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ABSTRACT

Microorganisms (e.g. bacteria, fungi, and viruses) add indispensable functionality to a range of
electrospun polymer materials and devices. The optimal distribution of bioactive agents on either
the interior or exterior of the fiber is application specific. Current microbe surface immobilization
strategies and core-confinement techniques continue to pose a number of challenges. Here, we
explore a simple strategy, utilizing electrostatic forces, to control the migration and surface
concentration of the M13 bacteriophage within near-field electrospun polyvinyl alcohol (PVA)
microfibers. Both the surface charge of the electrospun virus and the applied electric field polarity
altered microbe placement. When doped with Rhodamine 6G (R6G), the circular microfiber cross-
sections formed active whispering gallery mode (WGM) resonators. These relatively high quality
(Q) optical cavities enabled us to sensitively probe the virus content of their outer layer, while
functioning as label-free optical biosensors with phage-based streptavidin biorecognition
elements. Coulomb forces displayed significant control over M13 surface coverage during near-
field electrospinning, increasing biosensor response by nearly a factor of four to 1310 nM
streptavidin. These findings are an important demonstration of electrostatic forces as a simple, yet
adaptable method to enhance biohybrid fiber functionality and performance by tailoring microbe

distribution.

KEYWORDS: Near-field electrospinning, Electrical polarity, Whispering gallery mode fiber

resonator, Label-free biosensor, M13 bacteriophage



1. INTRODUCTION

Electrospinning is a rapid, low-cost method for manufacturing nano- and microscale fibers. In
this simple and scalable process, a strong electric field between spinneret and collector is used to
draw fiber from the charged surface of a polymer droplet. Due to its ability to form fibers at
room temperature in nonhazardous solvents, electrospinning is particularly attractive for
integration of microorganisms (e.g. bacteria, fungi, and viruses). Electrospun biohybrid fibers
readily combine the structural properties of polymers with the biofunctionality of microbes. By
creating a physical barrier and providing mechanical support, biocompatible polymers can
preserve biological activity against harsh environmental and processing conditions'. This
increases the overall viability and stability of microbial bioactive agents for a wide range of
applications including biosensing®*, bioscaffolding and regenerative medicine*®, bioremediation

79 food technology'’ , and green agriculture.!! 13

Notably, biohybrid fiber functionality and performance depend on the concentration and
accessibility of the incorporated microorganisms. Specifically, the local density of microbes
within the fiber plays a critical role. Some applications require a high concentration of
microorganisms on the fiber surface. As examples, biorecognition elements on an actuator
surface enable precise and selective analyte concentration measurement? and surface-
functionalized bioscaffolds promote cellular growth, proliferation, and differentiation.>!*!> Other
applications are better served by positioning microbes in the interior of the fiber. For instance,
encapsulated bioactive agents subvert immune response for sustained viral gene transfer® and
sub-surface bioremediators enhance viability for extended pollutant degradation.’ Yet, current
microbe surface immobilization strategies and core-confinement techniques pose challenges.

Surface adsorption and covalent surface attachment represent a trade-off between potential



operational instability due to uncontrolled desorption and partial microbe inactivation!'®!”

whereas coaxial and emulsion electrospinning require careful material selection to manipulate
core-shell interfacial tension.! Moreover, both post-processing surface functionalization

techniques and co-electrospinning methods add a degree of complexity to fiber preparation.

An alternative, and rather unexplored approach, is to exploit electrospinning polarity to control
local microbe density. Most biological materials, including microorganisms, carry a net charge.
The magnitude and sign of their surface charge is dependent on their isoelectric point and the
solution pH. Surface charge can be used in conjunction with electric field polarity to
preferentially attract or repel charged biological entities within the polymer solution to or from
the fiber surface. This approach has been demonstrated for a range of biomolecules and bioactive

19—21, and

components including proteins'®, natural carbohydrates or polysaccharides
therapeutics® , but has been largely overlooked for control of larger biologics such as micro-

organisms.

In this work, the effects of pH and polarity on the migration and surface concentration of M13
bacteriophage within blended near-field electrospun (NFES) polyvinyl alcohol (PVA)/phage
microfibers were examined. There is growing interest in electrospinning this highly adaptable
filamentous virus for stabilization and storage applications??, sensors?, tissue-engineering
scaffolds*?*%, and energy harvesting?. The nearly one micron long and 6.5 nm diameter M 13
phage can be functionalized with a variety of moieties utilizing either genetic or chemical means.
Moreover, it tolerates a large pH range?’, thus enabling significant surface charge manipulation.
As shown in Figure 1, a streptavidin-binding M 13 variant was mixed and electrospun with PVA,
a neutral and biocompatible polymer. By spinning above and below the isoelectric point of the

variant with both positive and negative electric field polarities, the contribution of electrostatic



Coulomb forces in controlling the phage distribution within the fiber was assessed. Fiber
morphology and size, as well as the internal dispersion of bacteriophage were characterized with
optical and confocal fluorescence microscopy. M 13 surface density was evaluated using
scanning electron microscopy to complement streptavidin-conjugated Au nanoparticle binding
experiments. Coulomb forces associated with the net surface charge of the M13 variant and
electrospinning polarity influenced its migration, considerably modifying the M 13 concentration
on the fiber exterior. Subsequently, the M13/PV A biohybrid microfibers were doped with
Rhodamine 6G (R6G) to form optically active whispering gallery mode (WGM) resonators.
Using the high quality (Q) modes supported by their circular cross-sections, the virus content of
the outer layer was further investigated. Finally, label-free optical biosensors with phage-based
streptavidin biorecognition elements were fabricated. In recent years, the M13 bacteriophage has
gained interest as an alternative affinity-based bioreceptor due to its extraordinary multivalency
and robustness, in addition to the availability of comparatively low cost manufacturing methods.
Using electrostatic Coulomb forces, M 13 bioreceptor surface coverage was enhanced from
approximately 3.42% to 12.76% in 1310 nM streptavidin solution, leading to a remarkable 3.7x
increase in biosensor optical response. These studies are an important demonstration of Coulomb
interactions as a simple, yet highly versatile tool to improve biohybrid fiber functionality and

performance by tailoring microbe distribution.
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Figure 1. Schematic of biohybrid electrospinning approach utilizing filamentous M13

bacteriophage with different surface charges and electrospinning polarity to control

virus distribution.



2. MATERIALS AND METHODS

2.1 Modification and amplification of M13 filamentous phage.

Following a previously reported procedure, the M 13 bacteriophage, a rod-shaped virus 880 nm
in length and 6.5 nm in diameter, was genetically altered to bind to streptavidin.?®° The pVIII
major coat protein, located along the length of the virus in high copy number (>2700), was
modified to include a streptavidin-binding peptide fusion (VPEGAFSS*’) near the N-terminus.
The streptavidin-binding phage variant was amplified and purified as previously described.?” The
final phage solution was suspended in 0.1X phosphate buffer saline (PBS, 13.7 mM NaCl, 0.27

mM KCI, 1 mM Na;HPO4, 0.18 mM KH2PO4) at 1 mg/ml and stored at 4°C until use.

2.2 Preparation and characterization of PVA/M13 electrospinning solutions.

Electrospinning solutions were prepared by mixing polyvinyl alcohol (PVA, 13,000-23,000
g/mol, 98% hydrolyzed, Sigma Aldrich) with deionized water at 27% w/w. Solutions were
stirred for 2 h at 80°C until the PVA was fully dissolved, then allowed to cool for 30 min.
PVA/M13 solutions were formed by adding streptavidin-binding bacteriophage in 0.1X PBS to
reach the desired 25% w/w PVA with 0.1 mg/ml virus loading. Control solutions of 25% w/w
PVA were also made by adding 0.1X PBS alone. Solutions were subsequently stirred at room

temperature for another 30 min to ensure homogeneity.

The surface charge of the streptavidin-binding phage was measured in PBS with a Zetasizer
(NanoZS90, Malvern Instruments) using 5 M HCl and 1 M NaOH to adjust pH. A minimum of 8§
measurements were averaged at each condition. Following a report by Passaretti’!, a fifth order

polynomial was used to fit the data. UV-Vis spectroscopy (Evolution 60, ThermoFisher) was used



to evaluate the optical transmission of PVA/M13 and PV A solutions above and below the isoelectric
point of the streptavidin-binding phage. Spectra were baselined using the absorption spectrum of PBS.
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 WGM resonance

applications.

2.3 Near-field electrospinning (NFES) and glutaraldehyde crosslinking of PVA/M13 fibers.

Prior to electrospinning, glass substrates (14 x 14 x 1 mm) were prepared by scribing parallel
trenches into the surface.?? 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 and translated the
substrates during spinning. A point-plate near-field electrospinning (NFES) configuration with a
separation of 1.25 mm between the needle tip and substrate was used to fabricate micron-scale
PVA/M13 and PVA 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 puL/h.

To achieve blended electrospun fibers from the polymer solutions, two separate high voltage
power supplies (P03.5HAS8.5/N03.5HAS.5, Acopian Technical Company) were used: one
positive and one negative. The electrospinning polarity was changed by designating the power
supply connected to the spinneret needle. For positive polarity NFES, the positive power supply
was attached to the needle and the negative power supply was attached to the collector stage. The
leads were switched for negative polarity NFES. In both cases, |1.9 kV| was applied to the needle

and |0.1 kV| was applied to the collector to maintain a 2.0 kV voltage drop. The X-Y stage was



programmed to move at a rate of 0.5 mm/s in a parallel-line pattern, producing fibers
approximately 10 mm long and 200 um apart. Fibers were written perpendicular to the trenches
scribed into the glass substrate, allowing them to be suspended and optically isolated for

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.* 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.>?

2.4 Characterization of electrospun PVA/M13 fibers.

The size of the electrospun fibers was measured with an optical microscope (LabRam LabSpec6,
Horiba Scientific). Edges of the fibers were brought into focus using 50x long working distance
objective, and then dimensions were acquired with a built-in digital measuring tool. Confocal
fluorescence microscopy (Leica SP5) was used to characterize the distribution and size of the
filamentous virus within the fibers. For these experiments only, the streptavidin-binding M 13
bacteriophage were tagged with a fluorescent dye using an NHS-amine reactive process
(DyLight™ 550 NHS Ester, Thermo Scientific) and electrospun. The biohybrid fibers were
imaged under 543 nm laser excitation. Emitted dye fluorescence indicated the location of the
M13 virus. Images were analyzed using image processing software (Imagel). For each
electrospinning condition, the length and nearest neighbor distance (NND) of the M13

aggregates were measured on three different samples with a minimum N value of 100.



The amount of M 13 variant on the fiber surface was evaluated using a lower concentration of
streptavidin-conjugated Au nanoparticles (50 nm dia., Cytodiagnostics; 0.583 nM). To reduce
non-specific binding, the fibers were immersed in bovine serum albumin (BSA, 1 mg/ml)
solution as a blocking agent for 30 min, then rinsed ten times with deionized water and dried in
vacuum. Afterwards, the streptavidin-coated Au nanoparticles were incubated with the
crosslinked PVA/M13 fibers for 3 h. The fibers were again rinsed ten times with water, dried 24
h, and imaged with scanning electron microscopy (SEM). Areal densities of bound Au
nanoparticles were determined by counting the number of particles (ImageJ) and dividing by the
corresponding fiber surface area. For each electrospinning condition, at least five fibers were

measured across three samples (N > 15).

2.5 Whispering gallery modes (WGMs) as optical probes and label-free streptavidin

biosensors.

A far-field laser confocal system (LabRam, Horiba Scientific) was used to excite whispering
gallery modes (WGMs) in R6G PVA and PVA/M13 fibers, similar to a previous report.’? A 532
nm continuous wave 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 uW 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 detector. The resulting spectrum had a spectral resolution of 0.014 nm.

To calculate resonator refractive index and Q-factor, a random selection of uncrosslinked PVA
and PVA/M13 resonators roughly representing the fiber diameter distribution were excited with

the far-field laser confocal system while suspended in air. The resulting WGM spectra were
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analyzed by subtracting the broad R6G fluorescence emission. Resonant modes were fitted with
Lorentzian functions to determine the peak position and width. Cavity Q-factors were calculated

using

Q — A};esonance (1)
FWHM

where Aresonance 1s the position and Arwrn is the full-width half maximum of the resonant peak.
The Q factor was calculated for a minimum of 37 unique resonators at each fiber fabrication
condition. Mode numbers were assigned and resonator refractive indices were extracted using a

Mie-theory approximation®*3*:

-1

: 2 P(m?2 2p?
_ agv3 P 3 ag 3 ) ag
23 (m2-1)2 23v3 (m2-1)2 233

where D is the optically measured fiber diameter, v is the angular mode number (/) plus 0.5, os
are the roots of the Airy function, and nyes 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 (#res/nsurr) 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 using the least mean residual squared. The nr.s was
approximated for a minimum of 6 resonators at each fiber fabrication condition with diameters

ranging from 4 to 14 um.

In preparation for WGM biosensing experiments and to reduce non-specific binding, biohybrid
crosslinked devices were first immersed in bovine serum albumin (BSA, 1 mg/ml) solution as a

blocking agent for 30 min, then rinsed ten times with deionized water and dried in vacuum. The

11



devices were submersed in a 1X PBS (137 nM NaCl, 2.7 mM KCI, 10 mM Na2HO4, 1.8 mM
KH2POs4) bath at least 1 h prior to WGM excitation to allow stabilization. WGM spectra were
recorded repeatedly at 3 min intervals for a minimum of 1 h in the PBS bath. Subsequently, the
devices were exposed to streptavidin (1310 nM). The shift in WGM resonance was recorded
over a period of at least 1 h. The spectral shift was calculated from peak positions 15 min before
and after the addition of streptavidin for at least three samples at each condition. Presuming a
single layer of randomly bound streptavidin proteins to the resonator, the surface density of
bound streptavidin to the biohybrid PVA/M13 fiber biosensors was estimated through the

observed spectral shift by utilizing the equation

A4 _ TexTp 3)
A g0(Myes® —Nsurr?)R

where aex is the excess polarizability of streptavidin (4me0*3.85x102!) cm? ¥, R is the radius of
the resonator, nres is the index of refraction of the PVA fiber (1.464)*?, and ngu- is the index of
refraction of the surrounding PBS (1.3338), and oy 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 4x10'? streptavidin/cm?. 3
3. RESULTS AND DISCUSSION
3.1 M13 surface charge modification.

Zeta potential was measured as a function of pH to determine the surface charge and isoelectric
point (pl) of the streptavidin-binding M 13 variant used in these studies. The net charge of this
filamentous virus depends on the number of exposed, ionizable amino acids on the capsid

surface, as well as the degree of ionization of those residues. The M13 viral capsid is composed

12



of five structural proteins. Its surface charge is dominated by the pVIII major coat protein that is
found along the length of the nearly one micrometer filament in high copy number (>2700).
Notably, the pVIII coat of the streptavidin-binding phage variant has one less ionizable amino
acid than that of the wild type or unmodified phage.*® As shown in Figure 2, the isoelectric point
of the streptavidin-binding phage was approximately 5.3, slightly higher than the wild type.*!
Two electrospinning solutions were prepared in order to investigate the influence of electrostatic
forces on PVA/M13 near-field electrospun: one in which the streptavidin-binding M 13 surface

charge was positive (pH 1.6) and one in which it was negative (pH 6.1).

As shown in Figure 2, with the addition of a low concentration (0.1 mg/ml) of M13 variant, the
optical transmission at pH 6.1 was reduced by 23% at 600 nm, yet it remained unchanged at pH
1.6. These observations were stable with time (Figure S1). The reduced transmission was
ascribed to light scattering by M 13 aggregates. Non-adsorbing polymers such as PVA tend to
induce phase separation of high aspect ratio viruses through osmotic pressure®’. Nonetheless, the
pH 1.6 PVA/M13 solution demonstrates that repulsive electrostatic forces can be engineered to,
at least partially, counterbalance these attractive forces. This tunability is important for biohybrid
fiber applications in which homogeneous microorganism dispersion is critical. In particular, for
the whispering gallery mode resonators studied here, losses associated with M 13 aggregates can

affect optical cavity performance.

13
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Figure 2. a) Zeta potential measurements of the streptavidin-binding phage variant as a function
of pH. For these experiments, the phage were dispersed in aqueous solution. A fifth order
polynomial was used to fit the data and approximate the isoelectric point of the virus. b) Optical
transmission spectra of PVA/M13 electrospinning solutions above and below the isoelectric point
of the streptavidin-binding variant. M 13 bacteriophage does not absorb in this spectral range. A

transmission spectrum of a PVA electrospinning solution without phage is shown for comparison.
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3.2 Effects of pH and electrospinning polarity on PVA/M13 microfibers.

Both pH 1.6 and pH 6.1 PVA/M13 solutions were blend electrospun with either a positive or a
negative applied voltage on the spinneret needle. As depicted in Figure 1, this allowed for
exploration of electrostatic Coulomb forces using all combinations of virus surface charge and

electrospinning field polarity. As shown in Figure S2, continuous PVA microfibers with

incorporated M13 bacteriophage were readily electrospun; no bead formation was observed. The

size distributions of fibers fabricated with each condition and measured with optical microscopy

are shown in Figure 3. Notably, fibers electrospun at pH 6.1 averaged two microns larger than
those electrospun at pH 1.6. On the contrary, the electric field polarity had comparatively little

effect on average PVA/M13 electrospun microfiber diameter.

15
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Figure 3. Histograms of electrospun PVA/M13 fiber size, as measured with optical
microscopy. Solutions were electrospun with (a, b) pH 6.1 and (c, d) pH 1.6. The polarity

of the applied electric field was (a, c) positive and (b, d) negative.



Confocal fluorescence microscopy was used to evaluate the dispersion of the streptavidin-
binding variant within the PVA/M13 microfibers. For these experiments, the M13 variant was
fluorescently tagged prior to mixing with PVA solution. Despite the relatively high transmission
of the pH 1.6 solution prior to spinning, bright fluorescent areas longer than the length of an
individual virus filament and consistent with the formation of large oblong bundles of phage
were observed within the microfibers under all conditions. Representative bright field and
confocal fluorescence microscopy images of fibers electrospun at pH 6.1 and pH 1.6 with
positive polarity are found in Figure 4, along with average M 13 bundle length and nearest
neighbor distance for each electrospinning condition. Histograms of phage bundle length and
spacing are also included in Figures S3 and S4. Aggregates found in fibers spun at pH 6.1 were
more polydisperse, longer and further apart than in fibers spun at pH 1.6. Increased scattering
due to the larger aggregates within the distribution likely caused the disparity in solution optical
properties. Analogous images of biohybrid fibers electrospun with negative polarity have been
included in Figure S5, for comparison. Similar pH-dependent trends were found, but no
significant differences were observed for electrospinning polarity. To demonstrate uniformity of
aggregate length and spacing across samples, additional confocal images are included in Figure

S6 for each electrospinning condition.

17
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Figure 4. Confocal optical microscope images using dye-tagged phage to visualize the MI13
streptavidin-binding variant within fibers electrospun with positive polarity. Representative bright field
images overlayed with fluorescence emission and isolated fluorescence emission for fibers spun with
positive electric field polarity at (a, ¢) pH 6.1 and (b, d) pH 1.6. Scale bar: 50 um. Measured (e) length
and (f) spacing of phage agglomerates for four combinations of solution pH and applied electric field

polarity. Confocal fluorescence contrast was increased for pH 1.6 images. (N > 100)
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The affinity of the genetically modified M 13 variant for streptavidin was used to assess the
effects of net charge and electrospinning polarity on phage surface concentration. Following
incubation with a low concentration of 50 nm streptavidin nanoparticle conjugates, fibers were
imaged with electron microscopy to quantify the attached particles. Figure 5 depicts a
representative fiber with streptavidin conjugated Au nanoparticles bound to it. In addition, to
illustrate uniformity, a low magnification and several high magnification electron microscopy
images of the PVA/M13 fibers are included in Figures S7 and S8, respectively. Average particle

surface densities were evaluated for PVA/M13 and PV A control fibers and plotted in Figure 5.

Biohybrid fibers were initially electrospun at pH 1.6 with either positive or negative polarity
applied to the spinneret. Below the isoelectric point of the streptavidin-binding phage, the net
charge of the M13 variant was positive. With a positive voltage applied, the particle surface
density was 3.0x that of fibers spun with a negative voltage. During the blend electrospinning
process, attractive electrostatic forces cause negatively charged species within the solution to
migrate toward the positively polarized needle. These species become immobilized on the
needle, leaving a surplus of positively charged species, such as the M 13, within the solution.*-*
For this reason, fibers spun with positive polarity were enriched with streptavidin-binding phage
while fibers spun with negative polarity were depleted. For a solution spun at pH 6.1, no
significant difference was observed in particle surface density. This result was attributed to the

comparatively slower migration of the large phage agglomerates at pH 6.1 in response to

electrostatic forces.

19
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Figure 5. a) SEM image of 50 nm diameter nanoparticle conjugates on crosslinked PVA/M13
fiber surface. White arrows indicate the positions of a few representative nanoparticles. Scale bar:
5 wm. b) Surface density of nanoparticle conjugates bound to electrospun fibers for all four

combinations of solution pH and applied electric field polarity. (N > 15)
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3.3 Whispering gallery mode (WGM) resonators as optical probes of electrospun M13

distribution.

PVA/M13 microfibers electrospun at pH 1.6 were selected for additional investigation as WGM
resonators. Lower pH solutions had greater optical transmission. Furthermore, fibers electrospun
from these solutions had smaller phage aggregates and potentially larger M13 surface densities,
making them more suitable for optical resonators and label-free biosensors. As shown in Figure
6, WGM resonators are simple, radially symmetric high quality (Q) optical cavities (e.g.
cylindrical fibers, spheres, rings, etc.)*** that support considerable light recirculation due to
total internal reflection. Resonances appear as sharp peaks on a broad fluorescence background.
First order WGMs, such as those in these experiments, are typically confined within a narrow
radial distance x from the cavity periphery such that 0.9r < x <r, where r is the radius of the
fiber.** Their resonance is affected by tiny changes in refractive index, path length, and
scattering centers, making them highly sensitive measurement tools near the fiber perimeter.*>-46
The WGMs supported within the circular cross-sections of the electrospun microfibers served as
a convenient means with which to probe the outer layer of the biohybrid materials. These

experiments were completed to learn more about the electrostatically controlled M13

distribution, as well as its effect on the optical cavity performance.

WGMs were excited in dye-doped PVA/M13 microfibers electrospun at pH 1.6 with positive and
negative electric field polarities. Dye-doped PVA fibers spun without the addition of the M13
variant also supported WGMs. For modal analysis, each resonance peak was fit with a
Lorentzian function. Using a Mie-theory derived asymptotic approximation, theoretical spectra
were computed and best-fit values were extracted for the fiber refractive indices for a minimum

of 6 samples at each condition..>*3* The PVA fibers had a refractive index of 1.4583 + 0.0091.

21



The inclusion of streptavidin-binding phage raised refractive indices for fibers spun with positive
and negative polarity to 1.5047 + 0.0222 and 1.4868 + 0.0320, respectively. The increase was
attributed to the presence of the M 13 filamentous virus, a higher refractive index biomaterial (n
~1.57)48 within the modal volume. Fibers spun with positive polarity had a larger refractive
index due to the higher concentration of streptavidin-binding phage within the outer layer of the
fiber. Cavity Q values were also calculated and are plotted as a function of diameter in Figure
S9. This figure of merit is inversely proportional to optical loss (e.g. radiative, scattering, and
absorption losses) and can provide additional information regarding near-surface microbe
distribution. For smaller diameter fibers, radiative or geometry dependent losses tended to
dominate. Little difference was observed with the addition of the M13 variant. However, for
larger diameter fibers, a different trend was found. Cavity Q was somewhat reduced by the
incorporation of filamentous phage, despite the larger refractive indices of these fibers. This
decrease was ascribed to scattering losses caused by the presence of phage aggregates.
Importantly, Q values were slightly lower for fibers spun with positive polarity than negative.
The larger number of phage aggregates near the fiber surface intensified scattering losses. While
streptavidin conjugate studies examined only the fiber exterior, these experiments expanded the
investigation to the subsurface modal volume. These observations are consistent with the size of
the aggregates observed with confocal and have implications for other biohybrid fiber

applications.
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Figure 6. a) Graphical representation of a cylindrical WGM resonator supporting light
recirculation within the cross-section due to total internal reflection. b) Representative
fluorescence spectrum of a crosslinked BSA blocked 19.41 pm diameter PVA/M13 pH 1.6 fiber
electrospun with positive polarity, submerged in PBS. The spectrum was taken with a 50x long
working distance objective under 532 nm CW illumination. Inset: Optical image of 18.48 um

diameter PVA/M13 pH 1.6 positive polarity fiber in PBS. Scale bar: 15 pm.
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3.4 Control of M13 bioreceptor surface concentration in electrospun label-free WGM

biosensors.

Label-free optical biosensing of streptavidin was performed using PVA/M13 microfibers
electrospun at pH 1.6 with both positive and negative spinneret polarity. The M13 streptavidin-
binding variant served as a biorecognition element, conferring specificity for the analyte to the
WGM resonator. A representative spectrum and an optical image of a fiber biosensor immersed
in PBS are shown in Figure 6. Fiber resonators with diameters between 16 and 20 pm, and Q
values between 2000 and 5000 were selected for sensing experiments. Prior to the addition of
streptavidin, the resonance of the fiber was recorded for a minimum of 1 h at 3 min intervals.
Streptavidin was added to obtain a 1310 nM solution. The optical responses of the sensors are
found in Figure 7. Regardless of polarity, the increased streptavidin concentration caused a rapid
increase in resonance wavelength. Streptavidin has a higher polarizability than PBS buffer. As
streptavidin displaces the buffer by binding to phage-based bioreceptors on the resonator surface,
interactions with the evanescent field cause the WGMs to red shift. Devices electrospun with
positive and negative polarity exhibited average red shifts of 0.055 +£0.031 nm and 0.015 +
0.033 nm, respectively. In WGM evanescent sensing, only bioreceptors on the cavity surface can
participate in analyte binding and detection. The nearly 3.7x larger response measured for the
resonators spun with positive polarity is consistent with the higher M 13 surface concentration
observed in nanoparticle conjugate binding, refractive index, and Q value studies. Using the
mode shift of the WGM resonator, the surface density of streptavidin bound to the exterior of the
biosensors was calculated.>> Average surface densities of 1.74 x10!! streptavidin/cm? and
6.05x10"" streptavidin/cm? were determined for devices spun with negative and positive polarity,

respectively. Assuming the streptavidin surface coverage approximately corresponds to that of
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the streptavidin-binding phage, by simply switching the spinneret polarity from negative to
positive, bioreceptor coverage increased from 3.42% to 12.76%. With extended sensing time, the
mode gradually drifted to shorter wavelengths. While the exact source of this blue shift requires
further investigation, it is likely due to a combination of fluorescent molecule photobleaching

and polymer matrix heating associated with continuous wave laser excitation.
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Figure 7. a) Representative resonance peak wavelength shift over time for BSA blocked
PVA/M13 pH 1.6 negative and positive polarity devices submerged in PBS and upon exposure to
streptavidin solution. b) The WGM resonant shift in response to streptavidin addition averaged
from three devices electrospun with a positive polarity and four devices electrospun with a

negative polarity.
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4. CONCLUSION

In conclusion, we have investigated the role of electrostatic forces on the distribution of a M13
streptavidin-binding variant within PV A near-field electrospun microfibers. For this purpose, the
effects of pH and field polarity were explored. Confocal fluorescence microscopy revealed that,
while the pH of the electrospinning solution strongly influenced fiber size and phage-phage
interactions, polarity did not. In addition, affinity-based nanoparticle conjugate surface binding
provided evidence that Coulomb interactions were able to manipulate phage migration and
generate biohybrid fibers with surfaces either enriched or depleted of M13.These findings
represent an opportunity to use electrospinning polarity to maintain microbe surface presentation,
while tailoring microfiber dimensions and microorganism dispersion independently through pH
or other solution parameters.?” The circular cross-sections of fluorescent dye-doped PVA/M13
microfibers were employed as label-free WGM optical resonators to further probe microbe
position and detect streptavidin as a model bioanalyte. Modal analysis, which extended the
investigation to the near surface microbe content, supported nanoparticle binding affinity
findings. The significant polarity-driven increase in phage bioreceptor surface density resulted in
a 3.7x enhancement in biosensor response. These studies validate electrostatic forces as a simple,
yet highly effective means to control microorganism surface concentration within biohybrid
near-field electrospun fibers, drastically improving performance. Moreover, the combination of
this strategy and WGM resonator fabrication demonstrates the potential of integrated electrospun
biohybrid sensors for a range of applications from detection of metabolites near bioscaffolds to

pollutant degradation caused by encapsulated bioremediators.
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