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Abstract This article focuses on elucidating the key
presentation features of neurotrophic ligands at polymer
interfaces. Different biointerfacial configurations of the
human neural cell adhesion molecule L1 were established
on two-dimensional films and three-dimensional fibrous
scaffolds of synthetic tyrosine-derived polycarbonate
polymers and probed for surface concentrations, micro-
scale organization, and effects on cultured primary neurons
and neural stem cells. Underlying polymer substrates were
modified with varying combinations of protein A and poly-
D-lysine to modulate the immobilization and presentation
of the Fc fusion fragment of the extracellular domain of L1
(L1-Fc). When presented as an oriented and multimeric
configuration from protein A-pretreated polymers, L1-Fc
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significantly increased neurite outgrowth of rodent spinal
cord neurons and cerebellar neurons as early as 24 h
compared to the traditional presentation via adsorption
onto surfaces treated with poly-p-lysine. Cultures of human
neural progenitor cells screened on the LI-Fc/polymer
biointerfaces showed significantly enhanced neuronal
differentiation and neuritogenesis on all protein A oriented
substrates. Notably, the highest degree of pIII-tubulin
expression for cells in 3-D fibrous scaffolds were observed
in protein A oriented substrates with PDL pretreatment,
suggesting combined effects of cell attachment to poly-
cationic charged substrates with subcellular topography
along with L1-mediated adhesion mediating neuronal dif-
ferentiation. Together, these findings highlight the promise
of displays of multimeric neural adhesion ligands via bio-
interfacially engineered substrates to “cooperatively”
enhance neuronal phenotypes on polymers of relevance to
tissue engineering.

1 Introduction

Neurodegenerative diseases and traumatic injuries can
cause irreversible damage to the central nervous system
(CNS), resulting in a significant deficit in motor and sen-
sory function due to a limited endogenous capacity for
regeneration and targeted axonal regrowth [1]. An ideal
strategy for CNS repair relies on promoting regrowth/
sprouting, neuronal survival, synaptogenesis, and remyeli-
nation of host axons while stimulating transplanted exog-
enous neural cells to survive, migrate, and integrate within
host tissue [2]. Engineered biomaterials involving specific
neural cell adhesion ligands have been recently explored
for their ability to support neurite outgrowth and neuronal
differentiation relevant for CNS repair [3, 4]. However, the
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effective integration of neuronal bioactivity along with
transplantable substrate designs remains a major challenge.
Conventional bioactive or biomimetic substrates for neural
engineering applications have presented peptides, extra-
cellular matrix (ECM) proteins, growth factors, and cell
adhesion proteins [5-9].

A key adhesion ligand for neuronal survival and dif-
ferentiation is the neural cell adhesion molecule L1. L1 isa
transmembrane glycoprotein of the immunoglobulin
superfamily that also shares several binding domains with
fibronectin [10]. L1 acts through homophilic (L1-L1)
interactions, as well as heterophilic interactions [11-13]
and plays a critical role in neural cell adhesion, [14-16]
neurite fasciculation, neuronal protection [17, 18], synaptic
plasticity, axonal outgrowth and adhesion, [19] subcellular
synapse organization and cell migration [20, 21]. It is
expressed on the cell surface of postmitotic neurons in the
CNS and peripheral nervous system (PNS), as well as
Schwann cells in the PNS [22]. L1 has also been shown to
improve functional recovery and improved corticospinal
tract regrowth following spinal cord injury in mice [23].

The role of L1 in neuronal differentiation of neural stem
cells has also been investigated. Primary mouse neural
stem cells demonstrated enhanced neuronal differentiation
and decreased astrocyte differentiation when cultured on
substrates pretreated with L1-Fc or fibroblasts engineered
to express L1-Fc, compared to poly-p-lysine (PDL) and
laminin-treated surfaces [24]. Additionally, L1-Fc treated
surfaces primarily promoted GABAergic differentiation
over other cell types, suggesting that L1 can influence
neuronal subtype specification in the absence of growth
factors [24]. In another study, Ll1-transfected mouse
embryonic stem cells exhibited enhanced process extension
and migration in comparison to non-transfected stem cells
when injected into a spinal cord lesion site, which induced
enhanced functional recovery [25]. Both studies demon-
strate that L1 promotes neuronal versus astrocytic differ-
entiation of stem cells.

Despite the widespread interest in the biological activity
of L1, mechanisms and approaches for optimally presenting
L1 from biomedically relevant materials for cell transplan-
tation remain to be systematically examined. A variety of
materials of natural and synthetic origin, have been previ-
ously shown to promote adhesion, proliferation, neurite
extension, and neuronal differentiation of neural cells in
vitro and in vivo [26-28]. Synthetic polymer-based bioma-
terial scaffolds have the added advantage of controlled
chemistries and mechanical properties [29, 30], while
enabling display or release of neurotrophic factors [31, 32].
Of the various scaffold configurations proposed to date [27,
28, 30], electrospun polymer substrates have exhibited
excellent neurogenic properties, due to their high surface
area and porosity, and fibrous ECM-like geometries [33, 34].
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In this study, we combined both 2-D and 3-D substrate
configurations fabricated from biodegradable synthetic
polymers, with the goal of modulating controlled surface
presentation of the neural adhesion molecule L1. Polymer
films (2-D) and fibrous polymer scaffolds (3-D) were fab-
ricated from tyrosine-derived polycarbonates, a combina-
torial library of degradable polymers with tunable
mechanical properties, surface properties, and degradation
rates [35, 36]. Specifically, the base monomer poly(desa-
minotyrosyl tyrosine ethyl ester carbonate) [poly(DTE
carbonate)] can be copolymerized with variable amounts of
desaminotyrosyl tyrosine (DT) and/or poly(ethylene gly-
col) (PEG), resulting in polymers with similar structures
but variable degradation rates and protein adsorption
properties. We used three different approaches to establish
biointerfaces of L1-Fc: (1) the conventional adsorption of
L1-Fc onto substrates pretreated with PDL, (2) presentation
of L1-Fc from substrates pretreated with PDL and protein
A and (3) presentation of L1-Fc from substrates pretreated
with protein A alone. We hypothesized that the presenta-
tion of L1-Fc via substrate-coated protein A would pro-
mote the outward display of surface-bound L1-Fc, while
presenting L1-Fc in a more optimal, physiologically-rele-
vant manner, compared to the random orientation of L1-Fc/
PDL coated substrates. We report that multimeric presen-
tation of L1-Fc via binding to protein A enhanced adhesion
and neurite outgrowth in 2-D configurations and that this
effect was also replicated in a 3-D configuration, consisting
of aligned scaffolds of polymer fibers biofunctionalized
with L1-Fc. This is also the first report of effects of sub-
strate biofunctionalized L1 on human neural progenitor cell
behavior.

2 Materials and Methods
2.1 Biointerfaces on Polymer Thin Films

A 1% (w/v) poly(DTE-co-10% DT-co-1% PEGy carbon-
ate) polymer solution was prepared by dissolving the
polymer in tetrahydrofuran (THF) (Sigma-Aldrich, St.
Louis, MO, USA) overnight at room temperature. The
polymer solution was then filtered using a 0.45 um
Whatman pTFE filter and spin-coated onto 12 mm glass
coverslips. The thin films were dried for at least 24 h under
vacuum and UV sterilized for 15 min, prior to coating with
proteins. The thin films were then coated with 100 pg/ml of
PDL (70-150 kDa; Sigma-Aldrich) for 1 h at room tem-
perature. After three washes with ultrapure water, the films
were coated with 1.25 pg/ml of protein A (PA) (Invitrogen,
Carlsbad, CA, USA) for 1 h at room temperature. Fol-
lowing three washes with ultrapure water, the films were
coated with 2, 10, or 50 pg/ml of human L1-Fc (R&D
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Systems, Minneapolis, MN, USA) overnight at 4°C. L1-Fc
is the fusion of the Fc region of human IgG,, which con-
tains two disulfide bonds, to two extracellular domains of
human L1. For controls, the thin films were kept hydrated
with phosphate buffered saline (PBS, Lonza, Walkersville,
MD, USA) overnight. The films were washed three times
with PBS and the cells were seeded immediately. The
resulting conditions were as follows: L1-Fc¢/PDL, L1-Fc/
PA/PDL, and L1-Fc/PA and the corresponding controls.

2.2 Verification of L1-Fc Functionality

Enzyme-linked immunosorbent assay (ELISA) was used to
determine the presence of L1-Fc on different substrates.
Each substrate was prepared as described above. Next, the
thin films were washed in PBS one time for 2 min and
treated with a blocking solution composed of 1% bovine
serum albumin (BSA, Sigma Aldrich, St. Louis, MO,
USA), in PBS for 1.5 h at room temperature. After one
wash for 2 min in PBS, the samples were incubated with a
monoclonal mouse anti-L.1 antibody, clone L1.1 (1 pg/ml)
(Invitrogen), specific for the extracellular domain of human
L1 for 1.5 h and washed three times, for 5 min each, with
PBS containing 0.05% Tween-20 (PBST). The substrates
were then treated with the secondary antibody, alkaline
phosphatase conjugated-goat anti-mouse IgG antibody
(Sigma-Aldrich) for 1.5 h at room temperature. Following
three 5 min washes with PBST, the substrates were reacted
with alkaline phosphatase yellow (pNPP) liquid substrate
(Sigma-Aldrich) for up to 30 min in the dark at room
temperature. The reaction was stopped with 3N NaOH and
the substrates were read on an absorbance plate reader at
405 nm. The absorbance readings were used to assess the
presence of L1-Fc on each substrate compared to the
respective controls.

2.3 Quantification of Protein Layer on Polymer
Thin Films

Deposition of polypeptide and protein layers on polymer
thin films was measured using a quartz crystal microbal-
ance with dissipation (QCM-D) (Qsense E4, Biolin Sci-
entific, Linthicum Heights, MD, USA). Polymer thin film
substrates using gold-coated sensor crystals (QSX301,
Biolin Scientific, Linthicum Heights, MD, USA) were pre-
pared as described above using spin coating except dioxane
(Fisher Scientific, Pittsburgh, PA, USA) was used as the
solvent. Prior to measurement, the polymer coated sensor
crystals were equilibrated in PBS for at least 1 h at 37°C to
establish a stable baseline. Subsequently, PDL (100 pg/
ml), PA (20 pg/ml) and L1-Fc (10 pg/ml) were perfused
through the flow system for 30 min at a flow rate of
24.2 pl/min. The deposition of each layer was followed by

a PBS wash for at least 30 min. Control experiments were
conducted replacing deposition of respective layer with
PBS perfusion. The frequency and dissipation were mea-
sured during each experiment. For raw data analysis the
fiftth overtone (25 MHz) was used. Hydrated mass per
surface area of L1-Fc was modeled from the frequency and
dissipation of the fifth and seventh overtone according to
the Voigt model (Q-tools software) [37]. From the infor-
mation obtained from the Voigt model and the bulk L1-Fc
concentration applied to the crystals, the percent of L1-Fc
deposited onto each thin film was also determined.

2.4 AFM Analysis of Biointerfaces on Thin Films

Atomic force microscopy (AFM) was utilized to visualize
L1-Fc spatial distribution and the thickness of each thin
film. Each thin film was prepared as described above. Next,
films were blocked in a blocking solution of 1% BSA in
PBS for 30 min at room temperature. Following three
washes with PBS, the substrates were treated with the L1.1
antibody (1 pg/ml) for 30 min. The substrates were washed
three times with PBS and incubated with Nanogold® goat
anti-mouse IgG antibody (1:40 dilution) (Nanoprobes,
Yaphank, NY, USA) for 30 min. To amplify the gold
signal, thin films were treated for 5 min with a silver
enhancement kit, which would increase the gold particle
size from 30 to 100 nm, depending on treatment time (LI
Silver Enhancing Kit, Invitrogen). We chose to use the
shortest treatment time possible as large variability in
particle size has been shown to increase with time [38].
The samples were then washed with ultra-pure water and
air dried in a desiccator overnight prior to AFM imaging.
AFM height images in tapping mode were collected using a
Multimode AFM having a Nanoscope-IIla controller
equipped with a J-type piezo scanner (Veeco Metrology
Group, Santa Barbara, CA, USA).

2.5 Fibrous Polymer Scaffold Fabrication
and Characterization

Fibrous scaffolds were fabricated by electrospinning
poly(DTE-co-10% DT-co-1% PEGy carbonate). An 18%
(w/v) solution was prepared by dissolving the polymer in
glacial acetic acid (Fisher) overnight at room temperature.
Fibrous scaffolds were produced by flowing the polymer
solution through an 18-gauge needle at a flow rate of 1 ml/
h, controlled by a programmable syringe pump (KD Sci-
entific, Holliston, MA, USA). A voltage of +24 kV was
applied to the needle by a 30 kV dual polarity power
supply (Gamma High Voltage Research, Inc, Ormond
Beach, FL, USA) and the fibers were collected on a rapidly
rotating mandrel spaced 18 cm from the needle. The
scaffolds were allowed to dry under vacuum for at least
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3 days and were UV sterilized for 30 min prior to protein
treatment and cell culture.

Surface morphology of the electrospun scaffolds was
observed on an AMRAY 1830 I scanning electron micro-
scope (SEM). Samples for SEM imaging were dried under
vacuum, and sputter-coated with gold—palladium [39].
Imaging was performed at 20 kV acceleration potential.
Quantification of the fiber diameter distribution was based
upon measurement of 100 individual fibers in 1,000x SEM
images using NIH-ImageJ software (http://rsb.info.nih.gov/ij/).

Fiber alignment was quantified from SEM images using
Imagel, similar to a previously described method [40].
Briefly, ImageJ was used to measure the angle of alignment
of each fiber in a given SEM image and the angle differ-
ence between each fiber and the mean fiber angle was
calculated. This data is shown as a histogram of angle
differences. The alignment of at least 100 fibers was
measured.

2.6 Primary Neuronal Cell Cultures

Spinal cord neurons (SCNs) were obtained following a
protocol that was adopted and modified from what was
previously described, [41] using embryonic day 15 rat
embryos obtained from pregnant Sprague—Dawley rats
(Taconic, Germantown, NY, USA). The SCNs were cul-
tured in serum free neurobasal medium (Invitrogen) sup-
plemented with 1x B27 supplement (Invitrogen), 2 mM
glutamine (Invitrogen) and 1% penicillin/streptomycin
(Lonza) and maintained for 24 h.

Cerebellar neurons (CNs) were obtained from P8 Spra-
gue-Dawley rat pups, following a protocol previously
described [42]. The cells were cultured in serum free
neurobasal-A medium (Gibco), supplemented with 1x B27
supplement, 25 mM KCl, 2 mM glutamine, and 1% peni-
cillin/streptomycin.

2.7 Quantification of Neurite Outgrowth

For neurite outgrowth studies of SCNs and CNs, both cell
types were plated at 2 x 10* cells/cm? onto thin films or
3.1 x 10* cells/em? onto scaffolds pretreated with differ-
ent L1-Fc presentations and controls. The cells were fixed
and immunostained with mouse monoclonal SIII-tubulin
(clone TUJ1, Covance, Berkeley, CA, USA) after 24 h in
culture. For each condition, ten fields of view at 40x
magnification were imaged using a Leica TCS.SP2 con-
focal microscope system (Leica Microscope, Exton, PA).
For image analysis, total neurites were measured using
NIH-ImageJ imaging software. Only neurites that were
equal to or greater than the diameter of a cell body were
measured. In the case of SCNs, the average length of the
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longest neurite was also measured for cells with multiple
membrane processes.

2.8 Functional Blocking Assays of Cell Adhesion
and Neurite Outgrowth

To determine if L1-Fc presentation affected the avail-
ability of different binding sites, we investigated how
blocking interactions between substrate bound L1-Fc and
cellular L1 or «,f; integrin receptors influenced neurite
outgrowth and cell attachment. To block L1-L1 homo-
philic interactions, each substrate was treated with 50 pg/
ml of anti-L1 antibody, clone L1.1 or mouse IgG1 isotype
control (R&D Systems), for 1 h, prior to seeding SCNs. In
order to competitively inhibit the interaction between L1
and o,f3, SCNs were treated with various concentrations
of cyclic RGD (cyclo-RGDfV) peptide (Peptides Inter-
national, Louisville, KY, USA) for 1 h prior to plating the
cells onto the different L1-presenting substrates. SCNs
were cultured for 24 h, immunostained with SIII-tubulin,
and analyzed for cell attachment and neurite outgrowth.
For each metric, ten fields of view were taken for each
condition and the number of nuclei for each view was
counted or neurites were measured using NIH-Image]
imaging software.

2.9 hESC-Derived Neural Progenitor Cell Culture
and Differentiation

ENStem-A neural progenitor cells (NPCs) were purchased
from Millipore (Millipore, Temecula, CA, USA). These
NPCs were derived from NIH approved H9 human
embryonic stem cells (hESCs). For cell expansion and
maintenance, NPCs were cultured in 6 cm culture dishes
coated with %x stock Matrigel (BD Biosciences, Franklin
Lakes, NJ, USA) in ENStem-A neural expansion medium
(Millipore) at 37°C in 5% CO,. Medium was changed
every 2 days and cells were passaged, by mechanical dis-
sociation, once they reached 90-95% confluence (every
4-5 days) at a ratio of 1:2 or 1:3.

Differentiation of NPCs was initiated once the cells
reached about 85-90% confluence, by removing ENStem-
A medium, washing two times with warm neurobasal
medium, and replacing the medium with neural differen-
tiation medium (NDM) composed of neurobasal medium,
Ix B27 supplement, 2 mM glutamax (Invitrogen), 1%
penicillin/streptomycin. After 4 days in NDM, the cells
were passaged with Accutase (Invitrogen), plated on L1-
Fc coated thin films and scaffolds at a density of
6.25 x 10* or 2 x 10* cells/em® respectively, and
allowed to differentiate for 7 days, with medium changes
every 2 days.
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2.10 Immunocytochemistry of Neuronal Phenotypes

After 24 h (SCNs or CNs) or 7 days (NPCs), culture
medium was removed and the cells were fixed in 4%
paraformaldehyde for 20 min at room temperature and then
washed three times with PBS. The cells were then per-
meabilized with 0.1% Triton-X, followed by three PBS
washes. To prevent non-specific antibody binding, the
samples were blocked with 5% normal goat serum (MP
Biomedicals, Solon, OH, USA) in PBS (blocking buffer),
for 1 h at room temperature. Primary antibodies were then
diluted in the blocking buffer and applied to the samples
overnight at 4°C. Following the removal of the primary
antibody, the cells were washed three times, for 20 min
each time, and the secondary antibodies, along with 1 pg/
ml of Hoechst 33258 (Sigma-Aldrich) were diluted in
blocking buffer and applied for 1 h at room temperature,
followed by three, 20 min washes with PBS. Primary
antibodies mouse anti-SIII-tubulin and mouse anti-nestin
(IgG1) (Millipore) followed by isotype specific Alexa
Fluor 488, 594, or 647 goat-anti mouse secondary anti-
bodies (Invitrogen) were used for the studies.

2.11 Statistical Analysis

The data is expressed as mean =+ the standard error of the
mean. Variance of analysis using one-way ANOVA was used
followed by post hoc means comparison with Tukey’s test.
Differences between conditions were considered statistically
significant with p values <0.05. All data represents three
independent experiments performed in duplicate.

3 Results

3.1 Protein A Coated Polymer Films Support Increased
Surface Adsorption of L1-Fc

The relative amount of the neuritogenesis-promoting domain
exposed within L1-Fc adsorbed onto polymer thin films
treated with PDL, PA/PDL, or PA was determined by ELISA
(Fig. 1a). We examined three different concentrations (2, 10,
and 50 pg/ml) to characterize L1-Fc epitope exposure on the
surface using multimeric versus random modes of presenta-
tion. ELISA results showed increased and dose-dependent
L1-Fc increased exposure of the neuritogenesis-promoting
epitope on PA containing substrates compared to PDL con-
trols. These results support a more outward display of L1 on
PA-treated substrates, given the nature and location of anti-
body binding epitopes within the N-terminal, first and second
Ig-like domains of the ectodomain of L1 [43].

The amount of L1-Fc adsorbed on the polymer thin films
was quantified using QCM-D. Representative QCM-D

plots of frequency over time show subsequent frequency
drops indicating deposition of PDL, PA, and LI1-Fc,
respectively (Fig. 1b). An average frequency change for
the deposition of PDL of Af=-9 + 09 Hz was
observed. The frequency change for the deposition of PA
was higher for surfaces with prior PDL deposition with
Af = —15 + 0.3 Hz as compared to Af = 7 £ 4.1 Hz for
PA on uncoated polymer surfaces. For both PDL and PA,
only small changes of dissipation were observed with
AD < 10. Deposition of L1-Fc subsequent to deposition of
PA and PDL led to much larger changes of —70 &+ 17.3 Hz
and a dissipation change of AD = 8 + 3.4. The hydrated
mass per surface area of L1-Fc was calculated using the
Voigt model for all conditions (Fig. 1c). The Voigt mass of
L1-Fc was highest with m = 2.8 + 0.84 pg/cm® sub-
sequent to coating the polymer surface with both PDL and
PA. A slightly lower mass of L1-Fc was deposited on the
polymer surface treated only with PA with m = 1.9 £
0.56 pg/cm?. In comparison, the deposited mass of L1-Fc
onto the exclusively PDL treated polymer surfaces was
even lower with m = 0.8 + 0.15 pg/cm?®. The percent of
L1-Fc deposited onto the surface from the added bulk
ligand concentration is shown in (Fig. 1d). The results of
the ELISA and QCM-D studies confirm that PA-based
presentation of L1-Fc results in increased levels of L1-Fc
adsorption onto the polymer thin films.

3.2 Spatial Distribution of L1-Fc when Presented
on PDL and Protein A

We hypothesized that L1-Fc presentation was multimeric
and oriented, in a specific manner, on PA coated polymer
thin films (Fig. 2b) compared to a more randomly oriented
presentation on PDL coated polymer films (Fig. 2a). AFM,
using dry tapping mode, was used to quantify the spatial
distribution, substrate thickness, and relative sizes of L1
complexes using gold-conjugated antibodies and silver
counterstaining. L1-Fc adsorbed onto PDL resulted in
complexes diffusely distributed on the thin films with a
surface thickness of 23.5 4+ 1.9 nm. L1-Fc presented from
PDL and PA or PA alone also resulted in diffusely dis-
tributed L1-Fc protein complexes with surface thicknesses
235+ 1.8 and 23.2 £ 1.5 nm respectively (Fig. 2c).
While there was no difference in the thickness of each
substrate, which was a result of adsorbed L1-Fc complexed
with the primary and gold-conjugated-silver enhanced
secondary antibodies, it was clear that PA-presented L1-Fc
resulted in increased L1-Fc adsorbed to the surface, as is
indicated by the increase in the density of the complexes in
the two-dimensional images and three-dimensional images
of substrate topography (Fig. 2c). We also measured the
width of the protein complexes using the cross-sectional
profiles of the complexes shown in the third column of
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Fig. 1 Presentation of L1-Fc by protein A results in enhanced L1
adsorption and improved directed presentation of L1-Fc. a ELISA
was used to determine the relative amounts of L1-Fc on the polymer
thin films treated with and without PA. L1-Fc (2, 10, 50 pg/ml) was
adsorbed on PDL with and without PA (PDL, PA/PDL) or PA alone
(PA). b Representative QCM-D plots of frequency versus time: L1-Fc

Fig. 2c. Thin films of L1-Fc/PDL exhibited well-defined
peaks indicative of less aggregation, whereas L1-Fc pre-
sented from PA/PDL or PA alone resulted in peaks that
were wider and less defined, suggesting the close apposi-
tion of multiple complexes, and greater density that is

consistent with increased surface concentrations of L1-Fc
quantified via ELISA in Fig. la.

3.3 Multimeric L1 Presentation Enhances Neurite
Outgrowth of Cultured Neurons on 2-D Films

Spinal cord neurons were cultured on variable L1-Fc config-
urations for 24 h (Fig. 3a—c). At increasing concentrations of
L1-Fc, L1-Fcelicited longer neurite extensions of SCNs when
presented on films containing PA compared to thin films only
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deposition on PDL (red); PA/PDL (blue), and PA (green). ¢ Voigt
mass of L1-Fc deposition modeled from QCM-D data subsequent to
PDL, PA/PDL, or PA deposition. d The percent of L1-Fc adsorbed
onto each surface during the QCM-D, from a bulk concentration of
10 pg/ml of L1-Fc. PDL poly-p-lysine. PA protein A (* denotes
p < 0.05)

coated with PDL (Fig. 3a). The average SCN neurite lengths
on the L1-deficient controls PDL, PA/PDL, and PA averaged
around 53 + 2.4 um (Fig. 3b) and were comparable to 2 pg/
ml of L1-Fc presented from PDL and PA/PDL. In contrast, the
earliest significant increase in neurite length (75.9 + 8.4 pm)
was elicited by 2 pg/ml of L1-Fc presented from PA alone,
suggesting that PA enhances the efficacy of low concentra-
tions of L1-Fc. Increased L1-Fc concentrations progressively
elicited enhanced neurite extension. Both L1-Fc/PA/PDL and
L1-Fc/PA promoted increased neurite lengths on 10 pg/ml
(145.1 £ 12.1 and 154.8 £ 12.7 um, respectively) and
50 pg/ml (186.4 £ 5.5 and 182.8 £ 13.4 um, respectively)
of LI-Fc in comparison to the LI1-Fc/PDL substrates
(73.4 + 4.5and93.1 £ 10.3 um). These results show that (1)
PA presentation greatly improves L1-Fc mediated neurite
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outgrowth of SCNs and (2) PDL does not additionally con-
tribute to enhanced cell attachment or extensions when L1-Fc
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Cell-L1 binding has been reported to be cell type spe-
cific [44]. Therefore, we also examined how a different
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PA revealed increased L1-Fc adsorption as shown by the increase in
protein complexes in the 2-D and 3-D images. PA presented L1-Fc
resulted in cross-sectional profiles with wider peaks compared to L1-
Fc adsorbed on PDL. A summary of the thickness of the thin films and
the width of the protein complexes is shown in the tables to the far
right. PDL poly-p-lysine, PA protein A (* denotes p < 0.05 compared
to both PDL and PA/PDL controls, § denotes p < 0.05 compared to
PA control, # denotes p < 0.05 compared to the L1-Fc/PDL
condition)

source of neurons, namely CNs, responded to variable L1-
Fc presentations after 24 h. Similar to the observation with
SCNs, polymer films where L1-Fc was presented via PA/
PDL or PA alone promoted enhanced neurite outgrowth of
CNs (112 £+ 5.8 and 115.3 £ 7.8 um, respectively) when

> @ Springer
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Fig. 3 Protein A presentation of L1-Fc enhances neurite outgrowth in
spinal cord and cerebellar neurons. a Spinal cord neurons (SCNs)
were plated on L1-Fc adsorbed onto PDL (L1-Fc/PDL), a combina-
tion of PDL and PA (L1-Fc/PA/PDL), and PA alone (L1-Fc/PA), as
well as control surfaces that did not contain L1-Fc. SCNs cultured for
24h on LI1-Fc/PA/PDL or L1-Fc/PA extended longer neurites
compared to those on L1-Fc/PDL treated films. b Quantification of
the average total neurite outgrowth indicated that on 10 or 50 pg/ml
of L1-Fc, there was no significant difference in outgrowth between

compared to L1-Fc coated onto PDL (82.4 £ 6.6 um)
(Fig. 3e). In addition, CNs grown on L1-Fc/PA extended
thinner, finer neurites compared to thicker extension
observed on L1-Fc/PA/PDL surfaces (Fig. 3d) suggesting
that PDL may have a modest cooperative influence over
neurite adhesion for cerebellar neurons.
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the two conditions in which L1-Fc was presented from protein A
(with or without PDL). ¢ Quantification of the average length of the
longest neurite per cell. d Morphology of CNs that were seeded onto
the same substrates listed above, where 10 pg/mL of L1-Fc was used.
e Substrates in which L1-Fc was presented using PA resulted in
enhanced neurite outgrowth of CNs compared to neurons cultured on
L1-Fc presented from PDL. Scale bar 75 pm. PDL poly-p-lysine, PA
protein A (* denotes p < 0.05, ** denotes p < 0.01)

3.4 Multimeric L1 Presentation Enhances Neurite
Outgrowth of Cultured Neurons in 3-D, Fibrous
Substrates

Next, neurite extension was examined on fibrous scaffolds
fabricated from poly(DTE carbonate) polymer, combined
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with fiber-based multimeric L1-Fc presentation. Scaffolds
with aligned fiber orientation, designed to promote direc-
tional neuronal cell growth [45, 46], were fabricated by
electrospinning and visualized using SEM. The morphol-
ogy of the aligned scaffolds is shown in Fig. 4a, where the
average fiber diameter was found to be 1.25 £ 0.5 pm.
The alignment quantification of the fibers demonstrates that
the scaffolds have a high degree of fiber alignment, with
the predominant fiber counts falling at an angle difference
of 0°, which represents the fiber axis parallel to the refer-
ence line (Fig. 4b). All scaffolds treated with L1-Fc
showed extensive neurite outgrowth along the direction of
the aligned fibers (Fig. 4c). However, L1-Fc/PA/PDL and
L1-Fc/PA promoted significantly longer neurite outgrowth
(99.5 & 5.2 and 103 & 6.7 pm, respectively) compared to
LI1-Fc/PDL (71.8 & 5.1 pm) and the controls (Fig. 4d).

As observed with SCNs, all presentations of L1-Fc
resulted in directional growth of CNs, but enhanced neu-
ritogenesis was observed on L1-Fc/PA/PDL (97.04 £ 5.6
pm) or L1-Fc/PA (104.88 4 9.1 pum) presenting scaffolds
as well (Fig. 4e—f).

3.5 Role of L1-L1 Homophilic Cell-Substrate
Adhesion Underlying Neurite Outgrowth
on Multimeric L1 Films

To establish that the multimeric L1-Fc presenting films
engendered L1 cell receptor-mediated adhesion, each sur-
face was treated with a monoclonal antibody against L1
prior to plating SCNs. A significant reduction in neurite
outgrowth of SCNs cultured on L1-Fc/PA/PDL and L1-Fc/
PA treated surfaces in the presence of the anti-L.1 antibody
was observed, with a more pronounced inhibition seen in
the L1-Fc/PA condition. Given that L1 multimeric expo-
sure is differentially more amenable to inhibition on L1-Fc/
PA substrates indicates a more potent role for L1-L1
adhesion underlying neurite outgrowth of SCNs cultured
on L1-Fc/PA compared to L1-Fc/PDL (Fig. 5a). In the case
of SCNs cultured on L1-Fc/PDL, neurite outgrowth was
also reduced in the presence of the anti-L1 antibody,
however not as markedly as on the other substrates
(Fig. 5b), suggesting that the binding epitopes on L1 are
not as accessible for SCN binding when L1-Fc is adsorbed
onto PDL treated films. Thin films treated with the isotype
control resulted in SCNs with a similar morphology to
SCNs cultured on untreated thin films. Additionally, we
examined specific binding of the Fc region of L1-Fc to
protein A by blocking the Fc region of L1-Fc with an anti-
Fc antibody. Neurite outgrowth was greatly reduced in
SCNs cultured on L1-Fc/PA/PDL and L1-Fc/PA surfaces,
but not on L1-Fc/PDL treated surfaces, suggesting that L1-
Fc linkages with protein A are critical to the orientation
and activity of L1 (data not shown).

3.6 Multimeric L1 Films Support RGD Peptide-
Sensitive Integrin Mediated Cell Adhesion
and Neurite Outgrowth

The L1 molecule contains one RGD sequence located
within the sixth-Ig like domain, which has been reported to
bind to integrins «sf; and o,z [47]. The interaction of
oyf3 and L1 has been reported to stimulate neurite out-
growth of the rat pheochromocytoma cell line, PC12, as
well as chick dorsal root ganglion cells [48, 49]. We
examined the possible interactions of a,f3; cell adhesion
receptors and L1-presentation and the resultant effects on
cell responses. To this end, cyclic RGD peptides (cyclo-
RGDfV) reported to bind a3 with high affinity [S0] and
inhibit binding of L1 and a, 53 [48], were added to SCNs at
different concentrations, prior to cell plating onto the dif-
ferent substrates, and cell attachment and neurite outgrowth
were examined. Attachment of SCNs cultured on LI1-Fc/
PA (Fig. 5c) was considerably reduced to 14.9 £ 3.2% in
the presence of 1 pg/ml of cyclic RGD and further reduced
to 8.2 & 2.9% when treated with 10 pg/ml of cyclic RGD.
Cell attachment was mildly affected, following cyclic RGD
peptide treatment of SCNs cultured on L1-Fc¢/PDL with no
significant decrease, compared to untreated cells. These
results suggest that cell attachment on L1-Fc/PDL-based
substrates is only partially dependent on L1-integrin
binding. In contrast, on L1-Fc/PA substrates, o,f5-L1
binding plays a major role in cell attachment. When PDL
and PA were combined to present L1-Fc, only treatment
with 20 pg/ml of cyclic RGD peptide resulted in a signif-
icant reduction of cell attachment.

Reduced neurite lengths were observed in SCNs pre-
treated with cyclic RGD peptides and the results were
quantified (Fig. 5d). Neurite outgrowth was reduced by
51% from 88.7 &= 7.5 to 45 £ 4.2 pm in SCNs cultured on
L1-Fc/PA coated substrates. A further reduction in neurite
length was observed after treatment with 10 and 20 pg/ml
of cyclic RGD peptide with no significant difference
between the three concentrations of cyclic RGD peptide. In
contrast, neurite outgrowth was not affected by cyclic RGD
treatment in SCNs cultured on L1-Fc/PDL. In the case of
SCNs cultured on L1-Fc/PA/PDL coated thin films, out-
growth was reduced by 28.5% from 77.2 + 3.7 to
55 &£ 11.1 pm when treated with 1 pg/ml of cyclic RGD
peptide.

3.7 L1 Films Promote Neuronal Differentiation
of Human NPCs but Oriented Presentation
is Not Necessary in 2-D

Next, we examined the ability of L1-Fc to support neuronal
differentiation and outgrowth of human embryonic stem
cell derived-NPCs. We used laminin coated PDL substrates

@ Springer
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Fig. 4 Protein A-presented L1-Fc increases neurite outgrowth in
aligned, polymeric scaffolds. a Morphology and fiber diameter of
aligned scaffolds that were fabricated by electrospinning. b Histogram
depicting the degree of fiber alignment of the scaffolds. ¢ Spinal cord
neurons (SCNs) were plated onto scaffolds treated with L1-Fc presented
from PDL, PA/PDL, or PA alone, as well as control surfaces that did not
contain L1-Fc. PA presented L1-Fc results in longer neurite lengths when
cultured on aligned scaffolds. Neurons cultured on 10 pg/ml L1-Fc
passively adsorbed onto the fibers extended longer neurites than on the
PDL control. The three-dimensional scaffold results are similar to those
observed on the polymer thin films. d Quantification of the average total
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neurite lengths of SCNs cultured on the different L1-Fc presentations
showed L1-Fc/PDL resulted in SCNs with shorter neurites compared to
L1-Fc/PA/PDL and L1-Fc/PA, suggesting that the manner in which
L1-Fc is presented on nanofibrous scaffolds influences its efficacy.
(e, f) Cerebellar neurons (CNs) were plated onto scaffolds pretreated with
different L1-Fc presentations and controls as mentioned above. PA
presented L1-Fc resulted in CNs that were more spread and grew longer
along the fibers compared to CNs cultured on L1-Fc adsorbed onto PDL.
The three-dimensional scaffold results correlate to the results observed
on the polymer thin films. Scale bar 75 pum. PDL poly-p-lysine,
PA protein A (* denotes p < 0.05)
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Fig. 5 Anti-L1 antibody and cyclic RGD treatment reduces cell
attachment and neurite outgrowth. a Reduced neurite outgrowth of
SCNs was observed for each L1-Fc presentation (L1-Fc/PDL, L1-Fc/
PA/PDL, and L1-Fc/PA) when the surface was pretreated with a
monoclonal anti-L1 antibody. b SCNs cultured on L1-Fc/PA treated
thin films exhibited a drastic decrease in neurite outgrowth compared
to SCNs cultured on L1-Fc/PDL and L1-Fc/PA/PDL treated thin films
when the anti-L1 antibody directed against the second Ig-like domain
was added, suggesting that the epitope to which the L1 antibody binds
is more exposed due to an outward display of L1-Fc presented from
PA. ¢ Dose-dependent reduction in cell attachment was observed in
SCNs pretreated with cyclic RGD peptide prior to plating onto the
different L1-Fc containing substrates. SCNs cultured on L1-Fc/PA
treated thin films exhibited the greatest reduction in cell attachment
indicating that L1-Fc presented from PA strongly interacts with o, /33

(LN/PDL) as the positive control. NPCs were cultured in
NDM for 4 days, plated onto substrates treated with PDL,
LN/PDL, L1-Fc/PDL, PA/PDL, and L1-Fc/PA/PDL and
cultured an additional 7 days in NDM. In contrast to the
primary neuronal cultures, L1-Fc/PA coated substrates
were not included for the human NPC studies as NPCs
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integrins, which was interrupted by the presence of cyclic RGD
peptide. Cell attachment on control substrates was not affected.
d Similar to cell attachment, neurite outgrowth of SCNs was greatly
diminished, in a dose-dependent manner, in the presence of cyclic
RGD peptide. The greatest inhibition of neurite outgrowth, compared
to untreated SCNs, was observed in SCNs cultured on L1-Fc/PA thin
films, where as little as 1 pg/ml of cyclic RGD peptide inhibited cell
attachment by 80%. Addition of 10 pg/ml of cyclic RGD peptide also
resulted in a decrease in average neurite length of SCNs cultured on
L1-Fc/PA/PDL coated thin films, although the effect was less
prominent. The average neurite length of SCNs cultured on L1-Fc/
PDL was not affected by any concentration of cyclic RGD, similar to
the controls. Scale bar 75 pm. SCNs spinal cord neurons, PDL poly-
D-lysine, PA protein A (* denotes p < 0.05, ** denotes p < 0.01)

failed to attach to this surface, suggesting the importance of
cooperative presentation of PDL and multimeric presenta-
tion of L1 for these cells. After 7 days in culture, NPCs
were fixed and immunostained for the neural stem cell
marker nestin and the early neuronal marker SIII-tubulin,
clone TUJ1 (Fig. 6a). A reduction in nestin expression and
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Fig. 6 L1-Fc supports neuronal differentiation and neuritogenesis of
neural progenitor cells. a NPCs were cultured on PDL, PA/PDL, L1-
Fc/PDL, LI1-Fc/PA/PDL, and LN/PDL for 7 days in neuronal
differentiation media and then immunostained for the nestin (green)
to identify neural stem/progenitor cells, SIII-tubulin (red) to identify
neurons, and Hoechst 33258 (blue) to label the nuclei. After 7 days,
NPCs differentiated toward the neuronal lineage, to some degree,
when cultured on all substrates, as in indicated the PIII-tubulin+
cells. b Quantification of the percent of NPCs (nestin+-) and neuronal
cells (fIII-tubulin+) of NPCs after 7 days of differentiation. Both L1-

an increase in fII-tubulin, along with neurite extensions,
confirmed early differentiation into neurons. In order to
quantify the degree of neuronal differentiation, the percent
of nestin positive+ cells and plI-tubulin+ cells was
determined by taking the ratio of nestin+ or SIII-tubulin+
cells to the total number of cells, as indicated by Hoechst-
stained nuclei. Both presentations of L1-Fc resulted in an
increase in SllI-tubulin+ cells compared to the PDL and
PA/PDL (Fig. 6b), suggesting that L1-Fc promoted neu-
ronal differentiation of NPCs. However, there was no
significant difference in the degree of neuronal differenti-
ation elicited by the two different L1-Fc presentations in
2-D.

Additionally, neurite outgrowth was quantified for NPCs
cultured on each substrate (Fig. 6¢). L1-Fc¢/PDL and L1-
Fc/PA/PDL  coated thin films significantly promoted
increased neurite outgrowth compared to PDL or PA/PDL
controls. The average neurite lengths on L1-Fc/PDL and
L1-Fc/PA/PDL were 71.1 &£ 12.7 and 79.1 & 16.5 um,
respectively, which was comparable to those elicited by
LN/PDL coated controls (71.1 & 11.8 pm). There was no
significant difference in lengths of neurites observed on
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Fc substrates promoted increased neuronal differentiation over
controls and had a greater neuronal to neural progenitor cell
population. ¢ Average neurite lengths were quantified for NPCs after
7 days in culture. L1-Fc/PDL and L1-Fc/PA/PDL coated thin films
promote a significant increase in neurite length compared to the PDL
and PA/PDL controls. LN/PDL served as a positive control. Scale bar
75 pm. NPCs neural progenitor cells, PDL poly-p-lysine, PA protein
A, LN laminin (* denotes p < 0.05 compared to PDL and PA/PDL
controls, § denotes p < 0.05 comparing nestin+ cells to SIII-tubulin+
cells within each condition)

LN/PDL, L1-Fc/PDL, and L1-Fc/PA/PDL. Thus, while L1-
Fc promoted neurite outgrowth comparable to that of
laminin, the nature of L1-Fc presentation did not appear to
sensitively influence the extent of neurite length of differ-
entiating NPCs on 2-D films.

3.8 Oriented, Multimeric L1 Presentation Triggers
Enhanced Neuronal Differentiation of Human
NPCs in 3-D Fibrous Scaffolds

The human NPCs were cultured on aligned, fibrous scaf-
fold pretreated with different L1-Fc presentations, laminin,
and controls to investigate how the combination of topo-
graphical cues from the scaffold and L1-Fc affect neuronal
differentiation and neurite outgrowth of NPCs. Scaffolds
treated with L1-Fc, with or without PA, promoted directed
neuritogenesis of NPCs, comparable to LN, as is indicated
by the elongated processes that follow the direction of the
aligned scaffolds (Fig. 7a). To determine the degree to
which L1-Fc influenced neuronal differentiation of NPCs,
the percent of nestin+ and flI-tubulin4 cells were
quantified by taking the ratio of nestin+ and SIII-tubulin+



Biointerphases (2012) 7:22

Page 13 of 16

A

mNestin+ = glll-tubulin+

% Positive Cells

v
*
N

N
&
&K

R

A

g
L

v
&
<

Fig. 7 L1-Fc supports neuronal differentiation and neuritogenesis of
neural progenitor cells within aligned scaffolds. a NPCs were cultured
on aligned, fibrous scaffolds pretreated with L1-Fc presented from
PDL or PA/PDL. After 7 days of differentiation, the NPCs were
immunostained for the nestin (green) to identify neural progenitor
cells, SllI-tubulin (red) to identify neurons, and Hoechst 33258 (blue)
to label the nuclei. NPCs cultured on scaffolds treated with L1-Fc,
with or without PA, extended neurites along the scaffold fibers. NPCs
differentiated toward the neuronal lineage, to some degree, when
cultured on all substrates, as in indicated the PIlI-tubulin+ cells.
b Quantification of the percent of NPCs (nestin+) and neuronal cells

cells to the total number of cells, as labeled by Hoechst
(Fig. 7b). A smaller nestin+ population compared to SIII-
tubulin population was observed on both L1-Fc presenta-
tions, similar to the LN/PDL treated scaffold, which served
as a positive control. Additionally, both L1-Fc treated
scaffolds yielded in an increase in neuronal differentiation
compared to PDL and PA/PDL controls (Fig. 7b). Both
presentations of L1-Fc from the fibrous scaffolds promoted
increased neurite lengths compared to the controls. Nota-
bly, NPCs cultured on protein A-presented L1-Fc (L1-Fc/
PA/PDL) exhibited an increase in pII-tubulin+ cells
(65.9 £ 5.4%) compared to those cultured on L1-Fc/PDL
(48.1 £ 4.6%). Further, the average total neurite length of
PplI-tubulin+ positive cells was quantified (Fig. 7c). The
oriented display of L1-Fc, presented from PA/PDL, pro-
moted increased neurite lengths over L1-Fc adsorbed onto
PDL treated scaffolds. These results suggest that protein A
presented L1-Fc has a greater influence on neuronal dif-
ferentiation of NPCs when presented from aligned fibrous
scaffolds compared to two-dimensional thin films.

L1-Fe/PA/PDL

o
£

Average Total Neurite Length

* *

80
60
40 -
20 I

PA/PDL L1-Fc/PDL L1 FCIPNFDL LN/PDL

(pUI-tubulin+). Both L1-Fc substrates promoted increased neuronal
differentiation over controls and had a greater neuronal to neural
progenitor cell population. L1-Fc/PA/PDL scaffolds resulted in more
PplI-tubulin+ cells compared to LI1-Fc/PDL coated scaffolds.
¢ Quantification of the average total neurite length. NPCs cultured
on L1-Fc/PA/PDL treated scaffolds extended longer neurites com-
pared to those cultured on L1-Fc¢/PDL. Scale bar 75 pm. NPCs neural
progenitor cells, PDL poly-p-lysine, PA protein a, LN laminin
(* denotes p < 0.05 compared to PDL and PA/PDL controls, § denotes
p < 0.05 comparing nestin+ cells to pIlI-tubulin+ cells within each
condition, # denotes p < 0.05 compared to the L1-Fc/PDL condition)

4 Discussion

Biointerfacial display of neurotrophic factors has the
potential to significantly influence neural cell behaviors
relevant to CNS repair, including adhesion, differentiation,
and neurite extension [51, 52]. In this study, we investi-
gated multiple presentation schemes for the neural cell
adhesion molecule L1 to elucidate the effects of presen-
tation on primary neurons and human embryonic stem cell-
derived NPCs on 2-D and 3-D polymer substrates. We
found that protein A (PA)-mediated oriented and multi-
meric display of LI-Fc significantly enhanced neurite
extension of primary spinal cord and cerebellar neurons
relative to L1-Fc presented from PDL. We also report that
the combination of multimeric L1-Fc presentation and
fibrous geometries of 3-D scaffolds cooperatively enhanced
neuronal differentiation of human NPCs.

The spatial mode of presentation of biochemical cues
such as growth factors and adhesion ligands plays a critical
role in determining their bioactivity and function. For
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example, immobilized interferon gamma can potentiate
neuronal differentiation of rat NPCs compared to soluble
interferon gamma [53]. Similarly, while L1 has been lar-
gely used as a soluble ligand [54, 55], L1 can also be
anchored onto substrates as L1-Fc and presented via PA
[56, 57], or used in a trimeric form, which was reported to
result in increased PC12 cell neurite outgrowth relative to
monomeric L1 [58]. Using a combination of PDL treatment
to enable improved cell-polymer adhesion and L1-Fc/PA
presentation, we report on the concentrations and bioin-
terfacial configurations that promote and enhance L1 bio-
activity. We also obtained two broad insights regarding
L1-functionalized tyrosine-derived polycarbonate biomateri-
als: (a) PA/polymer interfaces can elicit multimeric and
oriented presentation of L1 from such biomaterials. (b) The
L1-biointerfaces can markedly modulate adhesion and
neuronal activity of both primary neurons and human NPCs.

The use of potentially implantable and biodegradable
polymer substrates in this study has implications for
translating the insights from this study to in vivo models.
While the biomaterials used in this study are biodegrad-
able, the chosen composition shows minimal hydrolytic
degradation over the time frame of our study [59]. Fur-
thermore, tyrosine-derived polycarbonate biomaterials,
with varying degradation rates, did not elicit any changes
in cell behavior (proliferation and differentiation) after
14 days in culture [60]. L1-functionalized substrates can
selectively promote neuronal cell attachment compared to
astrocytes and fibroblasts [61] and thus be potentially
advantageous over more generic cell adhesive treatments
such as poly-lysine (PDL or PLL). The multimeric nature
of PA-based L1-Fc presentation could be important for
both promoting cell adhesion for a given concentration of
L1 as well as enhancing neurite extension activity, as the
second Ig-like domain of L1 regulates neurite outgrowth of
neural retinal cells and directly mediates L1-L.1 homo-
philic interactions [62, 63]. The marked inhibition of
neurite outgrowth following antibody-based blocking
studies of the L1-Fc/PA treated surfaces suggests that the
second Ig-like domain of L1 is more exposed on PA-
treated substrates compared to those based on PDL.
Another domain within L1 is the RGD domain located
within the sixth Ig-like domain. Our studies with cyclic
RGD peptide pretreatment showed reduction in SCN
attachment and neurite outgrowth when plated onto L1-Fc/
PA/PDL and L1-Fc/PA treated thin films, suggesting that
this domain was also exposed and available for o, f3 inte-
grin binding. Thus, we propose that the PA-based treatment
of the polymers not only facilitated oriented display of L1-
Fc, but also engendered a display of L1-Fc molecules in
close proximity to one another, which may mirror the close
apposition of highly organized and clustered L1 molecules
on the cell surface [43, 64]. Using AFM imaging of
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substrate counterstained with L1 antibodies, we established
that L1-Fc/PA substrates showed adsorbed L1-Fc. The
cross-sectional profiles acquired from the AFM images of
L1-Fc/PA/PDL and L1-Fc/PA substrates depicted wider,
less defined peaks, which suggest that these protein com-
plexes were more proximally associated compared to L1-
Fc adsorbed on PDL, where the peaks were narrow and
more defined. The results of the AFM images, in combi-
nation with the functional results, where neurons extended
longer neurites on L1-Fc/PA treated substrates, indicate
that the arrangement of PA-presented L1-Fc influences the
efficacy of L1-Fc. The presentation of multimeric, closely
associated L1-Fc, in combination with fibrous scaffolds
could prove beneficial to the design of neurotrophic
materials for neural tissue engineering.

Both spinal cord and cerebellar neurons displayed
increased neurite lengths when cultured on PA-presented
L1-Fc. One interesting difference between the behaviors of
rodent neurons and human NPCs was evident through the
polymer-treatment with PA and PDL. While the neuronal
cultures showed robust adhesion and neurite extension even in
the absence of PDL, a combination of PDL and PA was
necessary for the NPC cultures suggesting that multimeric L1-
based receptor-ligand binding is critical but not sufficient for
the NPC cultures, requiring cooperative cell-substrate adhe-
sion facilitated by polycationic PDL treatment.

The possible role of L1 presentation on neurogenesis in
three-dimensional substrates is of great interest to scalable
constructs for cell transplantation. We observed that
fibrous, aligned polymer scaffolds treated with L1-Fc
resulted in an increase in neuronal differentiation and
neurite lengths compared to the scaffolds that were not
treated with L1-Fc. However, in contrast to the two-
dimensional thin films, NPCs cultured on L1-Fc/PA/PDL
treated scaffolds had a larger neuronal population and
enhanced neurite lengths relative to NPCs cultured on L1-
Fc/PDL treated scaffolds. These results suggest that the
NPC response to the different L1-Fc presentations on 2-D
thin films and the 3-D fibrous scaffolds could be due to the
combined effects of fiber topography and the outward
display of L1-Fc. This suggests cooperative enhancement
of L1 signaling on subcellular scales of substrate geometry,
a phenomenon that deserves further mechanistic analysis.
Scaffold topography has been shown to influence and
enhance cellular responses, [65-67] as the 3-D architecture
better emulates in vivo conditions compared to 2-D thin
films.

5 Summary and Conclusions

We investigated biointerfaces incorporating L1-Fc on to
polymer films and aligned, fibrous polymer scaffolds that
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would elicit multimeric, oriented presentation of L1-Fc.
While L1-Fc has been shown to be effective in the treat-
ment of nervous system injury models, we have demon-
strated that the function of L1-Fc can be enhanced in vitro
with the optimal substrate presentation using protein A. We
showed that on two-dimensional films and aligned, fibrous
scaffolds, treated with protein A-presented L1-Fc promotes
enhanced neurite lengths of primary neuronal cells, as well
as increased neuronal differentiation and neuritogenesis of
human embryonic stem cell-derived NPCs. We combined
this presentation of L1-Fc with poly(DTE carbonate),
which can be fine-tuned for the desired stiffness, degra-
dation rate, and protein adsorption, all of which are
important factors to consider when designing implantable
devices for nerve injury repair. The bioactive, three-
dimensional substrates investigated in this study could
prove as useful implantable devices for neural tissue
engineering applications.
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