The GNP solution was densified to an ND of 1.95 x 10'! particles/mL by
water evaporation. AAM, AAC and BIS were dissolved in PBS solution (pH 7.4) to prepare a stock
solution with 30 wt% AAM-AAC with a molar ratio of 15/85 AAM/AAC and with 2 mol% BIS. A
pregel solution of 10 wt% AAM-AAC and 2 mol% BIS was prepared by adding citrate-stabilized GNP
or PBS to the AAM-AAC stock solution of 30 wt%.

3.2. Synthesize Hydrogel on OF End Face

The LSPR OF segment in Figure 1 was based on J200ym MM OF (FT200EMT, Thorlabs, Géteborg,
Sweden) that were stripped of the jacket and cleaned with 96% ethanol, cut (Cleaver MS-7310, Melbye
Skandinavia, Oslo, Norway) and prepared for silanization [17]. For silanization of the OF end face,
the tips of the OF were soaked in a solution of 0.01M HCl for 15 min to activate the surface, cleaned
with mQ-water and then immersed in a solution of 3-(trimethoxysilyl) propyl methacrylate (0.084 M,
nitrogen purged octamethylcyclotetrasiloxane) for 10 min. The OF was then cleaned with 96% ethanol
and stored for up to two weeks. The pregel solutions from Section 3.1 were used further for the
synthesis of hydrogel on the silanized OF end face. Then, 0.01 M 1-hydroxycyclohexyl phenyl ketone
photoinitiator (PI) in DMSO was added to the pregel solution to a volume ratio of 31/2000 PI/pregel,
so a final pregel solution was made. A drop of squalane added with PI (2.7 mg/mL) was deposited on
a glass rod. The silanized OF was located in the squalane-PI drop, and an aliquot of the final pregel
solution was transferred to its end face by a pipette (Finnpipette F2, Thermo Scientific, Oslo, Norway).
Next, the gel-OF was aligned with an ultraviolet (UV) &365um Core MM OF (FG365UEC, Thorlabs,
Goteborg, Sweden) by the use of an optical stage under observation in an optical stereo-microscope
(5ZX7, Olympus, Oslo, Norway). The UV-OF illuminated the gel-OF with light at 365 nm by the
use of a fiber-coupled LED (M365F1, Thorlabs, Goteborg, Sweden), and it was cured for 10 min.
The polymerized gel-OF was subsequently immersed in pentane to remove impurities for 5 s and
transferred to PBS solution until further use.

3.3. Setup of the Fiber Optic Instrument

The FO setup illustrated in Figure 4 consists of the following components: visible (VIS) broadband
source (HL-2000-FHSA-LL, 360-2400 nm, Ocean Optics, Oslo, Norway), 50:50 coupler MM (50/50,
FCMH2-FC, 400-1600 nm, Thorlabs, Goteborg, Sweden), VIS spectrometer (QE65Pro, Ocean Optics,
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Oslo, Norway), loose OF-ends terminated with index matching gel (G608N3, Thorlabs, Goteborg,
Sweden), LSPR OF segment @200pm MM OF (FT200EMT, Thorlabs, Goteborg, Sweden).

VIS broadband
source

Multimode OF

Multimode OF

«

Multimode optical fiber coupler LSPR OF segment
50:50, 400-900 nm

Multimode OF

VIS
Spectrometer

Figure 4. Configuration of the reflection-based FO system containing the light source, spectrometer,
OF coupler and LSPR OF segment.

The data acquisition was obtained with the program Spectrasuite (Ocean Optics, Oslo, Norway),
and the OFs were spliced using a Fitel Fusion Splicer (Furukawa Electric, Tokyo, Japan).

3.4. Reflectance Measurements of GNP Embedded in Hydrogel

The reflectance spectra were estimated from the measured raw spectra S, normalized to a
measured reference spectrum R,. Before normalization, we subtracted the measured dark spectrum
D, (recorded with the light source turned off) from both the raw spectra and reference spectra.
The normalized reflectance spectra were then computed as:

_(Sx—Di 0
Ig = (RA_D) x 100% (18)

The reference spectrum was recorded from the reflections of the bare J200ym MM OF in
mQ-water solution. To determine the LSPR peak position, the reflectance spectra were fitted with a
centered and scaled smoothing spline function with the smoothing parameter at 0.999. With smoothing
parameter p = 0, the smoothing spline function produces a least-square line fit to the data, whereas
with p = 1, the smoothing spline function produces a cubic spline interpolant. By choosing a fixed
smoothing parameter, the balance between residual error and local variation is also fixed [18].

Scattering increases with increasing GNP size, with an associated spectral broadening of the LSPR
signal. Thus, for our FO system with GNP diameter > 80 nm and density > 2 x 101 particles/mL in
mQ-water solution, we observed a high LSPR signal. The hydrogels used in our swelling measurements
were polymerized from pregels with 80-nm GNP densities at NDy; = 8.86 x 10° particles/mL,
NDg; = 1.73 x 100 particles/mL and NDg3 = 1.7 x 10! particles/mL.

The hydrogel contraction and swelling were controlled by immersing the gel-OF in pH solutions
between 5 and 3 with a constant ionic strength (IS) at 0.274 M. The reflectance spectra were recorded
after contraction or swelling had reached equilibrium. The gel-OF was washed in PBS after each
measurement to control the size of hydrogel for deswelling only. pH and IS were controlled
with a pH/IS meter (inoLab pH/ION 7320, WTW, Oslo, Norway), electrode selective towards Cl
(CI 800 (BNC), WTW, Oslo, Norway), pH electrode (pHenomenal MIC 220, VWR Collection, Oslo,
Norway) and temperature measurer (pHenomenal TEMP21, VWR Collection, Oslo, Norway). All the
experiments were carried out at room temperature, and the pH and IS of the solutions were controlled
by adding HCl and NaCl to mQ-water.

4. Results

First, the NNDF was estimated for increasing GNP densities in hydrogel to assess the distribution
of interparticle distances for the hydrogel swelling degree. The Rl as a function of hydrogel deswelling
was estimated based on the estimation of the mole fraction of polymer and water. Second, the sources of
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reflections in the hydrogel were investigated with respect to the LSPR reflectance spectrum to determine
possible errors included in the value of the LSPR peak with corresponding wavelength. Third, the
LSPR response was demonstrated by measuring its peak positions as a function of GNP-hydrogel
contraction controlled with pH solutions and as a function of increasing NDy. Last, the linewidth and
the amplitude of the LSPR signal were characterized for hydrogel deswelling stimulated with pH
solutions to compare the LSPR reflectance spectrum with the estimated NNDF of GNPs in hydrogel.

4.1. Nearest-Neighbor Distribution Function for Increasing GNP Density in the Hydrogel

Figure 5 shows the measured volume of pregel to the volume of hydrogel (%) ratio based on
the observations obtained from optical microscope imaging.

T T
-+ GNP-hydrogel with ND03
-+ GNP-hydrogel with ND

GNP-hydrogel with ND01

—Trend line

5
(1) Area 5308,31

J—

Figure 5. Estimate of the hydrogel volume for the decrease in pH from 5 to 3 based on observations in an
optical microscope. The uncertainties of the volume measurements are estimated to be within 1 and 5%.
ND, number density.

Three different pregels with different GNP densities at NDg; = 8.86 x 10, NDp, = 1.73 x 1010
and NDg3 = 1.7 x 10" particles/mL were used to manufacture the OF sensors. The ratio % was

estimated for hydrogel contraction controlled with pH solutions from 5 to 3. % as a function of
decreasing pH follows the same trend for the OF sensors fabricated from different densities of GNP in
pregel. The NDs of GNPs found for the deswelling hydrogels are further used to compute the NNDF.

In Figure 6a, the NNDFs (Equation (11)) are computed for pH 5 and 3 (from the NDs in Figure 5)
of the OF sensors manufactured from different GNP-pregel densities. The probability at the mean
interparticle distance d is increasing for increasing ND and hydrogel contraction. The smallest d for the
largest ND and lowest pH is greater than 5r, i.e., greater than the range where the interaction between
dipoles of GNPs occurs.

The probability (Equation (12)) of finding particles with interparticle distance between
2r < d < 5r (computed from NDs in Figure 5) is represented in Figure 6b. The probability is increasing
from 0.1 x 1072 to 6.7 x 1072 for increasing ND and hydrogel contraction. The low probability for
2r < d < 5r shows that there is only a small fraction of GNPs with interparticle distances inducing
dipole-dipole interactions. Hence, for a truly random distribution of GNPs in hydrogel at pH 5 and 3,
it is the increasing density of the polymer network and not the dipole-dipole interactions that should
be the dominating factor for the change in the LSPR peak position. If the change in LSPR peak position
is independent of ND in our experiments, the assumption of having particles randomly distributed in
the hydrogel would be reasonable. On the contrary, if the LSPR peak position is dependent on the ND,
the GNPs may be inhomogeneously distributed in the hydrogel with a large fraction of particles with
d <5r.
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Figure 6. (a) Computation of the void nearest-neighbor distribution function (NNDF) (Equation (11))
for the NDs estimated in Figure 5 for pH 5 and 3; (b) computed probability (Equation (12)) for the
interparticle distances between 2r < d < 5r from the ND estimated in Figure 5.

4.2. Refractive Index as a Function of Hydrogel Swelling Degree

The RI of the hydrogel can be assessed from Equation (13) by computing the mole fraction of
the polymer in Equation (17). The RI of the polymer can be assumed to be dominated by the mole
and mass fraction of AAM-AAC. For our experiments, the mass fraction of AAM-AAC is wyo = 0.1.
With 1, = 1.513 and ny = 1.333 [19,20], 11g¢| from Equation (13) and (17) can be computed as a function

of % (from Figure 5) for pH 5 to 3 as presented in Figure 7a.

Deswelling of the hydrogel for pH 5 to 3 increases rig| from ~1.333 to ~1.346. Inserting 1, = f1ge|
at 1.333 and 1.346 into Equation (1) with L = 1, the scattering of GNP can be computed as shown in
Figure 7b.

5 T I I : I 5 x10* ‘
- GNP-hydrogel w!th ND . Ny = 1.333
asl - GNP-hydrogel with ND , | —n,,=1346
GNP-hydrogel with ND _15 s
—Trend line NE
T 4 £
o
< 1
3]
S
35¢
0.5
o 1 an 144 1n ’ 0
1.336 1.338 1.34 1.342 1.344 1.346 500 550 600 650
ngel Wavelength (nm)
(a) (b)

Figure 7. (a) RI of hydrogel computed from Equation (13) and (17) for pH 5 to 3; (b) scattering
cross-section computed from Equation (1) with L = 1 for n,, = ng at 1.333 and 1.346.

The scattering of GNPs redshifts by 2 to 3 nm with hydrogel contraction stimulated with pH from
5 to 3. Its important to note that the LSPR is dependent on the mole fraction of polymer chains that are
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in close proximity to the plasmonic wave of the GNPs. Due to the localized sensing of the RI changes
on the surface of the GNPs, n,, in Equation (1) and 1| in Equation (13) would rather represent the

local RI and the bulk RI of the hydrogel, respectively. Hence, the LSPR response of GNPs could be
different for bulk and local RI changes.

4.3. The Reflectance for Different GNP Densities

Figure 8a—c shows reflectance spectra for 6.74 x 10° particles/mL (pH 5), 1.6 x 1010 particles/mL
(pH 5) and for 1.36 x 10! particles/mL (pH 4.4), respectively (NDs found from Figure 5).
The reflectance measurements of hydrogel without GNPs are shown in Figure 8d for pH 5 to 3.
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Figure 8. (a) Reflectance of GNP immobilized in hydrogel with ND of 6.74 x 10° particles/mL and
(b) 1.6 x 1010 particles/mL in solution of pH at 5; (c) reflectance of GNP immobilized in hydrogel with

ND of 1.36 x 10! particles/mL in solution of pH at 4.4; (d) reflectance from hydrogel without GNPs
for pH 5 to 3.

The LSPR peaks are at 561 nm, 575 nm and 583 nm for 6.74 x 10° particles/mL,
1.6 x 10'° particles/mL and 1.36 x 10! particles/mL, respectively. The increasing ND of GNPs
is redshifting the LSPR signal, while its linewidth is broadening. That the LSPR peak position is
dependent on the ND indicates an electrostatic interaction between the dipoles. This contrasts with
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the computed NNDF in Section 4.1, where only a minor fraction of GNPs was estimated to have
interparticle distances less than 5r. The particles in the hydrogel may not exhibit a random distribution,
but could rather exhibit an inhomogeneous distribution with a large fraction of GNPs with interparticle
distances between 2r < d < 5r.

The spectra in Figure 8a—c may contain reflections other than scattering from GNP that could
result in errors in the LSPR peak position value. Not only light scattering, but also light extinction of
GNP occurs due to the reflection at the hydrogel-solution interface. The extinction of GNPs will add a
spectrum of opposite sign to the LSPR signal relative to the scattered spectrum of GNP. The sources of
scattering and extinction of GNP and hydrogel can be listed as illustrated in Figure 9.

1. Incident light from lightsource 7. Scattering of GNP from (4) combined
2. Reflection at fiber-gel interface from (1) with extinction of GNP from (6)
3. Transmission from (1) through hydrogel only 8. Reflection from (5) and/or (3) at
4. Incident light on GNP from (1) hydrogel-solution interface and
5. Extinction of GNP from (4) transmission through hydrogel only
6. Reflection from (5) and/or (3) at hydrogel-solution 9. Scattering of GNP from (6) and (4)
interface and incident on GNP only 10. Reflection from (8), and (7)
[

2

<
Ncore=1.458 | = — =
< Do <—— W,
< <
\ Ncladding=1.398 ]ngelz1.33

ScatterinQ:/L ExtinctioN_

Figure 9. Sources of scattering and extinction from hydrogel and GNP.

The reflection at a normal incidence (2) can be assumed to be roughly 0.002 at the fiber-gel
interface. The reflection (8, 6) at the hydrogel-solution interface has in previous work been determined
based on visibility measurements [21]. With reflection at 0.002 for the fiber-gel interface and with
visibility at 0.2, the reflection (8, 6) at the hydrogel-solution interface can be estimated to be 0.0002.
Multiple reflections between the hydrogel-solution and fiber-gel interface can then be safely neglected.
Hence, at the LSPR wavelength, the scattering combined with extinction of GNP (7) is dominated by
the scattering from (4) as its intensity is much higher than the reflection from (6).

The reflectance measurements of hydrogel without GNP in Figure 8d have a decreasing slope and
an increasing reflectance from pH 5 to 3. The change in the slope from the reflectance of the hydrogel
will also change the observed LSPR peak position from the reflectance of the GNPs. The reflectance of
GNP-hydrogel can be modeled with two functions, the reflectance of the hydrogel without GNPs and
the LSPR signal from the GNPs, here modeled as a Gaussian function g(A — Ag). Thus, we can write,

fi(A) = g(A = Ag) +vofa(A) (19a)

f2(A) = a2(A = 29)* +a1(A = Ag) + ag (19b)

where f1(A) represents the reflection of both GNP and hydrogel with vy as a scaling factor for the
reflection from the hydrogel without GNPs, f»(A).
Assuming that 4y << a3, the LSPR peak position as a function of f;(A) can be described by
setting % =0,
Vo 0 2
b

+u (20)

Amax =
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where ¢ = FZ% uand g(p) = b are the peak position and amplitude, respectively, of the LSPR

signal represented as g(A — Ag). The derivative of Amax with respect to a; determines the shift of Amax
with changing slope a1,

2
Vo0
Almax = OTAul (21)

For the reflectance of hydrogel without GNPs in Figure 8d, Aa; can be estimated to be —0.008%
with a << a; for the change in pH from 5 to 3.8. The factor Z’OTYZ = 771 from the LSPR signal will also
determine the shift AAmnax. For the GNP-hydrogel with low ND in Figure 8a,b, i will be large. Thus,
an increase in the slope will lead to a redshift of the LSPR signal, whereas a decrease in slope will
lead to a blueshift. For the GNP-hydrogel with high ND in Figure 8c, 171 will be small. The increase or
decrease in slope will in this case lead to negligible red or blueshifts of the LSPR signal.

4.4. LSPR Peak Position as a Function of Hydrogel Swelling Degree

The reflectance spectra of GNP-hydrogel with NDy; at 8.86 x 10° particles/mL fitted with a
smoothing spline function are shown in Figure 10a for pH solutions from 5 to 3.4. The resulting LSPR
peak positions as a function of hydrogel contraction stimulated with pH solutions are presented in
Figure 10b.
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Figure 10. (a) Reflectance spectra of GNP-hydrogel with NDp; at 8.86 x 10° particles/mL fitted with
a smoothing spline function for pH 5 to 3.4; (b) LSPR peak position from Figure 10a as a function of
hydrogel deswelling stimulated with pH solutions from 5 to 3.4.

The reflectance peak is increasing for decreasing pH. As discussed in Section 4.3 for the OF sensor
with NDy;, the reflectance spectrum will be a sum of the scattering from GNPs with an added slope
from the light extinction of the hydrogel. The increase in reflectance peak in Figure 10a may be due
to the increase in the reflectance of the hydrogel contraction as observed from Figure 8d. The LSPR
peak positions in Figure 10b are changing from 562 nm to 557 nm as a function of hydrogel deswelling.
For decreasing pH, the slope from the reflectance of the hydrogel is declining as discussed in Section 4.3.
From pH 5 to 3.8, the linear function f,(A) in Figure 10a has a change in slope of Aa; = —0.01%
between 450 nm and 750 nm that is comparable to Aa; = 70,008% for the reflectance of hydrogel
without GNPs in Figure 8d. AAmax from Equation (21) can be estimated to be ~2.25 nm based on the
reflectance of GNP-hydrogel in Figure 10a (setting Aa; = —0.01%, FWHM = 61 nm, g(A — Ap) = 3%
and vp = 1). As discussed in Section 4.2, an increasing mole fraction of polymer in close proximity to
the plasmonic wave of the GNPs could also redshift the LSPR signal by 2 to 3 nm. Hence, the blueshift
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of the LSPR peak in Figure 10b is due to the reduced slope from the reflectance of hydrogel for pH 5 to
3.4, as well as a result of the local variations of the RI in the hydrogel for the increasing mole fraction of
polymer. With NDy; at 8.86 x 10° particles/mL, there is then little contribution from the dipole-dipole
interactions on the LSPR signal.

Figure 11 represents the reflectance spectra of GNP-hydrogel with increased ND to NDy, at
1.73 x 10'9 particles/mL fitted with a smoothing spline function for hydrogel deswelling and the
corresponding LSPR peak positions.
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Figure 11. (a) Reflectance spectra of GNP-hydrogel with NDp; at 1.73 x 1010 particles/mL fitted with
a smoothing spline function for pH 5 to 3.4; (b) LSPR peak position from Figure 11a as a function of
hydrogel deswelling stimulated with pH solutions from 5 to 3.4.

The reflectance peak is increasing for pH 5 to 3.8. The increase may be a result of the increase
in reflectance of the hydrogel for declining pH as discussed in Section 4.3. For pH 3.8 to 3.4, the
ND of GNPs in the hydrogel increases from 2.02 x 10'0 particles/mL to 2.95 x 10'° particles/mL
(estimated from data in Figure 5), whereas the amplitude is declining and the linewidth is broadening
(linewidth and amplitude estimated in Section 4.5). The decline in the reflectance peak from pH 3.8 to
3.4 is due to the decrease in the amplitude of the LSPR signal that is smaller than the increase in the
reflectance of the hydrogel observed in Figure 8d. A decreasing amplitude for higher ND suggests
also the hypothesis that there is a larger dispersion in particle scattering, which may be caused by the
increased fraction of particles interacting, as well as the increased variation in local RI. The linewidth
broadening is likely due to the increasing RI and the decrease in d inducing dipole-dipole interactions.

The LSPR peak positions in Figure 11a as a function of hydrogel contraction controlled with
pH solutions are presented in Figure 11b. The LSPR peak position is redshifting from 578 nm to 610
nm from pH 5 to 3.4. The change in the LSPR peak position in Figure 11b for decreasing pH is now
due to three factors: (1) the RI change as a function of hydrogel contraction presented in Section 4.2
results in a redshift of 2 to 3 nm; (2) the change in the slope of Aa; = —0.015% from pH 5 to 3.8 in
Figure 11a that results in a blueshift of 2 to 2.5 nm (see discussion from Figure 10); (3) the decrease in
d inducing electrostatic interactions between of the GNPs results in redshift of the LSPR signal. The
change in LSPR peaks in Figures 10 and 11 shows a different response to the hydrogel deswelling due
to the different amounts of GNPs immobilized in the hydrogel. By changing the density of GNPs in
pregel from NDy; to NDy,, the LSPR response for hydrogel contraction becomes dependent on the
decreasing d as a result of the increasing fraction of GNPs with d < 5r. Whereas the results in Figure
10 show a small blueshift of the LSPR due to the change in the slope Aa; with little influence from the
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dipole-dipole interactions, the results in Figure 11 show a large redshifting of the LSPR due to the
large influence of dipole-dipole interactions and with little influence from the slope Aa;.

Finally, the LSPR peak position was measured as a function of hydrogel deswelling stimulated
with decreasing pH with even higher NDgg at 1.7 x 10!! particles/mL in Figure 12.

100 ; 4.5
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Figure 12. (a) Reflectance spectra of GNP-hydrogel with NDqg at 1.7 x 10!! particles/mL fitted with a
smoothing spline function for pH 4.4 to 3.2; (b) LSPR peak position from Figure 12a as a function of
hydrogel deswelling stimulated with pH solutions from 4.4 to 3.2.

The reflectance spectra of GNP-hydrogel for pH 4.4 to 3.2 fitted with a smoothing spline function
are shown in Figure 12a, while the LSPR peak positions as a function of decreasing pH are presented
in Figure 12b. The reflectance peak is decreasing, while the linewidth of the reflectance is broadening
for hydrogel contraction. From pH 4.4 to 3.2, the ND increases from 1.4 x 101! particles/mL to
3.5 x 10! particles/mL (estimated from Figure 5). It is evident that the change in the amplitude of
the LSPR signal from scattering of GNPs in Figure 12a dominates over the change in reflectance of
the hydrogel observed in Figure 8d for the decrease in pH (linewidth and amplitude estimated in
Section 4.5).

The decrease in amplitude of the LSPR signal from pH 4.4 to 3.2 may be a result of the increasing
ND of GNPs from 1.4 x 10!! particles/mL to 3.5 x 10!! particles/mL (from data in Figure 5) that
increases the dispersion in particle scattering caused by the increased fraction of particle interaction
and the increased change in the variations of the local RI. The linewidth broadening is likely due to the
increase in RI and the decrease in d inducing dipole-dipole interactions.

In Figure 12a, the LSPR peak position is redshifting from 584 nm to 648 nm for hydrogel
deswelling. The change of the shift is 64 nm, which is much larger than the shift of 2 to 3 nm
from the change in RI for hydrogel contraction discussed in Section 4.2. AApax from Equation (21)
can be estimated to be ~2.65 nm (with Aa; = —0.01 nf]’ﬂ, with ¢(A — Ag) = 38% and FWHM = 237
nm). With AAyax = 2.65 nm and minor RI changes for hydrogel contraction, the redshift of LSPR peak
position observed in Figure 12b is most likely dominated by the reduced d inducing dipole-dipole
interactions between the GNPs.

4.5. Amplitude and Linewidth of the LSPR Signal as a Function of Hydrogel Swelling Degree

The amplitude and the linewidth of the LSPR signal from the reflectance spectra of GNP-hydrogel
with NDgz at 1.7 x 101! particles/mL for decreasing pH were determined based on the procedure
illustrated in Figure 13.
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Figure 13. Smoothing fitted function of the reflectance of GNP-hydrogel with NDyg3 at 1.7 x 10
particles/mL at pH 4.4 with the corresponding first derivative. The minimum of the first derivative of
the reflectance of GNP-hydrogel determines the baseline used for computing the FWHM.

The first inflection point of the LSPR signal is used as the baseline for determining the amplitude
and the linewidth of the reflectance of GNP-hydrogel. The LSPR reflectance peak subtracted from the
baseline represents the amplitude. The linewidth of the LSPR signal is defined as the FWHM from the
half maximum value. Due to the asymmetry of the signal, the procedure will tend to overestimate
the linewidth. To account for this, the FWHM was further characterized by varying the baseline
with respect to the inflection point. The baseline increasing by 10% and 20% proportionally to the
inflection point from Figure 13 reduces both the FWHM and the amplitude, but will represent a value
less dependent on the change in the asymmetry of the LSPR signal. Figure 14 shows the resulting
amplitude and FWHM from the reflectance spectra of GNP-hydrogel from Figure 12 as a function
hydrogel contraction. In Figure 14a, the amplitude of the LSPR signal is decreasing monotonically
for pH 4.4 to 3.2, independent of the baseline. The LSPR peak position response in Figure 12 was
concluded to be dominated by the reduced d, inducing dipole-dipole interactions between the GNPs
with minor influence from the local variations of the RI change in the hydrogel and the change in
the slope Aa; from the light extinction of hydrogel for decreasing pH. The declining amplitude in
Figure 14a would imply as discussed in Section 4.4 a larger dispersion in particle scattering for higher
ND. A larger dispersion in particle scattering may be caused by the increased fraction of interacting
particles and the variations in the local RI.

The FWHM in Figure 14b is increasing from pH 4.4 to 3.5. From pH 3.5 to 3.2, the FWHM
decreases for the 10% and the 20% increase in the baseline, while for the original baseline, it decreases
from pH 3.8 to 3.2. The increase in FWHM is likely a result of the increasing RI and the dipole-dipole
interaction between the GNPs. The decrease in FWHM from pH 3.8 to 3.2 might be due to the change
in the reflection of the fiber-gel interface observed in Figure 8d, which changes the signature of the

LSPR signal.
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Figure 14. (a) Amplitude from the reflectance of GNP-hydrogel with NDpg at 1.7 x 10!! particles/mL
for decreasing pH with an increasing baseline; (b) FWHM from the reflectance of GNP-hydrogel with
NDys at 1.7 x 1011 particles/mL for decreasing pH with an increasing baseline.

5. Conclusions

A new LSPR-based FO system was developed by immobilizing GNPs in a polymerized
polyacrylamid-co-acrylic acid network as a hemispherical hydrogel on OF end face. Proof-of-concept
experiments have been presented where we explore the LSPR and interparticle distance distribution
attributes of the GNP-hydrogel. The results from the NNDF computation showed that the mean
interparticle distance d with the GNP densities used in our experiments is much larger than 5r,
whereas the results from the reflectance spectra of GNP-hydrogel on OF end face showed that LSPR
peak position is dependent on d. This contradiction suggests that the particles in the hydrogel may
not exhibit a random distribution, but could rather exhibit an inhomogeneous distribution with a
large fraction of GNPs with interparticle distances between 2r < d < 5r. The amplitude of the
LSPR signal decreases with hydrogel contraction, suggesting the hypothesis that higher ND results in
larger dispersion in particle scattering caused by the increased fraction of particles interacting and
the increased variations in local RI. The FWHM were increasing from pH 4.4 to 3.5 and decreasing
from pH 3.5 to 3.2. The increase in FWHM is likely a result of the increasing RI and the dipole-dipole
interactions. The decrease in FWHM from pH 3.8 to 3.2 might be due to the change in the reflection of
the fiber-gel interface that changes the signature of the LSPR signal.

Further work will consist of developing the LSPR FO system towards biosensor applications where
specific biochemicals will be detected by the use of stimuli-responsive materials embedded with noble
metal or silicon nanoparticles (NMDNP). The potential for multi-parametric and label free sensing
in complex biological mixtures by the use of an LSPR-based FO biosensor will also be investigated
with the focus on the utilization of NMDNP of different sizes, shapes and material compositions.
The different NMDNP embedded in tailored polymer networks will then have spectrally-resolvable
LSPR peaks where each peak is associated with the detection of a specific biologic entity. By controlling
the polarization of the incident light on NMDNP, the sensitivity of LSPR-based FO sensors can be
improved by utilizing the dynamic peak position of LSPR for variable light polarizations as the
sensing parameter.
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Abstract: We report on characterization of an optical fiber-based multi-parameter sensor concept
combining localized surface plasmon resonance (LSPR) signal and interferometric sensing
using a double-clad optical fiber. The sensor consists of a micro-Fabry-Perot in the form of a
hemispherical stimuli-responsive hydrogel with immobilized gold nanorods on the facet of a cleaved
double-clad optical fiber. The swelling degree of the hydrogel is measured interferometrically
using the single-mode inner core, while the LSPR signal is measured using the multi-mode
inner cladding. The quality of the interferometric signal is comparable to previous work on
hydrogel micro-Fabry-Perot sensors despite having gold nanorods immobilized in the hydrogel.
We characterize the effect of hydrogel swelling and variation of bulk solution refractive index on
the LSPR peak wavelength. The results show that pH-induced hydrogel swelling causes only
weak redshifts of the longitudinal LSPR mode, while increased bulk refractive index using glycerol
and sucrose causes large blueshifts. The redshifts are likely due to reduced plasmon coupling
of the side-by-side configuration as the interparticle distance increases with increasing swelling.
The blueshifts with increasing bulk refractive index are likely due to alteration of the surface electronic
structure of the gold nanorods donated by the anionic polymer network and glycerol or sucrose
solutions. The recombination of biotin-streptavidin on gold nanorods in hydrogel showed a 7.6 nm
redshift of the longitudinal LSPR. The LSPR response of biotin-streptavidin recombination is due to
the change in local refractive index (RI), which is possible to discriminate from the LSPR response due
to changes in bulk RI. In spite of the large LSPR shifts due to bulk refractive index, we show, using
biotin-functionalized gold nanorods binding to streptavidin, that LSPR signal from gold nanorods
embedded in the anionic hydrogel can be used for label-free biosensing. These results demonstrate
the utility of immobilizing gold nanorods in a hydrogel on a double-clad optical fiber-end facet to
obtain multi-parameter sensing.

Keywords: reflection-based OF sensor; smart hydrogel; FP interferometer; LSPR; gold nanorods;
double-clad optical fiber; multiparameter sensor; single-point sensor

1. Introduction

Sensor miniaturization is an important design objective for biochemical sensors. Size matters,
not only for applications requiring insertion into small sample volumes or insertion into tissue or
vessels, but also for the functionality of the sensors [1]. Small size means fast diffusion times and
therefore fast sensor response. Optical fiber-based sensors represent one popular sensor platform for
miniaturization [2-4].

Multi-parameter sensing ability is another attractive sensor feature. Many applications require
simultaneous measurement of several parameters in a single sample or single position. While this
can be achieved using multiple sensor elements, the increased size of the resulting sensor might
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not be acceptable. Therefore, sensors with multi-parameter sensing ability are receiving increasing
attention in the literature [5]. For optical fiber (OF) sensing, one can utilize multiple modes to achieve
multi-parameter sensing, for example, in tilted fiber Bragg grating sensors [6,7]. Other techniques
include using fluorophores with different fluorescent wavelengths [8,9], or using noble metal
nanoparticles with different localized surface plasmon resonance (LSPR) wavelengths [10] in an
optrode or on the facet of a cleaved OF. All these sensors achieve multi-parameter sensing utilizing a
single sensing modality.

We have recently demonstrated an OF-based multi-parameter sensor concept by combining LSPR
and interferometric sensing using a double-clad optical fiber (DCOF) [11,12]. The multi-parameter
sensor, as illustrated in Figure 1, consists of a micro-Fabry—Perot (FP) in the form of a hemispherical
stimuli-responsive hydrogel [13,14] with immobilized gold nanoparticles (GNPs) on the facet of a
cleaved DCOF [15,16].
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Figure 1. Illustration of the double-clad optical fiber combining interferometric and plasmonic sensor
modalities with n1core = 1.46208, 1115t cladding = 145713, and 11an4 cladding = 1-44344. Light in the range
of 1500-1600 nm (Ay) is confined as single transverse mode both in the fiber and in the hydrogel volume,
with reflection at the OF-hydrogel interface and hydrogel-solution interface illustrated with red color.
Multi-mode with light in the range of 450-850 nm (Ay;) is guided in the first cladding with numerical
aperture illustrated with green on fiber-end face. The FP interference is measured with Aj, while the
LSPR signal from gold nanorods (GNR) is measured with Ayy.

The swelling degree of the stimuli-sensitive hydrogel is measured interferometrically using the
single-mode inner core of the DCOF in the 1500-1600 nm spectral range (noted as A; from now on),
while the LSPR signal in the 450-850 nm spectral range (noted as Ay; from now on) is measured using
the multi-mode (MM) inner cladding of the DCOF. This configuration enables efficient excitation
and collection of the LSPR signal using the large numerical aperture (NA) MM waveguide defined
by the inner cladding, at the same time as we suppress optical interference in the LSPR spectrum.
Similarly, by using the single-mode core of the DCOF we avoid the limitation of modal dispersion
in the MM fiber and the fiber-tip FP cavity, and achieve high visibility interference spectra for the
interferometric measurement.

In the proof-of-concept experiments reported in [11,12], we demonstrated basic sensor
functionality; the visibility of the FP signal was unaffected by the GNP densities up to 1.8 x 10! mL~!
and particle diameter up to 100 nm. Furthermore, we showed that the LSPR peak wavelength was
unaffected by the hydrogel swelling degree. A more detailed study of the LSPR signal from spherical
GNPs embedded in anionic hydrogel [15,16] indicated that for the highest particle densities, we had
to account for plasmon coupling between proximal GNPs to explain the observed LSPR spectra.
Theoretical modelling showed that the plasmon coupling effect could only be explained assuming
non-uniform distribution of particles in the hydrogel.

Thus, the effect of embedding spherical GNPs in the hydrogel FP cavity, as well as the feasibility of
LSPR-based sensing using GNPs embedded in the hydrogel, have been discussed. However, the effect
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of GNP shape, hydrogel swelling degree, bulk refractive index (RI), and the feasibility of LSPR-based
biosensing in a hydrogel has not been elucidated. In this paper, we characterize the LSPR signal
from gold nanorods (GNRs) embedded in an anionic hydrogel. We demonstrate interferometric
measurement of hydrogel swelling up to a swelling degree of 6. Hydrogel swelling, induced by pH
change, induces a small redshift of the LSPR peak wavelength, rather than the expected blueshift from
the reduced averaged RI of the diluted polymer network. The observed redshift can be explained as
a result of reduced side-by-side (s-s)-oriented plasmon coupling with hydrogel swelling. Increased
bulk RI, using glycerol and sucrose, induces a large blueshift of the LSPR peak wavelength, contrary
to the expected redshift from the increased medium RI. This blueshift can only be explained as a result
of alteration of the surface electronic structure of the GNRs donated by the anionic polymer network
and the glycerol or sucrose solutions [17-20]. In spite of these unexpected behaviors, we do show,
using biotin-functionalized GNRs binding to streptavidin, that the LSPR signal from GNRs embedded
in a hydrogel can be used for biosensing.

2. Polarizability of GNRs and Hydrogel as Low-Finesse FP Etalon

2.1. Fabry-Perot Interferometer

The stimuli-responsive hydrogel shown in Figure 1 represents a low-finesse FP etalon. The FP is
interrogated using A; light guided by the single-mode core. Confining the A; light to a single transverse
mode, both in the fiber and in the hydrogel volume, ensures effective interference between the field
reflected at the fiber—gel interface and the field reflected at the gel-solution interface (as illustrated
with red color in Figure 1).

The optical length Iy and the length change Alj can be estimated from the wavelength-dependent
FP reflection. Both the reflection at the gel-solution interface, rp, and at the fiber—gel interface, r1,
are small, such that the reflected intensity of the hydrogel FP can be approximated as

47l
Iep(A) = I |12 + (712)% + 271417 cOs (TO + (p())] (1)

where k = 27", 7 is a loss factor (due to absorption, scattering and mode mismatch), and ¢y is the initial
arbitrary phase. The free spectral range (FSR) is related to the optical length as
Ao?

FSR = 20 )

where Ay is the wavelength of observation. The length change is related to the phase change of the

interferometric spectrum as

47rtAl
Ap= =3 ©

The change in Iy may originate from both a change in RI of the gel and from a change in the
physical length I of hydrogel cavity,

Aly = Alngel + lAi’lgel 4)

where n1g is the RI of the gel, originating from both the solvent and the polymer concentration.

Over the short propagation distances used here (a few meters), the mode-coupling between the
single-mode (SM) core and the MM cladding will be negligible. The crosstalk between the MM channel
and the SM channel in the fiber coupler is not specified. However, since we are using spectrally
resolved detection in both channels, we would not be affected by any coupler crosstalk.
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2.2. LSPR of GNRs in Hydrogel

The LSPR of the GNRs in the hydrogel is probed using Ay light guided in the MM-first cladding
shown in Figure 1. By using the high NA of the large-diameter core for the Ay light, we ensure effective
excitation of a large fraction of the GNRs immobilized in the hydrogel volume and effective collection
of the reflection from the LSPR of the GNRs (as illustrated with green color in Figure 1). The reflection
from the GNRs in hydrogel on the OF end face is a result of the extinction that is the sum of scattering
and absorption. With a sufficiently low GNR density, and absence of dipole-dipole interactions, the
optical properties of GNRs in hydrogel can be described by Gans theory, a generalization of Mie theory
for spheroidal particles [21,22]. In the quasi-static approximation, the polarizability of the longitudinal

plasmon mode of GNRs is
‘e (1—|—K)V<£(/\)—£m> 5)

4r e(A) + Kkem
L_l—e2 1, (1+e) .
() ”
1 2
=1~ (x) ®)

where AR is the aspect ratio of the GNRs, ¢(A) = ¢ + iey is the complex metal dielectric function,
and V is the volume of the GNRs.

The polarizability is maximized when the real part of the metal dielectric function, €1(A), and the
dielectric constant of the surrounding medium, ¢, satisfy the relation

e1(A) = —xey )

By using the Drude model, the LSPR peak position as a function of local RI, n,; = /€, can be

described as
Amax = ApV/xnp2 + 1 (10)

where A, is the plasma oscillation wavelength of the bulk metal [23]. For the transverse resonance, we
have to replace x with k1 = %

For GNRs in close proximity to each other, the LSPR of the longitudinal plasmon mode will
change with decreasing center-to-center interparticle distance d [24]. For two identical GNRs, the
resonance permittivities of the dipole-dipole coupling for the longitudinal plasmon mode can be
described by the point dipole model [25]. For the side-by-side (s-s) or the end-to-end (e-e) cluster
configuration, the plasmon resonance condition becomes

e1(A)(x) = —F(x)em 1)
2
g+ gk+1)
Flay=— (T e 12)
N1+x)V
8= (47Td3) (13)

where ;) with A’ = 2 represents the e-e configuration and F(_y with N = 1 represents the s-s

configuration (dipole moment maximized with g—z = 1 for the s-s and with 4[%2 = 1 for the e-e
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configuration). The LSPR peak position as a function of 1, and d can be further expressed by using
the Drude model,
/\max(:t) = )\p f(i)nmz +1 (14)

The plasmon resonance condition and Amax can be computed from Equation (11) and (14),
as shown in Figure 2 for decreasing d. In the e-e configuration, a decrease in interparticle distance,
d, will redshift the LSPR peak position, whereas in the s-s configuration a decrease in d will result in
a blueshift.
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Figure 2. (a) Resonance permittivities (Equation (11)) of two identical GNRs in the s-s or e-e configuration
for decreasing d; (b) Amax (Equation (14)) of two identical GNRs in the s-s or e-e configuration for
decreasing d. e, = n%l = 1.332, Ap = 183 nm, GNR width = 19 nm, GNR length = 50 nm,
and AR = 50/19.

Both absorption and scattering will contribute to the reflected LSPR signal. If we ignore
interference effects (see discussion below) and assume for simplicity that scattering and absorption are
weak, we can approximate the change in reflected power due to the GNRs as

1 /NA\?
APR = (1—Ry)? > (T) Ose — RoOex | p21Pin (15)

where R is the reflectance of the fiber-hydrogel interface, R; is the reflectance of the hydrogel-solution
interface, p is the GNP density, and P;, is the input power. Depending on the relative strength of the
scattering and extinction terms, we will either observe an LSPR reflection dip (net absorption) or a
LSPR reflection peak (net scattering). For the particle sizes and densities, and hydrogel compositions
used in this work, we observe a net absorption.

The FP interferences will not be observable using light propagating in the MM core due to modal
dispersion in the OF cable and in the FP cavity. Assuming the propagation in the FP cavity can be
described using Hermite-Gaussian beams with indexes (I, m), the higher-order modes ((I, m) > (0,0))
propagate with an excess phase (I + m) tan™! (%), where zg is the Rayleigh range [26]. The DCOF
carries several thousand modes (V-parameter is approximately 100) resulting in the same number of
Hermite-Gaussian modes in the FP cavity. Therefore, the visibility of the FP interference will effectively
be reduced to zero and will not be observable. Adding modal dispersion in the OF will further reduce
the visibility.
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3. Materials and Methods

Two sets of experiments were performed with two different GNR-hydrogel fiber-optic (FO)
sensors; (1) the FSR and LSPR peak positions were measured as a function of pH and RI; (2) the LSPR
peak positions were determined for nonfunctionalized GNRs in hydrogel, biotin-functionalized GNRs
in hydrogel, and for the biotin-streptavidin recombination on the surface of the GNRs immobilized in
the hydrogel.

3.1. Fabricating the GNR-Hydrogel

The FO sensors were fabricated as described from previous work [15,16]. Citrate-stabilized
670 nm-resonant GNRs (50 nm in length, 19 nm in diameter, 1.14 X 1013 particles/mL, 2 mM citrate
buffer, nanoCompix) were used to make pregel solutions of 10 wt % acrylamide (AAM)-acrylic acid
(AAC) (molar ratio 1/2 AAM/AAC) and 2 mol % N, N-methylenebisacrylamide (BIS).

3.2. Setup of the FO Sensor Instrument

The FO-sensor setup illustrated in Figure 3 consist of the following components; A;; broadband
source (MBB1F1, 470-850 nm, Thorlabs, Newton, NJ, USA), A; broadband source (S5FC1005S,
1550 nm, 50 nm bandwidth, Thorlabs), 50:50 coupler MM (50/50, FCMH2-FC, 400-1600 nm, Thorlabs),
50:50 coupler SM (50/50, 84075633, 1550 nm, Bredengen, Oslo, Norway), double-clad optical fiber
(DCOF) coupler (DC1300LEB, MM 400-1700 nm, SM 1250-1550 nm, Thorlabs), Ay; spectrometer
(QE65Pro0, Ocean Optics, Dunedin, FL, USA), A1 spectrometer (NIRQuest-512-1.7, Ocean Optics), loose
fiber-end terminated with index-matching gel (G608N3, Thorlabs), LSPR and FP sensor segment with
@125 um DCOF (DCF13, Thorlabs).

Data acquisition was performed with the Spectrasuite program software (Ocean Optics) and the
OFs were spliced using a Fitel Fusion Splicer (Furukawa Electric, Yokohama City, Japan).
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Figure 3. Setup of the fiber-optic instrument based on reflection measurements.
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3.3. Preparation of Solutions for Hydrogel Swelling and LSPR Shifts

Hydrochloric acid (HCI) or sodium hydroxide (NaOH) (1.0 M, Sigma Aldrich, St. Louis, MI, USA)
were added to Milli-Q water to prepare pH solutions to stimulate a change in volume of the hydrogel.
pH was controlled with a pH meter (inoLab pH/ION 7320, WTW, New York, NY, USA), pH electrode
(pHenomenal MIC 220, Van Water & Rogers (VWR) Collection, Radnor, PA, USA), and temperature
sensor (pHenomenal TEMP21, VWR Collection). Glycerol (>99%, VWR) or Sucrose (>99.5%, VWR)
were added to Milli-Q water to prepare RI solutions to induce shift in the LSPR peak position. The bulk
RI values for different wt % (between 0 and 40 wt %) of glycerol and sucrose in Milli-Q water were
obtained from the Handbook of Chemistry and Physics at A = 589 nm [27].
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3.4. Functionalizing GNRs in Hydrogel with Biotin for Biotin—Streptavidin Recombination

3.4.1. Functionalizing GNRs in Hydrogel with Biotin

Biotin with polyethylene glycol (PEG) chains terminated with a thiol group (Biotin-PEG (5k)-SH,
powder, PG2-BNTH-5k, NANOCS Inc., New York, NY, USA) were reconstituted in Milli-Q solution to
0.01 M. Further, tris(2-carboxyethyl)phosphine hydrochloride (TCEP, powder, Sigma Aldrich) with
10 molar equivalents to biotin-PEG(5k)-SH were added to the 0.01 M biotin solution and stirred for
10 min to ensure that disulfide bonds were reduced to thiol groups. Next, the GNR-hydrogel on
OF was immersed in the biotin solution for 10 min to let the thiol group bind to the GNRs. Last,
the GNR-hydrogel on OF was transferred to Milli-Q water solution with pH 4.5 to remove any residues
of biotin in the hydrogel.

3.4.2. Biotin-Streptavidin Recombination on GNRs in Hydrogel

Streptavidin (Streptomyces avidinii, powder, 54762, Sigma Aldrich) was reconstituted in
phosphate-buffered solution (PBS, Sigma Aldrich) to a concentration of 1 mg/mL and readjusted to
a pH of 4.5. The fiber—gel with biotin-functionalized GNRs was then immersed in the streptavidin
solution for 10 min and transfered to Milli-Q water solution with pH 4.5.

3.5. Reflection Measurements of GNRs Embedded in Hydrogel in Ajy and A;

The reflectance spectra were estimated from the measured raw spectra, S,, normalized to a
measured reference spectra, R). Before normalization, we subtracted the measured dark spectrum,
D, (recorded with the light source turned off), from both the raw spectra and a reference spectrum.
The normalized reflectance spectra were then computed as

_ (Sx—Dj)
- (22

The hydrogel swelling, or deswelling, was induced by immersing the hydrogel-fiber in solutions
with pH between 4.5 and 3.0. The change in LSPR was induced by immersing the hydrogel-fiber
in glycerol or sucrose solutions with bulk RI between 1.330 and 1.385 at pH 4.5 and 3.0. For the
biotin-streptavidin measurements, all spectra were recorded in Milli-Q water with pH at 4.5. For each
solution, the hydrogel was left for 1 minute to reach equilibrium before sampling the spectrum.
For convenience, we used different reference spectra for the different experiments:

e For the FP experiments, we used the reflection spectrum of the bare DCOF in Milli-Q
water solution.

e  For the LSPR experiments, we used the reflection spectra from the hydrogel without GNRs for
each pH, glycerol and sucrose solution, to compensate for the artefacts in the LSPR spectra caused
by the reflections at the fiber-gel interface.

3.6. Estimating the FSR and the LSPR Peak Position

We determined the FSR from the autocorrelation function of the reflectance spectra to relax the
dependence on signal normalization. The autocorrelation function is symmetric and measures the
correlation between I ;) and Ig(;y) forlag time k=0, 1, 2... (N—1), where N is the length of the vector
received from the spectrometer. The autocorrelation coefficients for lag time k are described as

2 N-k

; (Irgiy — IR) (Ir(i+k) — Ir) (17)

o
N-1

T =

where Ty is the mean of I, and ¢? is the sample variance of the lag time-series [28]. To find the FSR,
the centered and scaled smoothing spline function was applied on the first peak of the autocorrelation

115



116

Sensors 2018, 18, 187 8of16

function with a smoothing parameter at 0.99. With smoothing parameter p = 0, the smoothing spline
function produces a least-squares line fit to the data, whereas with p = 1, the smoothing spline function
produces a cubic spline interpolant. By choosing a fixed smoothing parameter, the balance between
residual error and local variation is also fixed [29].

For A reflectance measurements of GNPs, the LSPR spectrum was fitted with a centered and
scaled smoothing spline function with smoothing parameter at 0.995.

4. Results

The quality of the interferometric and LSPR signals were first assessed and compared to previous
work. Secondly, the FSR and the LSPR were measured as a function of hydrogel swelling degree to
assess the influence of GNRs on the interferometric signal and to assess the influence of hydrogel
deswelling on LSPR, respectively. Thirdly, the LSPR response and optical length were measured as
a function of RI solutions. In addition, the LSPR peak positions were determined for constant and
dynamic reference spectra for pH and RI measurements to determine the influence of the change in
reflections at the gel—fiber interface on the LSPR signal. Last, the LSPR peak position was determined
for the biotin-streptavidin recombination on GNRs in hydrogel.

4.1. Acquisition of LSPR and Interferometric Signals

The Aj reflectance spectrum from a GNR-hydrogel in pH 4.5, together with the resulting
autocorrelation function of the reflectance spectrum used to find the FSR, are shown in Figure 4.
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Figure 4. (a) Reflectance in the A] range from the hydrogel with GNRs in pH of 4.5; (b) autocorrelation
function of the interferometric spectrum.

The smallest FSR in our experiments, at pH 4.5, corresponds to optical lengths of the hydrogel of
around 100 pm, with visibility of approximately 0.15. Aggregation of GNRs in the hydrogel would
significantly reduce the visibility of the interferogram. Thus, the degree of GNR aggregation can
be assessed by monitoring the quality of the interferogram. The visibility in Figure 4a is, however,
comparable to previously fabricated extrinsic Fabry—Perot interferometers (EFPI) despite using a GNR
particle density of 1.14 x 1013 mL—1 [13] compared to 1.9 x 10" mL~?! used in our earlier work [11,12].
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The measured LSPR reflectance spectrum from the GNR-hydrogel in pH 4.5 shows a transverse
plasmon mode at 519 nm and a longitudinal plasmon mode at 689 nm (Figure 5a). Due to the MM
propagation and multi-transverse-mode hydrogel FP cavity, no interference fringes are observed.
The longitudinal LSPR in Milli-Q water at pH 4.5 is redshifted by 19 nm compared to the LSPR
in the citrate-buffered solution, due to the increased RI of the polymer network compared to the
citrate-buffered solution.

The LSPR reflectance spectrum in Figure 5a rides on top of an 82% background dominated by
the wavelength-independent Fresnel reflection at the fiber-hydrogel interface. In addition, there
will be a small wavelength-dependent reflection from the hydrogel, both scattering from hydrogel
inhomogeneities and from the hydrogel-solution interface. This signal contribution will also be
modulated by any spectrally dependent propagation absorption in the hydrogel. As discussed in
Section 3.5, to account for this, the LSPR spectrum is found by normalizing the measured reflected
intensity from the GNR-hydrogel to the reflected intensity from another hydrogel without GNRs
exposed to the same solution. However, due to sensor-to-sensor variation in hydrogel preparation, this
normalization procedure is prone to errors. To explore this, we have quantified the effect of using a
fixed reference spectrum for all LSPR reflectance spectra. As we can see from Figure 5b, for the sensor
in Milli-Q water with varying pH, the effect of keeping the reference spectrum constant is insignificant.

0.5 ; ; 0.4
° Measurement —pH 3.0, R, (pH 3.0)
—Smoothing function —PH30,R,(pH45)
L y 0.3 Glycerol, HA(Gcherol)
—Glycerol, R/\(pH 4.5)
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=
)]
il’ 0.1
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0 ’ ' ' ' -0.1 ' ' '
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Figure 5. (a) Reflectance from the GNR-hydrogel with smoothing function, in pH 4.5 with R (pH 4.5);
(b) reflectance from the GNR-hydrogel in (1) pH 3.0 with R, (pH 3.0) and R, (pH 4.5) and (2) 40 wt %
glycerol at pH 4.5 with R (40 wt % glycerol, pH 4.5) and R, (pH 4.5).

This is due to the insignificant variation in RI with varying pH. On the other hand, in the
experiments using solutions with glycerol (or sucrose), the effect of keeping the reference spectrum
constant is large, as we see from the two glycerol traces in Figure 5b. The largest effect is due to
the reduced Fresnel reflection at the fiber-hydrogel interface with increasing solution RI (increasing
glycerol). However, the resulting shift in the estimated LSPR is moderate, since the reflection spectra
from the hydrogel without GNRs are practically constant in the wavelength range of the longitudinal
LSPR wavelength. These variations of the LSPR signal for constant or variable reference spectra are
further discussed in Section 4.3. We define a resonant wavelength “error” as the resulting wavelength
shift due to variation in the reference spectra used.

The figure of merit is expected to be larger for the longitudinal plasmon mode than the
transverse plasmon mode. We have therefore used the longitudinal plasmon mode in both pH
and RI measurements.
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4.2. FSR Response for pH and RI

Figure 6 shows the measured FSR as a function of pH and bulk RI. We note that the GNRs do not
disrupt the FSR measurements. The sensitivity of the interferometric sensor should therefore be similar
to previous work on EFPI and sufficient for many applications [13]. The sensitivity can, however, be
improved by detecting the change in phase, in addition to measuring the FSR [13,14].

The FSR as a function of increasing bulk RI prepared with glycerol and sucrose shows to have
small variations at pH 4.5. At pH 3.0 there is, however, a slight decrease in FSR for increasing bulk RI.
With initial FSR of 12 nm and 22 nm, the resulting change in optical lengths are 3.76 um and 1.88 um
(from Equation (4)), respectively, for increasing RI from 1.33 to 1.38. A change in optical length of 3 um
due to increased RI will result in a 1.5 nm change in FSR (%%R I3 AI—Z)O and [y = 50 pm). From Figure 6b,
the change in FSR is, however, larger than this at pH 3.0. Thus, the decrease in FSR at pH 3.0 is most
likely a result of the hydrogel swelling due to increased wt % of glycerol or sucrose.
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Figure 6. (a) FSR measured for the hydrogel deswellling from pH 4.5 to 3.0 for two sampled series with
mean, minimum and maximum values from 4 sampled FSRs; (b) FSR measured for increasing bulk RI
with pH 4.5 and 3.0 for one sampled series.

4.3. LSPR Response for pH and RI

Figure 7a shows the LSPR peak position as a function of pH from 4.5 to 3.0. The mean LSPR peak
position for hydrogel deswelling shows a blueshift of 0.8 nm. Variations in the LSPR peak position
can occur as a result of change in polymer density of the hydrogel or change in the interparticle
distances between the GNRs, inducing electromagnetic interactions between longitudinal plasmon
modes. As described in Section 2.2, decreasing interparticle distances for GNRs in an e-e configuration
leads to an LSPR redshift, whereas for GNRs in an s-s orientation, decreasing interparticle distance
leads to an LSPR blueshift. The observed blueshift of the mean LSPR peak position with hydrogel
deswelling suggests increasing dipole-dipole interactions for a large fraction of the GNRs in the s-s
configuration. The large fraction of GNRs in the s-s configuration might be due to many factors,
for example, the polymerization process or the negatively charged polymer network. Investigations
concerning the orientation of GNRs in hydrogel are works in progress. The variations of the LSPR peak
positions for each pH value suggest that there is a weak dependence on the polymer density. This weak
dependence is likely due to the low polymer density of the gel, as well as the small dimension of the
RI “probes” of GNRs with size of ~50 nm.

The estimated LSPR wavelength error due to variations in the reference spectra (Equation (16))
for decreasing pH is shown in Figure 7b. The estimate is computed from the measured mean LSPR
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peak position using constant R (pH 4.5) subtracted from the mean LSPR peak position from Figure 7a.
The LSPR reflection spectrum concerning the background intensity was also discussed in Figure 5.

The small wavelength resonance error for decreasing pH demonstrates that the change in background
intensity (Fresnel reflection coefficients) from the fiber-gel interface introduces negligible change in the
LSPR peak position when keeping the reference spectrum constant at R (pH 4.5). Thus, despite the
large variations in the optical length of a hydrogel cavity, it is feasible to use one reference spectrum
from the hydrogel without GNRs in the Ay range.

Figure 8a shows the LSPR peak position measured for increasing bulk RI at pH 4.5 and 3.0.

The LSPR peak position is blueshifting with a nonlinear trend for increasing bulk RI. The blueshifts at
pH 3.0 are larger than at pH 4.5 for both glycerol and sucrose solutions. The LSPR response is also
different for glycerol and sucrose solutions. The total change in LSPR peak position for the change
in Rl is ~677 nm/RIU. This is in contrast to the expected linear redshift for a LSPR RI probe (from
Equation (10) the redshift should be approximately 500 nm/RIU). The RI on the outside and the inside
of the GNR-hydrogel is expected to be similar, since glycerol and sucrose are water soluble, and
therefore solvents for the hydrogel. The observed blueshift must therefore be due to the nature of
the local surrounding medium [17-20]. In previous work, the optical properties of cetylpyridinium
chloride-stabilized gold nanoparticles when exposed to various solvents were studied [19]. The LSPR
peak position was shown to be greatly influenced by the properties of the solvent and the removal
or donation of electron density onto gold particles. In another study, the LSPR peak position of
chitosan-stabilized gold nanoparticles exhibited a blueshift for the specific detection of increasing
concentration of mercury in liquid solutions [20]. The blueshift observed in Figure 8a for increasing
bulk RI could then be a result of the alteration of the surface electronic structure of the GNRs donated
by the charged AAM-AAC polymer network and the glycerol or sucrose solutions. At pH 4.5, the
hydrogel has a large fraction of negatively charged AAC, as opposed to the small fraction at pH 3.0.
The increase in LSPR blueshift from pH 4.5 to pH 3.0 could be due to the decrease in the negative
charge of the gel, changing the donation of electron density onto the GNRs. In addition, the sucrose
solutions decrease the LSPR peak position compared to the glycerol solutions. This is also an indication
of a change in the solvent properties of the water in gel that is different for glycerol and sucrose.
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Figure 7. (a) LSPR peak position measured for the hydrogel deswelling from pH 4.5 to 3.0 for two
sampled series with mean, minimum and maximum values from 4 sampled LSPR peak positions;
(b) the error of the LSPR peak position by holding the reference spectrum constant at R, (pH 4.5) for
pH 4.5 to 3.0. RI = 1.33 (Milli-Q water).
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The LSPR wavelength error for increasing bulk RI is presented in Figure 8b. It is computed
from the measured LSPR peak position with constant R (pH 4.5) subtracted the LSPR peak position
from Figure 8a. The uncertainty from the change in reflection at the fiber—gel interface is increasing
for increasing bulk RI. This is likely caused by the change in background intensity from the
fiber—gel interface as a result of the change in Fresnel reflection coefficients for increasing glycerol or
sucrose wt %. The uncertainty values are similar for increasing bulk RI up to 1.37 for all solutions,
except for sucrose at pH 3.0. The Fresnel reflection coefficients at the fiber—gel interface are therefore
similar for all solutions up to RI of 1.37, except for sucrose at pH 3.0.

The maximum estimated LSPR wavelength error (up to 10 nm) is still smaller than the total LSPR
blueshift observed in Figure 8a. The blueshift is therefore not due to the uncertainties in the reference
spectra used in our measurements. The study of the influence of the hydrogel and solvents on the
LSPR of gold nanospheres or rods is a work in progress.

Note that for label-free biosensing with LSPR, it is only the surface of the GNRs that senses
changes in RI. The Fresnel reflection coefficients at the fiber—gel interface are therefore not expected
to change upon receptor—analyte recombination. The results obtained in Figures 6-8 therefore prove
the utility of immobilizing GNRs in hydrogel to measure both interferometric and LSPR signals with
acceptable levels of crosstalk [14,30].
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Figure 8. (a) LSPR peak position as a function of bulk RI with pH 4.5 and 3.0 for one sampled series;
(b) the error of the LSPR peak position by holding the reference spectrum constant at R (pH 4.5) for
increasing bulk RI with pH 4.5 and 3.0

4.4. Biotin—Streptavidin Recombination on GNRs in Hydrogel

Figure 9 shows the Ay reflectance for nonfunctionalized GNRs, biotin-functionalized GNRs and
biotin-streptavidin recombination on GNRs in hydrogel in Milli-Q water with pH at 4.5. The transverse
and longitudinal LSPR peak positions of the nonfunctionalized GNRs are at 518.75 and 672.35 nm,
respectively. The LSPR peak position deviates from the peak positions for the FO sensor used for the
pH and RI measurements. The difference in LSPR peak positions obtained for different fabricated OF
sensors may be due to the different RI “probing” of the polymer network due to the polymerization
process resulting in polymer chains in close proximity to the plasmonic waves on the GNRs.

By functionalizing the GNRs with biotin, the transverse LSPR redshifts by 1.52 nm, whereas the
longitudinal LSPR redshifts by 1.45 nm. The changes in transverse and longitudnial LSPRs indicate
that the biotin—PEG thiol group is distributed on both the sides and ends of the GNRs. Recombination
of biotin-streptavidin on the GNRs changes the transverse and the longitudinal LSPRs by another 0.76
and 7.62 nm, respectively, which also indicates that streptavidin is distributed on both the sides and
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ends. The interferometric signal was unstable during the biotin functionalization due to the low pH,
around 2, of the biotin solution, but recovered approximately to the initial signal and initial FSR value
after the functionalization in solution of pH 4.5. During streptavidin recognition, the interferometric
signal and FSR were approximately constant.

The 7.6 nm redshift for the streptavidin recognition is similar to previous studies on the LSPR
response of GNR towards analytes [31]. The ratio between the total shift of the longitudinal and the
transverse plasmon mode is 3.97 (9.05 nm/2.28 nm). From Equation (10) we estimate the expected
longitudinal-to-transverse LSPR shift ratio to be 4.1 (gf{—% = %?‘{, AR =2.63, k, = %, KT = %,
k;, = 6.85, k7 = 1.29), which is consistent with the observed shift ratio.

While the LSPR in Figure 8a is dependent on the RI and the solvent attributes of increasing wt %

of glycerol or sucrose within the gel, the LSPR in Figure 9 is only dependent on the change in RI
on the surface of the GNRs in the hydrogel due to the biotin-streptavidin recombination. As the
discrimination is made between the change in local RI and bulk RI from the measurements obtained in
Figures 8a and 9, this indicates that the blueshift for increasing glycerol or sucrose is a result of the
solvent properties of water—glycerol or water—sucrose and the gel, changing the donation of electron
density onto the GNRs as discussed in Section 4.3.

0.35 T T -
> Nonfunctionalized GNR
° GNR--B!ot!n(5k)--Streptavidin f%
03 > GNR--Biotin--PEG(5k) K4 %
9 [ ® 7

450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 9. Ajj reflectance spectra for bare GNRs, biotin-functionalized GNR and biotin-streptavidin
recombination on GNRs in hydrogel in Milli-Q water with pH at 4.5.

4.5. Summary of Results

We have created a summary of the results, shown in Tables 1 and 2, to present an overview of the
main findings.

Table 1. Summary of results for interferometric sensor in the Aj range.

Stimuli Free Spectral Range Shift Mechanism
Hydrogel deswelling Large increase Decreased physical length
Bulk refractive-index increase Small decrease Hydrogel swelling due to solvent
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Table 2. Summary of results for LSPR sensor in the Ay range.

Stimuli LSPR Shift Mechanism
Hydrogel deswelling Small blueshift Increased plasmon coupling
Bulk refractive-index increase  Large blueshift Change in local surrounding media
Analyte binding to receptors Redshift Local refractive index increase

5. Conclusions

We have reported on the characterization of an optical fiber-based multi-parameter sensor concept
based on combining the LSPR signal and interferometric sensing using a double-clad optical fiber.
The sensor consists of a micro-Fabry-Perot in the form of a hemispherical stimuli-responsive hydrogel
with immobilized gold nanorods on the facet of a cleaved fiber. The swelling degree of the hydrogel is
measured interferometrically using the single-mode inner core, while the LSPR signal is measured
using the multi-mode inner cladding.

We have explored the effect of hydrogel swelling and variation of bulk solution RI on the LSPR
peak wavelength, demonstrating that pH-induced hydrogel swelling causes only weak redshifts of
the longitudinal LSPR mode of the nanorods, while increased bulk RI using glycerol and sucrose
causes large blueshifts. The redshifts with hydrogel swelling are likely due to the reduced plasmon
coupling in the side-by-side configuration, as the interparticle distance increases with increasing
swelling. The total redshift is less than 1 nm for an optical cavity length change from 55 pm to 100 pm,
corresponding to a volume-swelling degree of 6. Thus, the variations of the LSPR peak position will
be negligible for optical length changes within a smaller range in the volumetric measurements of
stimuli-responsive hydrogel. The blueshifts with increasing bulk RI are likely due to alteration of the
surface electronic structure of the GNRs donated by the charged AAM-AAC polymer network and
glycerol or sucrose solutions. Therefore, care must be taken when using this sensor concept for bulk
RI sensing. Both the hydrogel properties and the molecular species causing the RI change must be
accounted for.

To explore the feasibility of using the sensor concept for biosensing, that is, measuring the local
RI change due to binding to receptors at the GNR surfaces, we used the biotin—streptavidin system.
The recombination of biotin—streptavidin on GNRs in hydrogel in Milli-Q water at pH 4.5 showed a
7.6 nm redshift of the longitudinal LSPR. The LSPR response of biotin-streptavidin recombination is
due to the change in local RI, which is possible to discriminate from the LSPR response due to changes
in bulk RI.

The quality of the interferometric signal is comparable to previous work on EFPI hydrogel-based
FO systems, despite having GNRs immobilized in the gel. The FSR increased monotonically
for hydrogel deswelling controlled with pH solution, demonstrating the feasibility of utilizing
stimuli-responsive hydrogel containing GNRs for label-free sensing. Detecting the phase of the
interferometric signal in addition to the FSR would further improve the sensitivity [13].

The FSR and LSPR measurements of the hydrogel swelling degree and biotin—streptavidin
recombination prove the utility of immobilizing GNRs in hydrogels to measure both interferometric
and LSPR signals with acceptable levels of crosstalk for use in, for example, medical applications [14,30].
Further work will consist of realizing the LSPR and interferometric FO system as a biosensor towards
medical applications where specific markers will be detected [14,30,32,33]. The influence of hydrogel
and solvent on gold nanospheres and nanorods will also be studied further, in terms of characterizing
their configuration and LSPR response.
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Abstract

The distribution of noble metal nanoparticles in hydrogels are influencing their nanoplasmonic response and signal
used for biosensor purposes. By controlling the particle distribution, it is possible to obtain new nanoplasmonic
features with new sensing modalities. Particle distributions can be characterized by using volume-imaging methods
such as the focused ion beam-scanning electron microscope (FIB-SEM) or the serial block-face scanning electron
microscopy (SBFSEM) techniques. Since the pore structure of hydrogels is contained by the water absorbed in the
polymer network it may pose challenges for volume-imaging based on electron microscope techniques since the sam-
ple must be in a vacuum chamber. The structure of hydrogels can be conserved by choosing appropriate preparation
methods, which also depends on the composition of the hydrogel used. In this paper, we have prepared low weight-
percentage hydrogels, with and without gold nanorods (GNR) for conventional SEM imaging by using two different
drying techniques; (1) the critical point drying (CPD) technique and (2) hexamethyldisilazane (HMDS) drying of
hydrogels. A qualitative characterization of the GNR-hydrogels was carried out to study the GNRs positioned in
the polymer network. The effect of the two different drying methods on the hydrogel morphology were also com-
pared. The use of HMDS as an alternative to the CPD has several advantages involving less parametrical variables
for drying, involving less effort, being cost-effective, and requires no equipment use. Also, choosing an optimized
sample preparation method for SEM with optimized imaging parameters is important for obtaining accurate informa-
tion about materials that is not correlated to artifacts. The results obtained from the preparation methods and SEM
imaging parameters in this paper are useful for developing methods for mapping the metal particle distributions in
micro-hydrogels by using FIB-SEM or SBFSEM techniques.

Keywords: metal nanocomposite hydrogels; particle distribution; nanoplasmonic sensor; preparation methods; SEM
imaging; volume imaging;

1. Introduction

The ability of a hydrogel to absorb large amounts of water without being dissolved have shown to be useful in
a significant number of applications such as drug delivery systems, wound healing, protein purification, crystalliza-
tion of minerals, distillation, pollutant capturing and sensor technologies [1-10]. The synthesis of hydrogels with
properties as defined by the application in mind is possible by controlling the crosslinking density of the hydrogel,
the polymer hydrophilicity, type of recognition entities as co-monomers in the polymer network, polymer ionicity, or
polymer elasticity. The common functions of the polymer network consist of responding volumetrically to external
stimuli such as pH [11-13], temperature [14—16], ionic strength [17-19], or receptor-analyte recombinations [20-23].
Some of these stimuli-responsive features have shown to be very useful in controlling drug release [1] or to be useful
for label-free and specific sensing of biomolecules [21, 24]. Other properties of the gel-polymer network may also
be of importance for the crystallization of minerals [4, 25] or for the nucleation and growth of metal nanoparticles
made by chemical reduction in the nano-fillers of the hydrogel matrix [26, 27]. These hydrogels embedded with
noble metal nanoparticles (NMNP) are fascinating materials often utilized for wound healing [28, 29], but also im-
pressive materials as nanoplasmonic systems [30, 31]. In membrane technology, NMNPs have also shown to be a
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potential candidate for developments in thermoplasmonics that may improve nanofiltration, pervaporation processes
or oil-in-water nanoemulsions [32-35]. NMNPs distributed in hydrogels exhibit intense optical scattering at specific
light frequencies. This phenomena arise from light interacting with confined collective oscillations of electron clouds
in the NMNPs at a resonance frequency, also known as localized surface plasmon resonance (LSPR) [36-38]. LSPR
of NMNPs may occur in the visible or infrared light-range and are frequently used in label-free biosensor applications
due to the fast response times, high sensitivity, high selectivity and possibility for multianalyte sensing in complex
mixtures [36, 39—-41]. LSPR of NMNP-hydrogels are dependent on the particle shape, size, the refractive index (RI)
of the surrounding medium and the interparticle distances [42]. Coupling may occur between the resonant modes of
the localized surface plasmons of NMNPs in close proximity to each other [43—46]. The scattering of NMNPs in a
hydrogel may have a LSPR frequency for a random distribution of particles that is different from the LSPR frequency
for an inhomogeneous particle distribution.

We have in earlier work developed proof-of-concepts fiber optic (FO) sensors based on using NMNPs immobi-
lized in polyacrylamide hydrogels and combining LSPR and interferometric sensing modalities [47—49]. The inter-
ferometric sensing modality detects the change in volume of a stimuli-responsive hydrogel whereas the LSPR sensing
modality detects receptor-analyte recombinations on the NMNP surface. The dipole-dipole coupling and RI sensitiv-
ity of the LSPR in NMNPs may as well be utilized for detecting the change in volume of stimuli responsive hydrogels
for significant swelling and deswelling. The LSPR response of spherical or spheroidal GNPs in hydrogels showed to
be deviating from the LSPR response of randomly distributed spherical or spheroidal GNPs [47-49]. The plasmon
coupling between spherical GNPs occurred for larger interparticle distances than expected [47]. This was found to
be due to the inhomogeneous distribution of the particles in the hydrogel. The LSPR response for decreasing inter-
particle distances where dominated by the side-by-side plasmon coupling between spheroidal GNPs [49]. This was
likely due to an ordered tendency of the spheroidal particles in the hydrogel. To further understand and engineer the
LSPR properties of GNP-hydrogels for biosensing purposes, it is possible to identify how the particles are ordered
and distributed from morphological characterizations.

Morphological characterizations of hydrogels are often performed by using scanning electron microscopy (SEM).
By using specialized SEM techniques, such as cryoSEM or environmental-SEM, it is possible to characterize the
morphology of hydrogels in their swelled state [50, 51]. Specialized SEM may have limit accessibility due to being a
state-of-art technology. Conventional SEM techniques requires the samples to be in a vacuum, which can pose chal-
lenges for conserving the native hydrated state of the hydrogel since its structure is contained by the water absorbed in
the polymer network. To prevent a complete collapse of the hydrogel in the SEM vacuum chamber one can use drying
methods such as high or low temperature drying [52-54] or critical point drying (CPD) [51, 53, 55, 56] to conserve its
pore structure. Different collapsing characteristics occurs depending on the drying methods used and the composition
of the hydrogel [53, 57, 58]. By using transmission electron microscopy, the high contrast of metal nanoparticles em-
bedded in hydrogels can be observed, though, only a two dimensional particle distribution can be quantized [27, 59].
To map the three-dimensional distribution of particles in hydrogels with volume imaging methods, such as the focused
ion beam-SEM technique (FIB-SEM) [60-62], conventional drying methods must be used. The CPD technique is a
common method for drying hydrogels to conserve the morphology in SEM imaging [51, 53, 55, 56]. An alternative
to CPD is to dry the samples with hexamethyldisilazane (HMDS) solvent in air. The surface tension of the sample is
reduced by using HMDS and it may also cross-link proteins for biological materials [63]. This is adding strength to
the sample during air-drying and prevents collapse or fracturing. Qualitative comparison of samples dried with CPD
or HMDS for SEM have in previous work often been performed for biological specimen [64—67]. The air-drying with
HMDS as an alternative to the CPD technique has its advantages; (1) less effort and fewer variables are involved;
(2) it is cost-effective and (3) the method requires no equipment use. The HMDS may reduce surface tension for all
hydrophilic materials and, therefore, serve as a useful drying method for hydrogels. The HMDS drying of fibrin or
elastin hydrogels have been described in earlier work [68—71]. Also, the sputter coating of the sample maybe have to
be optimized concerning coating thickness and coating material. Samples with significant differences in the topogra-
phy may require a thicker coating than for samples with small differences in topography, i.e. the SEM imaging of the
GNPs and the hydrogel structure may have conflicting requirements. The optimization of the sputter coating is out of
scope in this article.

In this paper the morphology of 10 wt% polyacrylamide (AAM-BIS) and poly(acrylamide-co-acrylic acid) (AAM-
AAC-BIS) hydrogels, with and without gold nanorods (GNR), by using conventional SEM have been studied. The
hydrogels were prepared for SEM by using the CPD and the drying with HMDS. The eftect of the two different drying
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methods on the hydrogels morphology was compared. The comparison of the drying methods are useful for assessing
HMDS as a drying method for acrylamide based hydrogels. Furthermore, a qualitative characterization of the GNR-
hydrogels was carried out to study the GNRs positioned in the polymer network. Choosing an optimized sample
preparation method for SEM with optimized imaging parameters is important for obtaining accurate information about
materials that is not correlated to artifacts. The morphological results of the GNR-hydrogels obtained in this paper
are useful as a first step in developing methods for mapping the distribution of particles in a micro-hydrogel by using
volume imaging methods such as the FIB-SEM and the serial block-face scanning electron microscopy (SBFSEM)
techniques [60-62, 72, 73]. By identifying how the particles are ordered and distributed in GNP-hydrogels, the LSPR
properties can be defined and further engineered.

2. Experimental Section

2.1. Materials for synthesizing hydrogels

The materials used for synthesizing hydrogels, with and without GNPs, are as follows; acrylamide (AAM) (99%,
Sigma Aldrich, Schnelldorf, Germany), acrylic acid (AAC) (99%, Sigma Aldrich), N,N-methylenebisacrylamide
(BIS) (299.5%, Sigma Aldrich), 1-hydroxycyclohexyl phenyl ketone (99%, Sigma Aldrich), dimethyl sulfoxide
(DMSO) (299.9%, Sigma Aldrich), citrate-stabilized 670 nm-resonant GNRs (50 nm in length, 19 nm in diame-
ter, 1.14 x 10'3 particles/mL, 2 mM citrate buffer, nanoCompix), phosphate-buffered saline (PBS) (Tablet, Sigma
Aldrich), squalane (99%, Sigma Aldrich) and milli-Q (mQ) water (resistivity 18.2 M/cm, Millipore Simplicity 185),
pentane (Van Water & Rogers, VWR, Radnor, PA, USA).

2.2. Synthesizing Bulk Volume of Hydrogel With and Without Gold Nanoparticles

Two stock solutions were prepared and used later for making pre-gel samples. First stock solution was prepared
by dissolving AAM and BIS in PBS solution (30 wt% AAM-BIS and 2 mol% BIS). Second stock solution was
prepared by dissolving AAM, AAC, and BIS in PBS solution (30 wt% AAM-AAC-BIS, 2 mol% BIS, molar ratio
AAM/AAC = 1/2). The stock solutions were stored at 4 °C until further use for up to two weeks. 10 wt% AAM-BIS
and 10 wt% AAM-AAC-BIS pre-gel samples were further prepared by diluting the stock solutions with PBS or GNP
solution. Four types of pre-gel samples where made; (1) 10 wt% AAM-BIS in PBS solution; (2) 10 wt% AAM-BIS
in GNP solution; (3) 10 wt% AAM-AAC-BIS in PBS solution; (4) 10 wt% AAM-AAC-BIS in GNP solution. The
pre-gel samples were stored at 4 °C until further use for up to 24 hours. Next, 1-hydroxycyclohexyl phenyl ketone
photoinitiator (PI) was diluted in DMSO (0.01 M). Before photopolymerization, the PI-DMSO solution was added
to the pre-gel sample (Pl/pre-gel = 31/2000). 0.2 mL pre-gel with PI solution was further transferred by a pipette
(Finpippette F2, Thermo Scientific, VWR) to a glass rod surrounded by 1.3 mL squalane-PI oil (2.7 mg/mL PI) in
a 1.5 mL Eppendorf tube (211-2164, VWR) as shown in Figure 1. The deposited pre-gel with PI solution on glass
rod forms a hemispherical shape since it is immiscible in the squalane-PI oil. The hemispherical pre-gel with PI
on the glass rod was illuminated with light at 365 nm by using a 400 um multimode OF (QP400-2-UV-VIS, Ocean
Optics, Dunedin, FL, USA) coupled to a LED (M365F1, Thorlabs, Newton, NJ, USA). The pre-gel with PI was
photopolymerized for 15 minutes, subsequently transfered to pentane to remove impurities for 5 s and stored in PBS
solution (pH of PBS adjusted to 4.5 for AAM-AAC-BIS hydrogel) until further use.

2.3. Preparing Hydrogels for Scanning Electron Microscopy

The materials used for preparing hydrogles for SEM are as follows; 2.5% glutaraldehyde (Chemi-Teknik AS,
Oslo, Norway) in Sorensens phophate buffer (SPBS) (pH 7.2), ethanol (absolute alcohol, Antibac AS, Oslo, Norway),
and hexamethyldisilazane (HMDS) (> 99%, Sigma-Aldrich).

The AAM-BIS and AAM-AAC-BIS hydrogels, with and without GNP, were fixated in 2.5 % glutaraldehyde
(Chemi-Teknik AS, Oslo, Norway) in SPBS (pH 7.2) for 2 hours at room temperature and left for 12 hours at 4 °C.
After fixation, the hydrogels were washed two times for 5 minutes in SPBS. The pre-gel samples were further cut in
half by a razor where one half was prepared for the critical point drying technique (CPD) (Polaron) and the other half
was prepared for drying using HMDS solvent. Before drying, the hydrogels were dehydrated with increased ethanol
concentrations of 10, 25, 50, 70, 90 and 100%, 5 minutes for each concentration. Further, one gel serie from the
razor cutting was transferred to the CPD, while the other gel serie from the razor cutting was transferred to HMDS
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Figure 1: Image of Eppendorf tube with glass rod inside used for photopolymerizing pre-gel in squalane-PI.

solvent. With the CPD technique, the ethanol was replaced with liquid carbon dioxide and further sublimed entirely.
With HMDS solvent, the gel was transferred first to 50% HMDS diluted in ethanol for 20 min and then transferred
to 100% HMDS. Two times for 20 min each round. The hydrogels in HMDS solvent were further dried overnight in
a desiccator. The dried samples were cut or cracked in two by a razor, mounted on pins using double sided carbon
tape, and sputter-coated (E5100, Polaron) with 30 nm of gold-palladium (Au/Pd). The samples were examined using
a scanning electron microscope (Teneo Volumescope, Thermo Scientific Fisher), using Everhart-Thornley detector
(ETD) in SE mode and Trinity detector (T1) in BSE mode.

2.4. Preparing GNPs on Carbon Tape for Scanning Electron Microscopy

An aliquot of GNP solution was transferred to double sided carbon tape, dried overnight in a desiccator and sputter
coated with 30 nm gold-palladium (Au/Pd).

3. Results and Discussion

3.1. Morphology of AAM-BIS Hydrogel With and Without GNRs

SEM images from CPD and HMDS dried hydrogels with GNRs in secondary electron (SE) and backscattered
electron (BSE) mode are shown in Figure 2. Figure 2a and 2b shows hydrogels prepared with CPD, without and with
GNRs in SE mode, respectively. In the SE mode SEM image of GNR-hydrogel in Figure 2b, no small-sized high
contrast features can be observed. We may expect to observe high-density materials as high contrasts features such
as from NMNPs in BSE mode at high electron beam voltages, since high-density materials have more substantial
electron-backscattering intensities than low-density materials.

SEM images of HMDS dried hydrogels in BSE mode, with and without GNRs, are shown in Figure 2c and 2d,
respectively. The pore sizes of the HMDS dried hydrogels are comparable to the SEM images of CPD hydrogels.
This shows that using HMDS for drying hydrogels for SEM imaging may serve as a suitable alternative to the CPD
technique. The embedding of GNRs in the hydrogel have minor influence on the polymer network structure. In
BSE mode, there are high contrast features along the edges of the pore structures in Figure 2d (indicated with white
arrows), which could represent dense materials such as NMNPs. The high contrast features are similar for hydrogel,
with and without GNRs, which makes the quantizing of the distribution of GNRs in the polymer network uncertain.
The small-sized contrast features shown with white arrows in Figure 2d could be characterized as distributed GNRs,
but may also be difficult to distinguish from artifacts associated to the sample preparation [74, 75]. Figure 3 shows
SEM images of CPD and HMDS dried hydrogels with GNRs at a higher magnification than the SEM-images in Figure
2. SEM image of GNR solution dried on carbon tape in Figure 3b is presented as a reference sample. The GNRs in
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Figure 2: (a) SEM image of CPD AAM-BIS hydrogel without GNRs in SE mode; (b) SEM image of CPD AAM-BIS hydrogel with GNRs in SE
mode; (¢) SEM image of HMDS dried AAM-BIS hydrogel without GNP in BSE mode; (d) SEM image of HMDS dried AAM-BIS hydrogel with
GNP in BSE mode. Note that the scalebar in (b) is different from the other images. The white arrows clarifies the small-sized high contrast features
observed that could indicate distributed GNRs.

Figure 3: (a) SEM image of CPD AAM-BIS hydrogel with GNRs in SE mode; (b) Air-dried GNR solution on carbon tape in SE mode for
comparison with SEM images of GNP-hydrogels; (¢) SEM image of HMDS dried AAM-BIS hydrogel with GNP in BSE mode. The white arrows
clarifies the small-sized high contrast features observed that could indicate distributed GNRs.

Figure 3b have length and width similar to the specifications received from the producer and is used for comparison to
the small-sized high contrast features observable in Figure 3a and 3¢ (shown with white arrows). The pore structure
of the hydrogel dried with CPD technique is similar to the HMDS dried GNR-hydrogel, which again demonstrates
that drying with HMDS may serve as a useful alternative to the CPD technique. The BSE mode SEM image in Figure
3c shows few small-sized high contrast features (indicated with white arrows), which could indicate the presence
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of GNRs since they are denser than the polymer network. The dimension of the contrast features in Figure 3a and
3c are comparable to the size of GNRs in Figure 3b, but difficult to quantize with respect to estimating the particle
distributions. The contrast of NMNPs in gel-like samples may be improved by omitting the metal sample coating and
by including highly conductive sample holders instead [76]. The detection of SE and BSE can also be combined to
obtain density dependent contrasts that highlights the high densities areas in the image [77].

3.2. Morphology of AAM-AAC-BIS Hydrogel With and Without GNRs

SEM images of CPD and HMDS dried hydrogels, with and without GNRs, in SE and BSE mode are shown in
Figure 4. Figure 4a and 4b shows CPD hydrogels without and with GNRs in SE mode, respectively. Some collapsing

T1  High vacuum 0KV 0.40nA 3.0mm 27.6um 7500x 7.945 32pm

Figure 4: (a) SEM image of CPD AAM-AAC-BIS hydrogel without GNRs in SE mode; (b) SEM image of CPD AAM-AAC-BIS hydrogel with
GNRs in SE mode; (¢) SEM image of HMDS dried AAM-AAC-BIS hydrogel without GNP in BSE mode; (d) SEM image of HMDS dried AAM-
AAC-BIS hydrogel with GNP in BSE mode. Note that the scalebar in the images is Sym. The white arrows clarifies the small-sized high contrast
features observed that could indicate distributed GNRs.

characteristics can be observed for the hydrogel without GNRs. The collapse could be a result of insufficient dehydra-
tion considering that the AAM-AAC-BIS hydrogels have 2/1 (AAC/AAM) molar ratio of hydrophilic anionic AAC
co-monomers. The hydrogels may have been rehydrated due to the humidity at room temperature while transferring
it to the CPD. In the CPD, ethanol will only exchange efficiently with liquid carbon dioxide. A partly rehydrated hy-
drogel will be more susceptible to a collapse. For hydrogels with GNRs, there are fewer collapse characteristics. The
GNR-hydrogel exhibits rather a highly entropic polymer network. The complexity of the polymer network could be
due to the hydrophilicity of the AAM-AAC-BIS hydrogels. The anionic AAC co-monomer may contribute to absorb
a more substantial fraction of water in the small pores of the polymer network. The preparation methods may also
influence the pore structures as discussed in Section 3.3 [52, 53].
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Figure 4c and 4d shows HMDS dried hydrogels without and with GNRs in BSE mode, respectively. HMDS dried
hydrogel without GNRs shows collapsed networks similar to the CPD hydrogel without GNRs. The hydrogel may
have been rehydrated while substituting ethanol with HMDS. HMDS may also only exchange efficiently with ethanol.
This might indicate that the HMDS dried hydrogel is also susceptible to collapse due to rehydration as with the CPD
dried hydrogel. For HMDS dried hydrogel with GNRs, the polymer network is highly entropic with few collapsing
features. The complexity of the polymer network could be due to the hydrophilicity of the AAM-AAC-BIS anionic
hydrogel.

As for the results obtained in Section 3.1 there are high contrast features along the edges of the polymer networks
in Figure 4d in BSE mode (indicated with white arrows), which could represent dense materials. The high contrast
features are similar for hydrogel, with and without GNRs, and makes the quantizing of the distribution of GNRs in the
polymer network uncertain. The sizes and shapes of the contrast features could be a result of the artifacts introduced
from the sample preparations [74, 75].

Figure 5 shows SEM images of CPD and HMDS dried hydrogels with GNRs at a higher magnification than
the SEM images in Figure 4. SEM image of GNR solution dried on carbon tape in Figure 5b is presented as a
reference sample and used for comparison to the small-sized high contrast features observable in Figure 5a and 5c
shown with white arrows. The branched and highly entropic polymer networks of AAM-AAC-BIS GNR-hydrogels

Figure 5: (a) SEM image of CPD AAM-AAC-BIS hydrogel with GNRs in BSE mode; (b) Air-dried GNR solution on carbon tape in SE mode for
comparison with SEM images of GNP-hydrogels; (¢) SEM image of HMDS dried AAM-AAC-BIS hydrogel with GNP in BSE mode. Note that
the scalebar in (c) is different from the other images. The white arrows clarifies the small-sized high contrast features observed that could indicate
distributed GNRs.

can be qualitatively assessed in Figure 5a and 5c. The pore size and shapes are more irregular for AAM-AAC-BIS
GNR-hydrogels as compared to the AAM-BIS hydrogels. The irregular pore size and shapes of AAM-AAC-BIS
GNR-hydrogels could be due to the hydrophilic nature of the anionic polymer network as discussed above.

The small-contrast features in Figure 5a and 5c (shown with white arrows) are similar results to those in Figure
3a and 3c which could indicate the presence of GNRs since they are denser than the polymer network. As discussed
for the results in Figure 3, these small-sized contrast features are difficult to quantize as a distribution of GNRs due to
the low contrast intensity, but could be improved by using results from [76, 77].

3.3. Influence of Fixation, Dehydration and Drying on the Morphological Structures of the GNR-Hydrogel

The AAM-BIS hydrogel is sensitive towards ethanol concentrations, but insensitive to pH for the solutions used
in this paper [78]. The fixation with glutaraldehyde at pH 7.2 will, therefore, introduce small changes in the hydrogel
swelling equilibrium with respect to changes in pore size and shapes. For the dehydration with ethanol, the hydrogel
will decrease in size, which can be assumed to result in considerable changes in size and shape of pores of the
polymer network. The pore sizes observed in Figure 2 and 3 are, therefore, likely to be smaller than the pore size of
the hydrogel in a hydrated state. The dried hydrogels may also in most cases exhibit an uncertain degree of collapsing
characteristics [52, 53, 57, 58, 79]. Any degree of collapsing characteristics of the hydrogel may result in a close
packing of the GNRs. The amount of close-packed GNRs in the BSE mode SEM images were difficult to characterize
in our results due to the low contrast of GNRs. Other microscopy tecniques may be used to study its native hydrated
state such as by using cryogenic or environmental SEM that omits the fixation, dehydration and the drying [50, 51].

The AAM-AAC-BIS hydrogel is sensitive to both ethanol and pH [78, 80]. The fixation with glutaraldehyde at
pH 7.2 causes the hydrogel to swell significantly due to the deprotonation of the AAC making the polymer network
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highly anionic. This may pose strain on the polymer network beyond the elastic limit. The irregular shapes of the
polymer network in Figure 4b and 4d can be caused by the swelling of the hydrogel. The dehydration of the hydrogel
with ethanol causes the hydrogel to contract significantly. The pore size observed in Figure 4 and 5 is assumed to be
smaller than the pore size of the hydrogel in its native hydrated state.

4. Conclusions

The morphology of low weight percentage polyacrylamide and poly(acrylamide-co-acrylic acid) hydrogels, with
and without GNRs, have been characterized by using conventional SEM. A comparison was made between the CPD
and HMDS drying methods of hydrogels. Results from CPD and HMDS techniques shows to have comparable
pore structures. Using HMDS solvent for drying may serve as a suitable alternative to the CPD technique. The
HMDS technique is a cost-effective substitution of the CPD technique that omits equipment use as well as less time
consuming. The pores of poly(acrylamide-co-acrylic acid) hydrogels shows to have irregular structures while the
pores of polyacrylamide hydrogels shows to have slightly more regular structures. This difference is assumed to be
due to the more substantial hydrophilicity of poly(acrylamide-co-acrylic acid) anionic hydrogel. The pore structures
of the dehydrated and dried hydrogels are likely smaller than the pore structures of hydrated hydrogels due to the
water exchange with ethanol in the dehydration. The effect of dehydrating and drying hydrogels may in most cases
exhibit an uncertain degree of collapsing characteristics [52, 53, 57, 58, 79]. By comparing the morphology of dried
hydrogels with cryoSEM or environmental SEM images of hydrated hydrogels [50, 51] it is possible to estimate the
presence of these collapsing features.

Small-sized high contrast features can be observed from the BSE mode SEM images of GNR-hydrogels, which
may indicate the presence of GNRs since they are denser than the polymer network. The contrast of these features
were not significant enough for distinguishing them from artifacts associated to the sample preparations [74, 75]. The
contrast of NMNPs in gel-like samples may be improved by omitting the sample coating and by including highly
conductive sample holders instead [76], or by using both SE and BSE detectors to obtain density dependent contrasts
that highlights the high densities areas in the image [77]. Any hydrogel collapse may result in close packing of the
GNRs. The amount of close-packed GNRs in the BSE mode SEM images were difficult to characterize in our results
due to the low contrast of the GNRs.

Future work will consist of developing methods for enhancing the contrast of high-density materials in a low-
density matrix for conventional SEM imaging. Furthermore, volume-imaging methods such as the FIB-SEM or the
SBFSEM techniques will be used to map the distribution of metal nanoparticles in hydrogels.
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