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ABSTRACT OF THE DISSERTATION

Polymer and Polymer/Virus Fibers Fabricated Through Near-Field Electrospinning for
Whispering Gallery Mode Sensing and Biosensing

by

Stephen T. Hsieh
Doctor of Philosophy, Graduate Program in Materials Science and Engineering

University of California, Riverside, September 2022
Dr. Elaine D. Haberer, Chairperson

The detection of biomolecules, known as biosensing, has profoundly impacted
biomedical diagnostics, disease monitoring/prevention, and food/water quality control.
Despite the great strides in biosensing technology, there is still a drive to develop new
biosensors that can improve current performance or solve emerging biosensing concerns.
An emerging approach towards biosensing is using Whispering Gallery Mode (WGM)
resonators. These devices are compact, highly sensitive, and require no additional
fluorescent or radioactive tag, enabling real-time label-free biosensing. Polymer-based
WGM cavities offer reduced material costs, simple processing strategies, and the
potential for straightforward incorporation of bioreceptors in a single process step.

Concurrently, filamentous bacteriophages such as the M13 bacteriophage have
attracted attention as alternative bioreceptors. The length of the virus is comprised of

2700 copies of the same protein, which can each function as a bioreceptor. Crucially, this
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protein coat can be modified to display a wide range of specific binding motifs, creating a
dense ordered arrangement of high-affinity peptides with the proper orientation for
analyte binding.

In this work 1 focus on the fabrication of WGM polymer/M13 bacteriophage
sensors/biosensing using the near-field electrospinning process (NFES). NFES is a
variant of electrospinning combining the high-volume, rapid manufacturing of
electrospinning with precise patterning to fabricate microfibers. An advantage of NFES is
the polymer-based approach can produce fibers that incorporate dyes and biomolecules
such as M13 viruses. These electrospun fibers were first utilized as refractive index
sensor in water-ethanol mixtures. The successful demonstration of WGM sensing spurred
the fabrication of polymer/M13 biosensor where the M13 functioned as a biorecognition
element. The polymer/M13 fibers demonstrated specificity and sensitivity to the target
analyte due to M13 on the fiber surface. Surface concentrations of M13 virus were
increased during the NFES process by carefully tuning the M13 surface charge and
electric field interactions. This work demonstrates the promise of NFES and
electrospinning in fabricating WGM biosensors and highlights the use of M13 as a

bioreceptor.
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electrospun under an applied voltage onto a scribed substrate to form suspended fibers.
Under laser excitation, fluorescence from R6G is modulated by WGMs circulating at the
fiber perimeter. The binding of a target analyte to M13 bioreceptors shifts the resonance
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solution, as well as the same mode in a 1310 nM streptavidin solution. The resonance red
shifted due to the specific binding of streptavidin to the resonator surface. (b) The
resonant wavelength shift compared to BSA due to the addition of a range of streptavidin
concentrations. The device response was collected from three PVA/M13 and three PVA
devices. The data are fitted using the Hill model (R?=0.941). .......cccovvimemeeeeiieeeean. 60
Figure 3-11: Representative resonance peak wavelength over time for PVA/M13
biosensor in PBS and BSA solutions. No trends were observed in spectral peak position
during this time, thus indicating a mechanically unchanging PVA/M13 fiber and stable
M13 bioreceptor surface density. Inset: Representative peak position over time after the
addition of the highest concentration of streptavidin. As when the fiber resonator was
immersed in PBS and BSA solutions, no trends were observed with time. ..................... 60
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Figure 3-12: Calculated surface density and percent surface coverage of streptavidin on
electrospun PVA/M13 fiber WGM resonator surfaces shown (a) for three individual
devices, as well as (b) in COMPOSITE. .........oooviiiieiieieeeceeeee e 63
Figure 4-1: Schematic of NFES of PVA/M13 fibers. pH was chosen to correspond to
negatively and positively charged phage. The different pH PVA/M13 solutions were
electrospun under 2 different polarities resulting in 4 possible electrospinning parameters.
........................................................................................................................................... 69
Figure 4-2: a) Optical transmission spectra of PVA/M13 electrospinning solutions for a
range of pH values. A transmission spectrum of a PVA electrospinning solution without
phage is shown for comparison. b) Optical transmission of PVA/M13 electrospinning
solutions at 600 nm plotted with zeta potential as a function of pH. Streptavidin-binding
M13 bacteriophage were dispersed in PBS for zeta potential measurements. The large
decrease in PVA/M13 solution transmission corresponded to a change in M13 surface
CRAIGE. ettt et ettt e b e e ta e aeebe b e eaeebeeaee e 78
Figure 4-3: a) Optical transmission spectra of PVA/M13 electrospinning solutions for
pH 6.1 and 1.6 measured up to 14 hours. b) Transmission at 600 nm plotted for 14 h.... 79
Figure 4-4: Histogram of electrospun PVA/M13 fibers electrospun at different pH &
polarity conditions. a) pH 6, - b) pH 6, + ¢) pH 1.5, - d) pH 1.5, +. Each condition
corresponds to different combination of M13 net charge and electrospinning polarity
(e.g., different surface charge and applied electric field and/or same surface charge and
same applied electric fIeld) ... 83
Figure 4-5: Confocal optical microscopy using dye-tagged phage to spatial characterize
M13 within the electrospun fibers. Representative bright field images overlayed with the
emitted fluorescence for a) pH 6, - & b) pH 1.5, -. Confocal fluorescence corresponding
to M13 ¢) pH 6, - & d) pH 1.5, - demonstrate the presence of M13 agglomerates. €)
Summary of the agglomerate length for all M13 agglomerates for pH 6, -/+ & pH 1.5, -
[+. Scale bar: 50 M, INSEE: 10 ....ociiieieieieieeie et 85
Figure 4-6: Confocal optical microscopy using dye-tagged phage to spatial characterize
M13 within the electrospun fibers. Representative bright field images overlayed with the
emitted fluorescence for a) pH 6, + & b) pH 1.5, +. Confocal fluorescence corresponding
to M13 ¢) pH 6, + & d) pH 1.5, + demonstrate the presence of M13 agglomerates. Scale

bar: 50 um, confocal fluorescence contrast was increased for pH 1.5 images................. 86
Figure 4-7: Nearest Neighbor Distance was determined using confocal fluorescence
images and dye-tagged ML3 ..o 88
Figure 4-8: Directionality of M13 agglomerates was determined using confocal
fluorescence images and dye-tagged ML3...........ccoooieiieieiieceeeeeeeee e 89

Figure 4-9: a) Representative SEM images of gold-binding to PVA/M13 surface (1.5,+.)
b) Determination of bound streptavidin-Au nanoparticles to the surface of crosslinked
PVA/M13 & PVA fibers. Conditions were examined were PVA, PVA/M13 (6, -); (6, +);
(1.5, -); (1.5, 4); Scale Dar: 5 UM ..o 90
Figure 4-10: Various COMSOL simulations for NFES setup. a) simulation of the NFES
setup and the electric field lines (red). Electrospinning was simulated as positive polarity
as evident by the 1900V applied to the needle and -100V applied to the stage. b) zoom in
at the Taylor cone during NFES, the arrows represent the columbic forces acting on a
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positive particle (e.g., M13 pH 1.5). ¢) Simplified data from simulation 4-10b where only
the forces on the x-direction are plotted. Arrows represent the migration force acting on
positive particle. d) Simplified data from a NFES simulation under negative polarity.
Arrows represent the migration force acting on a positive particle...........cccocoeevveveninnnnn. 94
Figure 4-11: a) Representative fluorescence spectrum of a crosslinked PVA/M13 pH
1.5+ fiber in PBS. The spectrum was taken with a 50x long working distance objective
under 532 nm CW illumination. b) Optical image of fiber in PBS. Measured fiber
diameter was 19.8um. Scale Bar: 20[m. .......cccoeviieiiieriiiiieieeieee e 96
Figure 4-12: a) Representative resonance peak wavelength over time for PVA/M13 pH
1.5, -and pH 1.5, + in BSA and after addition of streptavidin solutions. b) The measured
shift before and after the addition of streptavidin. .............ccoooieiiiiiiiciicecceee 98
Figure 5-1: Electric field along the radius of the resonator derived from equation 5-1. b)
fraction of E-field within the resonator ¢) Increase in sensitivity due to diffusion of
analyte. Resonator radius = 10pum, nres = 1.5, Nhost = 1.3 cevieiiiiiieiiiiiiceeeeeeeeiee 106
Figure 5-2: Calculated Hankel Functions and Exponential Decay of a WGM resonator
using equations 5-1 and 5-2. The parameters used for a) Nres = 1.5, Nhost = 1.3, R =10 um
b) Nres = 15, Nhost = 13, R =50 pm, C) Nres = 15, Nhost = 10, R =10 €88 P 108
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Chapter 1 Introduction

1.1 Motivation

The detection and quantification of biomolecules plays a critical role in modern society.
Fast and accurate assessment of analyte concentrations has become important to
biomedical diagnostics, food and water quality control and even public health and safety
guidelines. A class of analytical devices, biosensors, have risen to tackle this need,
combining the sensitivity and specificity of a bio recognition element with a physical or
chemical transducer, convert binding events into optical or electronic signal which in turn
IS processed into a concentration. As a result of their diverse applications, sensor design
requirements vary greatly, but are generally evaluated with terms such as sensitivity,
specificity and limits of detection (LoD)[1]. Additionally, other factors, such as
robustness, manufacturability, and cost, are significant when evaluating sensor
technology. Examples of biosensor range from low-cost, low-sensitivity sensors such as a
pregnancy test to high-cost high sensitivity sensors such as surface plasmon sensors
(SPR).

With the increasing demand and desire for better-performing sensors, new
materials and device architecture are required. In recent years, label-free optical
biosensors/transducers, which utilize electromagnetic fields to interact with the local
environment and detect target analytes have gained steady interest. The optical biosensor
exhibits high sensitivity, stability, and low noise conducive to high performance and does

not require a label[2,3]. These optical devices can also operate in harsh environments as



they are not vulnerable to electromagnetic interference. This class of sensors includes
SPR[4], photonic crystals[5], and whispering gallery modes (WGM). WGM-based
biosensors have shown promise due to their compact size, high sensitivity[6], and fast
response time (i.e., tens of seconds)[7].

Research has also been done to investigate different bio-recognition elements.
Common bio-recognition elements rely on biology, such as antibodies, aptamers[8],
enzymes[9], viruses[10] Filamentous bacteriophages such as the M13 have attracted the
interest of a handful of researchers as alternative affinity-based biorecognition element
[11-15]. These viruses possess a large density of proteins that cover the length of the
phage and can be modified with high affinity peptides to serve as biorecognition
elements.

An ideal method to fabricate WGM M13 biosensors would be low-cost, scalable, and
fast. Electrospinning is a technique to fabricate polymer fibers using an electric field that
fits these criterion. It has shown promise in fabricating biosensors [16,17].
Electrospinning variants, such as near-field electrospinning (NFES), have also gained
interest due to the deposition control provided [18].

In this dissertation, I investigate WGM / M13 biosensor fabricated using a near field
electrospinning process (NFES). Polyvinyl alcohol (PVA) fibers studied as refractive
index sensors/ simple transducers in ethanol-water solutions. The process was then
modified to include the M13 bacteriophage and the resulting PVA/M13 fibers were used

as WGM biosensors to detect streptavidin. Subsequent work focused on the NFES



process, using an electrostatic interaction between the M13 surface charge and electric

field from NFES to increase the M13 surface concentration.

1.2 Whispering Gallery Mode (WGM)

1.2.1 Whispering Gallery Mode Theory and Fabrication
Whispering Gallery modes are optical resonances formed by light recirculating along the
periphery of a cavity. Light is confined by total internal reflection and recirculates along
around the cavity periphery (Figure 1-1a). At specific wavelengths, the recirculating light
will only constructively interfere, forming a standing wave. The path traveled and the
specific wavelengths are known as the WGM resonance. It typically forms in spherical or
circular cavities (Figure 1-1b). Owning to the evanescent wave that arises from the light
traveling by total internal reflection, a portion of the WGM resonance extends outside the
cavity. Resonance is influenced by the refractive index inside and outside the cavity. As a
result, the WGM resonance wavelength depends on the resonator geometry and refractive
index of the resonator and the host medium[2].

The simplest description for WGM resonance is:
A = nDn, (1-1)
where | is a positive integer indicating the azimuthal mode number, A is the wavelength,
D is the resonator diameter, and nres is the refractive index of the resonator. This model is
sometimes referred to as the ray-optics model as it assumes the light recirculating along
the resonance periphery in a single plane[19] (Figure 1-1a). An approximation that the
path length is equivalent to the resonator circumference[19]. A drawback of this model is

that it fails to account for both the refractive index of the environment and polarization of



the light, transverse magnetic (TM) or transverse electronic (TE). Additional issues may

occur at low | as the path length is no longer equivalent to TDnyes.
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Figure 1-1: a) Schematic representation of WGM assuming the reflections line in a
single plane b) WGM resonance and associated polarization for a cylindrical resonator c)
Model spectrum from an active WGM resonator

A complete description of the WGM resonance comes from solving maxwell
equations for a dielectric sphere, yielding the boundary conditions[20]:

[MhostkRh(MhostkR)] — [NreskRji(NreskR)]’ (1-2)
hi(MhostkR) Ji(MyeskR)

where nres and nnestare the refractive index of the resonator and the host medium, k = 2z/A
where A is the resonance wavelength. ji and hy are the spherical Bessel and Hankel
functions of the first kind. N = 1 for TE modes or (Nhosi/Nres)® forTM. R is the resonator

radius. For a given R, multiple solutions indexed by three mode numbers[21], the radial



(s), azimuthal (I) and polar (m) where m = -I, -/ +1,..., |. However, this equation has no
exact analytical solution, and is solved numerically or using analytical approximations.
Such approaches have been calculated using Airy approximations for spheres [22] and

cylinders[23]. The approximation for the first radial mode is presented below:

-1
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= P(m2-=—
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where D is the optically measured fiber diameter, v is the angular mode number (I) plus
0.5, as are the roots of the Airy function, and nres is the refractive index of the resonator.
The term m is the ratio of the refractive index of the resonator to the refractive index of
the surrounding medium (Nres/Nhost). P is 1/m for TM modes and m for TE modes.

As the WGM requirements only require recirculating light undergoing total
internal reflection, the material, and geometries for WGM are flexible. Typically the
cavity is circular and compact, 10-100s um in diameter, with geometries such as
spheres[24], disks[25], microbubbles[26] and fibers[27] able to support WGM. Material-
wise, the refractive index of the resonator only needs to be higher than the outside
environment enabling WGM resonators fabricated out of a variety of materials such as

silica[28] and polymers[29].

1.2.2 Whispering Gallery Mode Sensors and Biosensors
For most WGM sensors, the evanescent wave formed during resonance is utilized to
sense the local environment. Because the wave decays as a Hankel function, in most

applications, the wave diminishes close to the surface, interacting only near the resonator



surface. How well confined the light is within the resonator is defined as the quality (Q)
factor. The evanescent wave allows the resonator to sample the local environment near
the surface and in the case of biosensing, sense binding events to bioreceptors on the
surface[30,31]. Typically sensing occurs by detecting changes in the resonance
wavelength, but other strategies such as mode broadening[20] and mode splitting[32]
have been used. These strategies allow for label-free optical biosensors with compact
size, high sensitivity[6], and fast response time (i.e., tens of seconds)[7].

For this work, the focus will be on WGM resonance wavelength shifts as sensors

and transducers. Sensitivity (S) can be defined as [A—CA] where AM is the wavelength shift

and [C] is the concentration of the analyte. The sensitivity of a WGM is governed by the
interaction of evanescent wave with the analyte, with a larger evanescent wave providing
a stronger response and thus sensitivity[20]. A measure of how well the electromagnetic

field is contained within a resonator can be defined as the quality (Q) factor[33]:

E A
Q =w stored — Resonance (1_4)
Pdiss AFWHM

It is well known that the Q-factor decreases with resonator size, indicating an increased
evanescent wave. As a result, resonators with smaller radii have larger sensitivity[34].
Another key sensing parameter is the upper and lower limit of detection. For ideal bulk
refractive sensing, the lower limit of detection can be defined as LoD;,,., = 36/S
where o is the noise of the peak position. Correspondingly, the upper limit of detection is
defined as LoD,,per = FSR/S where FSR is the free spectral range, or range of

wavelengths with no WGM resonances (Figure 1-1c). As the Q-factor increase (i.e.,



resonator size increases), the sharper peaks decrease the . For lower LoD, this creates a
tradeoff where low Q (smaller resonators) have higher sensitivity and larger noise while
high Q (larger resonators) have lower sensitivity but lower noise. Reynolds analyzed the
theoretical optimum and found that in general the trend favored larger resonators for
lower limits of detection[34]. The lowest limit of detection for WGM sensor reported has
been down to single molecule using microtoroids 80-100 um in diameter with Q-factors
~1x10° -5 x 10 [35].

However, higher Q-factor or larger resonators do have drawbacks. They require
the equipment to detect the minute shifts in the resonance wavelength. A common
strategy is to use a tunable laser traveling through a taped fiber optic cable[36]. The laser
is evanescently coupled to the WGM resonance as the laser sweeps through different
output frequencies. One disadvantage of this coupled approach is the positioning of the
fiber optic and resonator must be controlled with nanometer precision. Larger resonators
also more readily support higher order mode resonances, such as higher order radial.
These additional modes can complicate the spectrum making it difficult to determine
resonance shifts.

In contrast, low Q-factor or smaller resonators do not suffer from these issues.
While they can be excited using evanescent coupling[37], far-field coupling becomes
possible. Free space optics can focus light onto the resonator and excite an active
fluorescence source on or within the cavity. The resulting fluorescence is trapped within
the cavity and forms the WGM resonance. Riesen[37] excited 15 um polystyrene active

spheres and demonstrated that while tapered fibers had an increase in Q-factor, free space



excitation was more able to detect peak splitting due to asphericity. Meanwhile
Himmelhaus[29] explored how low-Q factors and smaller-sized resonators operate as a
biosensor to Bovine serum albumin (BSA). The advantage of this far field approach is
there is no need for as precise coupling, reducing the effects of vibrational noise.
Additionally, there is no concern of the taped fiber evanescently coupling to the

environment, reducing interference from the environment.

1.3 M13 Bacteriophage based bioreceptor

Another critical part of the biosensor is the biorecognition element. Commonly utilized
biorecognition elements rely on the interactions developed from biology rather than
synthetic chemicals. These include antibodies, aptamers[8], enzymes[9], viruses[10].
These biorecognition elements also called bioreceptors, provide specificity or selectivity
to the target and influence sensitivity. Selectivity is defined as the ability of the
bioreceptor to bind to the target in a complex medium[1]. The bioreceptor also influences
sensitivity by increasing the amount of bound target to the transducer, thereby increasing
the transducer response.

They also impact other device properties. Poor chemical or thermal robustness of
the biorecognition element, for example antibodies, translates to poor robustness of the
sensor overall. Additionally, the biorecognition elements are often unique to their target,
requiring new chemistry or methodologies for each new bioreceptor-analyte pairing. For
this reason, the M13 and the related fd bacteriophage have been of interest as an

alternative affinity-based bio-recognition element[11-15,38]. It possesses programmable



functionality, high density of modifiable coat proteins, robust nature, simple
amplification process and thermal/pH robustness[39]. These viruses have a large density
of proteins that cover the length of the phage and can be modified with high affinity
peptides to serve as biorecognition elements. The wild-type M13 phage is 880 nm long
and 6.5 nm in diameter. Approximately 2700 identical copies of the major coat protein
(pVI) are displayed along its length, each serving as a potential bioreceptor. Phage
biorecognition elements can also be rapidly and inexpensively manufactured in large
quantities through infection of a bacterial host without need for animal immunization.
Zhu reported an optofluidic based WGM sensor using M13 as the bioreceptor[14] while
Horikawa M13 as bioreceptors for magnetoelastic sensors[40]. Polymer-M13 composite
based biosensor working as electrochemical sensors[41] have also been reported,

highlighting the versatility of the M13 as bioreceptors.

1.4 Near field electrospinning (NFES) for biosensors

Fabrication also plays an important part in dictating cost and performance of a biosensor.
Parallel to the research in WGM transducers and M13 bioreceptors, work by various
groups have utilized electrospinning to fabricate biosensors. In this technique, a polymer
droplet is induced to form a fiber using a strong electric field. The balancing forces of the
polymer resistive forces (surface tension, viscosity) and the attractive force of the electric
field induce a Taylor cone and a straight polymer jet begins to deposit. As the jet travels,
solvent evaporates, and a solid nanofiber/microfiber is formed. Control of viscosity,
surface tension and electric field are all known to control fiber diameter and resulting

fibers electrospun[42,43]. In typically electrospinning setups (called far-field



electrospinning), the straight jet formed undergoes instabilities creating a random
whipping motion and causing a random mat of fibers to deposit. While this may not be
ideal, the ease with which biorecognition elements or other functional materials can be
incorporated has spurned the fabrication of various biosensors[16,17,44].

Electrospinning has also been utilized to fabricate optical sensors such as random
cavity lasers for vapor sensing[45] or as a fluorescence sensor for free radicals[46].
Ponce-Alcantara, demonstrated that electrospun fibers could act as FTIR sensor[47]. In
recent years, electrospun fibers have been demonstrated to support WGM[48,49].
However, the fabrication of an electrospun WGM biosensor has yet to be reported. Such
a sensor could combine the attractive qualities of the WGM and M 13 bioreceptor with the
benefits of electrospinning.

A variant of electrospinning, near-field electrospinning (NFES) may be more
useful in this regard. While far field electrospinning typically spins random mat of fibers,
with NFES, the use of an X-Y stage and closer tip to collector distance has allowed for
the precise patterning of electrospun fibers. NFES has been used to fabricate well-
organized fiber meshes[50], and suspend fiber across posts[51]. Furthermore, NFES

typically spins microfiber-sized fibers, more suitable for WGM resonators.

1.5 Scope of Research
This dissertation focuses on the NFES fabrication of active WGM in PVA and PVA/M13
fibers for WGM sensing and biosensing (Figure 1-2). Polyvinyl alcohol is a common

biocompatible polymer used in various bio-composite applications[52,53]. The PVA

10



fibers formed a circular cross-section and were used to support WGM resonances in
aqueous environments. PVA solutions were mixed with M13 and NFES. The resulting
bio-composite fibers retained the functionality/biorecognition of M13. As a model
system, the PVA/M13 were used for WGM biosensing. Finally, an electrostatic
interaction was developed during the NFES process. The resulting process was used to

increase M13 surface concentration to improve the PVA/M13 biosensing response.

Biomolecule detection using WGM
& polymer/M13 virus fibers

hy

Before binding
—— After binding

603 6035 604 6045 605
Wavelength (nm)

Figure 1-2: Schematic of research approach
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Chapter 2 focuses on fabricating a water-stable PV A fiber for aqueous applications. The
water-soluble PV A solutions are first electrospun into fibers and then chemically treated
to form a crosslinked network. The fibers were assessed for water stability and WGM
stability in water. A Mie-theory approximation was developed to determine key WGM
parameters. Initial sensing experiments utilized the water-stable PVA fibers as model
bulk refractive index WGM sensors (e.g., water-ethanol solutions). The complex
hydrogel interaction of PVA and ethanol was further examined using the same Mie-
theory approximation.

Chapter 3 focuses on fabricating a PVA/M13 bio composite fiber for WGM
biosensing. The PV A/genetically modified-M 13 solutions were characterized and
electrospun into microfibers. M13 formation and binding activity after electrospinning
was assessed. The PVA/M13 fibers were used to detect the presence of streptavidin,
demonstrating potential as a WGM biosensor.

Chapter 4 focuses on the interaction of the electric field and M13 during the
NFES process. The strong electric field formed during electrospinning is used to migrate
M13 towards or away from the fiber surface. Using M 13 with different surface charges
and different electric field polarities, the electrostatic interaction during electrospinning
was explored. The enriched M 13 surface and depleted M13 surface were used for WGM

biosensing.
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Chapter 2 Near-field electrospun PVA fibers for sensing
aqueous solutions

2.1 Introduction

Whispering Gallery Mode (WGM) resonators are a class of resonators where light
recirculates along the periphery of a cavity. Formed by light undergoing total internal
reflection (TIR), only specific wavelengths of light can form standing waves, thereby
creating the WGM resonance. Because of TIR, a portion of the WGM electromagnetic
field forms an evanescent field, extending into the environment. For sensors, the
evanescent wave has been utilized as a transducer to detect small changes in its local
environment [30,31]. This has enabled WGM-based biosensor sensitivity down to a
single biomolecule[31].

WGM biosensors have been fabricated in different geometries such as
spheres[24], disks[24,54], microbubbles[26] and fibers[27] and different materials such
as silicon oxide and polymers. Polymer based WGM biosensors are of interest due to
their low-cost and ease of manufacturability while still retaining biocompatibility. One
emerging technology for the fabrication of polymer fiber based WGM resonators, is
electrospinning, a technique that utilizes a strong electric field to produce polymer fibers
at large scale. Electrospinning has been demonstrated with bio-compatible polymers and

biological agents. A variant of electrospinning, known as near-field electrospinning
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(NFES), combines the production scale of electrospinning with direct-write capability
using translational stages.

Previous work[55] established a methodology of fabricating polyvinyl alcohol
(PVA)/ Rhodamine 6G fibers using NFES. The PVA/R6G fibers were shown to able to
support WGM resonances and were utilized for vapor sensing of various solvents.
Additionally, PVA is well known for its biocompatibility and water solubility, able to
easily incorporate biological bioreceptors into its polymer matrix without need for
complex solvents which might alter the electrospinning process.

However, for aqueous applications, PVA and Rhodamine 6G water solubility
presents a difficulty. The high surface-to-volume ratio of the fibers means the fibers
dissolve rapidly in agueous environments, rendering them unusable as aqueous sensors.
Due to the popularity of PVA in different applications, several strategies have been
devised to prevent water solubility. Typically, the methods can be separated into either a
physical crosslinking approach or a chemical crosslinking approach. Physical
crosslinking has been achieved using freeze-thaw, radiation[56], or a physical
crystallization using a chemical agent such as methanol or ethanol [57-60]. In contrast,
chemical crosslinking relies on forming chemical bonds between different polymer
chains through linker molecules. As the hydroxyl group of PVA is readily available, a
number of different crosslinking agents have been explored [61-63]. We chose to use
glutaraldehyde (GA) as the crosslinking agent due to the number of different
biocompatible/bio-composite reports[64—66], including with M13 [67]. Additionally,

several groups reported successful crosslinking of electrospun PVA-GA fiber[65,68,69].
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The crosslinking reaction between GA and PV A involves a reaction of the PVA’s
hydroxyl groups with the GA aldehyde to form acetal bond[69]. While the reaction is
thought to be more complicated for protein interactions[70], the assumption of the
formation of acetal bonds formation will only be considered for PVA/GA reactions.
These reactions have 3 potential outcomes, a partial acetal bond on one side of the GA
molecule, and intramolecular bond and intermolecular bonding[69]. Critical for aqueous
PVA applications is the formation of intermolecular bonding or crosslinking between
different PVA chains. This may indicate an optimum crosslinking condition to promote
intermolecular bonding. Different groups have utilized both GA vapor and aqueous GA
to form crosslinked PVA membranes usually with an HCI catalysis.[69,71,72]. It is also
important to note that for WGM aqueous applications, the GA treated PVA fibers needed
to be water stable, smooth and able to support its own circular cross-section without
sagging.

For this work, electrospun PVA and PVA/R6G fibers were treated with GA to
develop a crosslinking procedure that would result in water stable fibers. Using a
combination of liquid and vapor treatments, crosslinked fibers were shown to have
minimal water swelling under optical microscopy and no observable R6G dye release.
Under far-field excitation, the crosslinked fibers were still able to support WGM in
aqueous solutions despite the lowered refractive index contrast. The fibers were further
shown to be stable in solution over time agreeing with both optical microscopy and R6G
dye release experiments. As a model system, fibers were placed in water-ethanol

mixtures and the concentration was increased incrementally. Theoretical spectra were
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compared to empirical results to investigate sensing mechanisms by estimating the
changes in fiber diameter and optical mode effective refractive index associated with the
observed wavelength shifts. Due to the hydrogel nature of crosslinked PVA, individual
contributions of fiber shrinking and refractive index changing was determined. These
results demonstrate the potential for a NFES crosslinked PVA fiber to function as a

sensitive transducer for sensor and biosensing applications.

2.2  Experimental methods

2.2.1 Fabrication and characterization of electrospun polymer fibers

Fibers were fabricated according to previous work[55]. Briefly, PVA (Mw: 13,000-
23,000 g mol?, 98% hydrolyzed, Sigma Aldrich) was dissolved in deionized water and
mixed with a magnetic stir bar in a hot water bath at 80°C for 2 h to obtain a
homogeneous 25 wt% solution. The mixture was cooled for 1 h under ambient
conditions. For active emitter applications, Rhodamine 6G (R6G, Sigma Aldrich) was
also dissolved in deionized water to obtain a 0.0035 g PVA/g R6G solution. The dye-
doped polymer solution was loaded into a 1 mL syringe and pumped through a 27-gauge
blunt-tip needle at a rate of 10 pL h™ using a syringe pump (NE-1010, New Era). A high
voltage source (NO3.5HP8.5, Acopian) was used to apply a 2 kV to the needle tip. A
glass substrate of dimensions 15 x 15 x 1 mm was used as the collector and was placed
on top of an X-Y stage (A-LSQ300D, Zaber) programmed to move in a parallel-line
pattern. The substrate was scribed with lines perpendicular to the intended fiber

deposition direction to allow fibers to be suspended. Approximately 1 cm long fibers
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were written 200 um apart from each other. The needle tip-to-collector (T-t-C) distance
was fixed at 1.25 mm, at a stage speed of 0.5 mm s*. Electrospinning occurred under
ambient temperature, pressure, and humidity. Electrospun fiber diameters were
characterized using a digital optical microscope (KH-7700, Hirox) with a 35x objective
and built-in measurement software. Confocal fluorescence microscopy (SP5, Leica
Microsystems) was used to image the dye-doped fibers and fiber surface roughness was
measured using tapping mode atomic force microscopy (AFM, Dimension Edge, Bruker)

and a silicon tip.

2.2.2 Crosslinking fibers and water stability characterization

The water-soluble PVA fibers were chemically crosslinked with glutaraldehyde (GA) to
make them water stable. Different vapor and liquid treatments, derived from previous
reports ,were developed to crosslink the PVA fibers while still maintaining the ability to
support WGMs.[69,73]. For different treatment conditions, 1-step GA vapor treatment, 2-
step GA vapor treatment, and 3-step GA vapor-vapor-liquid treatments were utilized. For
all treatments, fiber ends were glued to the substrate, placed in a closed chamber.
Volumes of GA to HCI during vapor treatments were 1:1. During the 1-step GA vapor
treatments, fibers were simultaneously exposed to vapor from 50% GA solution and
different concentration HCI solution (LM-5M) for 24 hours. For 2-step treatments, fibers
underwent 2 sequential 24 hour vapor treatments. Fibers were exposed to 50% GA and
1M HCI vapor for 24 hours then another 50% GA and 3M HCI vapor for another 24

hours. A 3-step process (2 vapor, 1 liquid) was also developed. Fibers were exposed to
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vapor from 50% GA solution and 1M HCI for 24 hours, then 50% GA and 5M HCI for
another 24 hours. For the last step, the fibers were submerged in a 50% GA for 24 hours,
rinsed thoroughly with water, and allowed to dry under vacuum. Fiber diameters (D) over
time in water were measured using a digital optical microscope (KH-7700, Hirox) and
used to calculate swelling ratios (Dmeaured/Dintia1). Dye release experiments were carried by
submerging the fibers in 10 ml water bath for 7 days. Undiluted aliquots of the bath
solution were taken and measured using ultraviolet-visible (UV-Vis) spectroscopy

(ThermoFisher, Evolution 60) at 2 and 7 days.

2.2.3 Optical WGM measurement and sensing
WGMs were excited in the crosslinked PVA/R6G fibers using a far-field laser confocal
system (LabRam, Horiba Scientific)[74]. Briefly, a 532 nm continuous wave (CW) laser
(Ventus, Laser Quantum) was focused through a 50x objective (NA = 0.75), resulting in a
spot size of approximately 3 um and an incident laser power of 6 pW. Emission was
collected using the same objective, directed through a long pass filter (>532 nm) into a
spectrometer with an 1800 lines/mm diffraction grating and a charge-coupled device
(CCD) detector. For agueous applications, the fibers were first submerged into a water
bath. Emission was recorded at 3 min intervals to prevent photothermal effects and
minimize bleaching. Laser light was blocked in between measurements.

To determine important WGM parameters and azimuthal mode numbers,

theoretical spectra were obtained by using a Mie-theory derived approximation[22,23]
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where D is the optically measured fiber diameter, v is the angular mode number (I) plus
0.5, as are the roots of the Airy function, and nres is the refractive index of the resonator.
The term m is the ratio of the refractive index of the resonator to the refractive index of
the surrounding medium (Nres/Nhost). P is 1/m for TM modes and m for TE modes,
respectively. The refractive index of the surrounding medium (nnost) Was taken as either
1.333 for fibers in water or was based on literature measurements for ethanol-water
concentrations[75] with values ranging from 1.3325 to 1.3494. Equation (2-1) was
evaluated by incrementally varying D, nres and azimuthal mode number. Solutions were
compared to fluorescence spectra obtained from the WGM fibers, and the least mean
residual squared was taken as the best fit using MATLAB code written. The range of
input D and nres values used to determine best fit corresponded to optical images and
ellipsometry measurements, respectively. For sensing of ethanol-water mixtures,
measurements made within 5 min of ethanol addition were disregarded due to transient
behavior and the mode number was constrained despite changing ethanol-water

concentrations.

2.3  Results and Discussion

2.3.1 Fabricating and crosslinking of PVA fibers

Fibers were electrospun using a stage speed of 0.5 mm/s with a tip-to-collector distance
of 1250 ym. Under an applied voltage of 2kV, PVA and PVA/R6G solutions were
fabricated onto to prepared glass substrates. A 542 nm laser was used to excite the R6G,

and the resulting fluorescence was measured. As shown in Figure 2-1a, the distribution of
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R6G fluoresced uniformly within the fibers. Surface roughness was evaluated using
AFM. Fiber measured a root-mean-squared roughness of 2.4 nm (Figure 2-1b). The fibers
were assessed to be adequate for WGM excitation. However, the water-soluble PVA
presented an issue for aqueous applications, dissolving too quickly for practical
applications. For aqueous WGM applications, the PVA fiber needed to be water-stable
while still retaining the smooth fiber surfaces and fiber geometry with no R6G dye

leakage.

10.0 nm

-10.0 nm

100.0 nm

Figure 2-1: a) Fluorescent emission b) AFM image of the surface of a dye-doped PVA
fiber electrospun with a stage speed of 0.5 mm s and a R6G/PVA mass ratio of 0.0035.
The measured root-mean-squared roughness was 2.4 nm.
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Based on reports of electrospun PVA fibers treated with GA[69,73], a vapor
treatment was thought to be gentle enough to preserve fiber geometry and surface
roughness. Using a similar setup as reported by Shaikh[73], electrospun fibers were
placed above containers of GA and differing concentrations of HCI as an acid catalyst
inside a vacuum chamber. Ambient temperature and pressure caused the GA and HCI to
reach equilibrium vapor pressure and react with the PVA fibers. Initial experiments
utilized 50% GA vapor and differing amounts of HCI 1M — 6M for 24 h. In all cases, the
fibers were not water stable, dissolving quickly when placed in water. This was attributed
due to the inadequate crosslinking between GA despite, in some cases, the high HCI
catalyst concentration. Additionally, at 50% GA and 6M HCI vapor, the GA began to
self-polymerize, forming a light brown substance, preventing the use of a harsher
catalytic environment.

Instead, a 2-step vapor treatment of 50% GA and1M HCI vapor followed by 50%
GA and 3M HCI vapor treatment for another 24 hours was developed. The resulting
fibers were water-stable, but these fibers displayed a significant relative swelling ratio of
1.26 + 0.21 (Figure 2-2). Interesting, in one run, the fiber diameters did not plateau
indicating potential instability or reliability with this treatment. Further experiments with
GA treatment using 1M and then 5M HCI vapor led to fibers still swelling significantly.
While these initial results were promising, for use as bulk refractive index sensing,
swelling introduces a non refractive index based mechanism for WGM shift.
Unfortunately, due to the high concentration of HCI catalyst used in the 2" vapor step, a

stronger vapor treatment was not possible. To further crosslink the fibers and prevent
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water-swelling, the fibers were fully submerged in 50% GA. Due to the fibers already
being water-stable after the 2-step treatment, it was assumed that the additional liquid GA
would not significantly impact the fiber geometry and cross-section. As shown in Figure
2-2, PVA fibers treated with this 3-step process [50% GA + 1M HCI (vapor), 50% GA +
5M HCI (vapor), 50% GA (liquid)] were shown to have minimal relative swelling (1.00 £
0.00) with a fast plateau. When the fibers were placed in a water bath, no significant R6G
absorbance was detected in the bath solution for at least 7 days (Figure 2-3), indicating
the crosslinking conditions were adequate to retain the active emitter. The 3-step process
demonstrated the best and least complicated water stability, ideal for initial aqueous
WGM detection. The fiber diameters of both uncrosslinked and crosslinked fibers were
measured using optical microscopy (Figure 2-4). Crosslinked fibers were noted to
increase in average diameter, 14.3+ 5.3 um, compared to uncrosslinked fibers 12.4+ 3.7
um. It should be noted that during the GA treatment process, the crosslinked fibers were
rinsed to remove excess GA prior to optical measurements. While they were vacuumed
before diameter measurements, absorbed water within the PVA fibers may partially
account for the fiber diameter increase measured rather than purely due to the GA
crosslinking process. Nonetheless, the long-term stability in water and minimal fiber
diameter swelling over time made the 3-step GA treatment ideal for subsequent aqueous

WGM detection and water-ethanol sensing experiments.
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Figure 2-2: Relative swelling ratio of GA treated fibers immediately after submerging in
water. Conditions shown: [50% GA + 1M HCI (vapor), 50% GA + 3M HCI (vapor)] &
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2.3.2 Supporting WGM resonance in aqueous environments

Crosslinked PVA fibers were evaluated to determine if they could support WGM
resonance in aqueous environments. The stability of the WGM resonance was also
measured, and theoretical modeling was used to identify the resonance modes and extract
WGM parameters. PVA/R6G fibers were crosslinked using the 3-step GA treatment. The
broad fluorescence of R6G was used as an active emitter within the PVA fibers. The dye-
doped electrospun fibers were placed in a water bath. A microscope objective focused a
532 nm continuous wave (CW) laser with 6 uW of power onto the fibers and excited the
R6G. Emission from the fibers was collected through the same objective and analyzed
with a monochromator. Figure 2-5 shows a representative fluorescence spectrum from a
crosslinked PVA/R6G fiber with a 21.1 um diameter, as measured optically. The broad
R6G fluorescence background was decorated with pairs of peaks that repeated throughout
the wavelength measured. The shorter wavelength in the pair was attributed to transverse
magnetic (TM) WGM resonance, while the longer wavelength peak was assigned as
transverse electric (TE) modes based on previous experiments[74]. The peaks were fitted
using a Lorentzian and were observed to have a free spectral range (FSR) of 3.614 nm.
From the Lorentzian fits, the quality factor of the peaks measured was calculated

according to the equation:
A esonance
Q = “Resonance (2-2)

AFWHM

with an average Q-factor of 5828 + 1450.
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Figure 2-5: a) Representative fluorescence spectrum of a crosslinked R6G-PVA fiber in
water. The spectrum was taken with a 50x long working distance objective under 532 nm
CW illumination, using conditions similar to ethanol-water chemical sensing. The
shutter was closed between measurements. b) The peak wavelength as a function of
measurement time for mode near 580 nm. WGM resonance wavelength remains stable
over time. ¢) An optical image of a 21.1 um diameter electrospun fiber WGM resonator
in water under laser illumination. Scale Bar: 20 ym
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To confirm these were WGM and calculate the WGM parameters (radius, mode
number, refractive of resonator and host) for this experiment and future experiments, a
fitting approach based on a Mie-theory derived approximation (Equation 2-1) was
developed[22]. For this spectrum, due to the low Q of the TM modes, only the TE modes
were fitted. Resonances were assumed to be first-order radial WGMs, as these are
typically the lowest loss modes. To determine which WGM parameters best described
this spectrum, empirical peak positions were compared to the theoretical peak computed
for all defined parameters space. Potential parameters varied include the resonator's
diameter, azimuthal mode number, refractive index of the resonator, and host medium. A
MATLAB program computed all possible solutions to the Mie-theory approximation, and
the goodness of the solution was determined through the least sum of the residuals
squared, similar to other reports[76]. An example calculation to fit measured peak
572.679 nm assuming azimuthal mode number = 165 and a water refractive index of
1.333 with the plotted residuals squared is shown in Figure 2-6a. Due to the large number
of possible solutions with poor fitting, a filter function was included to remove non-
relevant solutions (filter = 0.05 nm) to reduce memory space and increase computation
speed (Figure 2-6b). This removed any solution with a theoretical peak position greater
than 0.05nm compared to the measured peak position. To solve for the parameters that
best fit the entire spectrum, solutions to equation 2-1 were computed sequentially for all
peaks in the spectrum. As each peak is assumed to be related by an increment of
azimuthal mode number, the shortest wavelength peak was solved first, and the parameter

and solution were stored. Using the same parameters except for deducting the azimuthal
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mode number by 1, the next longer wavelength peak in the sequence was solved. This
continued until all peaks were solved for. The filter function was used at each step to
remove non-viable solutions. Careful care was taken to choose increment sizes that
would fully sweep each parameter space. For Figure 2-5 the refractive index of water was
assumed to be 1.333, and the initial assumption of fiber diameter, nres were based on optical
and ellipsometry measurements, respectively. Mode assignments in Figure 2-5a
correspond to a diameter of 21.8 um and nres 0of 1.441 (TE), in agreement with the
optically measured fiber diameter. Under repeated measurements, the 572.679 nm peak
demonstrated peak position noise, o = 0.016nm, with no significant trends. The lack of
trend supported optical microscopy evidence that the crosslinked PVA fibers were water
stable while also demonstrating that heating or bleaching effects were minimal during
WGM measurements. Given the higher Q factor and higher intensity, TE modes were

utilized for aqueous sensing.
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2.3.3 Ethanol-water sensing

WGM resonators have shown great utility as chemical and biological sensors.[77-79]
Electrospun R6G-PVA micro-fibers were assessed as chemical sensors using ethanol in
water as a model system. A crosslinked WGM fiber resonator was placed in a water
bath, as in Figure 2-7a, and optical spectra were collected. For ethanol-water sensing, the
ethanol concentration was increased in 10% (v/v) increments. Figure 2-7b shows that a
corresponding redshift in WGMs resonant wavelength, associated with increasing ethanol
concentration. The resonant wavelength of the mode initially observed at 613.5 nm was
plotted as a function of time in Figure 2-7c. Immediately after each addition of ethanol,
the resonant wavelength rapidly increased and then plateaued, consistent with a refractive
index increase with increasing water-ethanol concentration. Figure 2-7d depicts the
resonance wavelength of the same peak versus ethanol concentration. The spectral
response of the resonator was linear within the range of ethanol concentrations measured,
resulting in a sensitivity of 0.1133 nm/%.

As demonstrated in Figure, 2-8a, the sensitivity of the cavity to ethanol
concentration was wavelength dependent, due to decreased light confinement at longer
wavelengths. Using the relationship between refractive index and ethanol concentration
found in previous reports[75], the measured sensitivities were comparable to those of
other polymer-based WGM resonators. As an example, dye-doped PMMA/epoxy resin
fibers[77] had a sensitivity of approximately 0.1391 nm/%. Similarly, hollow PMMA
fibers embedded with a dye-doped micro rings[80] demonstrated sensitivities near 0.1245

nm/%.
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Figure 2-7: a) A 15.9 um diameter WGM fiber sensor submerged in a water bath. b)
Fluorescence spectra of fiber resonator in 0%, 10%, 20%, and 30% (v/v) ethanol-water
solution. Arrow indicates increasing ethanol concentration. Emission intensities are offset
for clarity. c) Peak emission wavelength of the mode initially observed at 613.5 nm as a
function of time. A red-shift in WGM resonance was observed for each increase in
ethanol concentration (as denoted by dashed, vertical lines). d) Peak emission wavelength
as a function of ethanol concentration. The calculated sensitivity within this linear
performance region was 0.1133 nm/%. e) Calculated resonator diameters and effective
refractive indices with increasing ethanol concentration; fiber diameters shrunk slightly,
while neft increased. Each data point represents the average fitted diameter or nef obtained.
Data was obtained in collaboration with Dr. Joseph Cheeney.
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obtained in collaboration with Dr. Joseph Cheeney.



Both volumetric and effective refractive index changes can contribute to WGM
wavelength shifts and sensor performance. The relationship between resonance shift and

these mechanisms can be expressed by

AX _ Al’leff AD
A - Neff + D (2 3)

Due to the evanescent field associated with WGMs, the effective refractive index (nefr)
depends on both nres and nnost. Unlike inorganic optical resonators, the addition of solute
can cause changes in the nres of polymer cavities through solute uptake, as well as Nnost.
Furthermore, solute uptake can be accompanied by resonator dimensional changes.
Indeed, other WGM polymer-based cavities have demonstrated the combined influence
of environmental refractive index, solvent uptake, and/or cavity expansion or contraction
on sensor response[45,76,81-83]. When exposed to alcohol vapors, both swelling and
vapor uptake caused redshifts in resonances of random optical networks of poly(methyl
methacrylate) (PMMA) fibers[45]. Similarly, interaction of volatile organic compounds
with PDMS-coated SiOx quasi-toroidal ring resonators resulted in a redshift which could
be parsed in to contributions from polymer swelling and an increase in nes[83].
Additionally, solvent penetration and swelling were observed for WGMs in polystyrene
microbeads immersed in alcohol solutions, although changes in nnost dominated sensor
performance[76].

To understand the transduction mechanisms associated with the crosslinked, dye-
doped PVA WGM fibers, the sensing spectra were examined using, using the same Mie

theory-based asymptotic formula (Equation (2-1)) iterative solving approach. The
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approach was used to extract best fit values for D, nres and azimuthal mode number. Nnost
at different water-ethanol concentrations were determined from literature [75]. Similar
Mie theory approaches have been used to account for dimensional and refractive index
changes associated with humidity, or adsorbed polyelectrolyte and biomolecule
layers[19,29,82]. The average best fit diameters and nres for all sensing spectra as a
function of ethanol concentration are shown in Fig. 2-7e. As the ethanol concentration
increased from 0 to 30%, the calculated D shrank approximately 90 nm or just 0.5%. The
reduction in diameter is consistent with reports of highly crosslinked PVA hydrogels with
a large degree of hydrolysis in ethanol-water solvent mixtures[84-86]. Conversely, Nres
increased with ethanol concentration. As the refractive index of ethanol is larger than
water and could be attributed to slight uptake of ethanol displacing water within the fiber.
The resonance peak is expected to blue-shift as fiber diameter shrinks and red-shift as nes
increases. As a net redshift was observed with increasing ethanol concentration, the
sensing performance of the WGM fiber was dominated by an effective refractive index
change rather than dimensional change. Further studies are required to understand the

relative contribution of the change in Nres OF Nnost

2.4  Conclusion

To conclude, NFES was used to fabricate PVA/R6G fibers. Utilizing chemical
crosslinking with glutaraldehyde, the PVVA fibers were shown to be water stable. The
fibers were still able to host WGM resonances when submerged in solvent, despite the

lowered refractive index contrasts. These fibers were further confirmed to be water-stable
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through optical microscopy, dye release, and WGM spectra monitoring. Despite emission
spectrum complexity, chemical sensing of the ethanol-water system exhibited a
sensitivity of 0.1133 nm/%. NFES of dye-doped polymer microfiber WGM resonators
has proven promising as a straightforward, inexpensive fabrication approach. Given the
biocompatibility of PVA, the ease in fabricating water-stable PVA WGM resonators a

polymer-based WGM biosensor with incorporated bioreceptors is within reach.
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Chapter 3 PVA/Phage fibers for label free biosensing

3.1 Introduction
The rapid and affordable detection of biomolecules has become a critical part of modern
infrastructure. Development of sensitive and effective biosensors for biomarkers, viruses,
and bacteria enables routine biomedical diagnostics, environmental monitoring, and
food/water quality control. One interesting class of devices, label-free optical biosensors,
targets chemical and biological agents without the need for additional fluorescent or
radioactive tags, thus offering on-site and real-time detection of analytes[79]. These
optical devices can also operate in harsh environments as they are not vulnerable to
electromagnetic interference. In recent years, whispering gallery mode- (WGM-) based
biosensors, a type of label-free optical biosensor, have shown promise due to their
compact size, high sensitivity[6], and fast response time (i.e., tens of seconds)[7]. Light is
confined by total internal reflection at the periphery of these curved boundary high
quality (Q) factor resonators and recirculates, acting as an optical probe capable of
detecting minute concentrations of biomolecules. This promising technology has led to
development of WGM sensors able to detect cancer biomarkers[87], bacteria[88],
pesticides[89] and water contaminants[90].

Silica glass or other silicon-based compounds (e.g. silicon, silica, silicon
nitride)[54,79,91-97] and polymers[78,98-100] are the most widely used materials for

WGM optical biosensors. Because these materials lack specificity, resonators must be
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functionalized to recognize target analytes[14,87,101-104]. Device performance and
manufacturability depend on the selection of both an effective biocapture agent and
immobilization strategy. Bioreceptor efficacy is determined by surface density,
orientation, and stability, among other factors. Antibodies, enzymes, and oligonucleotides
are common biorecognition elements[1,9]. Unfortunately, these fragile biomolecules are
vulnerable to extreme environments, and often have limited binding sites that require
specific orientation to ensure functionality. Moreover, they can be expensive to produce
and use, requiring mammalian cell lines, sophisticated purification techniques, and/or
repeated functionalization steps to achieve high receptor density.

In recent years, filamentous bacteriophages such as the M13 have attracted the
interest of a handful of researchers as alternative affinity-based[11-14] bioreceptors.
These viruses have a large density of proteins that cover the length of the phage and can
be modified with high affinity peptides to serve as biorecognition elements. The wild-
type M13 phage is 880 nm long and 6.5 nm in diameter. Approximately 2700 identical
copies of the major coat protein (pVII1) are displayed along its length, each serving as a
potential bioreceptor. Compared to individual covalently-linked or affinity bound capture
agents, the viral scaffold ensures a dense, ordered arrangement of high affinity peptides
with the proper orientation for analyte binding. Known as a combinatorial phage display
workhorse, these viruses are also advantageous in that they can be used to construct
random libraries from which peptides or proteins with affinity for a specific analyte can
be selected and used without avidity concerns. Moreover, unlike other frequently used

biorecognition elements, phage are chemically and thermally robust, tolerating both
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acidic and basic pH and temperatures up to 70°C[39]. Phage biorecognition elements can
also be rapidly and inexpensively manufactured in large quantities through infection of a
bacterial host without need for animal immunization.

Complex, multi-step processes are typically required for immobilization of
biocapture agents on the sensor surface. For example, for silicon-based resonators,
amino-terminated silanes are paired with an appropriate crosslinking chemistry to achieve
covalent linkage of bioreceptors[105-108]. This process requires several steps including
surface hydroxylation via acid dip or oxygen plasma treatment, vapor or liquid deposition
of a silane layer, copious rinsing to remove unreacted silane molecules, and finally,
attachment of biocapture agents using carbodiimide chemistry or other bifunctional
crosslinking molecule[106,107,109]. Regrettably, these additional steps, beyond cavity
formation, add to device fabrication costs and complexity. One simple approach to
functionalization that has been used for ampere- and potentio- metric biosensors[17,110],
but not yet for WGM optical biosensors, is blend electrospinning. This rapid, low-cost
manufacturing method combines biorecognition elements with a polymer solution, and
then uses a strong applied electric field to draw the fluid into fibers. Biosensors are
fabricated and functionalized in a single step. No post-processing is required. While
electrospun electrochemical biosensors have primarily used fibers a few hundred
nanometers in diameter or smaller, the fabrication technique is also capable of producing
larger diameter fibers on the order of tens of microns. Indeed, recent studies have
demonstrated electrospun fibers capable of supporting WGM resonances[49,74],

presenting an opportunity for a one-step approach to the fabrication and functionalization
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of WGM optical biosensors. This study examined near-field electrospun (NFES)
polyvinyl alcohol (PVA) WGM optical biosensors with incorporated M13 bacteriophage
bioreceptors (Figure 3-1). Streptavidin-binding phage and rhodamine 6G were used,
respectively, as a model virus-based biocapture agent and a source of high yield
fluorescence. Blend electrospinning of polymer, emitter, and bioreceptor was used to
achieve active cavity formation and functionalization in one step. The elimination of
subsequent immobilization processes reduced fabrication complexity. Suspended,
featureless fibers with circular cross-sections and an average diameter of approximately
14 um were written over trenches on pre-patterned substrates and highly crosslinked to
ensure stability in aqueous solutions and prevent swelling. Despite uniform surface
appearance, confocal microscopy of fluorescently labeled phage revealed large, elongated
bundles of bioreceptors aligned to the fiber axis. These large assemblies were attributed
to the reduction of M13 depletion volume caused by the PVA polymer matrix. X-ray
photoelectron spectroscopy (XPS) and incubation with streptavidin-coated Au
nanoparticles determined that the streptavidin-binding bacteriophage were present on the
fiber surface and retained affinity. This was an important finding as the specificity of a
biosensor for its target analyte depends on both the availability and functionality of
biocapture agents. Emission from these optically active resonators submerged in buffer
was composed of a broad fluorescent background decorated with pairs of sharp peaks
with moderate Q values. Using both free spectral range and a Mie-theory derived
asymptotic approximation, the peaks were identified as TE and TM whispering gallery

modes supported within the electrospun fiber cross-section. Electrospun PVA/M13 fibers
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were employed as label-free optical biosensors for streptavidin. WGMs exhibited a red-
shift in the presence of streptavidin that was not observed without the incorporation of
streptavidin-binding M13 bacteriophage, indicating that the viral capture agents conferred
specificity to the resonators. The theoretical lower limit of detection (LoD) was estimated
to be 3 nM and a maximum streptavidin surface coverage near 21 *+ 5% was calculated.
The success of blend electrospinning, a potentially low-cost, large-scale manufacturing
technique, in simultaneously generating and functionalizing micron-sized fibers that
support WGMs and are highly sensitive to a protein analyte is an important step toward
the scalable production of affordable label-free optical biosensors. This outcome is
further supported by the concomitant use of the M13 filamentous virus, a combinatorial

phage display workhorse and robust, inexpensive biocapture agent.
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Figure 3-1: Schematic of near-field electrospinning (NFES) apparatus used to form
whispering gallery mode (WGM) fiber biosensors. Polyvinyl alcohol (PVA), M13
filamentous virus bioreceptors, and rhodamine 6G (R6G) are combined in solution and
electrospun under an applied voltage onto a scribed substrate to form suspended fibers.
Under laser excitation, fluorescence from R6G is modulated by WGMs circulating at the
fiber perimeter. The binding of a target analyte to M13 bioreceptors shifts the resonance
of the WGM:s.
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3.2  Experimental Methods

3.2.1 Modification and amplification of M13 filamentous virus bioreceptors

Using a previously reported protocol[12,111,112], a M13 bacteriophage was genetically
modified for use as a bioreceptor in electrospun WGM optical biosensors. This virus-
based biorecognition element displayed a streptavidin-binding peptide motif
(VPEGAFSS)[12] on the N-terminus of each major coat protein along its length. The
modified phage was amplified and purified as previously described[112]. The final stock
solution was suspended in 0.1X phosphate buffer saline (PBS, 13.7 mM NacCl, 0.27 mM

KCI, 1 mM Na2HPOs, 0.18 mM KH2PO4) at 1 mg/ml and stored at 4°C.

3.2.2 Preparation of PVA/M13 electrospinning solutions

Polymer electrospinning solutions (27% w/w) were prepared by mixing polyvinyl alcohol
(PVA, 13,000-23,000 g/mol, 98% hydrolyzed, Sigma Aldrich) and deionized water. Each
solution was stirred for 2 h at 80°C until the PVA was fully dissolved. After cooling for
30 min, a volume of streptavidin-binding M13 bacteriophage suspended in 0.1X PBS was
added to create a PVA/M13 solution of 25% w/w PVA and 0.1 mg/ml virus. For direct
comparison, a solution of 25% w/w PV A was also made by adding 0.1X PBS alone. Prior
to electrospinning, ultraviolet-visible (UV-Vis) spectroscopy (ThermoFisher, Evolution

60) was used to evaluate the turbidity of the PVA/M13 and PVA solutions. A fluorescent dye,
rhodamine 6G (R6G, Sigma Aldrich), was incorporated into polymer solutions at a
concentration of 0.0117 mg/ml to serve as an optical emitter for active resonant

biosensors.
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3.2.3 NFES and glutaraldehyde crosslinking of PVA/M13 fibers

Square glass substrates, 15 x 15 x 1 mm, with several parallel trenches scribed in them
were used for near-field electrospinning (NFES). Prior to electrospinning, the substrates
were sequentially immersed and sonicated (FS20 Ultrasonic Cleaner, Fisher Scientific) in
acetone, isopropanol, and deionized water for 30 min to clean the surface. The substrates
were then placed on a programmable X-Y stage (A-LSQ300D, Zaber). A point-plate
NFES configuration (Figure 3-1) with a separation of 1.25 mm between the needle tip
and substrate was used to fabricate micron-scale fibers from the prepared dye-doped
PVA/M13 and PVA solutions. Each polymer solution was loaded into a syringe with an
attached stainless steel 27-gauge blunt-tip needle (Fisnar). A syringe pump (NE 300 US,
New Era Syringe Pump) was used to flow electrospinning solution at a rate of 10 pL/h.
Electrospinning was initiated by applying a 2-kV voltage between the needle and stage.
As the solution was electrospun, the computer programmed X-Y stage moved 0.5 mm/s
in a parallel-line pattern to produce fibers approximately 1 cm long, spaced 200 um apart.
Fibers were written perpendicular to the trenches scribed into the glass substrate to allow
them to be suspended. To prevent electrospun PVA/M13 and PVA fibers from dissolving
in the aqueous sensing environment, they were crosslinked using glutaraldehyde (GA,
Fisher Scientific) with hydrogen chloride (HCI) as a catalyst[74]. Fibers were placed in a
closed chamber and exposed to vapor from a 50% w/w GA solution and 1 M HCI for 24
h, followed by a second vapor treatment step with 50% w/w GA solution and 5 M HCI

for 24 h. In the final crosslinking step, the fibers were soaked in 50% w/w GA solution
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for 24 h, rinsed with deionized water to remove excess GA, and dried in a vacuum

desiccator for further use.

3.2.4 Characterization of NFES PVA/M13 fibers
Composite PVA/M13 fiber diameters were measured post-crosslinking using a digital
optical microscope (KH-7700, Hirox) and associated measurement software. Fiber
morphology was imaged using scanning electron microscopy (SEM; Vega3, Tescan) with
an accelerating voltage of 5 kV. X-ray photoelectron spectroscopy (XPS; AXIS
ULTRAPLP Kratos Analytical) was used to detect the presence of the streptavidin-
binding filamentous virus bioreceptors near the fiber surface. Using an Al Ko X-ray-
source, survey and high-resolution spectra were collected using pass energies of 80 and
20 eV, respectively. The functionality of the streptavidin-binding phage on the fiber
surface was evaluated using streptavidin-conjugated Au nanoparticles. Streptavidin-
coated Au nanoparticles (50 nm dia., Cytodiagnostics; 0.175 nM) were incubated with
crosslinked PVA/M13 fibers for 3 h. The fibers were then rinsed three times with water,
dried 24 h, and imaged with SEM. The areal density of bound Au nanoparticles was
determined by counting the number of particles on the fiber surface and dividing by the
area. The experiment was repeated three times for both PVA/M13 and PVA fibers.
Confocal fluorescence microscopy (Lecia SP5) was used to characterize the
distribution of filamentous virus bioreceptors within the polymer/virus fibers. For these
studies, prior to incorporation in PVA/M13 fibers, streptavidin-binding M13

bacteriophage were tagged with a fluorescent dye using an NHS-amine reactive process
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(DyLight™ 550 NHS Ester, Thermo Scientific). The fibers containing M13 bacteriophage

bioreceptors were imaged under 543 nm laser excitation. Dye fluorescence indicated the
location of the M13 virus bioreceptors. Images were analyzed using image processing
software (Imageld). The length, width, and directionality of the M13 aggregates were

measured on three fibers from three separate experiments.

3.2.5 Excitation of WGMs and real time detection of streptavidin
WGMs were excited in the PVA/M13 and PVA fibers with a far-field laser confocal
system (LabRam, Horiba Scientific), as described in a previous report[74]. A 532 nm
continuous wave (CW) laser (Ventus, Laser Quantum) was focused through a 50x
objective (NA = 0.75), resulting in a spot size of approximately 3 um and an incident
laser power of 6 uW. The same objective was used to collect R6G fluorescence. The
collected light was directed through a long pass filter (>532 nm) into a spectrometer with
an 1800 lines/mm diffraction grating and a charge-coupled device (CCD) detector. A
fluorescence spectrum with spectral resolution of 0.014 nm was obtained. In all
experiments, the fibers were first submerged in a 1X PBS (137 mM NaCl, 2.7 mM KClI,
10 mM NazHPOg4, 1.8 mM KH2PO4) bath for at least 24 h to eliminate any signal
attributable to swelling, then transferred to a fresh 1X PBS bath to obtain spectra.
Emission was recorded at 3 min intervals. To prevent photothermal effects and minimize
bleaching, optical devices were not illuminated with laser light between measurements.
For analysis, the broad fluorescence background was subtracted, and resonance

modes were fit with Lorentzian functions to determine peak position and width.
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Theoretical WGM peak positions were calculated using a Mie-theory

approximation[22,23]:

-1

3 2 P(m2 ZPZ)
- agv3 P 3 as T3 ) as
23 (m2-1)2 23v3 (m2-1)2 23v3

where D is the optically measured fiber diameter, v is the angular mode number (I) plus
0.5, as are the roots of the Airy function, and nres is the refractive index of the resonator.
The term m is the ratio of the refractive index of the resonator to the refractive index of
the surrounding medium (Nres/Nhost). P is 1/m for TM modes and m for TE modes. Here,
modes with the electric field vector perpendicular to the resonator surface are transverse
magnetic (TM) and modes with the electric field vector parallel to the length of the fiber
are transverse electric (TE). Computed solutions were compared to fluorescence spectra
obtained from the electrospun fibers, and the least mean residual squared was taken as the
best fit.

To assess the effectiveness of PVA/M13 electrospun fibers as label-free optical
biosensors, the devices were placed in 1X PBS and allowed to equilibrate. Bovine serum
albumin (BSA, 1 mg/mL) was added to the PBS solution as a blocking agent.
Subsequently, the fibers were exposed to solutions of streptavidin (36, 218, 582, 1310
nM). Biosensing device response was measured for three PVA/M13 and three PVA

electrospun fiber resonators. Spectra taken within 30 min of the addition of BSA, and 10
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min of streptavidin addition were excluded from device analysis to avoid transients

associated with surface binding.

3.3 Results and Discussion

3.3.1 Fabrication and characterization of electrospun PVA/M13 fibers

PVA fibers with incorporated M13 bacteriophage bioreceptors were fabricated using
NFES. Electrospinning of water-soluble polymers such as PVA is well-suited for
including large biological elements because it does not require the high temperatures, nor
the harsh solvents sometimes associated with other fiber processing techniques[113,114].
In addition, the shape and form of electrospun fibers are complementary to the high
aspect ratio geometry of this filamentous virus biocapture agent. By reducing the tip-to-
collector distance, NFES avoids the jet instabilities and whipping associated with far-
field electrospinning, resulting in a precise and controlled direct-write process. To form a
composite polymer/virus solution for spinning, genetically modified M13 filamentous
viruses with an affinity for streptavidin were added in low concentration (0.1 mg/mL) to
an aqueous solution of moderate molecular weight PVA (13,000-23,000 g/ml). While
PVA solutions were initially transparent, they became cloudy with the addition of the
virus. As shown in Figure 3-2, the transmission of PVA/M13 solution was uniformly
reduced throughout the entire visible range (400-900 nm), falling from 100% to 71% at
600 nm. It is important to note that the M13 bacteriophage does not absorb light at these
wavelengths. The transition from optically transparent to translucent was attributed to the

scattering of visible light by M13 aggregates and will be discussed later.
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The polymer/virus mixture was pumped through a needle, and a droplet was
generated[74]. Under an applied voltage, the droplet formed a Taylor cone, and parallel
PVA/M13 fibers were deposited on a glass substrate using direct-write near-field
electrospinning. Critically, the substrate was scribed with trenches prior to writing. In this
way, fibers were suspended and isolated from the underlying glass, precluding optical
coupling. A previously developed glutaraldehyde crosslinking process[74] was used to
treat the PVA/M13 fibers and render them insoluble in aqueous solution. Glutaraldehyde
formed chemical bonds between PVA polymer chains resulting in fibers that were water-
stable for a minimum of 24 h[74]. As shown in Figure 3-3a, the near-field electrospinning
process created a broad size distribution of PVA/M13 microfibers with an average
diameter of 14.3 + 5.3 um. A representative SEM image of a crosslinked suspended
composite polymer/virus fiber is also shown in Figure 3-3b. The surface of the suspended
fibers was featureless, and no sagging was observed over scribed trenches. For
comparison, using the same electrospinning conditions, microfibers were also fabricated
using PVA solution without the addition of M13 bacteriophage bioreceptors (Figure 3-4).
Despite the disparity in solution optical properties, no significant difference was observed

in appearance or size of the PVA/M13 and PVA fibers.
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Figure 3-2: Transmission spectra of PVA/M13 and PVA electrospinning solutions. Inset:
Optical images of the PVA (left) and PVA/M13 (right) solutions.
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Figure 3-3: a) Histogram of PVA/M13 near-field electrospun (NFES) fiber diameter. (b)
Scanning electron microscopy (SEM) image of a PVA/M13 fiber suspended over a
trench that has been scribed in the underlying glass substrate. Scale bar: 50 um
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Figure 3-4: Histogram of PVA near-field electrospun (NFES) fiber diameter.

The homogeneity of phage-based bioreceptors within the near-field electrospun
fibers was investigated using confocal fluorescence microscopy. This was of particular
interest given the scattering of visible light observed when M13 phage was added to the
PVA electrospinning solution. M13 biorecognition elements were fluorescently labeled
(i.e., Dylight 550) prior to mixing with PVA solution, then electrospun. A sample bright
field microscopy image with overlaid confocal fluorescence emission is shown in Figure
3-5. As shown in the figure, the fluorescence of these PVA/M13 fibers was non-uniform.
The tagged M13 bacteriophage formed large oblong bundles or aggregates with an
average size of 5.2 x 3.2 um. Interactions between the virus and PVA likely produced
these aggregates. Based on a report by Li et al., when mixed with the polymer
methylcellulose, rod-like viruses such as M13 and tobacco mosaic virus (TMV) generate
large assemblies[115]. The degree of ordering within these assemblies is controlled by
competing mechanisms: free volume entropy and depletion volume. In concentrated
polymer solutions that have not been optimized for dispersion, the drive to reduce

depletion volume can cause M13 to bundle. Of course, with respect to device reliability
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and repeatability, a uniform distribution of bioreceptors on the sensor surface is more
desirable than randomly positioned assemblies. More studies are needed to tune attractive
and repulsive forces through polymer concentration, phage concentration, and ionic
strength to minimize M13 aggregation. The phage aggregates were oriented with a
directionality of 1.0° with respect to the fiber axis (Figure 3-5). In contrast, phage
aggregates formed in dropcast films showed no directionality (Figure 3-6). The alignment
of biological materials within electrospun polymers has been previously observed for
high aspect, rod-like particles including TMV, M13, and E. coli. [60,113,116]. The sink-
like flow in the Taylor cone causes mechanical stresses that orient the biological
elements[116]. With further development, it may be possible to control both the packing
density and alignment of the M13. Long-range ordering and high surface coverage of

bioreceptors would be an asset for electrospun fiber biosensor design.
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Figure 3-5: A bright field image of a PVA/M13 near-field electrospun fiber with
overlaid confocal fluorescence emission. The M13 bacteriophage within the fiber have
been tagged with a fluorescent dye. Inset: Phage directionality that has been measured
with respect to the fiber axis. Scale bar: 50 pm
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Figure 3-6: Confocal fluorescence microscopy image of a PVA/M13 dropcast film with
dye-tagged M13 bacteriophage. Inset: Directionality of the M13 agglomerates with
respect to the axes defined on image. Scale bar: 25 um
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For a biorecognition element to impart specificity to a sensor, it must be both
accessible and functional. Only biorecognition elements on the fiber surface contribute to
analyte binding and detection. The presence of bioreceptors on the surface of the
composite PVA/M13 fibers was assessed using XPS. While the DNA and proteins that
comprise M13 bacteriophage contain nitrogen, PVA does not. This compositional
difference was exploited to identify exposed biorecognition elements. Similar strategies
have been used to identify core-shell electrospun fibers, as well as the presence of
proteins or polyelectrolytes on the surface of electrospun fibers[117-119].

As shown in Figure 3-7, peaks with binding energies of 400 and 404 eV were
observed and attributed to nitrogen. In contrast, electrospun PVA fibers had no
discernable peaks at these energies. The observation of nitrogen indicated that a
measurable amount of M13 added to the electrospinning solution was located on the
PVA/M13 fiber surface. Nanoparticle conjugates were used to study the streptavidin
binding activity of the bioreceptors on the fiber exterior. Following crosslinking,
PVA/M13 fibers were incubated with a low concentration of streptavidin-coated Au
nanoparticles, thoroughly rinsed, and imaged. Electrospun PVA fibers were also prepared
and imaged in the same manner.

A representative electron microscopy image of a PVA/M13 fiber with bound Au
nanoparticles is shown in Figure 3-8. The surface density of Au nanoparticles was tallied
for each type of fiber and displayed in Figure 3-8. The addition of streptavidin-binding
phage increased the conjugated particle density by approximately 22% over PVA fibers

alone. The up-tick in binding phage signaled retention of bioreceptor functionality
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throughout the fiber fabrication process, including both electrospinning and crosslinking

steps.
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Figure 3-7: X-ray photoelectron spectroscopy (XPS) spectra of the N-region of near-
field electrospun (a) PVA/M13 and (b) PVA fibers with deconvolution of the N peaks.
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Figure 3-8: a) A representative SEM image of streptavidin-coated Au nanoparticles
bound to the surface of a near-field electrospun PVA/M13 fiber. b) gold nanoparticle
surface density after incubation with PVA and PVA/M13 fibers (N = 3). Scale bar: 5 pm
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3.3.2 Excitation of WGM resonance in PVA/M13 fibers

The optical performance of the electrospun polymer/virus WGM fiber resonators was
evaluated. A broad-spectrum emitter, R6G, was added to the electrospinning solution
during the mixing process, transforming the fiber into an active resonator. Embedded
emitters allowed the use of free-space optics for excitation and collection of WGMs. The
dye-doped electrospun fiber resonators were placed in 1X PBS[19]. Because this isotonic
buffer has an ionic strength and osmolarity comparable to the human body, it is
commonly used in biological research, including biosensor experiments. A 532 nm
continuous wave (CW) laser with 6 uW of power was focused through a microscope
objective and used to excite the resonators. Emission was collected through the same
objective and spectrally analyzed. In contrast to near-field optical coupling approaches
such as fibers or prisms, free-space coupling spatially separates measurement optics from
the analyte, preventing unwanted interactions. Furthermore, free-space optics can reduce
mechanical noise because they are less susceptible to positional changes during
measurement and increase portability because they are compatible with light emitting
diode excitation [104,120] and on-chip microfluidic integration [121,122]. Figure 3-9a
shows a representative spectrum from a dye doped, crosslinked PVA/M13 fiber with an
18.7 um diameter, as measured optically. The broad emitter fluorescence background of

the active electrospun fiber cavity was subtracted to highlight the resonant modes.
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The sharp, regularly spaced peaks were ascribed to WGMs supported by the

circular cross-section of the fiber and dictated by the resonance condition

[A = Dn, (3-2)

where | is a positive integer indicating the angular mode number, A is the wavelength, D
is the resonator diameter, and nres is the refractive index of the resonator. Resonant peaks
appeared in pairs with a free spectral range (FSR) or spacing between consecutive mode
pairs of 4.382 nm. Notably, each peak had a high-energy shoulder attributable to the
spiral or conical modes that often develop in cylindrical WGM resonators. These modes
exist due to higher-order axial modes with similar angular mode numbers that are non-
degenerate due to the non-spheroidal cavity geometry[123-127]. Although the shoulder
could represent a convolution of innumerable closely spaced modes, a simple two
Lorentzian fit was used to analyze the asymmetric peaks as shown in Figure 3-9. As an
example, a central wavelength of 598.035 nm and Q value of 2367 were found for this
high-quality WGM resonance. Empirical WGM peak positions were compared to those
computed using a Mie-theory derived approximation[22,23]. The observed high-quality
peaks were identified as first-order radial WGMs. Mode assignments, shown in Figure 3-
9, correspond to a fiber diameter of 18.4 um and nres Of 1.464[74] and are consistent with
previously measured values[74]. The shorter wavelength peak within a pair was a TM

mode, whereas the longer wavelength peak was a TE mode. Notably, the TE modes were
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consistently higher in Q and intensity. For this reason, they were selected for use in

biosensing studies.
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Figure 3-9: (a) Photoluminescence spectrum of an 18.7 pm diameter electrospun
PVA/M13 fiber measured in PBS. The broad fluorescence background was decorated by
WGMs. Mie theory was used to assign radial and angular mode numbers, as well as
mode polarization. (b) An individual TE mode with a two Lorentzian curve fit. A Q-
factor of 2367 was obtained for the 598.035 nm peak. (c) An optical image of a 22 um
diameter electrospun fiber WGM resonator in PBS under laser illumination. Scale bar: 20
pm
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3.3.3 Label-free detection of streptavidin

Blend electrospun PVA/M13 fibers had both functional virus bioreceptors with an
affinity for streptavidin on their surface and supported WGM resonances within their
cross-section. These readily manufacturable, polymer-based resonators were assessed as
label-free optical biosensors for streptavidin. The sensitivity of a WGM sensor is tied to
the magnitude of the evanescent field at the resonator surface, and can vary with
resonator size and quality [34,128]. For optical mode uniformity, polymer/virus fiber
resonators with diameters between 17 and 22 um, and Q values between 1350 and 4000
were selected for measurement. In addition, PVA fiber resonators with the same
specifications were also chosen to aid in evaluation of M13 bioreceptor performance. The
resonance of each fiber-based device was recorded in PBS for a minimum of 50 min prior
to biosensing experiments. No trends were observed in spectral peak position during this
time (Figure 3-10), thus indicating a mechanically unchanging PVA/M13 fiber and stable
M13 bioreceptor surface density. Following this initial stabilization period, BSA was
added to the PBS solution to limit non-specific binding contributions. BSA is regularly
used as a blocking agent for a variety of biosensors and is compatible with phage-based
bioreceptors and WGM optical resonators[13,14,87,129]. A spectral line shift was
observed with the addition of BSA and, again, the system was allowed to achieve
equilibrium (Figure 3-10). The average resonance wavelength in BSA was used as the
reference point for spectral shifts associated with streptavidin binding. The spectral
resolution of the system was found using the standard deviation of the resonance peak in

BSA, 6 =0.008 nm.
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Figure 3-11: Representative resonance peak wavelength over time for PVA/M13
biosensor in PBS and BSA solutions. No trends were observed in spectral peak position
during this time, thus indicating a mechanically unchanging PVA/M13 fiber and stable
M13 bioreceptor surface density. Inset: Representative peak position over time after the
addition of the highest concentration of streptavidin. As when the fiber resonator was
immersed in PBS and BSA solutions, no trends were observed with time.

(a)

Intensity (a.u.)

—— BSA
—— 1310 nM Streptavidin

603

603.5 604 604.5 605
Wavelength (nm)

Wavelength shift (nm)

-0.03

0.10

0.08 |

0.05 |

0.03

0.00 ¢

-0.05

(b)

PVA/M13
¢ PVA

—j—

400 800 1,200 1,600
[Streptavidin] (nM)

Figure 3-10: (a) A WGM resonance peak of a PVA/M13 fiber submerged in BSA
solution, as well as the same mode in a 1310 nM streptavidin solution. The resonance red
shifted due to the specific binding of streptavidin to the resonator surface. (b) The
resonant wavelength shift compared to BSA due to the addition of a range of streptavidin
concentrations. The device response was collected from three PVA/M13 and three PVA
devices. The data are fitted using the Hill model (R?-0.941).
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The blocked electrospun fiber biosensors were exposed to streptavidin
concentrations ranging from 36 to 1310 nM. A representative spectral shift observed for a
PVA/M13 electrospun fiber device at the highest streptavidin concentration is shown in
Figure 3-11a. With the addition of 1310 nM streptavidin, an average red-shift of 0.063 £
0.016 nm was observed. Biomolecules, such as streptavidin, typically have a higher
polarizability than the surrounding medium. Upon binding to the cavity surface,
interactions with the WGM evanescent field cause an increase in resonance wavelength.
Markedly, a comparable spectral shift was not observed for PVA fibers indicating that the
M13 virus bioreceptors promoted streptavidin-specific binding on the cavity surface. In
Figure 3-11b, the average spectral responses of the electrospun resonators are shown as a
function of streptavidin concentration for both PVA/M13 and PVA electrospun WGM
resonators. Differences in PVA/M13 electrospun resonator diameter and non-uniform
bioreceptor distribution likely contributed to variation in spectral response. The
relationship between the resonant peak of the polymer/virus fibers and streptavidin
concentration was fit using the Hill model (R? = 0.914). The sensitivity (S) of the linear
region (0 to 36 nM) was 0.008 nm/nM. The theoretical limit of detection (LoD) or the
smallest resolvable response was estimated as LoD = 3c0/S = 3 nM. For comparison,
dye-doped poly-methyl methacrylate microdisk lasers and polystyrene microsphere lasers
have achieved theoretical detection limits of 104 ng/ml (2 nM) for streptavidin[121] and
4 nM for neutravidin[130], respectively, using the interaction with biotin as a model
high-affinity system. While these polymer-based active WGM resonators had similar

limits of detection, unlike the electrospun fiber WGM biosensor, they required additional
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functionalization steps following cavity formation. Notably, despite the usefulness of
biotin as a model bioreceptor, biotin exhibits quite a bit of promiscuity, binding
indiscriminately with the majority of avidin-like molecules. In contrast, through the
combinatorial phage display process, the M13 phage-based bioreceptor has the potential
to discriminate among streptavidin, avidin, and neutravidin[12] .

The surface density of streptavidin bound to composite PVA/M13 fiber
biosensors can be estimated using the response of the WGM resonator. Assuming a single
layer of randomly bound biomolecules and summing over the entire surface of the

resonator leads to the equation[30,33]

AL TexOp
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(3-3)

Where aex is the excess polarizability of streptavidin (47meo-3.85 x 102Y) cm®[30], R is the
radius of the resonator, nres is the index of refraction of the PVA fiber (1.464)[74], and
Nhost 1S the index of refraction of the surrounding PBS (1.3338), and op is the surface
density of the bound streptavidin. Assuming streptavidin is a 5 nm sphere and a square
close-packed monolayer, the maximal surface density of streptavidin is 4 x 102
streptavidin/cm? [131]. For the PVA/M13 devices in 1310 nM of streptavidin, we
determined a surface density of 8.5 x 10! + 2.1 x 10! streptavidin/cm? which is
equivalent to 21 + 5% coverage of the PVA/M13 fiber surface (Figure 3-12). Assuming
the streptavidin surface coverage approximately corresponds to that of the streptavidin-

binding phage, the percentage of surface area covered with bioreceptors is comparable to
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that observed for other M13-based optical resonator biosensors[14]. Nonetheless, the
relatively low coverage indicates a possible avenue of sensor improvement. Future
studies will focus on raising the sensitivity and lowering the detection limit of
electrospun WGM biosensors by increasing the density and uniformity of M13

filamentous virus bioreceptors on the fiber surface.
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Figure 3-12: Calculated surface density and percent surface coverage of streptavidin on
electrospun PVA/M13 fiber WGM resonator surfaces shown (a) for three individual
devices, as well as (b) in composite.
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3.4  Conclusion

Blend NFES of PVA and M13 filamentous bacteriophage is a simple strategy for
immobilization of biocapture agents on WGM optical cavities. In a single step, both
optical cavity formation and functionalization were achieved. Resonant wavelength shifts
were tracked with the addition of a protein analyte. Specific binding of streptavidin to the
resonator was observed with a sensitivity of 0.008 nm/nM and a LoD of 3 nM. Despite
bioreceptor aggregation and relatively low analyte surface coverage (21%), sensor
performance was comparable to reports[121,130] for other polymer-based active WGM
optical biosensors that used more complex, multi-step immobilization processes and less
robust biocapture agents. These results warrant further investigation of this scalable, low-
cost sensing platform with emphasis on tuning bioreceptor dispersion and surface
coverage. The wedding of the M13, a combinatorial phage display mainstay, with a rapid,
inexpensive optical cavity manufacturing approach presents a versatile sensing platform

with the potential to detect a broad range of analytes.
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Chapter 4 Control of M13 distribution during electrospinning
for functional applications

4.1 Introduction

The growing body of research on electrospinning polymer fibers has enabled the rapid
production of nano/micro-sized fibers. Owing to the high surface-to-volume ratio and
variety of biocompatible polymers, a large number of electrospun hybrid
polymer/biomaterials fibers for different applications such as sensing[110,132], bio-
scaffolding[133—-135], drug/protein encapsulation and release[136—138] have been
explored. These devices, utilize the structural and material properties of the host polymer
with the bio functionality of the biological additive. These additives bind to biomolecules
for biosensing applications, promote cellular growth for bio scaffolding, or slowly release
drugs into the environment. Because the polymer is typically inert, the device
performance generally lies with the concentration/availability of the biomaterial. For
devices such as sensors or bio scaffolds, a high surface concentration of the biomaterial
can be critical for device performance while for drug/protein release, control of the
distribution within the fiber interior is critical.

The electrospinning approaches to fabricating polymer/biomaterial fibers can be
divided into pre-processing or post-processing electrospinning[16]. For post-processing
approaches, the polymer fiber is first electrospun and then the surface is functionalized
with the desired biomaterial[139]. Complex, multi-step processes are typically required

for immobilization to the surface.
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Alternatively, pre-process electrospinning has also emerged to fabricate
polymer/biomaterials. These bio composite fibers are typically fabricated through co-
axial, emulsion or blend electrospinning. Blend electrospinning is the most direct method,
electrospinning a polymer/biomaterial solution or mixture into a fiber. For coaxial
electrospinning, two nested needles to spin two different solutions simultaneously.
Various shell and core solutions can be used to fabricate a range of different core-shell
fibers[140,141]. Emulsion electrospinning instead works by using two immiscible
solutions during the electrospinning process[142,143]. As the solution electrospins, it
phase separates, forming core-shell fibers.

In these approaches, , the concentration at a given interface is dictated by the
loading of the electrospinning solution in the case or pre-processing or the amount of
biomaterial able to be surface functionalized in the case of post processing . For example,
Fizzel reported during emulsion electrospinning, that they were only able to achieve a
maximal protein loading of 20% in their aqueous phase of 20% before electrospinning
was affected[143], highlighting an upper limit of protein loading. Regardless of pre or
post processing electrospinning, these methods rely on using a high concentration of
biomaterial for higher loading concentration which can be cost prohibitive for
biomaterials such as antibodies. Furthermore, techniques such as co-axial
electrospinning, emulsion electrospinning, and surface functionalization are also more
complex, requiring additional chemical or solution parameters to be optimized. An
underexplored approach is to utilize the strong electric field formed during

electrospinning to control biomaterial migration within the fiber. As charged and
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polarizable biomaterials, DNA, proteins, and viruses can all show strong preferential
migration due to a strong electric field. The dominant forces considered are either
dielectrophoretic forces[144,145] or electrostatic interactions. These forces need to
overcome the viscus drag that act as a resistive force. In the electrostatic interaction,
charged molecules are Columbic attracted or repelled from the polymer jet surface. As
the fiber solidifies, the migration can increase surface concentrations or change the
biomaterial distribution within the fiber. The electrostatic interaction has been shown to
control drug release dynamics [146] and induce phase separation to form core-shell
fibers[147]. Additionally, the electrostatic interaction has also been shown to affect
mechanical properties[148], surface energies[149], and influence crystallinity
phases[150]. An unexplored application is the electrostatic migration of larger
biomaterials such as viruses.

This study, examined how the electrostatic interactions influence the migration of
virus surface concentration during blend electrospinning. The fibers were then assessed
for whispering gallery mode biosensing. Streptavidin-binding phage was used as model
biomaterial/bioreceptor. Blend near field electrospinning (NFES) with polyvinyl alcohol
and M13 bioreceptor was used to fabricate polymer the whispering gallery mode cavity
and functionalize the surface. Fibers were spun under four different four combinations of
M13 surface charge (-, +) and polarity (-, +) as shown in Figure 4-1. The surface charge
of M13 was first modified by adjusting the pH within PVA/M13 solutions. Solutions
changed transmission from translucent to clear solutions with a decrease in pH. To

measure the surface charge, zeta potential of M13 at different pH was measured. Based
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on the zeta potential, pH 6 and pH 1.5 were chosen to represent negatively and positively
charged M13. PVA/M13 at the two different pH and polarities were electrospun resulting
in suspended, featureless fibers. Average fiber diameter measurements revealed a
significant change in fiber diameter with pH. Fibers spun at pH 6 measured an average
fiber diameter that was larger than pH 1.5. In contrast there was no significant change
with polarity. Under confocal fluorescence characterization, fluorescently labeled M13
within the fibers revealed large, elongated bundles at pH 6 but smaller agglomerates at
pH 1.5. The difference in agglomerate size was attributed to a change in the depletion
force interaction at the different pHs. The amount of M13 migration to the fiber surface
was evaluated using Au-streptavidin binding studies. A strong dependence on polarity
was measured, demonstrating a strong electrostatic interaction. The results were further
explained using COMSOL simulation to describe the forces acting on M13 during the
electrospinning process. Using crosslinked pH 1.5 fibers, water-stable fibers were then
utilized for preliminary whispering gallery mode label-free biosensing. The pH 1.5, +
fibers demonstrated an increase in biosensing response compared to the opposite polarity.
These results demonstrate the potential for electrostatic interactions to increase surface
concentration without requiring complex multi-step functionalization or complex

electrospinning setups.
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Figure 4-1: Schematic of NFES of PVA/M13 fibers. pH was chosen to correspond to
negatively and positively charged phage. The different pH PVA/M13 solutions were
electrospun under 2 different polarities resulting in 4 possible electrospinning parameters.
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4.2 Experimental Methods

4.2.1 Modification and amplification of M13 filamentous virus bioreceptors

M13 bacteriophage was genetically modified following previous reported procedures to
bind to streptavidin[12,111,112]. The pVIII protein, located along the length of the virus,
was modified to display a streptavidin-binding peptide motif (VPEGAFSS)[12]near the
solution facing N-terminus. Phage was amplified and purified as previously described
[112] with the final phage solution suspended in 0.1X phosphate buffer saline (PBS, 13.7
mM NacCl, 0.27 mM KCI, 1 mM NazHPOQOg4, 0.18 mM KH2POg) at 1 mg/ml and stored at

4°C until use.

4.2.2 Preparation of PVA/M13 electrospinning solutions
Electrospinning solutions were prepared by first mixing polyvinyl alcohol (PVA, 13,000-
23,000 g/mol, 98% hydrolyzed, Sigma Aldrich) and deionized water at 27% w/w. The
solutions were stirred for 2 h at 80°C until the PVA was fully dissolved, before the
solution was allowed to cool for 30 mins. Afterward an aliquot of the M13
bacteriophages in 0.1X PBS was added to the solution to reach the desired 25% w/w
PVA with 0.1 mg/ml virus loading. The solutions were allowed to stir at room
temperature for another 30 min before use. 0.1X PBS was added instead of M13 aliquots
as a control.

M13 and PVA/M13 solution pH were adjusted by the addition of 5M HCI under
constant stirring. A pH meter was used to monitor the pH until the desired pH was

obtained. Afterward, the solutions were used in electrospinning. For WGM resonance
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applications, a fluorescent dye, rhodamine 6G (R6G, Sigma Aldrich), was incorporated into

polymer solutions at a concentration of 0.0117 mg/ml to serve as an optical emitter.

4.2.3 NFES and glutaraldehyde crosslinking of PVA/M13 fibers

Prior to electrospinning, glass substrates (14x14x1 mm) were prepared by scribing them
with parallel trenches[74]. The substrates were sequentially immersed and sonicated
(FS20 Ultrasonic Cleaner, Fisher Scientific) in acetone, isopropanol, and deionized water
for 30 min to clean the surface. A programmable X-Y stage (A-LSQ300D, Zaber) held
the substrates while a point-plate NFES configuration with a separation of 1.25 mm
between the needle tip and substrate was used to fabricate micron-scale PVA/M13 fibers.
Polymer solution was loaded into a syringe with an attached stainless steel 27-gauge
blunt-tip needle (Fisnar). Using a syringe pump (NE 300 US, New Era Syringe Pump),
electrospinning solution flowed at a rate of 10 pL/h.

To achieve electrospun fibers from the polymer solution, a positive & negative
power supplies (P03.5HA8.5/ N03.5HA8.5, Acopian Technical Company ) was used..
When the positive power supply was attached to the needle, and the negative power
supply was attached to the stage, this was considered the positive applied voltage or
positive polarity condition. Vice versa resulted in a negative applied voltage/polarity
condition. In either case, a |1.9 kV| was applied to the tip and |0.1 kV| applied to the stage
to maintain the same 2.0 kV across the same tip-to-collector distance of 1250 ym. The X-
Y stage was programmed to move 0.5 mm/s in a parallel-line pattern to produce fibers

approximately 10 mm long, spaced 200 um apart. Fibers were written perpendicular to
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the trenches scribed into the glass substrate to allow them to be suspend and optically
isolate different sections of the fibers for later whispering gallery mode measurements.
For aqueous experiments, the PVA/M13 and PVA fibers were crosslinked using
glutaraldehyde (GA, Fisher Scientific) with hydrogen chloride (HCI) as a catalyst[34].
Fibers were placed in a closed chamber and exposed to vapor from a 50% w/w GA
solution and 1 M HCI for 24 h, followed by a second vapor treatment step with 50% w/w
GA solution and 5 M HCI for 24 h. Finally, the fibers were soaked in 50% w/w GA
solution for 24 h, rinsed with deionized water to remove excess GA, and dried in a

vacuum desiccator for further use.

4.2.4 Characterization of M13 and PVA/M13 solutions at different pH

Ultraviolet-visible (UV-Vis) spectroscopy (ThermoFisher, Evolution 60) was used to evaluate
the transmission of the PVA/M13 and PVA solutions at different pH range using a PBS blank
cuvette. For stability experiments, solutions were stored for up to 14 hours and the
transmission spectra recorded at 2, 4 and 14 h intervals. Zeta potential measurements were
conducted on aliquots of M13 with similar buffer and weight loading as the PVA/M13

solutions. Theoretical calculation of M13 surface charge was done using EXPASy.

4.2.5 Characterization of M13 within and on the surface of the different electrospun
PVA/M13 fibers
Fiber diameters under all conditions were measured using an optical microscope setup

(LabRam, Horiba Scientific) and associated camera and measurement software. Confocal
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fluorescence microscopy (Lecia SP5) was also used to characterize the distribution and
size of the M13 within the polymer/virus fibers. For these experiments only, the
streptavidin-binding M13 bacteriophage were tagged with a fluorescent dye using an
NHS-amine reactive process (DyLight™ 550 NHS Ester, Thermo Scientific) and
electrospun. The fibers containing M13 bacteriophage were imaged under 543 nm laser
excitation. Emitted dye fluorescence indicated the location of the M13 virus. Images were
analyzed using image processing software (ImageJ). For each condition electrospun, the
length, width, and directionality of the M13 aggregates was measured on 3 different
fibers. The nearest neighbor distance (NND) was calculated using ImageJ, with the
sample size being 3 sections of different fibers.

The amount of M13 on the fiber surface was evaluated using streptavidin-
conjugated Au nanoparticles (50 nm dia., Cytodiagnostics; 0.5mg/ml). The fibers were
first incubated with bovine serum albumin (BSA, 1mg/ml) solution for 30 min before
rinsing ten times with water and left to dry in vacuum. Afterwards, the streptavidin-
coated Au nanoparticles were incubated with the crosslinked PVA/M13 fibers for 3 h.
The fibers were then rinsed ten times with water, dried 24 h, and imaged with SEM.
Areal densities of bound Au nanoparticles were determined by counting the number of
particles (ImagelJ) and dividing by the fiber surface area. Experiments were repeated

three times for all electrospun conditions.
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4.2.6 Simulations of electric fields during NFES

To verify experimental results, we performed finite-element simulations of the NFES
system using COMSOL Multiphysics. A 2D model was used to represent the near-field
electrospinning system and polymer jet formed during electrospinning. The direction of
electrostatic forces acting on M13 was calculated according to electrostatic Coulomb

force (Fes) equation:

Fue=Q+E (4-2)

where Q is the total particle surface charge and E is the external electric field strength.
Optical measurements of droplet size and Taylor cone formation were used to simulate
physical dimensions to match the NFES setup. Calculated forces were used to support the

experimental results.

4.2.7 Excitation of WGMs and real time detection of streptavidin

A far-field laser confocal system (LabRam, Horiba Scientific) was used to excite WGM
in R6G PVA and PVA/M13 fibers, similar to a previous report[34]. A 532 nm continuous
wave (CW) laser light (Ventus, Laser Quantum) was focused using a 50x objective (NA
=0.75), resulting in a spot size of approximately 3 um and an incident laser power of 6
MW to excite R6G inside the fibers. The emitted fluorescence was collected using the
same objective and the light was directed into a spectrometer with an 1800 lines/mm

diffraction grating and a charge-coupled device (CCD) detector. The resulting spectrum
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had a spectral resolution of 0.014 nm. In all experiments, the fibers were soaked in 1X
PBS (137 mM NacCl, 2.7 mM KCI, 10 mM NazHPO4, 1.8 mM KH2POy4) bath for at least
24 h to eliminate any signal attributable to swelling or diffusion. Before WGM excitation
or sensing, the fibers were transferred to a fresh 1X PBS bath. WGM spectra was
recorded repeatedly at 3 min intervals. The sample was not illuminated between
measurements to prevent photothermal effects and minimize bleaching.

To analyze the WGMs, the R6G fluorescence was subtracted, and the resonance
modes were fit with Lorentzian functions to determine peak position and width.
Theoretical WGM parameters and peak positions were determined using a Mie-theory

approximation [37,38]:

1 2 P(m? zp? -
- asv3 P 3 ag T3 ) as
A= T[nresD V+ = Tt ——71— 3 1 2 (4'1)

23 (m?-1)2 23v3 (m?2-1)z 23v3

where D is the optically measured fiber diameter, v is the angular mode number (I) plus
0.5, as are the roots of the Airy function, and nrs is the refractive index of the resonator.
The term m is the ratio of the refractive index of the resonator to the refractive index of
the surrounding medium (Nres/Nhost) While P is 1/m for transverse magnetic(TM) modes
and m for transverse electric (TE) modes. TM modes are defined with electric field vector
perpendicular to the resonator surface while TE modes are modes with the electric field
vector parallel to fiber axis. The best computed solutions were evaluated as the least

mean residual squared.
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For PVA/M13 fiber experiments as WGM biosensor, the devices were placed in
1X PBS bath. A blocking agent, BSA was added to the PBS bath to reach a concentration
of 1 mg/mL and the fibers were incubated for 24 hours. Fibers were then excited, and the
resulting spectrum recorded for at least 1 hour. Subsequently, the fibers were exposed to
streptavidin (1310 nM). The change in WGM spectra was recorded over time for at least
1 h. To calculate the immediate shift, peak positions ten mins before and after the

addition of streptavidin were only considered.

4.3 Results and Discussion

4.3.1 PVA/M13 solutions at different pH

To explore how the surface charge of M13 and the polarity of the electric field during
electrospinning influence the NFES process, PVA/M13 solutions with different M13
surface charges were prepared. The net charge of a protein depends on the amino acid
sequence, ionizable amino acids, and solution ionic strength. For the M13 virus, the pVI1I
protein along the virus length is considered to dominate the surface charge due to the
large number of copies (> 2700). Additionally, because some amino acids are embedded
near the virus's core, typically only sections of the pV1II coat that face the outside
environment are considered available. Passeratti demonstrated that theoretical zeta
potential measurements of M13 could closely match empirical data by accounting for the
amino acid exposure of M13 [151]. PVA/M13 and PVA solutions were prepared with

an initial pH of ~ 6.0. As the pl of PVA is greater than 6.0, PVA is not expected to
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change the sign of its surface charge [119,152]. The initial PVA/M13 solutions formed a
cloudy solution with decreased transmission compared to pure PVA (Figure. 4-2a). The
lowered transmission is attributed to the formation of M13 agglomerates which scatter
light[153] as M13 does not absorb in this region. Agglomeration was previously observed
and verified in chapter 3 and is attributed to a depletion force acting on M13 due to the
high concentration of PVA (25% (w/w)) used in these experiments. Li observed similar
agglomeration in M13/methylcellulose (MC) & tobacco mosaic virus/MC solutions
[154].

As the pH decreased, solution transmission stayed constant until at pH 2.75 a sharp
increase in solution transmission was observed. Afterwards, no noticeable change was
observed even with further decreases in pH. Additionally, the transmission at the lower
pH (<2.75) matched the transmission of a pure PVA solution, indicating no more
scattering. As shown in Fig 4-2b, solutions went from 56% (pH =6) to 79% (pH = 1.6)
transmission at 600 nm, comparable to the 80% transmission measured for PVA. The
increase in transmission of PVA/M13 solutions is assumed to be caused by a change in

the M13 agglomerates and will be verified later.
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Figure 4-2: a) Optical transmission spectra of PVA/M13 electrospinning solutions for a
range of pH values. A transmission spectrum of a PVA electrospinning solution without
phage is shown for comparison. b) Optical transmission of PVA/M13 electrospinning
solutions at 600 nm plotted with zeta potential as a function of pH. Streptavidin-binding
M13 bacteriophage were dispersed in PBS for zeta potential measurements. The large
decrease in PVA/M13 solution transmission corresponded to a change in M13 surface
charge.
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To measure the stability of the PVA/M13 solutions, UV-Vis spectrums were
taken of the solutions over 14 hours (Figure 4-3a). The solutions chosen were pH 6.1 and
1.6. Regardless of the pH, the PVA/M13 solutions with positively charged M13 (pH =
1.6) and negatively charged M13 (pH = 6.1) were observed to be invariant transmission

(Figure 4-3b). This indicated stable solutions suitable for electrospinning.
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Figure 4-3: a) Optical transmission spectra of PVA/M13 electrospinning solutions for
pH 6.1 and 1.6 measured up to 14 hours. b) Transmission at 600 nm plotted for 14 h
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Additional M13 solutions were prepared and diluted to the same concentration as in
the PVA/M13 solutions, and zeta potential measurements were made (Figure 4-2b). In all
cases, the transparent solution indicated well-dispersed, non-agglomerated phage. As the
pH decreased, the sign of the zeta potential when from negative to positive indicative of
the pH crossing the isoelectric point (pl) of the M13. Following a report by
Passaretti[151], a fifth order polynomial was used to fit the data and pl was determined to
be 5.3[151], significantly different from the theoretical calculation of 4.00. It should be
noted that this calculation does not consider the difference in exposure levels of
individual amino acids or tyrosine residues within the pVII1I coat protein. In that same
report, the authors reported wildtype M13 pl = 4.05, much lower than the pl measured in
this work. However, given the difference in the pVIII coat protein of wildtype M13
(AEGD) compared to the M13 variant used in this study (AVPEGAFSS), the change in
pl is expected.

Interestingly the sharp change in the transmission of the PVA/M13 solutions is at a
pH lower than the isoelectric point, not consistent with a change in surface charge of
M13. Reasons for this discrepancy might be that the zeta potential was measured without
PVA, while the transmission curves was measured with the high concentration PVA/M13
solutions. This might have lowered the zeta potential of M13, as noted by Khosrowshahi
for PVA/kaolinite soi particle mixtures [155]. Additionally, the M13 agglomerates
formed in the PVA/M13 solutions may possess different zeta potential curves, resulting
in a different pl for M13 in PVA solutions. Another plausible reason for the transmission

change could be the change in zeta potential magnitude. Across the pH range of 6.2 to
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5.3, the average zeta potential across that pH range was -18.1+ 4.5 mV, while at pH (4.7-
4.6) the average zeta potential was 19.7+£1.1 mV. Both ranges displayed low transmission
curves at pH 6.1, 5.4, 4.6, respectively. In contrast, across the pH range (3.1-1.5), the
average zeta potential was 27.1+1.9 mV, coincident with clear solutions at pH 2.8, 2.1,

1.6. Further comparison of the effects will be discussed later.

4.3.2 Fabrication and characterization of electrospun PVA/M13 fibers under different pH
and electric field polarities

To investigate the columbic interactions from the NFES electric field and the M13
surface charge, electrospinning was done at two different electric field polarities with two
differently charged M13. PVA/M13 solutions at pH=1.5 & pH = 6.0 were utilized for
near-field electrospinning following previous reported PVA/M13 electrospinning
procedures[153] and the polarity was changed by switching the leads on a positive and
negative power supply. By changing which power supply was attached to the needle or
collector, the direction of polarity could be switched. For this work, a positive terminus
on the needle will be described as (pH, +) and the negative (pH,-). Shown schematically
in Figure 4-1 this resulted in 4 combinations of electric field polarities and M13 surface
charge electrospinning conditions, corresponding to (pH 6, -), (pH 6.0, +), (pH 1.5, -),
(pH 1.5, +). Despite the difference in solution pH and electric field polarities, PVA fibers
with the incorporated M13 bacteriophage were readily electrospun in all cases. As shown
in Figure 4-4 ab, average fiber diameters for fiber electrospun at pH 6 were measured to

be 13.1 + 3.6 (pH 6, -) and 12.4 + 3.7 (pH 6, +), demonstrating a small change with
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polarity. For fibers electrospun at pH 1.5, average fiber diameters were measured to be
105+ 3.1 (pH 1.5, -) and 10.3 £ 2.9 (pH 1.5, +), demonstrating no significant polarity
affect. This is surprising as previous reports noted fiber diameter changes with polarity.
Ura reported a smaller diameter for PMMA spun with positive polarity, attributing this to
stronger charge build-up in the polymer jet. [148]. A similar report with PVA also
demonstrated smaller fibers with positive polarity, caused by the PVA being more
polarizable under positive polarities[156]. Further reports using needless spinning also
demonstrated smaller fibers with positive polarity[157]. While these reports agree with
pH 6 results, the lack of significant decrease in fiber diameter for pH 1.5 could be due to
the large variance of fiber diameters electrospun.

With pH, however, an apparent decrease in fiber diameter was observed. From pH 6
to pH 1.5, there was a decrease 3.0-2.6 um in average fiber diameter. Compared to other
reports of PVA fiber, this was opposite of other reports of far-field electrospun PVA
fibers. Son observed that 7% PV A solutions electrospun at pH =2 exhibited beaded fiber
behavior[152]. Bang instead measured an increase in average fiber diameter[158] for
PVA/ multi-walled carbon nanotubes. The decrease in fiber diameters may be due to an
increase in solution conductivity caused by the addition of CI" ions from the HCI used to
lower the pH[152]. This increase in salt concentration increases charge density and
conductivity, which in turn increases the elongation forces from the electric field on the

polymer jet. The result is an overall decrease in fiber diameter.
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Figure 4-4: Histogram of electrospun PVA/M13 fibers electrospun at different pH &
polarity conditions. a) pH 6, - b) pH 6, + ¢) pH 1.5, - d) pH 1.5, +. Each condition
corresponds to different combination of M13 net charge and electrospinning polarity
(e.g., different surface charge and applied electric field and/or same surface charge
and same applied electric field)
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Further studies of the M13 and M13 agglomerates within the electrospun
PVA/M13 solutions were desired to correlate the UV-Vis data of the PVA/M13
solutions. The PVA/M13 fibers were characterized using confocal fluorescence
microscopy and fluorescently labeled M13. A representative bright field microscopy
image of the fibers overlaid with confocal fluorescence emission for (pH 6, -) and (pH
1.5, -) fibers is shown in Figure 4-5ab. The respective confocal fluorescence is shown in
Figure 4-5cd. Similar representative bright field microscopy and confocal fluorescence
images for pH (pH 6, +) and (pH 1.5, +) are shown in Figure 4-6 respectively. As
expected from the previous report in Chapter 3[153], the fluorescence from the M13
demonstrate the M13 was aggregating. This is represented as into bright spots within the
fiber, consistent with the formation of large oblong bundles or M13 agglomerates. The
measured length of these agglomerates was determined to be 4.9 £ 3.1 um (pHS6, -), 4.9 +
2.9 um (pH 6, +) (Figure 4-5¢e). Regardless of the polarity applied during electrospinning,
the agglomerate size showed no difference. For pH 1.5 fibers, the agglomerate length was
measured to be 2.7 £ 1.4 um (pH 1.5, -) and 3.2 £1.4 um (pH 1.5, -). Polarity was also
shown to not affect the agglomerate length. Significant changes in agglomerate length
with pH were observed between pH 6 and pH 1.5. In both cases, the agglomerate length
is too long to represent an individual M13 of ~1 ym. This indicates that despite the clear
solutions at pH 1.5, agglomeration is present at both pHs. The results also confirm that
the transmission change observed, is due to the pH causing a change in M13

agglomerates, which in turn scatter light less.
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Figure 4-5: Confocal optical microscopy using dye-tagged phage to spatial
characterize M13 within the electrospun fibers. Representative bright field images
overlayed with the emitted fluorescence for a) pH 6, - & b) pH 1.5, -. Confocal
fluorescence corresponding to M13 ¢) pH 6, - & d) pH 1.5, - demonstrate the presence
of M13 agglomerates. ) Summary of the agglomerate length for all M13 agglomerates
for pH 6, -/+ & pH 1.5, -/+. Scale bar: 50 pum, inset: 10
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As mentioned previously, the driving force for M13 agglomeration in PVA is
attributed to the depletion force interaction between PVA and M13. Depletion force
arises from larger colloidal particles (M13 virus) and non-absorbing smaller particles
(PVA). As the surface of the large particles approach each other, the smaller particles are
excluded from the region between the particles[115,159]. This imbalance in polymer
particle concentration creates an attractive force between the particles from the osmotic
pressure. As a counterbalancing force, particles will electrostatically repel each other.

Therefore, the change in agglomerate size with depletion force can be affected by the

electrostatic repulsion between larger particles and changes in the osmotic pressure. Xing
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Figure 4-6: Confocal optical microscopy using dye-tagged phage to spatial characterize

M13 within the electrospun fibers. Representative bright field images overlayed with the
emitted fluorescence for a) pH 6, + & b) pH 1.5, +. Confocal fluorescence corresponding
to M13 ¢) pH 6, + & d) pH 1.5, + demonstrate the presence of M13 agglomerates. Scale

bar: 50 um, confocal fluorescence contrast was increased for pH 1.5 images
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previously reported a disappearance of the depletion force acting on polystyrene particles
in microgel dispersion from pH 9.5 to pH 4.6[159]. They attributed this partially to a
decrease in the microgel size from pH 9.5 to pH 4.6.

From the zeta potential measurements of M13, there could be two different
possibilities. Firstly, the sign of the M13 changes from pH 6 and pH 1.5. As PVA is
considered a neutral or slightly positively charged polymer at pH 1.5 [119,152], the shift
from negative to positive M13 should increase the repulsion of PVA polymer, (due to
positive-positive repulsion) or have no effect. Another possibility is the zeta potential
change in magnitude at the different pH. Yadav, found that for silica nanoparticles in
BSA, a change from pH 9 to pH 5 caused a decrease in the amount of BSA to cause silica
nanoparticles to agglomerate[160]. This was attributed to a decrease in zeta potential
from pH 9 to pH 5, which lowered the overall electrostatic repulsion between all the
components. As a result, the depletion force increased, resulting in a reduced
concentration of BSA required to agglomerate the silica nanoparticles. Further studies are
needed to better control the depletion force interactions and fully disperse the M13 as
single phage.

As shown in the confocal images (4-5cd, 4-6¢d) pH 6 and pH 1.5 agglomerates also
appear differently distributed. Quantification of how well-distributed agglomerates can be
problematic. Different strategies have been developed such as a nearest neighbor or free
space pathing[161]. For this work, a nearest neighbor distance (NND) was chosen as it
was the simplest to calculate. pH 6 fibers exhibited larger spacing with pH 6, - having a

NND of 5.0 £ 3.8 um while pH 6, + had an NND of 6.3 = 2.3 um. In contrast, the pH 1.5
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fibers demonstrated smaller NND, 2.4 + 1.7 um (pH 1.5, -); 2.3 £ 2.5 um (pH 1.5, +).
The difference is caused by the smaller agglomerates in pH 1.5. As the concentration of
M13 remained constant for all conditions, the more well-dispersed agglomerates agree
with the smaller agglomerate size. Further studies are required to fully control the
depletion force to form single phages well distributed within the electrospun PVA.
Nonetheless, for device reliability and repeatability, the more uniform distribution of
M13 within the fiber should translate to a more uniform M13 surface concentration. As a

result, the pH 1.5, - and pH 1.5, + fiber may be more suitable of PVA/M13 device

applications.
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Figure 4-7: Nearest Neighbor Distance was determined using confocal fluorescence
images and dye-tagged M13
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Further analysis of the agglomerates was conducted using ImageJ. As shown in
Figure 4-8 the agglomerates in all four sets of fibers demonstrated good directionality
with respect to the fiber axis. Despite the change in agglomerate length and agglomerate
distribution, both pH 6 and pH 1.5 experienced no significant difference in alignment.
This is consistent with the alignment due to mechanical forces that arise from flowing
polymer. This alignment has previously observed for high aspect, rod-like particles
including TMV, M13, and E. coli. [60,113,116] and is attributed to the sink-like flow in

the Taylor cone causing mechanical stresses that orient the biological elements[116].
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Figure 4-8: Directionality of M13 agglomerates was determined using confocal
fluorescence images and dye-tagged M13.
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4.3.3 Measurement of surface concentration from electrostatic interactions

The effect of M13 surface charge and electric field polarity was evaluated using SEM and
streptavidin-Au NP. Due to the modified M13 affinity for streptavidin, the presence of
the bound Au-streptavidin nanoparticles was utilized to evaluate the surface
concentration of M13. Similar approaches have been used to assess the surface
concentration of BSA for PVA/BSA electrospun fibers[119]. A representative SEM

image demonstrating the number of bound nanoparticles is shown in Figure 4-9a. The
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Figure 4-9: a) Representative SEM images of gold-binding to PVA/M13 surface (1.5,+.)
b) Determination of bound streptavidin-Au nanoparticles to the surface of crosslinked
PVA/M13 & PVA fibers. Conditions were examined were PVA, PVA/M13 (6, -); (6, +);
(1.5, -); (1.5, +); Scale bar: 5 um
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average surface density of bound nanoparticles is shown in Figure 4-9b. The results
demonstrate interesting trends with respect to pH and electric field polarity. At pH 6,
electrospun pH 6, - were measured to have more bound nanoparticle density on the fiber
surface compared to pH 6, +, indicating an increase M13 surface concentration. In
contrast, pH 1.5, + exhibited higher nanoparticle binding density binding when compared
to pH 1.5, - indicating the pH 1.5+ fibers had a higher M13 surface concentration. Using
PVA/M13, pH 6, + the same condition as in Chapter 3, as a baseline, pH 6, - exhibited a
60% increase. Meanwhile, pH 1.5, + exhibited the largest increase of 196% while pH 1.5,
- demonstrated a decrease in bound nanoparticles of 31%. While the difference in pH and
M13 agglomerate size previously discussed could account for some of the difference, the
electric field polarity is influencing the M13 surface concentration regardless of pH and
agglomerate size. Two known forces could influence M13 migration towards the surface
of the PVA fiber during electrospinning[119]. These force importantly must also be
strong enough to overcome the viscus drag forces formed due to hydrodynamic friction.
The first is the dielectrophoretic force, that causes biomolecules to migrate due to a non-
uniform electric fields[119,145]. Within the non-uniform field, biomolecules will
polarize and form a dipole. The dipole then migrates towards regions of strongest or
weakest field intensity depending on the surrounding medium. Another mechanism is the
electrostatic interactions between the electric field and charged biomolecule. Columbic
attraction and repulsion could cause biomolecules to migrate towards or away from the
surface. Tang reported an in-depth investigation of PVA and BSA electrospun systems.

They electrospun BSA above and below and at the pl of BSA under positive and negative
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polarity[119]. From their resulting fibers, they observed an insignificant change of BSA
surface concentration with polarity and instead noticed a strong change when
electrospinning at the pl. As a result, they concluded dielectrophoretic forces dominate
their electrospinning. Similar results were observed with pH for wheat
protein/polyethylene oxide (PEO) fibers. Using XPS they determined that PEO was
preferentially drawn to the surface of the fiber away from the wheat protein’s pl. This
was again attributed to a dielectrophoretic force. Alternatively, Li reported an
electrostatic interaction in Naproxen/Cellulose Acetate nanofibers[146]. They observed a
slower/fast release of naproxen, indicating a change in the surface/interior concentration
of naproxen within the cellulose acetate fibers. A similar change with polarity was also
reported with PCL/chitosan nanofibers, where under negative polarity, fibers exhibited a
higher migration of chitosan to the fiber surface[162]. The difference in behavior can
likely be attributed to the differences in polymer charge and electrospinning setup.

From the results obtained, the change in M13 surface concentration most closely
agrees with an electrostatic mechanism. Particularly for pH 1.5, the large change in M13
surface concentration cannot be explained with dielectrophoretic forces as the force
depends on the polarizability of the molecule, and not on sign of the particle or electric
field. Instead, the observed polarity affecting M13 surface concentration is consistent
with a columbic attraction at one polarity and columbic repulsion under another. When
the surface charges change from pH 6 to pH 1.5, the polarities were causing columbic
attraction/repulsion switch, consistent with electrostatic interactions. The larger

difference seen with pH 1.5, - & + versus pH 6, - &+ may be due to the large surface
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charge of M13 at pH 1.5. With a larger charge, it is reasonable to assume the migration
forces would increase, resulting in increased or decreased M13 surface concentration.

To further investigate the forces during electrospinning, COMSOL simulations of
the E-field and forces experienced were carried out assuming an ideal NFES
setup[163,164]. Figure 4-10a shows a simulation of the voltage under positive polarity.
This corresponds to the forces experienced by M13 at pH 1.5, +. The needle at 1900V
slowly changes to -100 V at the collector as expected. To determine the migration forces
acting on M13, equation 4-2 was used to calculate the direction acting on the particle. To
determine the direction and relative magnitude, the only relevant terms are the electric
field vector and the charge of the particles. Figures 4-10b show that the forces point
towards the collector at the bottom. However, at the Taylor cone and in the straight jet
afterward, the forces exhibit slight changes in the x-direction force vectors towards and
away from the center of the jet. Figure 4-10c plots just the x-direction force vectors
associated with columbic forces. The arrowheads are proportional. Near the Taylor cone,
forces migrate the particle towards the center of the fiber. As the particle travels down the
length of the jet, the forces instead start to migrate the particle towards the jet surface.
This migration force continues down the length of the jet until the collector. These results
may explain the reason for M13 migration towards the surface, with the forces at the end
of the Taylor cone and at the straight jet dominating M13 migration. Figure 4-10d plots
just the x-direction forces for the same positive charged particle, electrospun under
negative polarity. As expected, the sign of the forces switches directions, consistent with

equation 4-2 and the results obtained for electrospinning of PVA/M13 pH 1.5, -.
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While further work is needed to reach the limit of electric induced phase
separation as reported by Mu[147], these results demonstrate the potential to increase
electrospun surface device performance by carefully tuning the surface charge and

electric field polarity.

/
/
/
/
/
1
!
/i
)

4
!
!
i
[
i
!
!
!

e \
1|6 \
[N |
IR \
B \
L)k |
IRY !
IRy }
| M 1

1
b
[l
[
(!
[
=
o

| Loy
| bl
| I
| IR
| [N
| Lo
| R
l -

Figure 4-10: Various COMSOL simulations for NFES setup. a) simulation of the NFES
setup and the electric field lines (red). Electrospinning was simulated as positive
polarity as evident by the 1900V applied to the needle and -100V applied to the stage.

b) zoom in at the Taylor cone during NFES, the arrows represent the columbic forces
acting on a positive particle (e.g., M13 pH 1.5). ¢) Simplified data from simulation 4-
10b where only the forces on the x-direction are plotted. Arrows represent the migration
force acting on positive particle. d) Simplified data from a NFES simulation under
negative polarity. Arrows represent the migration force acting on a positive particle
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4.3.4 Control of M13 surface concentration for WGM biosensing

NFES PVA/M13 fibers fabricated with different M13 surface charges and electric field
polarity exhibited different surface affinity to streptavidin under SEM, indicating
different M13 surface concentrations. To evaluate electrospinning parameters on
potential device performance, the NFES fiber were assessed for their performance as
WGM label-free biosensing. pH 1.5 fibers, corresponding to positively charged M13,
were utilized to the measure the difference in WGM response. Rhodamine 6G (R6G) was
incorporated into the electrospinning process, and the resulting pH 1.5- and pH 1.5+
fibers were crosslinked using a previously described protocol[74,153]. A far-field
excitation system was used to focus a 532 nm CW laser through an objective. Fibers were
placed in a PBS bath, and the resulting R6G fluorescence was collected. A representative
spectrum and fiber are shown in Figure 4-11. The resulting fluorescence demonstrated
several peaks not associated with R6G fluorescence or Raman. These periodic peaks
indicate WGM resonances forming within the cross-section of the PVA/M13 fibers.
Interestingly, a pattern of groups of shorter wavelength peaks decorated the spectrum.
These peaks are attributed to spiral or conical modes forming within the
fiber[124,165,166]. Interestingly the modes are more uniform in intensity than previous
observations[74]. The highest wavelength peak was analyzed for each group to simplify
the analysis. It should be noted, the groups display the same TE/TM paired groups of
peaks previously measured in PVA and PVA/M13 fibers[74,153], with higher intensity
TE peaks. For that reason, the TE modes were the focus of this analysis. Free spectral

range was measured to be 3.784 £ 0.047 nm. Using the same iterative Mie-theory
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approximation approach as Chapter 3 and 4, the nnost Was assumed to be 1.3338
corresponding to PBS. Mode assignments are shown in Figure 4-10a. The calculated
radius was 21.3 pm with a resonator refractive index of 1.463, in agreement with both
optical and ellipsometry measurements.

For preliminary WGM biosensing experiments, the WGM shift was measured in
the presence of streptavidin. For comparable biosensor results, the PVA/M13 fibers
utilized were selected to be within 18 and 20 um in diameter, with Q values between
3000 and 5000. Both pH 1.5, + and pH 1.5, - fibers were incubated in 1mg/ml BSA for
24 hours to block nonspecific binding. BSA is a commonly used blocking agent for
biosensors, with compatibility with phage-based bioreceptors and WGM optical
resonators[13,14,87,129]. Prior to the addition of streptavidin, the resonance of the fiber

was recorded for a minimum of 1 hour at 3-minute intervals. The resonance displayed no

a) . TE!65
\’\n»‘)'\l
\MM"'”“""‘““”“’M’V\—«M TE164
AW

]

- ",

= “«\

& A

& ™,

7] e TE!63

5

3

RS MW"W"WM

oy + TE!62
‘w\\’
,

596 598 600 602 604 606 608 610
Wavelegnth (nm)

Figure 4-11: a) Representative fluorescence spectrum of a crosslinked PVA/M13 pH

1.5+ fiber in PBS. The spectrum was taken with a 50x long working distance

objective under 532 nm CW illumination. b) Optical image of fiber in PBS. Measured

fiber diameter was 19.8um. Scale Bar: 20um.
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trends in the BSA/PBS bath, indicating a water-stable fiber, with no observable heating
or bleaching effects. Following this initial measurement, the concentration of streptavidin
was increased to 1310 nM. The increased streptavidin concentration caused a rapid
redshift in peak positions (Figure 4-12a). Biomolecules typically have a higher
polarizability than the buffer such as PBS. As biomolecules such as streptavidin bind to
the surface, the local refractive index increases causing a red shift. Notably, the pH 1.5, +
exhibited a red shift of 0.036 nm (Figure 4-12b). Compared to pH 1.5, - red shift of 0.018
nm, the increase in response is equivalent to a 106% increase in WGM shift response.
The difference is consistent with the higher M13 surface concentration observed for
electrospun pH 1.5, + fibers. Despite these promising results, the pH 1.5, + were
observed to blue shift at extended times, ending up even more blue-shifted than the initial
spectrum. While it is unclear the exact mechanism of this blue shift, it is likely due to
experimental error caused by vibration jostling of the sample. Future studies will
continue to focus on assessing the impact electrospinning conditions have on sensing
performance by repeating the experiment at higher and lower concentrations of
streptavidin. These preliminary studies demonstrate the potential to easily increase
surface concentrations during blend electrospinning by considering the surface charge of
the blend and polarity of the electrospinning field. This simple way of increasing surface
concentration has the potential to drastically improve surface device performance in
electrospun devices such as sensors[47,167], bio-scaffolds[134] or surface

wettability[162].
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Figure 4-12: a) Representative resonance peak wavelength over time for PVA/M13 pH
1.5, - and pH 1.5, + in BSA and after addition of streptavidin solutions. b) The measured
shift before and after the addition of streptavidin.
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4.4 Conclusion

Electrostatic control during blend NFES of PVA/M13 filamentous bacteriophage is a
simple way to fabricate enriched M13 surface fibers. Careful consideration of the surface
charge and electrospinning polarity can drastically influence M13 migration. Fabricated
solutions of PVA/M13 demonstrated surface enrichment consistent with electrostatics in
streptavidin Au nanoparticle studies. For use as WGM biosensors, pH 1.5, + versus pH
1.5, - fibers exhibited an 106% increase in WGM response attributed to increased M13
concentrations. While preliminary, these results warrant further investigation of this
simple technique to enhance device performance. Current work has focused on increasing
the surface concentration of M13. However, the migration forces should work in the
opposite direction, causing M13 to be more distributed near the fiber's core, useful for
M13 virus release applications. These results highlight the importance of selecting

complementary surface charge and polarities during electrospinning
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Chapter 5 Conclusion and Future Work

5.1.Conclusion

In this dissertation, we have developed a process of near-field electrospinning (NFES)
bio composite polyvinyl alcohol (PVA) / M13 filamentous virus fibers for biosensing
applications. Initially, PVA fibers were electrospun over suspended trenches to optically
isolate portions of the fiber. A 3-step glutaraldehyde (GA) crosslinking procedure was
developed, which enabled water-stable fibers. We observed the minimal swelling under
optical microscopy and dye release experiments. In submerged aqueous environments,
despite the lowered refractive index contrast, the fibers were still able to support WGM
resonances within the circular cross-section. Over 25 minutes, the resonances were
observed to be invariant, indicating good physical stability and minimal bleaching and
heating effects. These all enabled the fibers to be utilized for water-ethanol sensing
experiments. Fibers were placed in pure water baths before the ethanol %(W/W)
concentration was increased slowly. With each addition, the resonances red-shifted,
indicating a change in the resonance condition. As crosslinked PVA is known to display
hydrogel characteristics, an additional analysis using Mie-theory approximation was used
to investigate the WGM parameters. The results indicated that the sensing shift was
dominated by a change in the bulk refractive index. A minor <1% shrink in fiber diameter
was calculated, indicating hydrogel behavior. This led to a minor blue shift compared to
the large redshift measured. The PVA fibers operated mostly as bulk refractive index

sensors and critically demonstrated transducing capability.
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Next, PVA solutions were mixed with a genetically modified M 13 virus with
affinity towards streptavidin. Upon mixing, the solutions were noted to turn translucent
when compared to PVA. A similar NFES process was utilized to fabricate PVA/M13
fibers. The confocal fluorescence and dye tagged M13 characterized the M 13 within the
fiber structures. They were noted to form into agglomerates with alignment along the
fiber axis. The agglomerates were attributed to depletion force interactions while the
alignment is attributed to shear forces from electrospinning flow. Despite non-uniformity
in the M 13 distribution within the fibers, XPS and Au-streptavidin nanoparticle (NP)
binding studies demonstrated that the M 13 was present on the surface and still available
for binding even after GA crosslinking process. To support WGM resonances, R6G was
incorporated into the fiber during electrospinning. The fluorescence of the
PVA/M13/R6G fibers demonstrated distinct periodic peaks that corresponded to WGM
resonances. Resonant wavelength shifts were tracked with the addition of streptavidin
analyte. Specific binding of streptavidin to the PVA/M13 resonator was observed with a
sensitivity of 0.008 nm/nM and a LoD of 3 nM, demonstrating M13 specificity to the
targe analyte. Despite bioreceptor aggregation and relatively low analyte surface
coverage (21%), the results demonstrate the potential for single step electrospun WGM
biosensors.

To further enhance the M13 surface concentration of the biosensor, the
electrostatic interactions with M13 during the NFES process was explored in depth.
Utilizing the surface charge of M13 at different pH and the columbic attraction/repulsion

associated with electric field polarities, four different PVA/M13 electrospinning
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conditions were explored. PVA/M13 solutions at pH 6 (surface charge: negative) and pH
1.5 (surface charge: positive) were first characterized. Initial solutions were translucent
that turned transparent as the pH changed, indicating a change in M13 agglomerate size.
Under different polarities, electrospun fibers displayed no significant fiber diameter
trends. However, the pH 1.5 fibers were notably smaller. Using confocal fluorescence
and dye tagged M13, the agglomerates within the pH 1.5 fibers were confirmed to be
significantly smaller and more well dispersed. Utilizing Au-streptavidin NP binding
studies, both pH 6 and pH 1.5 fibers demonstrated an electrostatic preferential migration
of M13 towards the surface. pH 6, - fibers bound more Au-streptavidin NP. When the
surface charge was reversed, pH 1.5, + fiber bound more Au-streptavidin NP, consistent
with electrostatics. To support WGM resonances, R6G was again incorporated into the
pH 1.5 electrospinning process. Both polarities of pH 1.5 fibers demonstrated
fluorescence with distinct, periodic peaks that correspond to WGM resonances. The
modes were utilized for preliminary biosensing of streptavidin. pH 1.5, + versus pH 1.5, -
exhibited an 106% increase in WGM peak shift, attributed to increased M13 surface
concentration binding to streptavidin.

These results demonstrate the potential for electrospun WGM polymer fiber
sensors as a scalable, low-cost sensing platform. The wedding of the M13, a
combinatorial phage display mainstay, with a rapid, inexpensive optical cavity
manufacturing approach, provides a versatile optical sensing platform with the potential

to detect a broad range of analytes.
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5.2.Future Work

5.2.1 Influence of M13 migration on WGM biosensing

As shown in Section 4.3.4, pH 1.5, -/+ fibers demonstrated a difference in WGM
response to streptavidin. Despite the poor stability of the signal, the promising
preliminary results indicate the increase in M13 surface concentration led to an increase
in streptavidin binding, which in turn lead to an increase in WGM peak shift. For a more
definitive quantification on device reliability and sensitivity, further studies with more

device and with higher and lower concentrations of streptavidin.

5.2.2 Hydrogel WGM Biosensors

Throughout this dissertation, the focus on WGM sensing and biosensing has been on the
interaction of the evanescent wave with analyte bound to the fiber surface. However, as
only a portion of the electromagnetic field is contained inside the evanescent wave, a
large portion of the resonance within the cavity is not utilized. Depending on the
surrounding environment and the evanescent wave might only contain 4.0% of the WGM
field for a silica sphere in water[33]. While decreasing the size of the resonator will lower
the Q-factor and increase the evanescence wave fraction thus increasing sensitivity, the
lowered Q-factor will increase the peak noise. Similarly, an increase in size will increase
Q-factor but reduce sensitivity[168]. One approach to deal with the trade-off between Q-
factor and sensitivity is to utilize the electromagnetic field within the resonator instead,
referred to as the guide mode. This can be accomplished by diffusing the analyte into the

resonator. The approach has two advantages: the electromagnetic field within the
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resonator can now interact with the analyte, and the bioreceptor can bind to the analyte in
the 3D volume within the resonator rather than the 2D surface, increasing analyte
loading.

Some initial work was done to understand the theoretical amount of the
electromagnetic field in a WGM resonator. To understand the electromagnetic field (E-
field) inside and outside the resonator, it is common to calculate the E-field through the

use of the boundary condition of the WGM resonance[20,169]:

[MhostkRR(MpostkR)]' — [nreskRji(NreskR)]’ (5'1)
hi(MhostkR) Ji(nreskR)

where nres and nnost are the refractive index of the resonator and the host medium, k = 2z/A
where A is the resonance wavelength. ji and hy are the spherical Bessel and Hankel
functions of the first kind. N = 1(TE) or (nnost/Nres)? (TM). R is the resonator radius. Open-
source MATLAB code from Balac[169] was modified to calculate the boundary
conditions and the WGM and in 3D spherical coordinates. The code was modified to
incorporate the nnost as well as using a spherical Hankel function instead of the more
common Neumann function approximation implemented. An example of a 10 um radius
resonator with nres = 1.5 and nnost =1.3 is shown in Figure 5-1a.

Another approach has been to describe the evanescent wave as an exponential

decay with decay length (rev):

1
Ty = ——— (5-2)
ev kynyes?—npost?

A volume integral approach has also been used to derive the fraction of the guided mode

and evanescent wave for the TE WGM modes[33].
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f — A Nhost” (5-3)

TR Npes?—Npost?

Notably, this volume integration assumes rey << R. The guided mode E-field was
calculated with a Riemann sum of the 1D electric field described in Figure 5-1a and the
volume integration of equation 5-3. A comparison is shown in Figure 5-1b. The Riemann
sum method calculated a smaller percentage of the guided mode E-field inside the
resonator. This difference arises from the boundary condition method relying on a Hankel
function to describe the evanescent wave while the volume integral relies on assumptions
of exponential decay and decay length.

Assuming that the theoretical increase in sensitivity is equivalent to the total amount of

E-field versus the evanescent wave E-field:

AS = —Dtotat (5-3)

Eevanscent

calculated increases in sensitivity are shown in Figure 5-1c. As expected, with more E-
field within the resonator, the volume integral method predicts a larger increase in

sensitivity.
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Figure 5-1: Electric field along the radius of the resonator derived from equation 5-1. b)
fraction of E-field within the resonator c) Increase in sensitivity due to diffusion of
analyte. Resonator radius = 10um, nres = 1.5, Nhost = 1.3

106



To account for the discrepancy between the 2 different calculations, a comparison
between the Hankel function and exponential decay model is shown in Figure 5-2 using 3
different conditions. The condition most like the PVA electrospun fibers in aqueous
environments (and used in Figure 5-1) is shown in Figure 5-2a, where the radius of the
resonator was assumed to be 10 pm, nres = 1.5 and nnost = 1.3, coinciding with polymer
and aqueous environment index of refractions. There is a significant difference in the
decay behavior between the Hankel and exponential function. While the exponential
decays close to zero within < 1 pm of the resonator surface, the Hankel function is still
decaying. When the radius of the resonator is increased to 50 um (Figure 5-2b), the
differences become negligible, and a short decay (<1 pum) is noted in both cases. Finally,

Figure 5-2c¢ shows the calculations when the radius = 10 um, nres = 1.5 and Nhost = 1.0
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representing the resonator in air. While a difference in decay behavior is observed, in

both calculations, the decay is again within < 1 um. As shown in these results, the

a) == Hankel Function b) =——Hankel Function ¢) =——Hankel Function
e Exponential Decay === Exponential Decay == Exponential Decay
n.=15 n,.=15 n,.=1.5
Dyost— 1.3 Nhost™ 1.3 Nhos™ 1.0
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Normalized Intentisy (a.u.)
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Figure 5-2: Calculated Hankel Functions and Exponential Decay of a WGM

resonator using equations 5-1 and 5-2. The parameters used for a) Nres = 1.5, Nhost =
1.3, R =10 pum b) Nres = 15, Nhost = 13, R =50 pm, C) Nres = 15, Nhost = 10, R =10 pm,

exponential decay is a good approximation for larger sized or larger refractive index
contrast (Nres - Nhost) €NVironments. However, as the size of the resonator decreases and
the refractive index contrast decreases (lower Q resonators), the approximations
introduce errors. Similar observations were made by Himmelhaus regarding perturbation
theory with 10 um polystyrene spheres[19]. These calculations highlight an important
theoretical problem when using smaller-sized WGM resonators in low refractive index
contrast environments (e.g., water, aqueous buffer etc.), indicating issues with commonly
used WGM equations. Going forward, new theoretical models may be needed to describe

WGM sensing with diffusion with smaller, low Q resonators.
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To achieve guided mode WGM sensing, approaches using liquid droplets, hydrogel
layer spun on silica or oxide resonators, or pure hydrogel have been utilized. In liquid
droplets resonators, WGM are excited within a droplet. Sensing is achieve by adding the
analyte to the droplet[20,170]. However, the lack of a solid resonator can be impractical
for real-world applications. A growing body of work has instead utilized hydrogel-based
WGM resonators to utilize the electromagnetic field within the resonator. The analyte can
diffuse into the solid hydrogel network. One approach has been to coat silica or oxide
WGM resonator with a hydrogel layer. Examples include agarose onto a silica
resonator[171] or poly(acrylic acid)/poly(ethylenimine)(PAA/PEI) on an oxide
resonator[82]. It should be noted that these applications are focused on solvent vapor[83]
or humidity sensing[172], where the stability of the hydrogel is not as important.
However, aqueous hydrogel WGM sensing has yet to been reported. This unexplored
approach has the potential to drastically increase biosensing sensitivity.

, Preliminary studies as described in Chapter 2 demonstrated that PVA fibers under
different GA crosslinking conditions exhibit different swelling characteristics. It has been
well documented that swelling behavior is linked to the mesh size, which in turn is
related to the degree of crosslinking[62,66]. By tailoring the GA crosslinking degree, the
mesh size of the PV A fibers can be controlled. An added benefit of controlling the mesh
size is that biomolecule diffusion into the PVA hydrogel could also be controlled [173—
175]. Preventing larger than the target biomolecule from diffusing could improve
specificity by only allowing a select size of biomolecules to interact with the bioreceptor.

Initial conditions to be explored are changing the concentration of HCI catalyst (1-6 M),
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GA concentration (25%-75%), and the time spent crosslinking. Additionally, other
crosslinking agents could be explored[61]. The M13 migration effect shown in Chapter 4
could also be used to migrate M13 towards the region of the strongest electromagnetic
field, increasing the detection of binding events. Future studies of the diffusion capacity
of PVA could be measured by fluorescently tagging analytes such as streptavidin and
measuring the diffusion coefficient with confocal fluorescence microscopy. The impact
of different mesh size PVA hydrogel fibers and its impact on the sensitivity WGM

biosensor could be determined through biosensing experiments.
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