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The basement membrane protein, laminin I, has been used broadly as a planar two-dimensional film or in a three-
dimensional form as a reconstituted basement membrane gel such as Matrigel to support cellular attachment,
growth, and differentiation in vitro. In basement membranes in vivo, laminin exhibits a fibrillar morphology,
highlighting the electrospinning process as an ideal method to recreate such fibrous substrates in vitro. Electro-
spinning was employed to fabricate meshes of murine laminin I nanofibers (LNFs) with fiber size, geometry, and
porosity of authentic basement membranes. Purified laminin I was solubilized and electrospun in parametric
studies of fiber diameters as a function of polymer solution concentration, collecting distance, and flow rate.
Resulting fiber diameters ranged from 90 to 300 nm with mesh morphologies containing beads. Unlike previously
described nanofibers (NFs) synthesized from proteins such as collagen, meshes of LNFs retain their structural
features when wetted and do not require fixation by chemical crosslinking, which often destroys cell attachment
and other biological activity. The LNF meshes maintained their geometry for at least 2 days in culture without
chemical crosslinking. PC12 cells extended neurites without nerve growth factor stimulation on LNF substrates.
Additionally, LNFs significantly enhance both the rate and quantity of attachment of human adipose stem cells
(ASCs) compared to laminin films. ASCs were viable and maintained attachment to LNF meshes in serum-free
media for at least 3 days in culture and extended neurite-like processes after 24 h in serum-free media conditions
without media additives to induce differentiation. LNF meshes are a novel substrate for cell studies in vitro, whose
properties may be an excellent scaffold material for delivering cells in tissue engineering applications in vivo.

Introduction

THE LAMININS ARE A FAMILY of ubiquitous basement
membrane proteins that serve critical functions in cell
attachment, growth, migration, and differentiation of many
cell types. Laminin I is the first extracellular matrix protein to
appear during embryonic development, where it surrounds
the inner cell mass of the compacted blastocyst." Studies of
laminin I purified from the Engelbreth-Holm-Swarm (EHS)
tumor established that laminin is required for cell attachment
and growth, and many studies confirm the importance of
laminins in development and survival.>*> Laminin interacts
with cells through a variety of integrins,* the dystroglycan
receptor,” syndecan,® and other receptors broadly expressed
on many cell types.”®

A fibrous network of laminin alone may retain sufficient
conformation reminiscent of basement membrane sufficient
to promote cell adhesion and growth. Laminin in the base-
ment membrane actually self-assembles into a fibrous net-
work independent of other basement membrane constituents.

Yurchenco et al. have demonstrated that laminin forms a
polymer network independently of collagen IV in the base-
ment membrane in vivo, as well as in vitro.” While laminin
does not require the presence of other polymers to form a
fibrous mesh during development, it does regulate the con-
formation of other basement membrane components. For in-
stance, it can drive incorporation of type IV collagen into a
mature basement membrane network, and in fact, Tsiper and
Yurchenco have shown that laminin is necessary for collagen
to successfully polymerize.'® Additionally, Flemming et al.
have shown that purely topographical cues produced by the
conformation of the extracellular matrix can guide cell be-
havior and morphology."' As laminin nanofibrous meshes are
composed of a major basement membrane constituent and
maintain a geometrical conformation similar to in vivo base-
ment membrane, a fibrous laminin network may be sufficient
to promote cell adhesion and growth in an environment
reminiscent of basement membrane.

To create a biomimetic laminin membrane, both the mor-
phology and the composition of the membrane must be
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considered."! Feature sizes of the human corneal epithelial
basement membrane have been measured at 47-380nm in
height with diameters in the range of 22-92 nm,'? falling
within the nanoscale range. In the same study, electron
micrographs of the corneal epithelial basement membrane
illustrate morphology reminiscent of a hydrated nanofiber
(NF) mesh.

Previous efforts to manufacture feature sizes on the nano-
meter scale have been unsuccessful with traditional printing
and etching techniques."' Currently, the optimal method for
producing fibers of these dimensions is the electrospinning
technique. The basic method for electrospinning involves
maintaining a polymer solution at its surface tension at the
tip of a needle through the use of a syringe pump. When a
voltage is applied to the needle, the outer layers of the poly-
mer receive a charge that pulls them out of the needle to-
ward a grounded collector. As the solution leaves the needle,
the solvent evaporates, and dry polymer fibers are collected.
Electrospinning as a technique is appealing because the
physical parameters are easily varied and exert considerable
effects on the resulting polymer fiber morphology. While
several investigators have successfully fabricated protein NFs
in the range of 100-300nm from interstitial collagens'® and
elastin'* using electrospinning techniques, we have discov-
ered appropriate parameters to achieve laminin I nanofibers
(LNFs) via electrospinning.

If it is to possess the biological properties of a natural
basement membrane, the laminin I nanofiber (LNF) mesh
should be a favorable substrate for cell attachment and
growth in a wide variety of tissue engineering applications.
Laminin is particularly relevant for nervous system tissue en-
gineering because laminin has been shown to encourage
neurite extension.'®> However, studies demonstrate that the
bioactive properties of laminin are fragile and often destroyed
by processing methods, such as lyophilization and exposure
to ultraviolet light, which are required to form laminin sub-
strates for in vitro cell culture studies.'® Electrospinning typ-
ically requires lyophilization of proteins and subsequent
solubilization in highly volatile organic solvents to form the
initial polymer solution. Other groups have faced this chal-
lenge when electrospinning interstitial collagens, and one
might expect to encounter similar obstacles with laminin."”'®
These studies have often shown that electrospun collagen fi-
bers flatten and form a ribbon-like morphology in aqueous
medium, decreasing porosity and surface roughness of the
substrates.'”'® Additionally, Zeugolis et al. have shown po-
tential for collagen denaturation to gelatin by solubilization
in fluoroalcohols such as 1,1,1,3,3,3-hexaflouro-2-propanol
(HFP) and subsequent electrospinning.'” To overcome the
issue of fiber flattening in collagen-electrospun matrices, re-
searchers employ chemical crosslinkers such as glutaralde-
hyde. While glutaraldehyde crosslinking does add some
structural stability to the NF matrices, the meshes lose a large
percentage of their porosity and surface roughness. In ad-
dition, glutaraldehyde is cytotoxic, and may be difficult to
entirely remove after crosslinking treatment.”® Due to the
sensitivity of LNFs, glutaraldehyde crosslinking may destroy
the bioactivity of the laminin protein.

In this study, our objective was twofold: first, to determine
appropriate parameters for creating electrospun LNF meshes
that mimic the dimensions and morphology of in vivo base-
ment membrane, and second, to confirm that LNF meshes
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retained bioactivity after fabrication and hydration. We
conducted parametric studies in which we varied physical
process parameters, and measured changes in fiber mor-
phology by quantifying diameter and bead area density.
Additionally, we examined the preservation of laminin bio-
activity after processing by measuring attachment and neu-
ronal differentiation of adipose stem cells (ASCs) on LNFs in
serum-free culture conditions, and by observing neurite ex-
tension of PC12 cells on LNFs with and without the presence
of nerve growth factor (NGF).

Materials and Methods
Materials

The solvent HFP was purchased from Sigma (St. Louis,
MO). All cell culture reagents were purchased from Fisher
Scientific (Pittsburg, PA).

Laminin isolation

Laminin I was purified from the EHS tumor according to
previously established methods.**** The final laminin solu-
tion was subjected to two rounds of precipitation with 45%
ammonium sulfate to remove most growth factors present.
Purity of laminin was evaluated by SDS-PAGE and western
analysis with affinity-purified antibodies to type IV collagen,
entactin/nidogen, and perlecan, the major contaminants of
such preparations. Purity was determined to be greater than
99% laminin (w/v). Laminin was stored at —80°C.

Laminin electrospinning

For the parametric study, a series of process parameters
was chosen within ranges shown to be successful in creating
submicron or nanoscale fibers of other ECM proteins such as
collagens'® and fibrinogen.”> Laminin was dialyzed exhaus-
tively against dH,O, lyophilized, and dissolved overnight
with stirring at 4°C in HFP to achieve desired concentrations
prior to electrospinning: 3%, 5%, or 8% (w/v) final solution.
The laminin solution was loaded into a 5mL glass syringe
with an 18G blunt needle, and mounted into an Aladdin
programmable syringe pump (World Precision Instruments,
Sarasota, FL). A collector plate covered with aluminum foil
was placed 12.5 or 25cm below the tip of the needle and
electrically grounded. A high-voltage power supply (Gamma,
Ormond Beach, FL) was connected with the positive lead on
the needle and set at 20kV. The syringe pump was pro-
grammed to dispense the solution at 0.5, 1.5, 2.0, or 3.0 mL/h.
Laminin was allowed to collect on the aluminum foil for at
least 20 min before the sample was removed and the param-
eters changed. Samples were cut from the aluminum foil,
mounted on aluminum stubs (Electron Microscopy Sciences,
Hatfield, PA), sputter coated with gold using a BAL-TEC
SCDO005 sputter coater, and imaged using a JEOL JSM6400
scanning electron microscope (SEM) with Orion image pro-
cessing at 15kV accelerating voltage and 39-mm working
distance.

Fiber diameter and bead area density analysis

Scanning electron micrographs taken on a JEOL 6400 SEM
with Orion image processing were analyzed for fiber diameter
using Image J (open source program available from NIH). For
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fiber diameter measurements, we followed protocols previ-
ously described by our group®* and others.*® Briefly, images
were opened in Image J, and the measure tool was used to find
the average diameter of at least 50 fibers per sample, with at
least four samples per condition. Bead area density was de-
termined by finding the average diameter of each bead and
calculating the area based on the assumption that all beads
were roughly circular in shape. The threshold function in
Image ] was used to change the image to black-and-white
pixels, and the total surface area of laminin was measured,
including fibers and beads. This total area divided by the
already-calculated bead area yielded the bead area density
per sample. Each bead with a diameter larger than twice the
average fiber diameter was counted in each sample, and at
least four sample images were used per condition. For both
fiber diameter and bead area density, a minimum of three
samples were used with a minimum of 50 measurements
made per sample, and error bars indicate standard error.

Laminin scaffold and film preparation for cell culture

To prepare LNF scaffolds for cell culture, 12-mm-diameter
round coverslip glass was surface charged using the Lectro-
Treat 3D Surface Treater (Lectro Engineering, St. Louis, MO)
and placed on the grounded collector opposite the syringe
tip. Laminin was electrospun at 5% (w/v) in HFP, 12.5cm
collecting distance, 1.5mL/h flow rate, and 20kV driving
voltage. After laminin collected on the coverslips, the sam-
ples were removed from the collector and placed into wells
in a 24-well plate for cell culture.

Laminin films for cell culture were prepared on coverslips
identical to those used for NF scaffold preparation as pre-
viously described.” Briefly, soluble laminin stock solution
(sterile laminin, 3 mg/mL in tris-buffered saline—0.15 M Tris,
0.05 M NaCl [pH 7.5]) was diluted into either distilled water
or 0.1 M ammonium carbonate (pH 7.8) to a final concen-
tration of 10 pg/mL. Twenty microliters of the solution was
evaporated overnight onto a sterile, glass coverslip 5mm in
diameter under a laminar flow hood, yielding 0.2 ug of dried
laminin film covering the upper surface of each coverslip.
Coverslips were then placed into wells in a 24-well plate for
cell culture.

Hydration study

LNF meshes were electrospun onto coverslips as de-
scribed above. Meshes were placed in 24-well-plate dishes
and immersed in 500 uL. Dulbecco’s modified Eagle’s me-
dium (DMEM) plus antibiotics to maintain similarity to ASC
and PC12 culture conditions. Meshes were incubated at 37°C
for 30min, 6h, or 24 h. At each time point, a group of three
LNF meshes were removed from incubation, aspirated, and
dried in vacuum desiccators overnight. Dried samples were
mounted on aluminum mounts with carbon adhesive, coated
with gold, and imaged using a JEOL 6400 SEM with Orion
image processing. Fiber diameters were measured as de-
scribed above.

Cell isolation and culture

Adipose tissue was obtained through the Department of
Plastic Surgery at the University of Virginia in compliance
with the UVa Human Investigation Committee. ASCs were

13

isolated from the lipoaspirate using previously described
methods.”” Cells were grown in culture medium consisting
of DMEM, 10% fetal bovine serum, and 1% antibiotic/
antimycotic. The cells were initially plated (p=0) and
maintained at 37°C with 5% CO,. Subconfluently, cells were
released with 0.5% trypsin/EDTA and then either replated at
2000 cells/cm?® or used for experiments. For serum-free cul-
ture, DMEM plus 1% antibiotic/antimycotic was used.

Cell attachment assay

ASC attachment was compared on LNFs and laminin
films. ASCs were chosen as a promising source for nerve
tissue engineering applications. Cells were dispersed using
trypsin, and the reaction was stopped with soybean trypsin
inhibitor. After counting, cells were plated in triplicate using
an initial seeding density of §x10* cells/cm? (15,000 cells per
coverslip) onto coverslips coated with either laminin films or
NFs. Substrates were placed in the incubator (37°C; 5% CO,),
and cells were allowed to attach for 15, 30, 60, or 120 min in
serum-free DMEM, after which time they were washed from
the substrates using Hank’s balanced salt solution and fixed
using 4% paraformaldehyde. Serum-free medium was used
to prevent serum proteins from enhancing attachment, re-
quiring cells to utilize the laminin substrate or secrete their
own matrix proteins in response to the substrate. Substrates
were imaged on a Hoffman Optics inverted light microscope
at 4x, and cells were counted in Image J. Some ASCs were
maintained in culture conditions for 3 days and then ana-
lyzed by scanning electron microscopy.

ASC neurite extension assay

ASCs have been shown to differentiate into a nerve-like
phenotype,®® making them ideal cells to test laminin bioac-
tivity. The induction of ASCs to nerve-like cell morphology
was conducted on LNFs and films. ASCs were seeded in
triplicate at an initial seeding density of 10* cells per coverslip
(9000 cells/ cm?) on either laminin film or NF substrates. Cells
were cultured for 24 h in serum-free commercially available
media (UltraCulture). Briefly, cells were fixed using 4%
paraformaldehyde for 15min, then rinsed with phosphate-
buffered solution (PBS). Cells were permeabilized with 0.4%
Triton in PBS for 5min, then rinsed and blocked in 2% goat
serum in PBS for 15 min. Samples were rinsed with PBS and
incubated with the primary antibody B-3-tubulin (1:200) in 2%
goat serum in PBS for 1 h. Samples were rinsed with PBS and
incubated with the secondary antibody for fluorescein iso-
thiocyanate (FITC) (1:200) in PBS for 2 h. Cells were rinsed and
mounted for imaging. Cells were imaged at 20x on a Nikon
microscope with Hoffman Modulation Optics. Neuron-like
cells were determined to be cells with round cell bodies and
one or more extended processes. These were counted on each
sample to yield total number and percent of neuron-like cells.
The B-3-tubulin antibody was a gift from Anthony Frankfurter.

PC12 neurite extension assay

A neurite extension assay was performed using PC12 cells, a
cell type known to extend neurites in response to NGF stim-
ulation. Cells were seeded in triplicate on LNF substrates
subconfluently at a density of 2.5x10* cells/cm? to allow suf-
ficient space for process formation. Serum-free medium was



14

TaBLE 1. FIBER MORPHOLOGY VALUES MEASURED FROM SCANNING ELECTRON MICROGRAPHS USING IMAGE ]

NEAL ET AL.

Concentration (w/v)

3% 5% 8%
Diameter (nm) 112.85 143.36 222.87
Standard error 23.60 21.36 41.92
Bead area density (%) 18.80 9.63 343
Standard error 1.02 0.77 0.94
Flow rate (mL/h)
0.5 1.5 2 3
Diameter (nm) 132.34 154.97 161.62 175.15
Standard error 19.23 30.17 28.32 24.29
Bead area density (%) 9.70 10.28 10.99 11.50
Standard error 0.56 0.99 0.97 0.55
Distance (cm)

12.5 25 Concentration (w/v)* p-value
Diameter (nm) 99.57 126.14 3% 0.323
Standard error 19.26 13.65
Bead area density (%) 15.01 23.85 0.047
Standard error 0.35 0.96
Diameter (nm) 141.06 152.56 5% 0.225
Standard error 19.70 8.27
Bead area density (%) 8.04 15.99 0.007
Standard error 0.62 0.47
Diameter (nm) 203.57 280.78 8% 0.003
Standard error 34.27 24.15
Bead area density (%) 3.83 2.23 0.386
Standard error 0.90 0.27

Data are presented by parameter; for example, concentration table contains all fibers spun at the recorded initial concentrations, regardless

of flow rate or collecting distance.

Student’s t-test performed on two distance groups within a concentration to give p-value indicated in table.

used to prevent serum proteins from enhancing neurite ex-
tension and to illustrate the effect of the substrate specifically
on neurite extension. NGF was added up to 50 ng/mL to the
NGF-stimulated group after 2 h. Half the medium was chan-
ged for each sample after 48 h. After 5 days in culture, cells
were rinsed in PBS and then fixed in 4% paraformaldehyde for
120 min at 4°C. Following fixation, cells were imaged using a
Nikon TE 2000-E2 confocal microscope. Representative images
were acquired using a 60 /1.45 Nikon oil immersion objective
and MicroFire Picture Frame imaging software (Optronics,
Galeta, CA). Processes were established to be any cellular ex-
tension longer than the diameter of the cell; these were counted
to determine number per cell. Concurrently, PC12 cells were
grown and passaged on tissue culture plastic as a control.

Statistics

To compare NF hydrated diameters, a one-way ANOVA
was performed with a Tukey’s post hoc test using Minitab
software. For the cell attachment assay and neurite extension
assays (for both ASCs and PC12 cells), cell or neurite counts
were input into Minitab software and paired Student’s f-tests
were performed to determine statistically significant differ-
ences between conditions. Student’s ¢-tests were also used to
determine significant differences in nerve-like ASC mor-
phology. Significance for all statistical tests was asserted as

p < 0.05. Histograms were plotted in Minitab for neurite ex-
tension comparisons.

Results
Parametric analysis

A parametric study was necessary to determine the effects
of the physical parameters of electrospinning, specifically
concentration, distance, and flow rate, on resultant laminin
fiber morphology. To create a map of parameters needed to
produce particular fiber morphologies, we chose the param-
eters within standard ranges for biological polymer electro-
spinning shown in Table 1 and performed trials with each of
the parameter sets. Driving voltage was held constant
throughout at 20 kV.*’ Representative scanning electron mi-
crographs are shown in Figure 1.

Fiber diameter and bead area density were chosen as ap-
propriate metrics to assess and compare morphologies among
the parameter sets. Each parameter was taken as a separate set
for visualization purposes; for example, all solutions electro-
spun using 3% (w/v) initial concentration are included in the
group labeled 3%, regardless of the collecting distance or flow
rate used. As seen in the micrographs and further supported
by the data shown in Figure 2, fiber diameter increased line-
arly with initial solution concentration over both collecting
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FIG. 1. Scanning electron micrographs of laminin electrospun at 20kV driving voltage and 1.5mL/h flow rate. Con-
centrations (w/v) in HFP are shown across the top, and collecting distance is shown along the left side. An increase in fiber
diameter and decrease in bead area density are correlated with increasing percent laminin in HFP of the original solution.
White arrows indicate matrisome morphology.

distances. Calculated linear regressions show an almost per-
fectly linear correlation (R =0.99). Fiber diameter exhibits a
less marked increase with increasing flow rate, although
the linear correlation is equally strong (R =0.99). The same
trend emerges with working distance, with increasing col-
lector distance translating to increased fiber diameter. We
generated the smallest diameter fibers, 91.5nm (+8.4nm)
average, with 3% (w/v) initial concentration, 1.5mL/h flow
rate, and 12.5-cm working distance. Overall, fiber diameter
shows an approximate linear relationship to two of the
physical parameters studied: concentration of initial solution
and flow rate during electrospinning.

Although beads are a common product of the electrospin-
ning process often regarded as defects, pioneering observa-
tions made by Martin et al. of the presence of the “matrisome”
in basement membrane suggested that beaded structures may
be important to the activity of authentic basement mem-
branes.*® Therefore, we measured bead area density to iden-
tify parameters that might control the area distribution of
these matrisome-like structures. Representative images in
Figure 1 (white arrows) show that several of the parameter
sets used resulted in the matrisome morphology. Our data
demonstrate a decreasing linear relationship between bead
area density and initial solution concentration (R=0.97),
starting at 18.7% bead area density using the 3% (w/v) initial
concentration and decreasing to only 3.4% bead area density
with the 8% (w/v) initial concentration, as shown in Figure 2.
However, increasing flow rate yields a linear increase in bead
area density (R =0.98). Under varying flow rates between 0.5
and 3.0mL/h, we measured bead area densities ranging from
9.7% to 11.5%. Finally, no obvious trend emerged with the
change in distance; instead, data again showed dependence

on initial solution concentration. Over the two lower con-
centrations of 3% and 5% (w/v), we observed a statistically
significant increase in bead area density of 15.0-23.8% and
8.0-16.0%, respectively, with increased collecting distance.
When compared using a Student’s t-test, these differences
were statistically significant. With the higher initial concen-
tration of 8% (w/v), the distances compared did not demon-
strate statistically significant difference in bead area density,
varying from 3.8% at the shorter distance to only 2.2% at the
longer distance.

LNF hydrated morphology

For hydration studies, the median parameters were chosen
to create the meshes, with the resulting morphology shown in
Figure 1B. The parameter set chosen was an initial concen-
tration of 5% laminin (w/v), flow rate of 1.5mL/h, collecting
distance of 12.5 cm, and the constant driving voltage of 20kV
that yielded a mean fiber diameter of 141.6 nm and 8.0% bead
area density. Often, biological polymers, such as collagen, fi-
bronectin, elastin, and others, require chemical crosslinking to
maintain their morphology in culture. In the case of laminin,
however, we have determined that no chemical crosslinking
is necessary for laminin to retain its fibrous morphology in
culture. As shown in Figure 3, laminin does not swell signif-
icantly in culture medium, even after 24 h at 37°C. Measured
swelling of LNFs in aqueous media is consistently less than
10%, regardless of the amount of time the fibers are sub-
merged. No statistically significant difference was found
among the groups, including the control fibers that were not
hydrated. This inherent property of LNFs to resist hydration
in aqueous media makes them an attractive system to use
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FIG. 2. Graphs displaying fiber diameter as a function of concentration (A) and flow rate (B). All solutions were spun at
20kV driving voltage over two collecting distances (12.5 and 25 cm). Initial solution concentration is given as % w/v in HFP.
Fiber diameter increases linearly with concentration (linear trendline R=0.991) and flow rate (linear trendline R=0.988).
Graphs displaying bead area density as a function of concentration (C) and flow rate (D). Voltage was held constant over all
trials at 20kV. A strong linear relationship exists between bead area density and both concentration and flow rate, although
concentration is inversely related (linear trendline R=0.975) and flow rate is directly related to bead area density (linear
trendline R =0.984). Each group on the x-axis includes all parameter sets which contain that label, for example, 3% (w/v)
concentration includes all NFs electrospun at 3% concentration, regardless of collecting distance or flow rate. Error bars
display standard error measurements over the sample.

relative to other biological polymers, as no special processing medium, we investigated the attachment properties of the
is required to crosslink and reduce or remove residual che- meshes using a potential neural progenitor cell. We examined
mical crosslinking agents. the mesh as a substrate for ASCs, which have shown promise
as a tissue engineering cell source. ASCs have been differen-
tiated to a nerve-like phenotype® and have shown potential
as a Schwann cell precursor,”’ making them a viable and

After we achieved fibers of the desired morphology and appropriate cell source for peripheral nerve tissue engineer-
tested their ability to maintain this morphology in culture ing. To examine the compatibility of laminin for ASC attach-
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FIG. 3. Scanning electron micrographs of electrospun laminin after hydration in basal culture medium for (A) 30 min and
(B) 24 h. Graph (C) illustrates change in fiber diameter of LNFs after hydration over 24 h. No significant difference was found
across the timepoints.
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FIG. 4. (A, B) Scanning elec-
tron micrographs of ASCs on
LNFs, and (C) light micro-
graph of ASCs differentiated
into neuron-like cells in Ultra-
Culture serum-free media on a
laminin film, taken at 10x
magnification. On the
film, cells were stained for
B-3-tubulin using the horse
radish peroxidase (HRP)
method. Observing the three
neuron-like cells in the center,
we see neurites formed as well
as synapse-like structures be-
* tween cells. In addition to
% nerve-like morphology, these
cells show positive for B-3-
tubulin as a nerve-specific
} marker. (D) Attachment assay
to LNFs and laminin films.
{ Cells were allowed to attach to
the substrate for 15, 30, 60, or
u 120 min before being washed
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ment, we performed a cell attachment assay comparing the
attachment of ASCs on LNFs to laminin films. The assay was
performed under serum-free conditions to exclude attach-
ment mediated through serum proteins. Accordingly, the at-
tachment measured was assumed to be mediated solely
through the bioactivity of the substrate. Throughout the time
course of the attachment study, cells showed significantly
greater attachment to the NF substrate than the film substrate,
as shown in Figure 4D. Because the cells attach more avidly to
the NFs than equivalent saturating quantities of planar la-
minin, there are likely features related to size and scale of the
NFs that are recognized by the cells.

Additionally, we have observed ASCs to acquire a neuron-
like morphology and express B-3-tubulin, a nerve-specific
marker, on laminin films, as shown in Figure 4C, extending
neurite-like processes similar in morphology to dendrites and
axons and forming cell-cell connections reminiscent of syn-
apses. To determine whether LNFs would maintain and
enhance this morphological change, we observed ASC attach-
ment on LNFs and preferential process extension along fibers
as shown in Figure 4A and B. To quantify this behavior, we
observed ASC morphology after 24 h in UltraCulture, a com-
mercially available serum-free media, on both LNFs and films.
Cells that assumed a nervelike morphology by extending
neurite-like processes as shown in Figure 5C and D were
counted as a percent of total cells on each substrate. As in the
attachment study, we observed a significantly higher number
of neuron-like cells on the LNF substrates (Fig. 5B); however,
when normalized with total cell number, the percent of ASCs
assuming a nerve-like morphology was not significantly dif-
ferent (Fig. 5A).

To consider the cytocompatibility of LNFs for a nerve-like
cell and to ensure that the bioactivity of laminin was main-

off, fixed, imaged, and coun-
ted using light microscopy and
Image J processing techniques.
Asterisks (*) indicate signifi-
cantly greater attachment to
fibers than films (p < 0.05).

50 100 150

tained through processing, we investigated the response of
PC12 cells to our laminin nanofibrous substrates. PC12 cells
are a neuronal cell line derived from mouse pheochromocy-
toma and known to extend neurites in response to NGF.
Additionally, PC12 cells have previously shown to extend
neurites in response to a laminin substrate alone, without
NGF stimulation.> We performed the neurite extension ex-
periment on LNFs with and without NGF stimulation to de-
termine if the laminin substrate alone would be sufficient for
neurite extension. We observed that 78.99% of PC12 cells ex-
posed to NGF extended neurites; surprisingly, when left un-
stimulated, a greater percentage (98.86%) of cells extended
neurites. Figure 6 depicts number of neurites per cell and il-
lustrates peak differences in number of cells per neurites. This
representation shows not only the higher number of cells
extending neurites in the unstimulated case, but also the right-
skewed shape of the curve indicates that cells in the un-
stimulated case extended a higher number of neurites per cell.
Both groups exhibited similar neurite extension, and while the
mean neurite-per-cell measurement appears greater on NFs
without stimulation, no statistically significant difference was
found.

Discussion

Through the parametric study and subsequent hydration
study, we were able to achieve nanoscale-diameter fibers that
retained their fibrous morphology in culture medium without
chemical crosslinking. The positive linear correlations we
found between fiber diameter and initial solution concentra-
tion and flow rate are supported by previous research in
the field. With synthetic polymers such as poly(lactide-
co-glycolide)®® and polycaprolactone,>**° and also other
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LNF

biopolymers such as Collagen23 and elastin,? fiber diameter is
generally observed to be smallest at the lowest solution con-
centration and flow rate, most likely due to limitations placed
on the polymer content of the jet by these process parameters.
Low flow rates (less than 1 mL/h) and low solution concen-
trations (dependent on polymer) cause less polymer to be
ejected from the syringe needle toward the collector plate
at any given time, leaving a greater volume of solvent to
evaporate over a longer evaporation time and extending a
small volume of polymer over a greater distance in space.
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Generally, as we strive to mimic basement membrane in our
laminin nanofibrous scaffold, we will require a range of fea-
ture heights, widths, and porosities based on the particular
native membrane we hope to recreate. The representation
of diameter effects based on single parameters should be
most useful in an experimental setting, guiding researchers
with a particular fiber diameter in mind. As such, the rela-
tionships we have achieved through the parametric study
should allow us to choose or alter specific physical parameters
to create or adjust the fiber diameter and morphology we
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desire, reducing the time and expense of trial and error in
experimentation.

Additionally, the fibers generated show morphology
characteristic of basement membrane. We achieve fiber di-
ameters from 100 to 280 nm, solidly within the ranges shown
by Flemming et al. for human corneal epithelial basement
membrane feature sizes, and within the same order of mag-
nitude as the laminin structures shown by Yurchenco and
Ruben.'*® For example, as visible in Figure 1, electrospun
laminin at lower concentrations forms structures reminiscent
of matrisomes, structures composed of several basement
membrane components such as type IV collagen, laminin,
proteoglycans, and nidogen first discussed by Martin et al.* Tt
has been suggested by their group that these tetrahedral
structures are a primary site for cell attachment and direction
of matrix synthesis and formation. The presence of similar
structures in LNF meshes, and the observation that cells on a
laminin matrix preferentially bind at these structures, sup-
ports the claim that laminin alone may provide a favorable
substrate to provide cell attachment cues.

Laminin holds yet another advantage over other electro-
spun biological polymers such as collagens or fibrinogen: the
ability to maintain fibrous morphology after exposure to an
aqueous medium. Thus LNFs are the first reported protein
NFs suitable for in vitro studies in which the protein is native.
Based on diameter measurements before and after hydration,
the meshes experience a slight swelling in aqueous media
resulting in a less than 10% increase in fiber diameter. Similar
collagen meshes show no fibrous morphology after hydra-
tion, yielding a structure more like that of a hydrated mat or
gel than a fibrous mesh. The common solution to this is-
sue is chemical crosslinking to assist fibers in retaining their
shape upon hydration; however, crosslinking itself changes
the fibrous morphology significantly, almost completely
destroying the porosity of the mesh and causing flattening of
fibers into a ribbon-like morphology, as observed by others."”
Crosslinking of many proteins ablates biological activity,
including laminin, which, when treated for sterilization by
ultraviolet exposure, loses the ability to stimulate neurite
extension of chick dorsal root ganglia.*” It is possible that the
process of electrospinning caused a change in the molecular
structure of laminin, which, while maintaining biological
activity, caused the LNFs to become insoluble in aqueous
media. Notably, Kakade et al. have shown changes in the
infrared spectrum of poly(ethylene oxide) suggestive of a
change in the molecular structure of the fibers most likely
resulting from a molecular level alignment of the individual
polymer molecules.®® In our system, this structural change
caused by electrospinning may be the basis for the insolu-
bility of LNFs in aqueous media; however, this may also
result from loss of water solubility as a consequence of ly-
ophilization of the laminin preparation before dissolution in
the electrospinning solvent. Laminin is essentially insoluble
in aqueous, physiological buffers following lyophilization,
which is a process avoided in purification of laminin for
that reason.”” Additionally, Zeugolis et al. suggest that
fluoroalcohols such as HFP cause protein denaturation, es-
sentially unfolding collagen into gelatin and causing the
solubility of collagen NFs in aqueous media.'* The authors
suggest that the denaturation of collagen to gelatin disrupts
the triple-helical structure of the molecule. If this is indeed
the case for collagen, a similar situation may exist with
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laminin. Laminin has a structure similar to collagen where
the long arm (A chain) and short arms (B chains) wrap down
to the globular domain at the carboxyl terminus of the A
chain. Neuroactive sequences identified in laminin have been
localized to the E8 fragment, near and within the globular
domain of the long arm,* specifically the IKVAV sequence,*’
suggesting that even if the coil were to unwrap into its three
component pieces with solubilization in HFP, the active re-
gion would remain intact on the long arm of the protein,
maintaining the bioactivity we observed. Consequently, we
have seen that laminin maintains its bioactivity after pro-
cessing as demonstrated by our cell attachment and neuronal
extension assay, suggesting either laminin resists denatur-
ation by fluoroalcohols such as HFP, or maintains active
regions intact through denaturation.

In the attachment assay, we have shown that laminin in
either film or fibrous form is sufficient for ASC attachment
under serum-free conditions. The LNF meshes, most likely
due to their topography and physical similarity to basement
membrane, facilitated ASC attachment over two-dimensional
laminin films. Both LNFs and films induced ASCs to form
neurite-like processes after 24-h exposure to the laminin
substrate in serum-free media. In addition, significantly
greater nerve-like cell numbers that attributed to greater cell
attachment were seen in the LNF case, likely due to the na-
nostructure of the surfaces and higher surface area available
for attachment than on two-dimensional films of the same
substrate. Additionally, the extension of neurites by PC12
cells without standard NGF stimulation suggests that laminin
retains its bioactivity even in NF form. PC12 cells are known
to extend processes reversibly in the presence of NGF,
achieving a nerve-like morphology, but cannot normally be
forced to extend neurites without NGF by other means.*!
However, it has been shown that laminin can substitute for
NGF stimulation to induce neurite outgrowth in these cells.*>
In our study, exposure to LNFs was sufficient to form pro-
cesses, and NGF stimulation was unnecessary. In fact, no
statistical difference was found between the stimulated and
unstimulated cells, suggesting that the NFs substitute com-
pletely for the presence of NGF for neurite extension. There-
fore, we have demonstrated that the ability of the substrate to
promote neurite extension was not destroyed by any of our
processing methods, specifically lyophilization, solubiliza-
tion, and sterilization. This observation promotes LNF me-
shes as an ideal substrate for nervous system applications.

In conclusion, we have, for the first time, successfully
electrospun laminin I using HFP as a solvent under varying
process parameters. With the completion of the parametric
study, we now have guidelines by which to select parame-
ters to create varying fiber diameters and morphologies,
allowing these parameters to be tailored to the design con-
straints of the particular tissue. Cells attach and grow on
LNFs, and nerve-like cells extend processes without growth
factor stimulation, making a nanofibrous laminin substrate
ideal for many applications, particularly in nervous system
tissue engineering.
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