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ABSTRACT: Clinical use of polymeric scaffolds for tissue
engineering often suffers from their inability to promote strong
cellular interactions. Functionalization with biomolecules may
improve outcomes; however, current functionalization approaches
using covalent chemistry or physical adsorption can lead to loss of
biomolecule bioactivity. Here, we demonstrate a novel bottom-up
approach for enhancing the bioactivity of poly(L-lactic acid)
electrospun scaffolds though interfacial coassembly of protein
payloads with silk fibroin into nanothin coatings. In our approach,
protein payloads are first added into an aqueous solution with
Bombyx mori-derived silk fibroin. Phosphate anions are then added
to trigger coassembly of the payload and silk fibroin, as well as noncovalent formation of a payload-silk fibroin coating at poly(L-
lactic) acid fiber surfaces. Importantly, the coassembly process results in homogeneous distribution of protein payloads, with the
loading quantity depending on payload concentration in solution and coating time. This coassembly process yields greater loading
capacity than physical adsorption methods, and the payloads can be released over time in physiologically relevant conditions. We
also demonstrate that the coating coassembly process can incorporate nerve growth factor and that coassembled coatings lead to
significantly more neurite extension than loading via adsorption in a rat dorsal root ganglia explant culture model.
KEYWORDS: silk fibroin, self-assembly, nerve growth factor, nerve regeneration, electrospinning

■ INTRODUCTION
Electrospinning is a versatile platform for generating fibrous
tissue engineering scaffolds. Compared to other nanofiber
fabrication processes, that is, phase-separation and self-
assembly, a variety of synthetic and natural polymers can be
processed through electrospinning, and the physical character-
istics of the resulting scaffold can be systematically controlled
to more accurately represent the native extracellular matrix.1,2

Biocompatible synthetic polymers, including poly(L-lactic acid)
(PLLA), are routinely used in the electrospinning process as
they provide high tunability and are more easily electrospun
than natural polymers.3 For example, altering the physical
properties of the synthetic polymers, including molecular
weight and crystallinity, allows for the generation of scaffolds
with tunable mechanical properties and degradation rates.4−6

Additionally, changes in the electrospinning environment
provide systematic control over physical electrospun fiber
characteristics such as diameter,7 alignment,8 and surface
morphology.9 This high degree of control at both the material
and processing levels have led to the creation of tissue
engineering scaffolds for a variety of potential medical
applications including use following nerve,10,11 cartilage,12

and vascular13 injury. In particular, synthetic polymers are
attractive for nerve regenerative applications as they exhibit
low process variability, and their high processability can be

used to generate scaffolds with directional and topographical
cues to direct axonal regeneration through an injury site.11,14

Importantly, the degradation characteristics of some synthetic
polymers enable appropriate mechanical robustness over the
course of months, which aligns with the time frame of
peripheral nerve injury repair.14,15

Although synthetic polymers offer many advantages, their
translation into clinical practice often is impeded due to poor
cell-surface interactions.16 Thus, surface functionalization with
biomolecules, often extracellular matrix proteins17−19 or
growth factors,12,20,21 is necessary to induce cellular attach-
ment and protein expression. Biological functionalization onto
the surface of synthetic polymer surfaces is currently achieved
though nonspecific adsorption22 or chemical conjugation via
biorthogonal chemistries.23,24 Although physical adsorption
can be applied to scaffolds of different chemistries and
architectures, proteins are known to denature upon adsorption
to surfaces, leading to a loss in biological activity.25,26
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Additionally, physical adsorption is highly dependent on the
physicochemical properties of the underlying scaffold and
solution environment27 and thus often requires optimization.
Alternatively, covalent conjugation can be achieved by linking
specific reactive sites on the protein surface to specific
chemistries within the polymer or following surface mod-
ification to the polymer surface. However, nonspecific site
modifications of proteins can diminish their activity either
though changes in secondary and tertiary structure or due to
uncontrollable protein orientation on the substrate surface.23

In addition, the lack of reactive groups in many biodegradable
polymers limits chemical derivatization unless electrospinning
is done with blends of reactive polymers, or surface
pretreatments are employed, such as plasma treatment or
wet chemical treatments.28 However, these pretreatments can
adversely affect scaffold biocompatibility.29

We have previously described a new bottom-up noncovalent
approach for functionalizing electrospun scaffold surfaces
based on the self-assembly of silk fibroin (SF) proteins at
solid−liquid interfaces.30,31 Our self-assembly process creates
dense and adherent nanothin SF coatings by coupling surface
protein adsorption with supramolecular self-assembly at the
solid−liquid interface between the substrate surface and
coating solution. This allows the coatings to be formed on a
range of hydrophobic, hydrophilic, organic, and inorganic
substrates. The amount of protein in these coatings far exceeds
the quantity expected in a typical protein adsorption scenario,
which generally results in saturation at submonolayer surface
coverage. Unlike traditional top-down coating approaches with
SF, including dip-coating or drop-casting, our self-assembled
coatings do not require solvent removal though drying
processes, nor do they require post-treatments to be fixed
onto the surface.32,33 Instead, our coatings continuously grow
from a solid−liquid interface over time, while the substrate is
immersed in the coating solution. Coating formation by SF is
likely attributed to the occurrence of intra- and intermolecular
interactions that promote protein−surface and protein−
protein interactions upon addition of phosphate anions, with
concurrent increases in β-sheet conformations during coating
growth.30,31 The nanothin nature of self-assembled SF coatings
provides a strategy for modifying the chemical characteristics
of a substrate surface without affecting bulk properties. Our
previous studies showed that self-assembled coatings can be
grown homogeneously on topologically complex PLLA
electrospun scaffold surfaces without causing drastic changes
to electrospun fiber diameter and alignment. Additionally, the
coatings can be grown in mild aqueous buffer without any
covalent conjugation chemistries or pretreatments, and they
have been shown to enhance the cellular response of PLLA
electrospun scaffolds using rat dorsal root ganglia explant
culture models.
SF has been heavily studied as a biomaterial due to its

biomedically relevant properties.34,35 For example, SF-based
materials can be generated through all-aqueous processing
techniques.36 In addition, SF exhibits exceptional biocompat-
ibility, generally eliciting lower inflammatory responses in vivo
than collagen and polylactic acid,37,38 and its biodegradation
does not generate cytotoxic byproducts.39 Recently, a major
focus of SF-based materials has been directed at its use as a
drug delivery vehicle for delivery of both small and
macromolecular payloads, including anticancer therapeu-
tics40−42 and bioactive proteins for tissue regeneration.43−46

As a biomaterial, SF is an extremely versatile drug delivery

platform for delivery of macromolecular payloads due to its
ability to stabilize incorporated bioactive macromolecules in
their native state.47 This has allowed SF-based materials to be
used for the delivery of sensitive growth factors to better direct
cellular differentiation and proliferation.43,48 However, when
applied as coatings, either through drop-cast or dip-coating, SF
is often functionalized with payloads postfabrication due to the
necessity of treatments for coating fixation that can negatively
affect payload bioactivity.47

Herein, we demonstrate that coating formation by interfacial
SF assembly can provide a modular platform for creating drug-
eluting surfaces to enhance the bioactivity of polymeric tissue-
engineering scaffolds. We hypothesize that direct addition of
biologics into the coating solution can provide a facile one-pot,
noncovalent method for localizing them onto the scaffold
surface though a coassembly process, which, unlike dip-coating
or drop-casting, does not require postfabrication fixation steps
that may disrupt payload bioactivity.47 Additionally, we
hypothesize that our process can provide more control over
payload surface loading than physical adsorption without
tedious optimization. To test the versatility of our approach,
four model proteins varying in their size, hydrophobicity, and
overall charge were tested for their ability to coassemble with
SF in solution using Förster resonance energy transfer
(FRET). Additionally, the effects of the coating process on
the activity of the model payloads were investigated to
demonstrate that the mild conditions used to generate the self-
assembled coatings do not significantly reduce the activity of
the payload. The ability of the model payloads to be
incorporated into the nanothin SF coatings on PLLA scaffolds
and the ability to tune the loading by controlling both payload
concentration and coating time were assessed to investigate
how payload physicochemical properties affect their ability to
coassemble with the SF matrix. Payload homogeneity on PLLA
electrospun scaffolds was assessed using confocal fluorescence
microscopy, and the release of protein payloads under
physiologically relevant conditions was investigated to
demonstrate that coatings may be an effective method for
delivering bioactive proteins. Finally, coassembled coatings
containing nerve growth factor were generated, and the
resulting cellular response from rat dorsal root ganglia was
investigated using immunocytochemistry and confocal micros-
copy.

■ MATERIALS AND METHODS
All information regarding the materials, instruments, and software
used in the study is included in the Supporting Information about
materials section (Tables S1 and S2).

Fluorescently Labeled Proteins. Fluorophore conjugation was
performed using a protocol adapted from the ThermoFisher
FluoReporter FITC Protein Labeling Kit and occurred in a solution
consisting of 100 mM sodium bicarbonate pH 9.0 for 1 h at room
temperature. Fluorescein isothiocyanate (FITC)-tagged model
proteins were purified though extensive washing with ultrapure
water using 3 kDa Amicon spin filters at 4 °C. Rhodamine B
isothiocyanate (RITC)-tagged SF (MW ∼ 100 kDa), derived from
the cocoons of B. mori, was purified though extensive dialysis with
ultrapure water using a 3.5−5 kDa Float-A-Lyzer dialysis unit.
Subsequently, the sample was lyophilized, solubilized in aqueous 6 M
guanidinium thiocyanate for 90 min under gentle inversion, and
dialyzed against ultrapure water using a 3.5−5 kDa Float-A-Lyzer
dialysis unit to generate soluble, unassembled RITC-SF stock
solutions. Fluorescently labeled payload proteins were flash frozen
in single use aliquots and stored at 4 °C for no longer than 5 days
after thawing before use. Care was taken to protect samples from light
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to prevent photobleaching. Proteins generally exhibited labeling of ≤1
fluorophore per protein. Model proteins included α-lactalbumin
(ALAC, accession number P00711), β-lactoglobulin (BLAC,
accession number P02754), lysozyme (LYS, accession number
P00698), and bovine serum albumin (BSA, accession number
P02754).
Solution-Phase Förster Resonance Energy Transfer (FRET).

FRET measurements were conducted to investigate the ability of
model protein payloads to coassemble with the SF in solution. Briefly,
fluorescently labeled proteins and commercially purchased stock
solutions of degummed SF (MW ∼ 100 kDa) derived from the
cocoons of B. mori were centrifuged at 8400 rcf for 30 min at 4 °C to
remove protein aggregates immediately prior to use. Protein
concentrations were quantified using a NanoDrop One Spectrometer
(ThermoFisher, MA, USA) by measuring absorbance at 280 nm. We
compensated for the absorbance of FITC or RITC fluorophores by
measuring absorbance of our labeled proteins at 494 nm (for FITC)
and 555 nm (for RITC), multiplying this absorbance by correction
factors of 0.3 (for FITC) and 0.34 (for RITC) to calculate the
fluorophore contribution at 280 nm and subtracting this contribution
from the measured absorbance at 280 nm of the labeled protein. For
SF, it was assumed that 1 abs = 1 mg/mL due to the polydispersity of
the SF molecular weight from the degumming process. Extinction
coefficients of 28,522, 17,600, 38,940, and 43,824 M−1cm−1 were used
for ALAC, BLAC, LYS, and BSA, respectively. Solutions were
prepared by consecutively adding appropriate volumes of ultrapure
water, SF, fluorescently labeled proteins, and 1.25 M KH2PO4/
K2HPO4 (pH 5.0) stock to generate solutions containing 0.5 mg/mL
SF (molar ratio 1:3 of RITC-SF and SF), 200 mM KH2PO4/K2HPO4
pH 5.0, and the desired FITC-tagged model protein concentration.
FRET emission was measured using an EnVision 2104 Multilabel
Reader (PerkinElmer, MA, USA) equipped with a 485/14 nm
excitation filter and 580/10 nm emission filter. In addition, FITC and
RITC emissions without FRET were measured to account for
fluorophore crosstalk using 485/14 nm excitation and 535/30 nm
emission filters for FITC and 535/30 nm excitation and 580/10 nm
emission filters for RITC in single fluorophore controls. Fluorescence
measurements were measured every 1 min for 3 h. FRET emission
was calculated by subtracting only FITC and RITC contributions
from the total fluorescence in the FRET experiment. All measure-
ments were measured in black 96-well plates with three biological
replicates per coating solution condition (n = 3). Data represent mean
± STDEV.
Lysozyme (LYS) Solution-Phase Activity Assay. To investigate

loss of payload activity due to denaturation in the coassembly coating
environment, the activity of the model protein LYS in the coating
solution was investigated using an EnzChek Lysozyme Assay Kit.
Briefly, solutions containing between 5 and 150 μg/mL of LYS in
ultrapure water or 200 mM KH2PO4/K2HPO4 pH 5.0 were prepared
and incubated at 37 °C (60 rpm) with the DQ lysozyme substrate
containing Micrococcus lysodeikticus with fluorescein-labeled cell walls.
After 1 h, fluorescein fluorescence was measured using a SpectraMax
M5 multimode plate reader (Molecular Devices, CA, USA) with an
excitation wavelength of 494 nm and emission wavelength of 515 nm.
Three biological replicates per condition were measured (n = 3), with
data represented as mean ± STDEV. All measurements were
conducted in black 96-well plates.
Poly(L-lactic acid) Scaffold Electrospinning. PLLA electrospun

scaffolds were fabricated using the electrospinning setup previously
described.9 Briefly, PLLA dissolved in chloroform at 8 wt % was
electrospun with an applied voltage of 15 keV and solution flow rate
of 2 mL/h onto 15 × 15 mm glass coverslips affixed to a rotating
(1000 rpm), grounded mandrel (22 cm diameter) at a collection
distance of 4 cm. Scaffolds used to quantify model protein
incorporation and used for confocal fluorescence imaging were spun
for 15 min on bare glass coverslips, and samples used for release and
DRG studies were spun for 30 min onto glass coverslips with drop-
cast PLLA films (50 μL of 4 wt % PLLA in chloroform).
Fiber Characterization. Fiber diameter and alignment were

quantified by using scanning electron microscopy (SEM). Fiber

scaffolds were secured to a square SEM stub using a carbon tape, and
then, an ∼0.5 nm layer of Au/Pd was sputter coated onto the fiber
scaffolds using a Technics Hummer V Sputter Coater (Anatech USA,
CA, USA). A Versa 3D Dual Beam SEM (FEI Versa, OR, USA) was
used to acquire six images at 2500× magnification at different
locations on the scaffold to be used for the diameter and alignment
analysis. Images were acquired at a 5.0 kV accelerating voltage, 10 mm
working distance, 5.0 nm spot size, and 30 μm aperture. A scaffold
from n = 3 fabricated material batches was imaged for analysis. Fiber
diameter was manually analyzed with ImageJ software (National
Institute of Health MD, USA) by utilizing the line tool to draw a line
perpendicular to the fiber orientation over the width of the fiber
(excluding overlapped fibers). At least 100 fibers were analyzed per
material batch.

For analyzing fiber alignment, the fast Fourier transform (FFT)
function in ImageJ was used on 2500× magnification images (6
images per batch, n = 3 material batches). The oval profile plugin was
used to analyze pixel intensity in radial sums in 1° increments from
the FFT output image. A peak normalization method was used so that
the maximum pixel intensity and corresponding angle are set to 1 and
0, respectively. Plots of the angle deviation (±50°) from the
maximum intensity angle according to the normalized FFT data
were generated. The area under the curve was calculated to assess the
degree of fiber alignment, where the AUC can range from 1 (perfect
alignment at a single angle) to 100 (no detectable alignment).

Analysis of PLLA Scaffold Surface Area. Electrospun scaffold
surface area was estimated to normalize the incorporated payload
mass. Briefly, PLLA fibers were removed from electrospun scaffolds
and dissolved in 1 mL of dichloromethane. Absorbance measurements
were conducted at 230 nm in a quartz cuvette using a NanoDrop One
Spectrometer (ThermoFisher, MA, USA) and were compared to a
standard curve. Fiber surface area was estimated from the calculated
mass assuming that fibers were perfectly cylindrical with average
diameters of 2 μm (based on analysis of scaffold SEM images), and
that the density of PLLA was 1.25 g/cm3. Results were averaged from
one scaffold per batch (n = 20).

Coassembly Coating Procedure. Commercially purchased
stock solutions of degummed SF (MW ∼ 100 kDa), derived from
the cocoons of B. mori, and fluorescently labeled proteins were
centrifuged at 8400 rcf for 30 min at 4 °C to remove protein
aggregates immediately prior to use. Protein concentrations were
measured using a NanoDrop One Spectrometer (ThermoFisher, MA,
USA) by measuring absorbance at 280 nm. We compensated for the
absorbance of FITC or RITC fluorophores by measuring absorbance
of our labeled proteins at 494 nm (for FITC) and 555 nm (for
RITC), multiplying this absorbance by correction factors of 0.3 (for
FITC) and 0.34 (for RITC) to calculate the fluorophore contribution
at 280 nm and subtracting this contribution from the measured
absorbance at 280 nm of the labeled protein. For SF, it was assumed
that 1 abs = 1 mg/mL due to the polydispersity of the SF molecular
weight from the degumming process, while extinction coefficients of
28,522, 17,600, 38,940, and 43,824 M−1cm−1 were used for ALAC,
BLAC, LYS, and BSA, respectively. Coassembly solutions were
prepared by consecutively adding appropriate volumes of ultrapure
water, SF, payload protein, and 1.25 M KH2PO4/K2HPO4 (pH 5.0)
stock to generate solutions containing 0.5 mg/mL SF, 200 mM
KH2PO4/K2HPO4 pH 5.0, and the desired payload protein
concentration. PLLA electrospun scaffolds were immersed in freshly
prepared coating solutions and allowed to coat for a set time under
gentle agitation (60 rpm) at room temperature (25 °C). After coating,
scaffolds were removed from the solution and were washed in 3 mL of
ultrapure water for 5 min at 60 rpm. Samples were dried with a stream
of air parallel to fiber alignment to mitigate fiber rearrangement. For
samples prepared with fluorescently labeled SF, a molar ratio of 1:3 of
RITC-SF to SF was used. Care was taken to ensure that scaffolds did
not dry prior to washing and that scaffolds prepared with fluorescently
labeled proteins were protected from light to minimize any
photobleaching effects.

Quantification of Model Protein Incorporation. Coassembled
fluorescently labeled payload incorporated into SF coatings on PLLA
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fibers was quantified via fluorescence after dissolving the SF coatings
from the PLLA substrate. Briefly, PLLA fibers from scaffolds coated
with both fluorescently labeled payloads and SF (1:3 molar ratio
RITC-SF:SF) using the standard coassembly procedure were cut from
the underlying glass coverslip support and placed in 300 μL of 6 M
guanidinium thiocyanate with constant inversion for 2 h at room
temperature (25 °C). Two hundred microliters of the solution was
diluted with 50 μL of ultrapure water (final guanidinium thiocyanate
concentration of 4.8 M), and the fluorescence signals of the FITC-
tagged proteins and RITC-tagged SF were measured using an
EnVision 2104 Multilabel Reader (PerkinElmer, MA, USA) using
485/14 nm excitation and 535/30 nm emission filters for FITC and
535/30 nm excitation and 580/10 nm emission filters for RITC. All
fluorescent measurements were conducted with black 96-well plates,
and sample fluorescence was compared with standard curves of the
fluorescently labeled proteins in 4.8 M guanidinium thiocyanate.
Fibers from three independent PLLA scaffolds were used to quantify
model protein incorporation (n = 3) with data representing mean ±
STDEV. Crosstalk between fluorophores was accounted for in each
measurement based on fluorescence of control samples only
containing a single fluorophore.
Confocal Imaging of Coassembled Coatings. SF-coated

scaffolds containing fluorescently labeled payload proteins and
fluorescently labeled SF prepared by coating the substrate using the
standard coassembly procedure were imaged using an IX-81 Confocal
Microscope (Olympus NY, USA) at 20× magnification. Fluorescence
images were collected using the FITC and RITC filters with an
exposure time of 450 and 100 ms, respectively. Confocal samples were
prepared with 100 μg/mL FITC-ALAC in the coassembly coating
solution and a 1:3 molar ratio of RITC-SF to SF.
AFM Imaging of Coassembled Coatings. Dry height images of

coassembled nanothin SF coatings on smooth substrates (silica wafers
coated with 100 nm of TiO2) were obtained using an MFP-3D AFM
(Asylum CA, USA) operated in tapping mode. Images were collected
at 1024 × 1024 pixel resolution, with a scanning speed of ∼1 Hz using
aluminum reflex-coated SSS-NCHR cantilevers (NANOSENSORS
Neuchat̂el, Switzerland) with <2 nm tip radius, 330 kHz frequency,
and a force constant of 42 N/m. Prior to coating, substrates were
vigorously cleaned by sonicating for 15 min each in 10% Simple
Green Original Degreaser, ultrapure water, isopropanol, acetone, and
ultrapure water to remove any contamination. Samples were prepared
by coating the substrate using the standard coassembly procedure,
with a model protein concentration of 100 μg/mL and a coating time
of 3 h. FIJI (National Institute of Health MD, USA) was used for
manually determining average globule size utilizing the line tool to
draw a line from edge to edge of a globule across its center. Fifty
individual globules from a single image per sample were measured (n
= 50) with data represented as mean ± STDEV. Coatings prepared
for AFM imaging did not contain fluorescently labeled proteins.
Dynamic Light Scattering (DLS). DLS experiments were

conducted at a 30 min time point on coating solutions prepared
using the standard coassembly procedure, with or without model
protein at a concentration of 100 μg/mL, using a Litesizer 500
(Anton Par, Graz, Austria) in quartz cuvettes using a back scattering
angle of 175°. Three biological replicates per condition were tested (n
= 3). Coating solutions prepared for DLS experiments did not contain
fluorescently labeled proteins.
Payload Volume Contribution Calculations. Volume contri-

butions of the model protein payloads in the SF aggregates for
samples made using 100 μg/mL payload protein in coating solution
was estimated utilizing the experimentally determined hydrodynamic
diameters of the SF aggregates from DLS and hydrodynamic
diameters of model proteins taken from the literature. Briefly,
hydrated volumes of SF aggregates and model protein payloads were
determined from the hydrodynamic diameters assuming perfect
spheres. The total number of SF molecules contained in the SF
aggregate species was assumed to be between 80 and 100 from
volume analysis of individual SF globules on coated surfaces (without
payloads) utilizing the particle analysis feature of the Asylum Research
16.14.216 software (Asylum CA, USA) (Figure S1). An explanation

detailing the calculations for determining the number of SF molecules
in the aggregated species is provided in the Supporting Information.
The number of payload molecules per aggregate was calculated by
multiplying this aggregation number by the experimentally
determined payload:SF molar ratio, and the volume contribution of
the payload molecules within an aggregate was then calculated using
their hydrodynamic volumes. The theoretical total hydrodynamic
diameter of the coassembled aggregate was calculated using the sum
of SF aggregate and payload volume contributions, assuming a perfect
sphere.

In Vitro Release of Model Payloads. PLLA scaffolds were
coated for 24 h using the standard coassembly process containing 100
μg/mL FITC-tagged model payload protein and no RITC-tagged SF.
The scaffolds were removed from the underlying coverslip support
and incubated in 1.5 mL of 1× phosphate-buffered saline (PBS) at 37
°C with gentle shaking (60 rpm). At defined time intervals, the release
media were removed and frozen at −80 °C until further analysis, and
new media were added to each sample. After 14 days, the SF coatings
were dissolved from the scaffolds with 6 M guanidinium thiocyanate
to quantify the remaining payload not released over the 14 day study.
Fluorescence measurements were conducted using an EnVision 2104
Multilabel Reader (PerkinElmer, MA, USA) equipped with 485/14
nm emission and 535/30 nm excitation filters. Sample fluorescence
was compared to the standard curves for each model protein.
Experiments were run in triplicate (n = 3) with data representing
mean ± STDEV.

Quantification of Released LYS Activity. PLLA electrospun
scaffolds were coated for 24 h in coating solutions containing 100 μg/
mL of either LYS or FITC-LYS using the standard coassembly
process without any RITC-SF. Coated scaffolds were peeled from the
underlying coverslip support and incubated in 1.5 mL of PBS at 37 °C
with gentle agitation (60 rpm). At 1 and 2 h time points, the release
media were removed and immediately flash frozen and stored at −80
°C until further processing, and new media was added. LYS
concentration was measured using a sandwich lysozyme enzyme-
linked immunosorbent assay (ELISA) #EKN46836 according to the
protocol provided by the vendor. Absorbance measurements were
taken using an EnVision 2104 Multilabel Reader (PerkinElmer, MA,
USA) equipped with a 450/8 nm filter. FITC-LYS concentrations
were measured using an EnVision 2104 Multilabel Reader
(PerkinElmer, MA, USA) equipped with 485/14 nm excitation and
535/30 nm emission filters. LYS activity was calculated by directly
comparing the ELISA and fluorescence results. Three biological
replicates were measured per condition (n = 3), and data is
represented by mean ± STDEV.

Dorsal Root Ganglia Culture. The cellular response of SF
coatings loaded with nerve growth factor (NGF, accession number:
P01139) was investigated by seeding dorsal root ganglia (DRG) onto
coated scaffolds and measuring the resulting neurite outgrowth. The
following procedure was approved by the Rensselaer Polytechnic
Institute Institutional Animal Care and Use Committee. P1 Sprague−
Dawley rats (Taconic) were euthanized by rapid decapitation.
Lumbar and thoracic DRG were extracted and cleaned by removing
the sheath around each DRG to prevent fibroblast and other cell
contamination and then collected in Ham’s F-12 Nutrient Mixture on
ice. Three DRG were plated on each electrospun scaffold and cultured
in neurobasal medium containing B-27 supplement (2% v/v), L-
glutamine (0.5 mM), and penicillin-streptomycin (1% v/v) for 4 days
at 37 °C. Coassembled NGF-loaded samples were prepared using the
coassembly procedure incorporating 500 ng/mL of NGF in the
coassembly solution and allowing the coatings to grow for 24 h.
Cellular response of the coassembled coatings was compared to
scaffolds loaded with NGF via physical adsorption. Briefly, bare PLLA
or 24 h SF-coated scaffolds, made using the coassembly procedure but
only containing SF, were soaked in 1.5 mL 1× PBS containing 500
ng/mL NGF for 24 h, followed by a gentle wash in 3 mL of ultrapure
water at 60 rpm for 5 min. All solutions were sterile filtered prior to
cell work, and NGF loading via coassembly or physical adsorption
occurred at room temperature. No fluorescently labeled proteins were
used for the DRG studies.
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Immunocytochemistry. Immunocytochemistry was used to
assess the neurite outgrowth on the NGF-functionalized electrospun
fibrous scaffolds. DRG were fixed with paraformaldehyde (4% v/v in
PBS) for 15 min and then washed with PBS three times. To prevent
nonspecific primary antibody binding, DRG were incubated for 1 h at
room temperature in blocking solution (PBS containing BSA (5% w/
v) and 0.1% v/v Triton X-100). DRG were then incubated with
primary antibody RT-97 against neurofilament (1:500) in PBS
containing BSA (5 wt %/v) and Tween-20 (0.1% v/v) overnight at 4
°C. DRG were then washed three times with PBS and incubated for 1
h with Alexafluor 488 donkey antimouse secondary antibody (1:1000)
at room temperature. A solution of 4′,6-diamidino-2-phenylindole
(DAPI) (1:1000) in PBS was then added to scaffolds and incubated
for 15 min at RT protected from light to label all nuclei. Following
this, DRG were washed twice with PBS and stored in PBS at 4 °C
prior to imaging. Successful DRG adhesion was noted at this point,
and a minimum of 12 adhered DRG were used for quantifying neurite
extension/area.
DRG Confocal Microscopy. DRG on PLLA scaffolds was imaged

using an IX-81 Confocal Microscope (Olympus NY, USA) and
Metamorph Premier 7.7.3.0 (Molecular Devices, CA, USA) imaging
software. Imaging was performed at 4× magnification with FITC and
DAPI channels to acquire images of the neurofilament and nuclei,
respectively. Z-series images were acquired for each field of view, and
consecutive fields of view were imaged to include the entire DRG and
extending neurites.
DRG Image Analysis. To analyze neurite outgrowth from the

DRG, both the neurite length and area were measured. Neurite length
indicates the rate of growth over the culture period, while neurite area
indicates the robustness of neurite initiation. Z-series stacks in the
FITC channel were first collapsed by creating the maximum intensity
projection using ImageJ software (National Institute of Health MD,
USA) and subtracting the background from each image (rolling = 50).
All of the neurofilament images for one DRG were then stitched
together using Adobe Photoshop CS2 (Adobe, CA, USA). The 10
longest neurites extending from each DRG were measured and
averaged by drawing a line in ImageJ from the tip of the neurite to the
edge of the DRG body. An ImageJ macro was used to assess the area
of the extending neurites, excluding the DRG body. The DRG images
were converted to a binary image, and then, the threshold was
adjusted to include only the neurofilament signal. The oval tool was
then used to exclude the DRG body, so only the area of the extending
neurites was analyzed. The total pixel area was then recorded for each
DRG and converted to square microns. A minimum of n = 12 DRG
were imaged for each fiber group.
NGF ELISA Assay. Coassembled NGF-loaded samples were

prepared using the standard coassembly process, incorporating 500
ng/mL of NGF in the coassembly solution and allowing the coatings
to grow for 24 h. Physisorbed NGF-loaded samples were prepared by
incubating bare PLLA scaffolds or 24 h SF-coated scaffolds, prepared
using the coassembly procedure only containing SF, in 1.5 mL of 1×
PBS containing 500 ng/mL NGF for 24 h followed by gentle washing
with 3 mL of ultrapure water at 60 rpm for 5 min. Prepared samples
were incubated in 1.5 mL of PBS at 37 °C with gentle agitation (60
rpm) for 24 h, and the release media were removed and immediately
flash frozen and stored at −80 °C until further processing. NGF
concentration in the samples was measured using a sandwich NGF
ELISA assay #EM9RB according to the protocol provided by the
vendor. Three biological replicates were measured per condition (n =
3), and data is represented by mean ± STDEV. No fluorescently
labeled proteins were used for NGF ELISA assays.
Statistical Analysis. Normality of the data sets was assessed via

the Shapiro−Wilk test. Both the neurite area and neurite length data
were found to be normally distributed, so differences between groups
were assessed with a one-way ANOVA and Tukey’s post hoc test.

■ RESULTS AND DISCUSSION
Solution-Phase Coassembly Characterization. The

ability to generate protein-loaded SF coatings for drug delivery

using a one-pot bottom-up approach was investigated for
controlling the bioactivity of the PLLA scaffolds. Rather than
loading coatings postfabrication through physical adsorption or
covalent chemical conjugation, which can lead to loss of
activity of bioactive proteins,23,27 the ability to noncovalently
incorporate protein payloads directly into coatings during
coating self-assembly was investigated (Scheme 1). We

hypothesized that this approach could provide a modular
strategy that allows for the simultaneous growth and loading of
SF coatings by utilizing a phosphate-rich environment, which
promotes SF self-assembly driven by β-sheet formation (Figure
S2).30,31 Additionally, we hypothesized that the conditions
used to promote the assembly of the nanothin coatings (200
mM KH2PO4/K2HPO4, pH 5.0) would not drastically alter
activity of the incorporated protein payloads, allowing them to
be eluted from the surface in an active conformation.
Four model proteins were used to initially investigate the

effects of important payload physicochemical properties,
including molecular weight, charge, and hydrophobicity, on
their ability to coassemble with SF into coatings (Table 1).

The four model proteins were tested included α-lactalbumin
(ALAC, accession number P00711), β-lactoglobulin (BLAC,
accession number P02754), lysozyme (LYS, accession number
P00698), and bovine serum albumin (BSA, accession number
P02754). By comparing incorporation of ALAC to BLAC, the
influence of protein hydrophobicity was investigated, as the

Scheme 1. Schematic of the One-Pot Process for Generating
Protein-Loaded Nanothin SF Coatingsa

aTherapeutic proteins are added directly into the coating solution,
where they can coassemble with the SF in solution upon addition of
potassium phosphate, which facilitates SF self-assembly. The protein
payloads are then incorporated into the SF coating as it forms on solid
surfaces.

Table 1. Physicochemical Properties of Model Proteins
Used in Study, Including Isoelectric Point (Net Charge),
GRAVY Score (Hydrophobicity), and Molecular Weight
(Size)49a

aGRAVY score was calculated from the primary sequence of proteins
using the Expasy ProtParam. Pairs of model proteins used to compare
each property are coded in red, blue, or green text. ALAC = β-
lactalbumin, BLAC = β-lactoglobulin, LYS = lysozyme, and BSA =
bovine serum albumin. Higher Gravy score indicates a more
hydrophobic protein.
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two proteins have substantially different GRAVY scores,
−0.453 and −0.162, respectively. Additionally, by comparing
the incorporation of ALAC to LYS, the influence of protein net
charge was investigated as the two proteins have substantially
different isoelectric points, 5.0 and 11.4, respectively. Finally,
by comparing incorporation of ALAC to BSA, the influence of
protein size was investigated, as the two proteins have different
molecular weights, 14.1 and 66.4 kDa, respectively. For initial
trials, concentrations of the model proteins in the coassembly
solution ranged from 5 to 150 μg/mL, which corresponded to
1−30 wt % of model protein mass to SF mass. These
concentrations were chosen because they did not cause
noticeable solution-phase aggregation of the SF coating
solution over a period of 24 h (data not shown).
Förester resonance energy transfer (FRET) was used to

investigate the ability of the model proteins to coassemble with
the SF in the 200 mM KH2PO4/K2HPO4 pH 5.0 coating
solution. FRET is commonly used to investigate nanoscale
distances, typically 1−10 nm;50 therefore, it was hypothesized
that the presence of FRET would suggest intimate coassembly
between the model proteins and SF in solution during the
coating process. This was verified by the absence of FRET in a
water-only no phosphate sample (data not shown), suggesting
that FRET observed in the coating solution is caused by
coassembly of protein payloads and SF, initiated by the
addition of kosmotropic phosphate ions. For solution-phase
FRET studies, the FITC/RITC donor/acceptor pair was

chosen as it is a commonly used FRET pair.51−53 Additionally,
due to the low degree of fluorophore labeling, ≤ 1 fluorophore
per protein, effects of the fluorophore on the coassembly is
assumed to be negligible.
FRET signal was measured over an initial 3 h time period to

investigate any changes in coassembly kinetics. Surprisingly,
FRET emission was relatively constant over the first 3 h for
each model protein at all concentrations tested (Figure S3),
suggesting that coassembly of model payloads with SF occurs
rapidly upon addition of KH2PO4/K2HPO4. Figure 1A−D
displays the FRET emission for the model proteins at the
protein concentrations tested at the final 3 h time point,
relative to the FRET emission of the model protein at the
highest concentration, 150 μg/mL.
Over the protein concentrations tested, the FRET signal

appears to be approximately proportional to the model protein
concentration in the coating environment, where an increase in
model protein concentration results in an increase in observed
FRET. This suggests that the amount of coassembly in the
coating environment increases with the payload solution
concentration. However, at even higher model protein
concentrations, it would be expected that the FRET emission
would no longer exhibit a monotonic relationship, which can
start to be observed with LYS at the highest concentrations
tested, as the SF aggregates become saturated with payload or
as protein payloads begin to self-aggregate.

Figure 1. Solution-phase characterization of coassembly solution containing SF and model payload proteins. Relative FRET emission at the 3 h
time point with varying concentration of (A) ALAC, (B) BLAC, (C) LYS, and (D) BSA in coassembly solution. The presence of FRET suggests
that protein payloads are capable of coassembling with SF aggregates in the coating solution, and the degree of coassembly in the coating solution is
proportional to the concentration of the protein payload. (E) Comparison of FRET ratios (acceptor emission/donor emission) for the model
proteins at different concentrations in the coassembly solution. Higher FRET ratios for BLAC and LYS at lower model protein concentrations
suggest coassembly of protein payloads with SF may be driven by electrostatic and hydrophobic interactions. However, at higher concentrations,
these interactions may impede on payload coassembly as the SF matrix becomes more saturated with protein payload, as noted by a shift in the
order of FRET ratio between the model payloads. (F) Comparison of LYS activity in coating buffer and ultrapure water monitored using an
EnzChek Lysozyme Activity Kit, suggesting that the mild conditions used to generate the self-assembled SF coatings do not cause significant loss of
enzymatic activity. All data is presented as mean ± STDEV, n = 3.
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FRET emission between model proteins cannot be directly
compared due to differences in the extents of fluorophore
labeling of the model proteins. Therefore, the FRET ratio
(acceptor emission/donor emission) was analyzed to normal-
ize FRET emission to the inherent fluorescence of the donor.
Here, a higher FRET ratio signifies a higher degree of solution-
phase coassembly, as a higher FRET ratio denotes a higher
efficiency for energy transfer between the payload donor and
SF acceptor. Analysis of the FRET ratios (Figure 1E) suggests
that the physicochemical properties of the model proteins
affect their ability to coassemble with the SF in the coating

environment. At the lowest model protein concentration of 5
μg/mL, LYS (0.727 ± 0.006) and BLAC (0.541 ± 0.021)
exhibit higher FRET ratios than ALAC (0.489 ± 0.004),
suggesting that solution coassembly is facilitated by electro-
static and hydrophobic attraction, which are known to increase
interactions between SF-based materials and drug pay-
loads.54−58 However, the higher FRET ratio from LYS suggests
that charge−charge interactions potentially have a larger effect
on coassembly than payload hydrophobicity. The FRET ratio
for BSA (0.329 ± 0.006) was lower than ALAC (0.489 ±
0.004), suggesting that the size of the protein payloads may be

Figure 2. Electrospun fiber characterization. (A) SEM image of aligned PLLA fibers (scale bar = 10 μm). (B) Histogram of fiber diameter in μm.
(C) Plot of normalized pixel intensity means from FFT images to compare fiber alignment. Shaded region around the solid line indicates ±
STDEV.

Figure 3. Surface characterization of coassembled SF coatings on PLLA electrospun scaffolds. (A) Surface loading of different model proteins with
varying payload concentrations in coassembly solution. ALAC, BLAC, and LYS are capable of coassembling into coatings, showing the coassembly
process is able to incorporate protein payloads with different hydrophilicities and charges. However, the size of the protein appears to affect its
ability to coassemble into the nanothin SF coatings, as the mass of BSA in the coatings does not change with changing solution concentration. (B)
Molar ratio of protein payload to SF in nanothin SF coatings showing that changes in surface loading are due to higher degrees of coassembly as
observed in the solution-phase characterization. (C) Surface loading on PLLA electrospun scaffolds by altering the coating time, made using 100
μg/mL of model protein in the coating solution. Coassembly with protein payloads allows for continuous incorporation onto scaffold surface as
coatings grow. (D) Molar ratios between model payloads and SF in the coassembled coatings. Except for ALAC, potentially due to a specific
adsorption onto the PLLA surface, molar ratios of protein payloads to SF in nanothin coatings remain similar during the growth process, suggesting
that the same coassembled aggregate species deposits onto the PLLA surface over time. All data is presented as mean ± STDEV, n = 3.
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a determining factor in terms of their ability to coassemble
with SF in solution and that larger payloads may not be as
readily able to coassemble with SF. Likely, as the molecular
weight of the payload increases, its increase in hydrodynamic
diameter causes steric hindrance between the surrounding SF
molecules.
Interestingly, as the model protein concentration in the

coating solution increases, there is a change in the ranking of
FRET ratios between the model proteins, where ALAC begins
to exhibit higher ratios compared with the other model
proteins at higher payload concentrations. Although electro-
static and hydrophobic interactions facilitate coassembly of
payload with SF in the coating environment, they may also
hinder further coassembly as the SF aggregates become more
saturated or as payload−payload interactions begin to
dominate. Likely, as the payload concentration increases,
electrostatic repulsion and hydrophobic interactions between
payload proteins can impede the interactions between the
model proteins and the SF. Interestingly, BSA exhibits the
lowest FRET ratio at all concentrations tested, suggesting that
the molecular weight of a payload does not have the same
concentration dependence as its charge and hydrophobicity on
its ability to coassemble with SF. It should be noted that the
FRET ratios for all model proteins decrease as the model
protein concentration in the coating solution increases, while
the relative FRET signal increases. This suggests that as the
payload concentration increases past ∼50 ug/mL or 10 wt/wt
%, there is a larger portion of the payload that does not
participate in the coassembly process. This is complemented
by the observed decrease in the FRET efficiencies with
increasing payload concentration, which was determined by
comparing the samples to negative controls only containing the
FITC-tagged model proteins without fluorescent SF (Figure
S4).
The effectiveness of bioactive proteins is directly related to

their ability to maintain their native structure. Therefore, any
effects the coating solution environment had on the enzymatic
activity of LYS were investigated using an EnzChek Lysozyme
Activity Kit to ensure that the mild coating process did not
adversely affect the activity of the protein payloads. LYS
activity was assessed in the 200 mM KH2PO4/K2HPO4 pH 5.0
coating buffer (without SF) at concentrations between 5 and
150 μg/mL and compared to its activity in ultrapure water (no
potassium phosphate), (Figure 1F). Overall, there did not
appear to be significant loss of LYS activity in the coating
buffer compared to water, except at the highest concentration
tested, which could be due to LYS self-aggregation due to
kosmotropic effects of potassium phosphate. Therefore, the
coassembly process could be capable of incorporating
structure-sensitive protein payloads without causing significant
loss of activity.
Loading of Model Payloads into Coatings. After

verifying the ability of model protein payloads to coassemble
with SF in the coating solution, the ability of the protein
payloads to be incorporated into the nanothin SF coatings on
aligned PLLA electrospun fiber scaffolds (Figure 2A) was
investigated. Highly aligned rather than randomly oriented
PLLA scaffolds were chosen for our studies, as they represent a
“gold standard” scaffold geometry due to the ability of fiber
alignment to physically regulate the elongation, orientation,
and migration of neurons and other cells, which is beneficial
for successful nerve tissue repair.8,14 Additionally, alignment of
fibers have been shown to enhance regeneration of axons

across large 17 mm nerve gaps in vivocompared to randomly
aligned fibers,59 making them more clinically relevant. The
fibers used in these studies had a diameter of 2.17 ± 0.54 μm
(Figure 2B) and were highly aligned, as indicated by an AUC
of 16.2 ± 3.6 after peak normalization (Figure 2C).
Surface loading curves for coatings made for 3 h on PLLA

electrospun fibers containing different concentrations of model
payloads in the coating solution are provided in (Figure 3A).
As suggested by the solution-phase coassembly studies, the
inherent physicochemical properties of the payloads greatly
affect their ability to be noncovalently incorporated into the
nanothin coatings via the one-pot coassembly approach. The
highest model protein concentration in solution resulted in
surface loadings of 1672 ± 36 ng/cm2 (ALAC), 463 ± 72 ng/
cm2 (BLAC), 422 ± 37 ng/cm2 (LYS), and 22 ± 6 ng/cm2

(BSA). These masses correspond to molar ratios of model
protein to SF of 4.4 ± 0.2 (ALAC), 0.71 ± 0.06 (BLAC), 0.34
± 0.02 (LYS), and 0.015 ± 0.002 (BSA) (Figure 3B). These
surface loading results correlate well with the solution-phase
FRET ratios suggesting that ALAC coassembles to the highest
extent followed by BLAC, LYS, and BSA at high payload
concentrations. At such high payload concentrations, proteins
that are smaller, more hydrophilic, and exhibit less electrostatic
repulsion to the SF matrix in the coating solution can be
loaded to higher extents. We hypothesize that larger payloads
may create too much steric hindrance in the SF matrix and that
more hydrophobic payloads may not be capable of forming
favorable interactions with the SF in solution at the higher
concentrations, as they may prefer to self-aggregate. Addition-
ally, payloads that exhibit high electrostatic charge in the
coating solution at higher concentrations may exhibit charge
repulsion within the SF matrix, which could hinder
coassembly. In general, the monotonic relationship between
model protein solution concentration and resulting molar ratio
for the model proteins incorporated into the coating suggests
that the higher model protein loading is due to higher degree
of coassembly in solution, as supported by the solution FRET
assays. This is additionally shown by the relationship between
model protein solution concentration and density of the
payloads in the nanothin coatings (Figure S5A). Thus, the data
suggests that the coassembled species in solution are directly
responsible for the formation of the protein-loaded coatings at
the solid interface.
Having shown the ability to generate protein-loaded SF

coatings utilizing the self-assembly of SF, the ability of protein-
loaded coatings to continuously grow on surfaces over time, as
observed with unloaded SF-only coatings, was investigated.
Substrates were exposed to coating solutions containing 100
μg/mL of each model protein for 3, 6, 12, and 24 h, and the
resulting surface loaded model payload protein mass was
quantified (Figure 3C). Coassembly with the model proteins in
solution did not appear to inhibit the ability of the self-
assembled coatings to continuously grow over a period of 24 h,
although the rate of growth may be influenced by the payloads.
Both of these observations are shown by comparing the change
in predicted SF coating thickness calculated from the measured
SF mass and PLLA surface area (Figure S6). Incorporation of
ALAC, BLAC, and LYS at 24 h time points resulted in surface
loadings of 1951 ± 222, 715 ± 63, and 493 ± 49 ng/cm2,
respectively, compared to 891 ± 64, 220 ± 40, and 267 ± 79
ng/cm2 at 3 h. The ability of the self-assembled coatings to
incorporate payloads as the coating grows allows the process to
incorporate ∼7× more payload than loading of SF-coated

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.3c01042
ACS Biomater. Sci. Eng. 2024, 10, 482−496

489

https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.3c01042/suppl_file/ab3c01042_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.3c01042/suppl_file/ab3c01042_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.3c01042/suppl_file/ab3c01042_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.3c01042/suppl_file/ab3c01042_si_001.pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.3c01042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


scaffolds via simple physisorption (i.e., immersing a SF-coated
scaffold into PBS buffer containing ALAC), which only results
in 284 ± 37 ng/cm2 loaded, although we expect that there is
still some physisorption of payload proteins onto bare
substrate and/or the SF coating in the coassembly case.
Incorporation of BSA was not observed to increase with
increasing coating times (data not shown), once again
suggesting that BSA is not able to effectively coassemble
with SF onto the substrate surfaces, although solution-FRET
experiments suggest that a small amount of solution-phase
coassembly is possible. Due to its inability to coassemble into

the SF coatings, BSA was removed from the remaining portion
of the study.
This increase in payload incorporation over time can be

attributed to the increase in deposition of the coassembled
species rather than time-dependent physical adsorption of the
protein payloads onto the SF coatings, as the molar ratios
between the model proteins and SF do not substantially vary
over time outside of an initial coating growth stage (i.e., the
first 3 h) (Figure 3D). This is additionally supported by
payload densities in the nanothin coating that do not change
substantially over the 24 h coating time (Figure S5B). The

Figure 4. Confocal fluorescence images of RITC-SF and coassembled FITC-ALAC in coatings grown on PLLA electrospun scaffolds for 3 and 24 h
with 100 μg/mL of FITC-ALAC in the coating solution. The uniform fluorescence in both channels suggests that the coassembled coatings are able
to form evenly on the topographically complex scaffold surface, with the protein payload being homogeneously incorporated. Bare PLLA control
shows that all fluorescence in both RITC and FITC channel comes from fluorescently labeled proteins and not from any background PLLA
fluorescence.
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only protein, which did not exhibit relatively similar molar
ratios with SF over time, was ALAC. Likely, the higher
ALAC:SF molar ratio at early coating time points (∼2.6 at 3 h)
compared to later time points (∼1.5 at 24 h) can be attributed
to nonspecific adsorption of free ALAC onto the PLLA
surfaces at the initial stages of coating formation, which is
facilitated by working near the isoelectric point of ALAC in the
coating solution. Overall, these studies suggest that this
coassembly approach can be a versatile method for controlling
the mass of protein payloads incorporated onto a substrate
surface by controlling both payload concentration in solution
as well as coating time.
Distribution of Protein Payloads in Coassembled

Coatings. Confocal fluorescence microscopy was used to
investigate the spatial distribution of model protein payloads
coassembled into SF coatings on PLLA electrospun scaffolds.
Fluorescent images for both 3 and 24 h SF coatings containing
RITC-tagged SF and FITC-ALAC are displayed in Figure 4.
Fluorescence in the RITC channel shows that the coassembled
coatings are grown on the PLLA scaffold fibers, similar to our
previously reported results of self-assembled SF-only coat-
ings.30 The distribution of FITC-tagged ALAC in the nanothin
SF coatings is also highly uniform, as observed in the FITC
channel for both the 3 and 24 h samples. This suggests that the

one-pot coassembly process homogeneously incorporates the
payloads onto the PLLA substrate surface. However, overlay of
the RITC and FITC channels at early time points does suggest
some localized fluorescence, which can likely be attributed to
aspecific binding of ALAC to the PLLA surface. As the
coatings continuously grow over time, the payloads appear to
be continuously incorporated, as indicated by the higher
fluorescence intensities in the confocal images (Figure 3D).
Compared to physical adsorption of ALAC onto SF self-
assembled coatings in 1× PBS, (Figure S7), the incorporation
of payload protein via coassembly appears to be much more
homogeneously distributed.
AFM was used to investigate the surface morphology of

coassembled coatings at the nanoscale on TiO2-coated silica
wafers to investigate any changes caused by coassembly with
payloads (Figure 5). Images suggest that the coassembly has
little effect on the assembly behavior of SF onto the substrate
surface as there did not appear to be any significant changes in
the surface morphology of coassembled coatings compared to
SF-only coatings. All samples were composed of nanoscale
globular aggregates with relatively homogeneous distributions
of globule diameters, 55 ± 8 nm (unloaded SF-only), 52 ± 9
nm (ALAC loaded), 52 ± 7 nm (LYS loaded), and 58 ± 7 nm
(BLAC loaded).

Figure 5. 2 μm × μm AFM height images of unloaded, ALAC-loaded, LYS-loaded, and BLAC-loaded SF coatings. Coassembly with protein
payloads does not appear to drastically alter surface morphology and surface coverage compared to the unloaded control, where coatings are
comprised of nanoscale globular aggregates with relatively homogeneous distributions of globule diameters.

Table 2. Hydrodynamic Diameters of the SF-Only Aggregates (Experimentally Determined), Model Protein Payloads (Taken
from the Literature), Coassembled Species (Both Experimentally Determined by DLS and Theoretically Calculated Based on a
Summation of SF and Payload Volumes), and Volume Contributions of Model Payloads in Coassembled Aggregates

sample
hydrodynamic diameter

(nm)
experimental coassembled hydrodynamic

diameter (nm)
theoretical coassembled hydrodynamic

diameter (nm)
payload volume
contribution (%)

SF 31 ± 2 -
ALAC60 3.6 32 ± 2 34.2−34.9 25−30
BLAC61 5.5 30 ± 3 32.6−33.0 14−17
LYS62 3.8 32 ± 2 31.4−31.5 3−4
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As described in the Materials and Methods section,
estimated volume contributions of the model proteins in the
coassembled SF globules incorporated into the coatings were
calculated utilizing the hydrodynamic diameter of SF
aggregates measured via DLS in the coating solution, and
hydrodynamic diameters of model proteins were taken from
the literature. These calculations suggest that the payload
proteins account for between 3 v/v % (for LYS) to 30 v/v %
(for ALAC) depending on the incorporated protein payload
(Table 2). However, back calculation of the hydrodynamic
diameter of the coassembled aggregates with payloads suggests
that the additional volume contributed by the payload proteins
does not result in a large change in the apparent hydrodynamic
diameter compared to that of the SF-only species. Therefore, it
is not surprising that there is no clear change in the SF globule
size via AFM. This is additionally supported experimentally by
measuring the coassembled species hydrodynamic diameter via
DLS, which does not show a significant change in solution
aggregate size. The samples of number weighted size
distributions of SF-only and coassembled ALAC, BLAC, and
LYS are provided in Figure S8.
Release of Coassembled Payloads. In vitro studies were

conducted to investigate the release of protein payloads from
the coassembled coatings. Cumulative release profiles of the
model protein payloads over 14 days in 1× PBS at 37 °C are
displayed in Figure 6. It is expected that the release is

dominated by diffusion of the payloads out of the SF coating
rather than degradation of the nanothin coatings, as there was
no significant signal of RITC-SF in the release media in a SF-
only sample (data not shown). The release of all protein
payloads begins with an initial bolus within the first 2 days,
which is consistent with diffusion-dominated release, often
observed with release from hydrogels.63−65 However, the
degree of bolus release appears to be influenced by the

physicochemical properties of the protein payload. ALAC
exhibits the largest bolus release, with 89 ± 2% of the payload
released in the first 2 days. This large bolus is likely due to the
electrostatic repulsion between ALAC and SF under the
release environment, as the two proteins have similar
isoelectric points and therefore are expected to exhibit negative
charges at pH 7.4 (isoelectric point of ALAC = 5.0, isoelectric
point of SF = 4.3966). Over the first 2 days, LYS releases 82 ±
4%, which is slightly slower than ALAC, likely due to
electrostatic attraction between positively charged LYS and
negatively charged SF at pH 7.4 in PBS (isoelectric point of SF
= 4.39, isoelectric point of LYS = 11.4). Of the model protein
tested, BLAC has the slowest release with 69 ± 3% of the total
payload released in the first 2 days. This smaller bolus is likely
due to hydrophobic interactions between BLAC and SF in the
coating, as BLAC is far more hydrophobic than the other
model proteins even though it shares a similar isoelectric point
to ALAC. Following the initial burst release, there is a steady
and prolonged release for each model protein out to 14 days.
Even after the 14 day release, not all the incorporated payload
is released, with ∼2% of the incorporated ALAC remaining in
the SF coating after release and ∼7 and ∼15% of LYS and
BLAC remaining.
To assess the bioactivity of released payloads, the activity of

released LYS was assessed by directly comparing the mass of
FITC-LYS released measured via fluorescence, to LYS released
measured using a sandwich ELISA assay. The sandwich ELISA
assay relies on the use of two antibodies, which both bind to
different epitopes on the target protein; therefore, it is assumed
that the assayed protein is in its native and active
conformation. In contrast, fluorescence measurements do not
distinguish between active and inactive LYS. Therefore,
assuming that the mass via fluorescence quantifies total LYS
released, while mass via the ELISA assay quantifies active LYS
released, the effect of incorporation into and release from the
SF coating on enzymatic activity can be assessed. The release
of FITC-tagged LYS from the PLLA scaffolds at 1 and 2 h time
points was measured to be 536 ± 140 and 58 ± 3 ng/mL,
respectively, while LYS measured using the ELISA assay was
measured to be 527 ± 122 and 48 ± 5 ng/mL, respectively.
Thus, it can be assumed that a majority, >80%, of the LYS
released is in its active conformation. This suggests that the
protein payloads incorporated into the coassembled coatings
maintain bioactivity, and that the coassembled coatings can be
used to release bioactive proteins in their native conformation
from the surface of tissue engineering scaffolds.

NGF Coassembly and Neuron Culture. Incorporation of
neurotrophic factors into synthetic nerve conduits to facilitate
tissue regeneration have been of high interest.21,46,67−69

Therefore, the ability to coassemble NGF into the nanothin
SF coatings to enhance the regenerative efficacy of the PLLA
electrospun scaffolds was investigated and directly compared to
physical adsorption of NGF, which is a standard method for
growth factor incorporation onto polymer scaffolds, by
culturing primary rat DRG explants onto the coated fiber
scaffolds. Although the physicochemical properties of NGF are
not exactly represented by our model proteins, its hydro-
phobicity (GRAVY = −0.305), charge (isoelectric point =
8.82), and size (MW = 27 kDa) suggest the potential for
coassembly with SF. It would be hypothesized that based on its
physicochemical properties, NGF would be capable of
coassembling with SF in a manner similar to LYS or BLAC
and exhibit similar bolus release profiles. The DRG explant

Figure 6. Cumulative release of ALAC, LYS, and BLAC into 1x PBS
at 37 °C, showing that coassembled payloads can be released out to
14 days. Release profiles exhibit an initial bolus in the first 2 days, but
payload still remains in the coatings even at 14 days for all model
proteins. The degree of burst release is dependent on the
physicochemical properties of the payloads, with more hydrophobic
and more positively charged payloads releasing slower. Data is
presented as mean ± STDEV, n = 3.
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model was chosen, as it is routinely used to investigate neurite
outgrowth,30,70−72 which is highly indicative of nerve
regeneration.
After labeling for neurofilament using immunocytochemis-

try, the resulting neurite outgrowth from coassembled coatings
was directly compared to bare PLLA or 24 h SF-coated
scaffolds loaded with NGF via physical adsorption. Physical
adsorption was used as a positive control, as is a common
approach for functionalizing surfaces with growth fac-
tors,20,22,46 and, additionally, is a common method for loading
SF-based materials with biomacromolecules for drug delivery
applications.58,73,74 A 4 day DRG culture was chosen as it was
assumed that the entirety of the NGF would be released
according to the release studies. The resulting density of
neurite outgrowth from seeded DRG, sample images for all
three groups tested shown in Figure 7, was significantly
enhanced with the use of the scaffolds with NGF-coassembled
SF coatings compared to bare PLLA scaffolds with adsorbed
NGF (*p = 0.018) and SF-coated scaffolds with adsorbed
NGF(**p = 0.009), (Figure 7B). In addition to total neurite
area, the 10 longest neurites from the DRG were also measured
and averaged (Figure 7C), showing that both scaffolds with
NGF coassembled SF coatings and scaffolds with NGF
adsorbed to SF coatings had significantly longer neurite
extension than the bare PLLA scaffold with adsorbed NGF.
Overall, these results suggest that delivery of NGF at the
scaffold surface was more effective for enhancing both the
length and density of extending neurites from primary DRG
explants when a coassembly process was used for loading
rather than physical adsorption of NGF onto either bare PLLA
or SF-coated PLLA surfaces. It should be noted that neurite
outgrowth for these studies was significantly lower than the
observed outgrowth from previous studies utilizing SF-coated
PLLA electrospun scaffolds from Ziemba et al.30 Those
previous studies, however, were supplemented with 50 ng/
mL of NGF in the neurobasal culture medium, whereas the
culture media in this study was not supplemented with
additional NGF so that the NGF came from surface
incorporation alone.

We considered the possibility that the enhanced cellular
response was due to a higher NGF surface loading via
coassembly into the SF coating rather than a difference in NGF
conformation (i.e., adsorbed vs coassembled). Quantification
of the amount of NGF incorporated onto the scaffold surfaces
was attempted by measuring the depletion of NGF from the
coating solution using an NGF ELISA assay (#EM9RB).
However, due to instability of the NGF in the PBS
environment over the extended incubation time, this study
was not possible. Therefore, we measured release of active
NGF from the functionalized scaffolds into 1× PBS at 37 °C at
60 rpm to provide insight into NGF elution compared to
surface-bound presentation. Over the first 24 h, the SF-coated
scaffolds with adsorbed NGF released the highest amount of
NGF, 4.8 ± 0.5 ng/mL, which was followed by the scaffolds
where NGF was coassembled into the SF coating, 1.8 ± 0.2
ng/mL. The release from the bare PLLA coating with adsorbed
NGF was undetectable by using the ELISA assay. This may be
due to the low loading efficiency of NGF onto bare PLLA,
resulting in NGF release below the limit of detection, as it has
been previously documented that physical adsorption of
growth factors onto aliphatic polyesters often results in low
surface loading.22,75 Another possibility is that NGF adsorbs
strongly and denatures onto PLLA surfaces, inhibiting release
of bioactive NGF. For scaffolds with SF coatings, since loading
via coassembly incorporated ∼7× more model protein payload
than physical adsorption with ALAC, it is counterintuitive that
more NGF was released from the physisorbed sample.
However, it is possible that physisorbed NGF released faster
in the time frame examined, as they are distributed closer to
the exterior surface compared to coassembled NGF (which
should be homogeneously distributed throughout the thickness
of the coating). Therefore, one possibility for the enhanced
cellular response of the coassembled coatings could be due to a
slower release of NGF compared to the physisorbed samples.
Additionally, the coassembled coatings were shown to more
homogeneously incorporate protein payloads onto the PLLA
surface compared to physical adsorption, which could

Figure 7. Coassembled SF coatings with NGF lead to a greater neurite extension density on electrospun PLLA scaffolds compared to physical
adsorption of NGF onto bare PLLA and SF-coated PLLA. (A) Representative confocal microscopy images of whole DRG explants immunostained
against neurofilament (green) for samples prepared by physical adsorption of NGF onto bare PLLA and SF-coated PLLA and NGF coassembled
SF coated PLLA (scale bar = 500 μm). (B) Summary graph displaying total neurite area (mm2) of DRG cultured on samples. (C) Summary graph
displaying the average of the ten longest neurites (mm) for each DRG. Data are represented as mean ± STDEV. A minimum of n = 12 DRG were
imaged for each fiber group. Statistical significance between scaffold groups for assays was assessed using a one-way ANOVA and Tukey’s post hoc
test (*p < 0.05, **p < 0.01).
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additionally play a role in the observed enhancement of neurite
area.

■ CONCLUSIONS
In conclusion, we have developed a versatile one-pot
noncovalent method for growing nanothing coatings of SF
that incorporate bioactive payloads on geometrically complex
tissue engineering scaffolds. The protein-loaded coatings arise
from the phosphate-induced coassembly of protein payloads
with SF aggregates in solution and the continuous accumu-
lation of the coassembled aggregates on a surface. Unlike
conventional methods of functionalizing surfaces with SF and
bioactive protein payloads (i.e., drop-casting, dip-coating), the
mild conditions used to assemble our coatings do not cause
significant loss of payload bioactivity by avoiding the use of
reactive chemicals, solvent evaporation, or alcohol treatments
for fixing the coatings onto the surface. As demonstrated with
model proteins that vary in size, hydrophobicity, and charge,
payloads with drastically different physicochemical properties
can be coassembled into the nanothin coatings. However,
loading is more favorable for smaller proteins. Moreover,
payload incorporation is driven by hydrophobic and electro-
static attraction of SF at low payload concentrations. However,
at high payload concentrations, payload−payload interactions
interfere with the coassembly process, and proteins that are
more hydrophilic and less charged are more favorably
incorporated. Importantly, by increasing payload concentration
in solution or by increasing the coating time, we can
predictively increase payload loading into the nanothin
coatings. Compared to physical adsorption of payloads directly
onto surfaces or SF-coated surfaces, coating coassembly can
yield substantially higher amounts of payload incorporation
with minimal loss of payload bioactivity. Furthermore,
coassembly leads to homogeneous (nonpatchy) localization
of the payload onto the surfaces of electrospun fiber scaffolds,
and payloads can be released from the scaffold surface over a 2
week duration, although they exhibit an initial bolus release in
the first 2 days. Finally, utilizing the coassembly process to
incorporate NGF onto the scaffold surface results in a better
cellular response than physical adsorption onto either bare
PLLA or SF-coated PLLA scaffolds. Overall, this demonstrates
that coassembly of protein-loaded SF coatings can provide an
enhanced strategy for controlling the surface bioactivity of
synthetic electrospun scaffolds compared to conventional
methods used for functionalizing scaffolds.
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