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Abstract

Electrospun fibers (EFs) have been widely used in a variety of therapeutic applications; however, they have only recently been applied as a
technology to prevent and treat sexually transmitted infections (STIs). Moreover, many EF technologies focus on encapsulating the active
agent, relative to utilizing the surface to impart biofunctionality. Here we describe a method to fabricate and surface-modify poly(lactic-co-
glycolic) acid (PLGA) electrospun fibers, with the potent antiviral lectin Griffithsin (GRFT). PLGA is an FDA-approved polymer that has been
widely used in drug delivery due to its outstanding chemical and biocompatible properties. GRFT is a natural, potent, and safe lectin that
possesses broad activity against numerous viruses including human immunodeficiency virus type 1 (HIV-1). When combined, GRFT-modified
fibers have demonstrated potent inactivation of HIV-1 in vitro. This manuscript describes the methods to fabricate and characterize GRFT-
modified EFs. First, PLGA is electrospun to create a fiber scaffold. Fibers are subsequently surface-modified with GRFT using 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS)chemistry. Scanning electron microscopy (SEM) was used to assess
the size and morphology of surface-modified formulations. Additionally, a gp120 or hemagglutinin (HA)-based ELISA may be used to quantify the
amount of GRFT conjugated to, as well as GRFT desorption from the fiber surface. This protocol can be more widely applied to fabricate fibers
that are surface-modified with a variety of different proteins.

Video Link

The video component of this article can be found at https://www.jove.com/video/56492/

Introduction

The use of EFs as a topical delivery platform has the potential to significantly reduce STIs. Currently, there are over 36 million people living with
HIV, with over two million new cases of reported in 2015 alone1,2. Additionally, herpes simplex virus type 2 (HSV-2) infection affects hundreds
of millions of people worldwide and has been shown to enhance the acquisition of HIV by 2 - 5 fold3. Due to this relationship between HSV-2
infection and HIV acquisition, there is significant interest in developing new active agents that provide simultaneous protection against multiple
STIs. Moreover, the development of new vehicles to improve the delivery of these antiviral agents offers the potential to further enhance
protective and therapeutic potency. Toward this goal, EFs have been investigated as a new delivery platform to reduce the prevalence of HIV-1
and HSV-2 infections.

During the past two decades, EFs have been extensively used in the fields of drug delivery and tissue engineering4. Often, biocompatible
polymers are selected to easily translate to therapeutic applications. To fabricate polymeric EFs, the selected polymer is dissolved in an organic
solvent or aqueous solution, depending on the degree of polymer hydrophobicity5. Active agents of interest are then added to the solvent or
aqueous solution prior to the electrospinning process. The polymer solution is then aspirated into a syringe and slowly ejected while subject to an
electrical current. This process typically results in polymer fibers with sheet or cylindrical macrostructures (Figure 1), and fiber diameters ranging
from the micro- to nano-scale6. For most therapeutic applications, active agents are incorporated within the fibers during the electrospinning
process and are released from the fiber via diffusion and subsequent fiber degradation. The rate of degradation or release may be altered by
using different types of polymers or polymer blends to establish a desired release profile, imparting unique chemical and physical properties7,
and promoting the encapsulation of virtually any compound. As such, EFs have proven beneficial to the delivery of small molecule drugs and
biological agents including proteins, peptides, oligonucleotides, and growth factors6,8,9.

https://www.jove.com
https://www.jove.com
https://www.jove.com
mailto:jill.steinbach@louisville.edu
https://www.jove.com/video/56492
http://dx.doi.org/10.3791/56492
https://www.jove.com/video/56492/


Journal of Visualized Experiments www.jove.com

Copyright © 2017  Journal of Visualized Experiments October 2017 |  128  | e56492 | Page 2 of 11

In the field of STI prevention, EFs have been recently used to incorporate and provide sustained- or inducible-release of antiviral
agents10,11,12,13,14,15,16,17,18,19. In one of the earliest studies, pH-responsive fibers were developed to release active agents in response to
environmental changes within the female reproductive tract (FRT), as an on-demand method of protection against HIV-111. Since, other studies
have investigated polymer blends comprised of polyethylene oxide (PEO) and poly-L-lactic acid (PLLA), to evaluate the tunable release of
antiviral and contraceptive agents for HIV-1 prevention and contraception in vitro12. Additional studies have demonstrated the feasibility of EFs to
provide the following: prolonged release of small molecule antivirals14, strong and flexible mechanical properties20, 3-D delivery architectures21,
inhibition of sperm penetration12, and the ability to merge with other delivery technologies13. Finally, previous work has evaluated polymeric fibers
for the sustained-delivery of antiviral agents against common co-infective viruses, HSV-2 and HIV-114. In this study, polymer fibers provided
complementary activity to antiviral delivery by retaining their structure for up to 1 month and providing a physical barrier to viral entry. From these
results, it was observed that EFs may be used to both physically and chemically hinder virus infection.

While tunable release properties make polymeric EFs an attractive delivery platform for microbicide delivery, EFs have been developed in other
applications to serve as surface-modified scaffolds7. EFs have been used to mimic the morphology of the extracellular matrix (ECM), often acting
as scaffolds to improve cellular regeneration22, and enhance their utility in tissue engineering23,24. Fibers comprised of polymers such as poly-ε-
caprolactone (PCL) and PLLA have been surface-modified with growth factors and proteins after electrospinning to impart ECM-like properties
including increased cellular adhesion and proliferation25,26. Additionally, antimicrobial surface-modified EFs have been evaluated to prevent the
growth of specific pathogenic bacteria27,28. Due to this versatility and the ability to induce biological effects, EF technology continues to expand
across a variety of fields to provide multi-mechanistic functionality. Yet, despite their utility in a diversity of applications, surface-modified fibers
have only recently been explored in the microbicide field29.

In parallel with the development of new delivery technologies to prevent and treat STIs, novel biological therapeutics have been developed.
One of the most promising microbicide candidates is the adhesive antiviral lectin, GRFT30. Originally derived from a species of red algae, GRFT
has demonstrated activity as a potent inhibitor of HIV, HSV-2, SARS, as well as Hepatitis C virus31,32,33,34,35,36. In fact, among biologically-based
inhibitors, GRFT has the most potent anti-HIV activity, inactivating HIV-1 almost immediately upon contact30, while maintaining stability and
activity in the presence of culture media from vaginal microbes for up to 10 days37. More recently, a 0.1% GRFT gel was shown to protect mice
against intravaginal HSV-2 challenge, making it a promising candidate for the first line of protection against both HSV-2 and HIV-132,38. For HIV
specifically, GRFT inhibits infection by physically binding gp120 or terminal mannose N-linked glycan residues on viral envelope surfaces to
prevent entry38,39,40,41,42. This inhibition is highly potent, with IC50s approaching 3 ng/mL43. In addition to inhibiting HIV infection, studies have
also shown that GRFT protects against HSV-2 infection by inhibiting the cell-to-cell spread of the virus32. In all cases, GRFT has been shown
to be adhesive to viral particles, while demonstrating high resistance to denaturation. Last, GRFT has demonstrated synergistic activity with
combinations of Tenofovir (TFV) and other antivirals44, making it feasible and likely beneficial to co-administer with EFs. The potent properties of
GRFT make it an excellent biologically-based antiviral candidate, in which delivery may be enhanced with EF technology.

Utilizing this knowledge of the adhesive and innate antiviral properties of GRFT, a polymeric fiber scaffold was designed, that integrates these
properties to provide the first layer of virus entry inhibition29. Finding inspiration in the way that cervicovaginal mucus hinders virus transport
primarily through mucoadhesive mucin interactions, we hypothesized that by using EFs as a scaffold and covalently modifying the surface with
GRFT, a high density of surface-conjugated GRFT would debilitate and inactivate virus at its entrypoint45,46,47. Here EFs were developed as a
stationary scaffold to provide a protein-based, viral adhesive-inactivating barrier platform. We sought to combine the potent antiviral properties of
GRFT with a biocompatible, modifiable, and durable polymer platform, to create a novel virus "trap."

To achieve these goals, fibers comprised of PLGA were electrospun, and EDC-NHS chemistry was used to subsequently modify the EF
surface with GRFT. PLGA served as a model polymer due to its extensive use in electrospinning48, combined with its biocompatibility and
cost-effectiveness. Additionally, surface modification exploits the large surface area of EFs, and provides a useful alternative that can be
combined with encapsulation to maximize fiber utility49. Unlike traditional encapsulation methods where only a portion of GRFT is available
(and only transiently present in the FRT), surface modification may enable GRFT to maintain maximum bioactivity during the entire duration
of treatment. Furthermore, the incorporation of hydrophilic compounds such as proteins, by traditional electrospinning methods, may result in
lower encapsulation efficiencies and loss of protein activity50. Therefore, GRFT surface-modified fibers may offer a promising alternative delivery
method that can be used alone or in combination with electrospinning to enhance protection against STI infection.

Protocol

1. Preparation and Fabrication of the Electrospun Fiber Scaffold

CAUTION: All work with solvents or polymer solutions should be performed in a chemical fume hood. Refer to material safety datasheet of each
reagent before starting the protocol.

1. To electrospin a 3 mL 15% w/w PLGA polymer solution, weigh 720 mg of 50:50 poly(lactic-co-glycolic acid) (PLGA; 0.55 to 0.75 dL/g, 31-57
kDa) into a 10 mL scintillation vial. The volume of the solution is based on the typical batch size used in current studies.
 

NOTE: The polymer mass to add to a given volume of solvent must be calculated by first determining the density of the solvent used to
dissolve the polymer. The density of the solvent Hexafluoro-2-propanol (HFIP) is 1.59 g/mL. Thus, the weight of solvent, based on a volume
of 3.0 mL HFIP needed, is 4.8 g (3.0 mL x 1.59 g/mL). For a 15% w/w fraction of PLGA to HFIP, 720 mg PLGA must be added to 3.0 mL
HFIP (0.15 x 4,800 mg = 720 mg). The advantage of using a % w/w polymer/solution, rather than % w/v, is that this provides a defined weight
of the final solution. This defined weight enables more accurate solvent replacement, in the case of solvent evaporation during step 1.3.

2. Add 3.0 mL HFIP to the glass scintillation vial containing PLGA (from step 1.1) using a serological glass pipette. Cover the vial with plastic
film, then measure and record the vial mass.

3. Incubate the polymer suspension overnight at 37 °C to ensure complete dissolution of the polymer. If any solvent evaporates, decreasing the
vial mass, add HFIP until the vial reaches its original mass in step 1.2.

4. After incubation, prepare the electrospinning apparatus (Figure 2A). Although a mandrel of any size may be used, here a rotating 25 mm
outer-diameter stainless steel mandrel was used as the collector.
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NOTE: A larger mandrel diameter will decrease the fiber thickness, given the same volume of electrospinning solution.
5. Aspirate the polymer solution into a 3 mL syringe.
6. Connect a blunt 18-gauge, ½ inch needle tip to the syringe and dispense the excess solution (typically 0.25 mL) to remove empty headspace

in the needle tip.
7. Place the syringe on a syringe pump and set the instrument flow rate to 2.0 mL/h.

 

NOTE: This flow rate was previously optimized based on polymer viscosity for this formulation.
8. Connect the power source to the syringe needle and electrospin the polymer solution using a voltage of +27 kV. The distance between the

needle and collector should be set to approximately 25 cm (Figure 2B).
 

CAUTION: The electrospinning process creates a solvent vapor. Use a fume hood or an enclosed apparatus (Figure 2) to remove the
harmful vapor.

9. Once the entire solution is electrospun, turn off the power source and allow the mandrel to spin for an additional 30 min to fully evaporate
solvent.

10. Turn off the rotating mandrel collector, and use a razor blade to cut the fiber from the mandrel. Use the blade to gently peel the fiber from the
mandrel.

11. Collect the electrospun PLGA fiber into a labeled Petri dish, and place in a desiccatorovernight to remove residual solvent.

2. Surface-modification of Fibers with GRFT

1. Prepare solutions of phosphate-buffered saline (PBS) and 2-(N-morpholino)ethanesulfonic acid (MES buffer). Prepare PBS by dissolving
8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, and 0.24 g KH2PO4 in 1 L of ultrapure water. Similarly, dissolve 19.52 g MES (free acid, MW 195.2)
and 29.22 g NaCl in 1 L of ultrapure water, to prepare MES buffer. Ensure the final pH of each solution is between 7.2 - 7.5 and 5.0 - 6.0,
respectively, using a pH meter.

2. Prepare individual working solutions of EDC (2 mM) and NHS (5 mM).
1. Remove the EDC and NHS from the freezer and allow them to equilibrate to room temperature before weighing.
2. Weigh 4 mg of EDC into a 1.5 mL microcentrifuge tube.
3. Weigh 6 mg of NHS into another microcentrifuge tube.
4. Add 1 mL MES buffer to each tube. Vortex both tubes vigorously to ensure the reagents are fully dissolved.

3. Prepare a solution of hydroxylamine by weighing 70 mg into a 50 mL conical centrifuge tube.
4. Add 20 mL PBS to the hydroxylamine and vortex to dissolve.
5. Mass out an appropriate amount of PLGA fiber into a 15 mL conical centrifuge tube. Typically, 75 mg of fiber is used for each reaction batch.
6. Add 8 mL of MES buffer to the 15 mL tube.
7. Add 1 mL each of the EDC and NHS solutions prepared earlier to the tube. The final volume of the solution should be 10 mL. The final

concentrations of EDC and NHS should be 0.4 mg/mL and 0.6 mg/mL, respectively.
8. Close and seal the 15 mL tube with plastic film and place on a rotator to allow the solution to be gently inverted for 15 min at room

temperature (Figure 3B). This step activates the carboxyl groups on the polymer to allow for covalent modification with the GRFT protein
(Figure 3A).

9. After activation, carefully quench the reaction by adding 14 µL of β-mercaptoethanol to the tube. Invert the tube several times to ensure
complete mixing.
 

CAUTION: β-mercaptoethanol is highly toxic and should only be used in a chemical fume hood.
10. Discard the supernatant and rinse the PLGA fiber twice, with 10 mL of PBS, to remove any remaining β-mercaptoethanol.
11. After rinsing, add an appropriate amount of GRFT stock solution to the tube. For example, a 5 nmol GRFT/mg fiber would require 6.35 µL of

GRFT stock solution (from a 10 mg/mL stock) per mg of fiber. Thus a 75 mg fiber sample would require 476.25 µL of 10 mg/mL GRFT stock
solution.
 

NOTE: GRFT fibers with theoretical loadings of 0.05, 0.5, and 5 nmol GRFT per mg fiber were fabricated.
12. Add enough PBS to bring the final volume to 8 mL, close and invert the tube to ensure thorough mixing.
13. Seal the tube with plastic film and place on a rotor again, this time for 2 h.
14. After the 2 h incubation, quench the reaction by adding 2 mL of hydroxylamine solution into the 15 mL centrifuge tube. Per manufacturer

instructions, the final concentration of hydroxylamine during the quenching reaction should be 0.7 mg/mL.
15. Mix the solution well and discard the supernatant. Rinse the surface-modified PLGA fiber twice with 10 mL ultrapure water to remove any

unconjugated GRFT.
16. Transfer the fiber to a Petri dish and place inside of a desiccator until the fiber is completely dry. Transfer the Petri dish to 4 °C for storage.

3. SEM Characterization of GRFT Surface-modified Fibers

1. Place a strip of double-sided carbon tape on an SEM specimen mount. Label the bottom of the specimen mount with the sample identifying
information using a permanent marker.

2. Cut three samples from one surface-modified fiber and place them on separate specimen mounts. The thickness of each sample is
approximately 0.5 mm.

3. Sputter coat the samples using electron-induced particle deposition from a gold plate. Sputter coat for 90 s, at 2.4 kV.
 

NOTE: The sputter coat time may vary depending on equipment parameters, including voltage and amperage.
4. Image the samples at 8 kV with a magnification ranging from 1,000 to 5,000X.

4. Extraction of GRFT from Surface-modified Fibers

1. Mass out 2 mg of fiber in triplicate into 1.5 mL microcentrifuge tubes.
2. Add 1 mL dimethyl sulfoxide (DMSO) to the tube, then vortex and incubate for 1 min at room temperature to completely dissolve the fiber.
3. After incubation, dilute a 10 µL aliquot of the DMSO-fiber solution from step 4.2, at least 100-fold in Tris-EDTA (TE) buffer (pH = 8.0).
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4. Store samples at -20 °C until loading characterization with ELISA.

5. Measuring GRFT Desorption from Fibers

1. To assess the amount of GRFT released or desorbed from the fiber, weigh 5 - 10 mg of surface-modified fiber and place in a microcentrifuge
tube. Record the fiber mass in each tube.

2. Add 1 mL of an appropriate solution that mimics the physiological environment (e.g., PBS, TE buffer, simulated vaginal fluid (SVF), etc.) to
each sample.

3. Incubate the samples for 1 h on a rotating shaker at 200 rpm, 37 °C.
4. After incubation, remove approximately 1 mL of TE buffer containing the desorbed GRFT from the vial, and aliquot to cluster tubes. Store at

-20 °C until protein quantification.
5. Transfer the sample to a new microcentrifuge tube, add 1 mL of fresh buffer solution to the fiber within the microcentrifuge tube, and incubate

until the next time point.
6. Typical time points used to measure release include: 1, 2, 4, 6, 8, 24, 48, 72 h, and 1 wk. Negligible desorption was observed in these studies

after 4 h.

6. Quantification of GRFT Extraction and Desorption via ELISA

1. Coat a 96-well ELISA plate with 0.1 mL of HA (10 µg/mL) per well as previously described51. Seal the plate with plastic film and incubate
overnight at 4 °C (Figure 4).

2. Remove the coating buffer, and add 0.3 mL blocking buffer (2 - 3% bovine serum albumin (BSA) in PBS with 0.05% polysorbate 20) to each
well. Incubate the plate for at least 2 h at room temperature.

3. After incubation, rinse the plate 3 times with 1x PBS with 0.1% polysorbate 20 (PBS-P). After rinsing, dispense 0.1 mL of sample, standard,
or PBS as negative control into the respective wells. Incubate the plate again for 1 h at room temperature.

4. Rinse the plate 3 times again with PBS-P. After rinsing, add 0.1 mL of primary antibody (goat anti-GRFT antiserum) into each well and
incubate for at least 1 h at room temperature. Typically, the primary antibody solution is diluted by 1:10,000 in PBS.

5. After incubating the samples with primary antibody rinse the plates again 3 times with PBS-P. Add 0.1 mL of secondary antibody (horseradish
peroxidase (HRP)-conjugated rabbit anti-goat IgG) to each well and incubate for 1 h at room temperature. The secondary antibody solution is
diluted by 1:10,000 in PBS.

6. Wash the plate 3 times. Add 0.1 mL TMB 2-peroxidase substrate to each well. Monitor color development (approximately 2 min), then add 0.1
mL H2SO4 (1 N) to quench the reaction. Read plate at 450 nm on a plate reader.

7. Average the background OD values (wells which only receive PBS), and subtract this from the experimental groups.

Representative Results

Fiber morphology has a significant effect on the ability of surface-modified EFs to provide protection against viruses. Although electrospinning
is a convenient and straightforward procedure, non-optimized polymer formulations may result in irregular fiber morphology (Figure 5B-C).
Alterations in electrospinning conditions that result in the formation of beaded or amorphous mat-like morphologies, are often caused by solvent-
polymer incompatibility, low polymer viscosity, flow rate, or other electrospinning conditions. The resulting variations in fiber structure can
result in different release profiles for drug-incorporated fibers or inconsistencies in conjugation efficacy, altering the fibers ability to physically
or chemically hinder virus penetration. The PLGA EFs fabricated using the described electrospinning conditions should result in distinct fiber
morphologies with diameters ranging between 1.5 and 2.8 µm (Figure 6). To determine fiber morphology and diameter, EFs should be examined
with SEM prior to other characterization or modification steps.

SEM images of blank, 0.05, 0.5, and 5 nmol GRFT fibers showed no significant differences in fiber morphology (Figure 6A-D), indicating that
GRFT modification has no effect on fiber morphology. To determine the average diameter of each EF formulation, a minimum of 50 random
measurements were taken per field of view from the SEM images. The average diameters of the EF formulations were measured and calculated
in ImageJ, as shown in Figure 6E. All EF formulations had similar average diameters around 1.9 µm, demonstrating the consistency of
unmodified fiber fabrication process across batches.

To determine the amount of GRFT conjugated to the EFs, GRFT-EFs were dissolved in DMSO, followed by a 100-fold dilution in TE buffer, to
extract GRFT from the fiber. The quantity of GRFT conjugated per mg of fiber was quantified using ELISA. For each modification density (0.05,
0.5, and 5 nmol GRFT per mg fiber), ten replicates were evaluated. For the 5, 0.5, and 0.05 nmol GRFT/mg EF modifications, each EF had
373, 165, and 42 ng GRFT per mg of EF, resulting in conjugation efficiencies of 0.6, 4.2, and 6.9%, respectively. These results demonstrate that
GRFT-EFs conjugated with higher theoretical surface-modification density, result in more GRFT conjugated to the fiber (Figure 7A). However,
there was an inverse correlation with the resulting conjugation efficiency29.

To assess the amount of GRFT covalently conjugated to the fiber surface relative to that adsorbed, GRFT-EFs were incubated in SVF to
determine the amount of GRFT released. Within the first 4 h, 113, 25, and 10 ng of GRFT per mg EF was detected in SVF for the 5, 0.5, and
0.05 nmol theoretical modification concentrations, respectively. These values correspond to 30%, 41%, and 24% of the amount of GRFT
conjugated to 5, 0.5, and 0.05 nmol GRFT-EFs. After 4 h, negligible GRFT was detected in the release eluate for all three formulations. GRFT
release after 1, 2, and 4 h is shown in Figure 7B. Taken together, these data indicate that the majority of GRFT is covalently bound to the EFs,
and that the surface-adsorbed GRFT is released within the first 4 h.
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Figure 1: The macroscale morphology of electrospun fibers. The electrospun fibers shown were fabricated using a 4 mm (cylinder) and 25
mm (sheet) diameter mandrel, respectively. Please click here to view a larger version of this figure.

 

Figure 2: Electrospinning apparatus. (A) The collecting mandrel where the liquid jets of polymer deposit, and (B) the full electrospinning setup.
Please click here to view a larger version of this figure.

 

Figure 3: Schematic of EF modification with GRFT using EDC-NHS chemistry. (A) Carboxyl groups on the PLGA EF react with NHS in the
presence of EDC to form amine-reactive esters, which will subsequently form stable amide bonds with the primary amines of GRFT. (B) Two
milligram fiber disks or pieces are cut and incubated in 8 mL of MES buffer with 2 mL of EDC/NHS reagent and rotated for 15 min. Please click
here to view a larger version of this figure.
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Figure 4: Schematic illustrating GRFT quantification using ELISA. A 96-well immunoplate is coated with gp120 or HA to capture and
immobilize GRFT. Primary antibodies against GRFT, secondary antibodies linked to horseradish peroxidase, and ELISA substrate are
sequentially added to quantify GRFT. Please click here to view a larger version of this figure.

 

Figure 5: Effects of solvent choice on PLGA EF morphology. (A) The 15% w/w PLGA EFs in HFIP displayed desirable thread-like
morphology. (B) The 15% w/w PLGA EFs in chloroform and dimethylformamide, failed to form due to non-optimal solvent choice or polymer
concentration (viscosity). (C) The 15% w/w and (D) 20% w/w PLGA EFs in TFE demonstrate the importance of polymer viscosity. Beads formed
in the formulation with lower polymer concentration (C), while increasing the polymer concentration (solvent viscosity) resulted in well-defined
fiber morphology (D). Note, Figure 5B was taken at a lower magnification to show the mat-like morphology. Scale bars = 10 µm. Please click
here to view a larger version of this figure.
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Figure 6: SEM images and fiber diameters of bare and GRFT-modified EFs. (A) Bare PLGA EFs and PLGA EFs surface-modified with (B)
0.05 nmol, (C) 0.5 nmol, and (D) 5 nmol of GRFT per mg of fiber. Scale bars = 10 µm. (E) Diameters of unmodified and GRFT-EFs. Error bars
represent the mean ± SEM. No statistical difference was observed between the diameters of unmodified and GRFT-modified fibers. Figure 6E
has been adapted from Grooms et al.29 Please click here to view a larger version of this figure.

 

Figure 7: Quantity of GRFT conjugated to and desorbed from GRFT-modified EF. (A) The quantity of GRFT conjugated to each mg of EF
fiber increases with increased GRFT reactant concentration. (B) The quantity of GRFT released from each mg of fiber is shown for the 0.05, 0.5,
and 5 nmol formulations after 1, 2, and 4 h incubation in SVF. Error bars represent the mean ± SEM. This figure has been adapted from Grooms
et al.29  Please click here to view a larger version of this figure.
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Discussion

Due to their porous structures and large surface areas, EFs have found a variety of applications in healthcare, one of which includes serving as
therapeutic delivery vehicles. Drugs and other active agents can be incorporated within EFs for tunable delivery, while biologics and chemical
ligands can be conjugated to the fiber surface for cell-specific targeting52 or biosensing53. Here the fabrication of GRFT surface-modified PLGA
EFs, as a delivery scaffold to prevent HIV infection, is described. GRFT-EFs were synthesized by electrospinning, providing the advantages of
low cost and high production rate relative to other fiber production methods49,53.

Critical Steps in the Protocol
 

The formation of EFs is critically dependent on the properties of polymer solution, in particular the solution or solvent viscosity54. The factors that
affect the viscosity of a polymer solution include polymer molecular weight, polymer concentration, and the type of solvent used. The solution
or solvent viscosity is typically adjusted by changing the ratio of polymer to solvent, to obtain the desired polymer concentration. With each
fabrication, the volume must be maintained during overnight incubation to maintain the proper polymer-to-solvent ratio (viscosity). At sufficiently
high polymer concentration, the polymer molecules entangle in the solution during the electrospinning process to produce fibers. During the
electrospinning process, a bead will form at the spinneret tip and if there is sufficient polymer entanglement, liquid jets will erupt from this point at
a critical voltage and accelerate in whip-like fashion toward the collecting mandrel55. Solvent evaporation will then lead to jet thinning, producing
threads of fiber as they deposit on the collecting mandrel. Once synthesized, EFs should be analyzed by SEM to verify proper morphology and
consistent fiber diameter. The presence of beaded EFs may be the result of low solution viscosity56, exceedingly high applied voltage57, polymer
feed rate58, or a combination of all three factors. If this is observed, polymer concentration should be increased and the applied voltage and feed
rate should be adjusted, to attain fiber-like morphology.

To conjugate proteins to the EF surface, here PLGA carboxyl groups were reacted using EDC-NHS carbodiimide crosslinking chemistry59. During
the modification process, fibers are briefly incubated with EDC in the presence of NHS which results in the conversion of carboxylates into semi-
stable, amine-reactive esters. During the two-step conjugation process, it is critical that the buffers used during each step have the optimal pH,
noted in the manufacturer's instructions, to ensure maximum conjugation efficiency. The half-life of NHS esters ranges from four to five hours at
neutral pH and dramatically decreases in more basic conditions60. Thus, the first reaction should be performed in MES buffer at pH 5 - 6 and the
activated fibers should then be transferred to a PBS buffer (pH 7.2 - 7.5) for subsequent and immediate reaction with GRFT. It is also important
that EDC is inactivated by the addition of 2-mercaptoethanol and sufficiently rinsed from the fibers after carboxylate activation. This will help
prevent protein activation by EDC and self-crosslinking during the second reaction, which may reduce conjugation efficiency.

Modifications and Troubleshooting
 

Although our previous work demonstrated the efficacy of a variety of GRFT-modified fibers against HIV-1 infection, certain process alterations
may be considered to customize EF morphology or to improve GRFT (or other protein) conjugation efficiency or fiber yield29. In particular, the EF
surface area may be increased by decreasing the fiber diameter, to enable a greater surface area for conjugation. Previous studies have shown
that reducing polymer concentration and viscosity produces smaller fiber diameter61,62. However, this approach is limited by the formation of
beaded fibers when the concentration is below the threshold value. To decrease fiber diameter without changing solution viscosity, dual-solvent
systems can be utilized to reduce the surface tension, or salts may be added to increase solution conductivity56,57. Both methods will enable
greater stretching of the electrospinning jets which may produce smaller fiber diameters. In addition, lower molecular weight polymers may be
used to fabricate smaller diameter fibers. Decreasing fiber diameter also provides the added advantage of generating smaller pores, potentially
making EFs more effective as a barrier to virus penetration, for microbicide-based applications63. Finally, it was observed that humidity can affect
EF yield. At higher humidity, the yield tends to decrease due to the formation of fibers with unusual macro-morphology. Installing a humidity
control system within the electrospinning chamber could therefore facilitate producing EFs with consistent yields, if this presents a challenge to
fabrication.

To improve GRFT conjugation efficiency, investigating the selection and location of functionalizable groups may also be considered. For
example, if the primary amines of the protein of interest are located near the interior of the three-dimensional protein structure, steric hindrance
may prevent activated carboxyl groups on EFs from interacting with primary amines, thereby decreasing the likelihood of the reaction. This
challenge may be overcome by amino acid substitution of the protein to generate a primary amine group closer to the protein surface. However,
as GRFT and other proteins depend on the specific activity of its binding sites for functionality, alterations in protein conformation should be
thoroughly tested in functional assays prior to conjugation.

Limitations
 

A major limitation of GRFT surface modification is the potential for low conjugation efficiency using carbodiimide crosslinking chemistry. If the
antiviral protein of interest has a high IC50, a low conjugation efficiency may not provide sufficient protection (in these applications) against
virus infection. However, for GRFT (or other modified) EFs, proteins and active agents that are not covalently bound to EFs may still adsorb to
the surface. These adsorbed agents offer the potential to complement the activity of conjugated GRFT, by transiently increasing the localized
concentration available for virus binding. In this example, desorbed GRFT may bind to HIV-1 virions that do not directly contact EFs, and may
provide an alternative mechanism of protection with the first 4 h of (pericoital) administration. Thus, both conjugated and surface-adsorbed GRFT
may contribute to providing uniform protection against STIs.

Despite the protection conferred from both protein conjugation and desorption, other surface-modification strategies with potentially higher
efficiency might be pursued. For example, PLGA terminated with amines instead of carboxyl groups could be used to conjugate activated GRFT.
Alternatively, a different surface-modification strategy may be utilized to improve EF-protein conjugation efficiency. Nanofibrous membranes
composed of EFs have been functionalized with avidin via carbodiimide crosslinking chemistry64. Biotinylation or addition of a Strep-tag (Trp-Ser-
His-Pro-Gln-Phe-Glu-Lys) through recombination may enable the modified protein to form strong and extremely stable non-covalent interaction
with avidin EFs. While non-covalent, the avidin-biotin linkage is the strongest non-covalent bond, with femtomolar affinity, likely resulting in
stable conjugation to the fiber surface. For any surface-modification strategies, steric hindrance should be considered to maximize conjugation
efficiency.
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Lastly, we envision that surface-modified EFs will offer an alternative strategy to active agent encapsulation to provide complementary modes
of protection. One consideration with combining encapsulation and surface-modification technologies on a single EF platform will be reducing
the premature release of active agents during the surface-modification process. For surface-modification reactions that require relatively long
incubation time in aqueous solution, a significant percentage of the active agents loaded could be lost due to polymer hydrolysis.

Significance of the Method with Respect to Existing and Alternative Methods
 

In previous work, we observed that unmodified blank EFs were able to inhibit HIV infection by ~38% when placed in a transwell insert above
infectible cells29. This observation combined with the biocompatibility, web-like microstructure, and tortuosity of EFs, in parallel with the observed
potent antiviral and adhesive properties of GRFT, prompted the development of the surface-modified EFs described here.

Relative to other delivery technologies currently employed in microbicide applications, EFs have a wide range of potential applications due to
their architecture and capacity for customization. In other work, the fibrous morphology of EFs has enabled them to deliver active agents, and
to mimic the ECM, making them suitable scaffolds for tissue engineering. EFs have also been surface-modified to enhance biocompatibility and
enhance sustained-release65,66.

To enhance biocompatibility or deliver agents that function through specific binding activity, numerous methods exist that allow for the attachment
of compounds to the surfaces of EFs such as plasma treatments, wet chemical methods, and surface graft polymerizations50. In the case of
GRFT which specifically bind to the viral glycoproteins of HIV-1, the wet chemical method of EDC-NHS is the most optimal due to the ability to
penetrate fibers deep within the mesh while also preserving GRFT functionality50. GRFT immobilized to EFs can then be delivered in a durable
formulation to the FRT and provide immediate protection against HIV infection.

Compared to the existing strategy of encapsulating therapeutics within EFs to inhibit STIs, covalent conjugation offers the distinct advantage
of increasing the potential avidity between GRFT and HIV virions. By immobilizing GRFT to EFs through surface-modification, highly localized
concentrations of GRFT can be achieved, which increase the opportunity for multivalent binding with HIV. In addition, EF-immobilized GRFT,
relative to free GRFT in solution, may prevent the depletion of the GRFT pool by hindering cell internalization. Moreover, due to the unique
mechanism of action of GRFT as a stable and adhesive entry inhibitor, covalent surface conjugation enables surface-modified EFs to provide a
physical barrier to virus penetration, in addition to potent antiviral properties.

Future Applications of this Method
 

The utilization of surface-modification for delivery presents the opportunity to integrate multiple active agents within a single EF platform. In
the future, we seek to develop a multipurpose technology (MPT) where a variety of active agents may be encapsulated within and conjugated
to EFs. These MPTs may be designed to confer protection against a wider range of pathogens by incorporating therapeutics with different
mechanisms of action. By utilizing both the surface and interior of EFs to deliver active agents with different mechanisms of action, the potential
of EFs to protect against virus infection will be maximized.
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