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Abstract

Whispering gallery mode (WGM) resonators have attracted attention as optical biosensors due to
their capacity for rapid label-free detection. Separately, the M13 bacteriophage has been
investigated as an alternative biorecognition element. In this work, a novel polymer WGM
biosensor functionalized with filamentous virus biocapture agents was fabricated using near-field
electrospinning (NFES) in a single step. Polyvinyl alcohol (PVA) was mixed with streptavidin-
binding M13 bacteriophage and rhodamine 6G in aqueous solution for blend electrospinning of
active cavity microfiber-based resonators. Confocal fluorescence microscopy revealed alignment
of M13 bioreceptors along the fiber axis, while x-ray photoelectron spectroscopy (XPS) and

streptavidin-conjugated nanoparticle binding studies indicated that bioactive M 13 bacteriophage

© 2022 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0925400522007043

10

11

12

13

were on the fiber surface. Dye-doped, crosslinked PVA/M13 fibers supported moderate quality
(Q) factor first order WGM resonances within their cross-sections that exhibited a spectral shift
in response to streptavidin binding. Composite PVA/M13 microfibers demonstrated specific
label-free biosensing of streptavidin with a theoretical limit of detection of 3 nM and a maximum
surface coverage of 21 + 5%. These results demonstrate the potential of NFES to fabricate WGM
resonators from PVA/M13 microfibers and use them as a platform for rapid, sensitive label-free

sensing.

Keywords
whispering gallery mode fiber resonator, near-field electrospinning, polymer/virus composite

microfiber, phage bioreceptors, label-free WGM biosensor
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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[1]. 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[2], and fast response time (i.e., tens of
seconds)[3]. 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[4], bacteria[5], pesticides[6] and
water contaminants|[7].

Silica glass or other silicon-based compounds (e.g. silicon, silica, silicon nitride)[1,8—15]
and polymers[16—19] are the most widely used materials for WGM optical biosensors. Because
these materials lack specificity, resonators must be functionalized to recognize target
analytes[4,20-24]. 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[25,26]. Unfortunately, these fragile

biomolecules are vulnerable to extreme environments, and often have limited binding sites that
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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[21,27-29] 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 (pVIII)
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 acidic
and basic pH and temperatures up to 70°C[30]. 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[31-34]. 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
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remove unreacted silane molecules, and finally, attachment of biocapture agents using
carbodiimide chemistry or other bifunctional crosslinking molecule[32,33,35]. 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[36,37], 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[38,39], presenting an opportunity for a one-step approach to the
fabrication and functionalization of WGM optical biosensors.

This study examined near-field electrospun (NFES) polyvinyl alcohol (PVA) WGM
optical biosensors with incorporated M 13 bacteriophage bioreceptors (Fig. 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 ym
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
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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 photoelectrospectroscopy (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 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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2. Material and methods

2.1 Modification and amplification of M 13 filamentous virus bioreceptors

Using a previously reported protocol[28,40,41], 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)[28] on the N-terminus of
each major coat protein along its length. The modified phage was amplified and purified as
previously described[41]. The final stock solution was suspended in 0.1X phosphate buffer saline
(PBS, 13.7 mM NaCl, 0.27 mM KCl, 1 mM Na;HPO4, 0.18 mM KH2POy) at 1 mg/ml and stored

at 4°C.

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

PV A/M13 solution of 25% w/w PVA and 0.1 mg/ml virus. For direct comparison, a solution of
25% wlw 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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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 (Fig. 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 PV A 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
arate of 10 uL/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 PV A fibers from dissolving in the aqueous
sensing environment, they were crosslinked using glutaraldehyde (GA, Fisher Scientific) with
hydrogen chloride (HCI) as a catalyst[39]. 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 for 24 h, rinsed with deionized water to remove

excess GA, and dried in a vacuum desiccator for further use.
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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 PV A 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 a NHS-amine reactive process (DyLight™ 550 NHS Ester, Thermo

Scientific). The fibers containing M 13 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 (ImagelJ). The length, width, and directionality

of the M13 aggregates were measured on three fibers from three separate experiments.
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2.5 Excitation of WGMs and real time detection of streptavidin
WGMs were excited in the PVA/M13 and PV A fibers with a far-field laser confocal system
(LabRam, Horiba Scientific), as described in a previous report[39]. 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 pm 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 a 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 KCI, 10 mM NaHPOys, 1.8 mM KH>POs) 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. Theoretical WGM peak

positions were calculated using a Mie-theory approximation[42,43]:

-1

1 2P
1 2
- asv3 P 3 ag? P(m —?) as
23 (m2-1)2 23v3 (m2-1)2z 23v3

where D is the optically measured fiber diameter, v is the angular mode number (Z) plus 0.5, as
are the roots of the Airy function, and n,.sis 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/Nsurr). P i 1/m for TM modes and m for TE modes. Here, modes with the electric
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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 equilibriate. 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 min of streptavidin addition were excluded

from device analysis to avoid transients associated with surface binding.

3. Results and discussion
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[44,45]. 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
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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 Fig. 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.

The polymer/virus mixture was pumped through a needle, and a droplet was
generated[39]. 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[39] was used to treat the PVA/M13
fibers and render them insoluble in aqueous solution. Glutaraldehyde formed chemical bonds
between PV A polymer chains resulting in fibers that were water-stable for a minimum of 24
h[39]. As shown in Fig. 3, the near-field electrospinning process created a broad size distribution
of PVA/M13 microfibers with an average diameter of 14.3 + 5.3 pum. A representative SEM
image of a crosslinked suspended composite polymer/virus fiber is also shown in Fig. 3. 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 PV A solution without the addition of M13 bacteriophage bioreceptors (Fig. S1).
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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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 Fig. 4. As shown in the figure, the
fluorescence of these PVA/M13 fibers was non-uniform. The tagged M 13 bacteriophage formed
large oblong bundles or aggregates with an average size of 5.2 x 3.2 um. Interactions between
the virus and PV A 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[46]. The degree of ordering within these assemblies is controlled by
competing mechanisms: free volume entropy and depletion volume. In particular, 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 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 in order to minimize
M13 aggregation. The phage aggregates were oriented with a directionality of 1.0° with respect
to the fiber axis (Fig. 4). In contrast, phage aggregates formed in dropcast films showed no
directionality (Fig. S2). The alignment of biological materials within electrospun polymers has
been previously observed for high aspect, rod-like particles including TMV, M13, and E. coli.
[44,47,48]. The sink-like flow in the Taylor cone causes mechanical stresses that orient the

biological elements[48]. With further development, it may be possible to control both the
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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.

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 M 13 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[49-51]. As shown in Fig. 5, 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 Fig. 6. The surface density of Au
nanoparticles was tallied for each type of fiber and displayed in Fig. 6. 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

throughout the fiber fabrication process, including both electrospinning and crosslinking steps.
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3.2 Excitation of WGM resonance in PVA/M 13 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[52]. 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 [24,53]
and on-chip microfluidic integration [54,55]. Fig. 7 shows a representative spectrum from a dye-
doped, crosslinked PVA/M13 fiber with a 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. 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 = nDn, e 2)
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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[56—60]. 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 Fig. 7. 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[42,43]. The observed high-quality
peaks were identified as first-order radial WGMs. Mode assignments, shown in Fig. 7,
correspond to a fiber diameter of 18.4 um and nres of 1.464[39] and are consistent with
previously measured values[39]. 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 consistently

higher in Q and intensity. For this reason, they were selected for use in biosensing studies.

3.3 Label-free detection of streptavidin with electrospun PVA/M13 fiber WGM resonators

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 [61,62]. For optical mode
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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 (Fig.
S3), 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[4,21,29,63]. A spectral line shift was observed with the addition of BSA and, again,
the system was allowed to achieve equilibrium (Fig. S3). 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.

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 Fig. 8. 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 Fig. 8, the average spectral responses of the electrospun resonators are
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shown as a function of streptavidin concentration for both PVA/M13 and PV A 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 = 30/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[54] and 4 nM for neutravidin[64], 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 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[28] .

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[65,66]

ﬂ . QexOp
= = (3)

€0(Mres® —Nsurr?)R
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Where aex is the excess polarizability of streptavidin (4meo-3.85 x 1072!) cm?[66], R is the radius
of the resonator, nres is the index of refraction of the PV A fiber (1.464)[39], and ngur is the index
of refraction of the surrounding PBS (1.3338), and o, is the surface density of the bound
streptavidin. Assuming streptavidin is a S nm sphere and a square close-packed monolayer, the
maximal surface density of streptavidin is 4 x 10'? streptavidin/cm? [67]. 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 (Fig.
S4). 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 that observed for other M13-based optical resonator biosensors[21]. 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 M 13 filamentous virus bioreceptors on

the fiber surface.

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[54,64] for other

polymer-based active WGM optical biosensors that used more complex, multi-step
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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 M 13, 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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Fig. 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 M 13 bioreceptors shifts the resonance of the WGMs.
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Fig. 2: Transmission spectra of PVA/M13 and PV A electrospinning solutions. Inset: Optical

images of the PVA (left) and PVA/M13 (right) solutions.
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Fig. 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
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scribed in the underlying glass substrate. Scale bar: 50 um
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Fig. 4: 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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Fig. 5: X-ray photoelectron spectroscopy (XPS) spectra of the N-region of near-field electrospun
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(a) PVA/M13 and (b) PV A fibers with deconvolution of the N peaks.
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Fig. 6: 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 um
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Fig. 7: (a) Photoluminescence spectrum of an 18.7 um 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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Fig. 8: (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%2-0.941).
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