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ABSTRACT

Biodegradable nanofibers have tremendous potential for tissue repair. However, the combined effects of nanofiber organization and immobilized
bioactive factors on cell guidance are not well understood. In this study, we developed aligned and bioactive nanofibrous scaffolds by immobilizing

extracellular matrix protein and growth factor onto nanofibers, which simulated the physical and biochemical properties of native matrix
fibrils. The aligned nanofibers significantly induced neurite outgrowth and enhanced skin cell migration during wound healing compared to

randomly oriented nanofibers. Furthermore, the immobilized biochemical factors (as efficient as soluble factors) synergized with aligned
nanofibers to promote highly efficient neurite outgrowth but had less effect on skin cell migration. This study shed light on the relative
importance of nanotopography and chemical signaling in the guidance of different cell behavior.

Native extracellular matrix (ECM) contains fibrils ranged electrospun nanofibers have a large surface area to volume
from tens of nanometers to micrometers in scale. The ratio, which allows for the direct attachment of ECM ligands
organized structure of these matrix fibrils guides tissue and growth factors onto fiber surfaces to locally modulate
morphogenesis and remodeling. In addition, matrix fibrils cell and tissue function and to enhance regeneration.
serve as “depots” for the storage of bioactive factors for the Although the patterning of the nanofibers has been shown
regulation of cell migration, proliferation, and differentiation. to influence the alignment of cells and cellular processes,
Our goal is to fabricate biodegradable and bioactive nano-the combined effects of patterned and bioactive nanofibers
fibers to mimic the physical and biochemical properties of on neurite outgrowth and cell migration have not been
native matrix fibrils for tissue regeneration. Electrospinning elucidated. In this study, we fabricated aligned bioactive
technology can be used to fabricate nonwoven nanofibrousnanofibrous scaffolds and studied their effect on neurite
scaffolds from biological and/or synthetic polymers and has outgrowth and dermal fibroblast migration to evaluate their

tremendous potential for tissue engineering applicattohs.
The diameter of the individual fibers can be specifically

potential for therapeutic applications.
We used biodegradable polylactide) (PLLA) (Lactel

controlled down to the nanometer range, and the fibers canpsorpable Polymers, Pelham, AL, 1.09 dL/g inherent

be patterned through a variety of methddsMoreover, the
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viscosity) to fabricate nanofibrous scaffolds by electrospin-
ning, as described previously The PLLA solution (10%
w/v in chloroform) was delivered by a programmable pump
to a grounded collecting plate or mandrel in a high electric
field, resulting in nanofibrous membranes or tubes. The
alignment of the nanofibers was either produced during the
electrospinning process (with a nonconductive portion in the
middle of the collecting plate or mandrel) or postelectro-
spinning. To align the nanofibers postelectrospinning, the
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Figure 1. Characterization of aligned and bioactive nanofibers. (A) SEM image of random PLLA nanofibers. (B) SEM image of aligned
PLLA nanofibers. (C) Immobilization of bFGF and laminin on PLLA nanofibers using di/REG and heparin as linkers. (D) Modified
ELISA technigue was used to show relative levels of bFGF attachment on untreated-8EGAmodified, and heparin-functionalized
PLLA nanofibers. *p < 0.05 using Holm’g test (compared with the other two samples). (E) Immunostaining of immobilized laminin. (F)
Immunostaining of immobilized bFGF. Scale barsl0 um.

electrospun scaffold was stretched uniaxially to 200% strain molecule (Figure 1C). First, the density of reactive carboxylic
(which was sufficient to make aligned fibers without damag- groups on the PLLA nanofibers was increased by briefly
ing individual fibers significantly as determined in pilot treating the scaffolds with 0.01 NaOH (Sigma, St. Louis,
studies) at 60C. Nanofibrous scaffolds were approximately MO). Di-NH,-PEG (MW 3400, Sigma) molecules were then
100-500um in thickness. A piece of electrospun membrane covalently attached to the carboxylic groups on the PLLA
and an electrospun tube are shown in Supporting Informationnanofibers using the zero-length cross-linkers 1-ethyl-3-(3-
Figure 1. Scanning electron microscopy (SEM) was used to dimethylaminopropyl)carbodiimide hydrochloride (EDC) and
visualize the organization and alignment of nanofibers N-hydroxysulfosuccinimide (sulfo-NHS) (Pierce Biotech-
(Figure 1A,B). The average nanofiber diameter was ap- nology, Rockford, IL). Heparin (Sigma) molecules were
proximately 500 nm, and the length of the nanofibers was covalently attached to the free amines on the di-NEG
5—10 mm in our experiments. The nanofibrous membranes molecules via EDC and sulfo-NHS. Any remaining reactive
with these characteristics were used in all of our experiments sites on the nanofibrous scaffolds were blocked by incubating
because pilot studies showed that nanofiber diameter betweerthe samples in 10% w/v glycine in phosphate-buffered saline
100 and 1000 nm did not significantly affect cell alignment (PBS) solution. Then bFGF (100ng/énPeprotech, Rocky
and neurite outgrowth. Hill, NJ) and laminin (10ug/cn?, Sigma) in PBS solution
To endow bioactivity to the surface of nanofibers, we were incubated with the nanofibrous scaffold sequentially
selected an ECM protein (laminin) and a growth factor (basic to allow for their binding to heparin and immobilization on
fibroblast growth factor, bFGF) as representative examples.the surface of nanofibers.
Laminin and bFGF have been shown to provide neurite  The attachment of bFGF and laminin molecules to heparin-
extending cues to neurdis? as well as growth and functionalized PLLA nanofibers was analyzed using a
migration cues to dermal fibroblastd*in vitro. Both laminin modified enzyme-linked immunosorbent assay (ELISA),
and bFGF associate with heparin via their heparin-binding immunofluorescent staining, and western blotting. To com-
domains. Heparin has also been shown to protect bFGF frompare the efficiency of different ways to immobilize bFGF,
degradation and plays a key role in the bFGF cell signaling untreated, di-NHPEG-modified and heparin-functionalized
pathway!>” We took advantage of these properties and nanofiber membranes were incubated with bFGF in PBS.
developed a novel method that utilized heparin to immobilize All membranes were then incubated with 1% bovine serum
laminin and bFGF on the surface of nanofibers while albumin (BSA) in PBS solution to minimize passive adsorp-
preserving their bioactivities. tion of antibodies. Subsequently, the samples were incubated
We fabricated heparin-functionalized nanofibers by using with horseradish peroxidase (HRP)-conjugated anti-bFGF
di-amino-poly(ethylene glycol) (di-NHPEG) as a linker mouse monoclonal IgG antibody (R&D Systems, Min-

Nano Lett., Vol. 7, No. 7, 2007 2123



250 um

Figure 2. Neurite outgrowth from DRG tissue on nanofibers. Immunofluorescent staining of neurofilaments was used to visualize neurite
outgrowth from DRG tissue on (A) untreated random nanofibers, (B) untreated aligned nanofibers, and (C) i-bFGF aligned nanofibers after
6 days ofex vivo culture. Scale bar 250 um.

neapolis, MN). The membranes were washed thoroughly, of 4 ug/cn? were used. The immobilized laminin and bFGF
transferred to eppendorf tubes, and incubated with HRP were stable on the surface of nanofibers, and orly1%
substrate solution (hydrogen peroxide and chromagen, tet-of the immobilized proteins were released into the surround-
ramethylbenzidine). The reaction was then stopped using 2Ning solution within 20 days.
sulfuric acid. The absorbance of the solutions was read using Tg determine the effects of nanofibers on neurite out-
a spectrophotometer (450 nm wavelength). Nonspecific growth, we used an ex vivo model. In clinical situations,
adsorption of the bFGF antibody was tested on negative regeneration of severed nerves requires bridging of the two
control samples and found to be negligible (data not shown). nerve stumps to facilitate outgrowth of neurites from the
The results (Figure 1D) indicate that bFGF coating was proximal to the distal ends and blocking the intrusion of other
signifigantly more efficignt on nanofibers functionalized with g types. Currently, the most successful treatment for
heparin than the passive adsorption of bFGF on untreatedyeripheral nerve injuries involves surgical harvesting and
and di-NH-PEG-modified nanofibers. o insertion of nerve autografté The success of the autograft
To visualize the uniformity of bFGF and laminin mol- g most probably due to the presence of physical and chemical
ecules on the nanofiber membranes, Immunofluorescenty,es that enhance and directly guide neurite outgrowth. This
staining was performed. Heparin-functionalized nanofiber .o5tment method, however, requires an extra surgical

membranes were incubated with bFGF and/or laminin ,-5cequre and often results in complications involving size
solutions in PBS. The nanofiber membranes were then mismatches, donor site morbidity, and inefficient nerve

immunofluorescently stained using the aforementioned pri- regeneration.

mary antibodies and appropriate FITC-conjugated secondary W tulated that id h | with alianed
antibodies. The fluorescent staining was visualized with a € postulated that a nerve guidgance channet with afigne
and bioactive nanofibers could facilitate and guide neurite

Zeiss fluorescence microscope. As shown in Figure 1E,F, : -

laminin distributed evenly on the nanofibers while bFGF outgr(_)Wth. o test this possibility, we harvested dorsal root

showed a spotty distribution on nanofibers, possibly due to gangllon (DRG) t|s§ues from P4-P5 rats and cultqred them
exvivo on the nanofibrous membranes. The DRG tissue was

bFGF clustering.
g cultured in neurobasal medium supplemented with B27 and

The attachment of bFGF and laminin onto the nanofibers ) )
was quantified using western blotting and DC protein assay, 0.5 mM L-glute}mlne _(Inwtrogen, Carlsbad, CA) for 6 d_ays
respectively. Heparin-functionalized nanofiber membranes ©n the following aligned and random PLLA nanofiber

were incubated with different concentrations of bFGF and/ Meémbranes: untreated, immobilized laminin (LAM), im-
or laminin in PBS. The membranes were then solubilized MObilized laminin with soluble bFGF (100 ng/mL) added
using 4N NaOH and titrated to neutral pH using 4N Hcl. © the media (s-bFGF), and immobilized laminin and
The sample solutions along with various standard solutions mMobilized bFGF (i-bFGF). After 6 days of culture, neurite
containing known amounts of bFGF were loaded onto ©utgrowth from DRG tissue was analyzed by immunofiuo-
acrylamide gels and SDS-PAGE was performed. Westernfescent staining for neurofilament-M (NFM) (using an
blotting was performed using a rabbit polyclonal anti-bFGF antibody from Santa Cruz Biotechnologies, Inc.).

antibody (Santa Cruz Biotechnologies, Inc.). The western On untreated random nanofibers, there was no neurite
blot band intensities were analyzed using Scion Image to outgrowth from the DRG tissue at all (Figure 2A). In
determine the amount of bFGF present on the nanofibers.contrast, neurite outgrowth from DRG tissues was observed
An input amount of 100 ng resulted in a bound bFGF density on untreated aligned nanofibers. The neurites extended from
of 13 ng/cni. DC protein assay (Bio-Rad, Hercules, CA) two distinct regions of the DRG tissue and had parallel
results showed that an input amount ofid@laminin resulted alignment to the nanofibers (Figure 2B). This bipolar
in laminin density of 4ug/cn? on nanofiber surfaces. For  extension of neurites from the DRG tissue was identical in
all further studies performed herein, nanofiber scaffolds with organization to the neurite outgrowth from DRG tissoe
bound bFGF density of 13 ng/émand bound laminin density  zizo. These results indicate that aligned nanofibers can
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Figure 3. (A,B) High-magnification confocal microscopy images
of neurite morphology on random (in A) and aligned (in B) i-bFGF
PLLA nanofibers. (C) Quantitative measurement of neurite out-
growth on nanofibers from three independent experiments. All
aligned samples were significantly differept€ 0.05 using Holm’s

suggesting that immobilized bFGF was as efficient as bFGF
in solution. This is a great advantage because only a relatively
small amount of bFGF needs to be immobilized on nano-

fibers and bFGF can be delivered and contained locally

without systemic effects.

High-magnification confocal microscopy demonstrated that
extending neurites followed the guidance of nanofibers and
exhibited little to no branching on aligned nanofibers while
neurites had noticeably more branching on random nano-
fibers (Figure 3A,B). Branching of neurites is detrimental
to nerve regeneration and should be minimized.

Statistical analysis clearly showed that aligned nanofibers
induced neurite outgrowth, which was synergized by im-
mobilized laminin and bFGF (Figure 3C). The significant
higher rate of neurite outgrowth on bioactive nanofibers
suggest that the bioactive aligned nanofiber scaffold has
tremendous potential for nerve tissue engineering by promot-
ing and specifically directing neurite outgrowth from nerve
tissue.

To determine the effects of aligned and bioactive nano-
fibers on skin cell migration and wound healing, we
investigated the effects of nanofiber alignment and orientation
as well as immobilized laminin and bFGF usingiarvitro
wound healing model, as depicted in Supporting Information
Figure 4. Dermal wound healing is a complex process
requiring coordination of several biological processes, in-
cluding ingrowth of cells, organization of extracellular
matrix, regulation of inflammation, and rapid wound cover-

t test) from their respective random samples with same chemical age to prevent infectioH. For many wounds, however, the

treatment. * Significant differencep(< 0.05) compared to respec-
tive (random or aligned) untreated samples. ** Significant difference

(p < 0.05) compared to respective (random or aligned) untreated

and laminin samples.

“repair” mechanism often dominates over a more desirable
“regeneration” mechanism, resulting in the formation of
disorganized scar tissue instead of well-ordered %kin.

To examine cell migration and wound healing, normal

provide physical guidance and are sufficient to induce neurite human dermal fibroblasts (NHDFs) were seeded (in Del-

outgrowth from DRG tissues.

becco’s Modified Eagle’s Medium with 10% fetal bovine

We then determined whether biochemical cues from serum; from Invitrogen Corp.) as monolayers on nanofibrous

immobilized bFGF and/or laminin induced or enhanced

membranes, and a gap defect or “wound” was created across

neurite extension on random and aligned nanofibers. Variousthe length of the mesh. For a given sample, nanofibers were
neurites were observed extending from DRG tissue culturedoriented in one of three ways with respect to the long axis
on random bioactive nanofibers coated with laminin and/or Of this wound: (1) randomly oriented, (2) aligned perpen-

bFGF (Supporting Information Figure 2A,B). The neurites

dicular to the wound axis, and (3) aligned parallel to the

extended outward in a radial fashion from the DRG tissue Wwound axis. Before seeding, NHDFs were stained with Dil

and lacked uniformity in alignment. bFGF in solution
(Supporting Information Figure 2C) had an effect similar to
immobilized bFGF (Supporting Information Figure 2B).
Neurite outgrowth from DRG tissue was significantly higher

cell tracker to determine the initial wound edges and to
monitor the progression of wound coverage. NHDFs were
allowed to migrate into the wound for 48 h.

Fluorescent microscopy of actin filaments revealed that

on random nanofibers with s-bFGF and i-bFGF as comparedNHDF migration and organization was influenced by the

to random nanofibers with laminin alone (Supporting Infor-

underlying nanofiber orientation (Figure 4A). On randomly

mation Figure 2). These results suggest that immobilized oriented nanofibers, NHDFs migrated into the wound area

bFGF and laminin have an inductive effect on neurite
outgrowth from DRG tissues. Similarly, neurite outgrowth
was significantly increased on aligned nanofibers im-
mobilized with laminin compared to untreated aligned
nanofibers (Supporting Information Figure 3A). Neurite
outgrowth was further enhanced by bFGF in solution
(Supporting Information Figure 3B) or immobilized bFGF

and provided moderate wound coverage. However, the
fibroblasts oriented randomly, similarly to the underlying

randomness of the nanofibers (Supporting Information Figure
5). Conversely, on aligned nanofibers, NHDFs aligned with
the direction of the fibers, and the cells were polarized to
migrate under the guidance of the nanofibers (Supporting
Information Figure 5). When nanofibers were oriented

(Figure 2C). The longest and most dense neurite extensionperpendicular to the long axis of the wound, cell migration
was observed on aligned nanofibers with s-bFGF and i-bFGF,into the wound area was greatly enhanced and the wound
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Figure 4. Nanofiber alignment and orientation enhanced cell migration into wound. (A) Dermal fibroblasts were cultured on PLLA nanofibers
in anin vitro wound healing model. After 48 h, the cells were stained for actin filaments (green) and nuclei (blue) by using FITC phalloidin
and DAPI, respectively. Dotted white lines represent initial wound edges at 0 h. Nanofibers were either random, aligned perpendicular (left
to right), or aligned parallel (top to bottom) to the long edges of the wound. Scale bar gn80@B) Quantification of cells within the

wound area (divided equally into left, middle, and right zones) after 48 h (from three independent experirpent§)0% using Holm’s

t test.

was completely covered after 2 days. However, when was divided into thirds, the number of cells at the sides of
nanofibers were aligned parallel to the wound axis, cell the wound showed no difference when comparing randomly
migration into and coverage of the wound were severely oriented fibers to those in the perpendicular orientation. In
reduced. the middle of the wound, however, only a minimal number
The number of cells migrating into the wound area was of fibroblasts were present on random or parallel oriented
guantified based on immunofluorescent nuclear staining, andnanofibers, but a significantly larger number of fibroblasts
the data is displayed as a histogram in Figure 4B. The total were present on perpendicularly oriented nanofibers.
number of fibroblasts that migrated into the wound area was To investigate the additional effects of bFGF and laminin
significantly greater when nanofibers were aligned perpen- on migration and wound coverage in oir vitro wound
dicularly to the wound axis than when nanofibers were healing model, NHDFs were seeded on the following aligned
aligned parallel or randomly. However, when the wound area nanofiber scaffolds oriented peripendicular to the wound
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Figure 5. Chemical modification of nanofibers with bFGF enhances cell migration into wound. (A) Dermal fibroblasts were cultured on
PLLA nanofibers in ann vitro wound healing model. In all groups, nanofibers were oriented perpendicular to the long edges of the wound
and were untreated or chemically modified with laminin and/or bFGF as described. After 24 h, NHDFs were stained for whole actin (green)
and nuclei (blue). Dotted white lines represent initial wound edges at 0 h. Scale barim3(B) Quantification of cells within the wound

area after 24 h (from three independent experimenfs)s *0.05 using Holm's test.

axis: untreated, LAM, s-bFGF, and i-bFGF. Because of the were no significant differences at the edges of the wound,
increased cell migration under these conditions, NHDFs werethe cell number in the center of the wound was significantly
allowed to migrate into the wound for only 24 h (Figure greater on bioactive nanofibers than on untreated nanofibers.
5A). When laminin was conjugated to the nanofibers, the Furthermore, both bFGF treatments resulted in a significantly
wound was noticeably smaller due to enhanced cell migra- greater number of fibroblasts in the wound area than the
tion. When bFGF was added in solution, this trend was laminin treatment alone. These trends were similar when
increased even further, and wound coverage appeared nearlgomparing the total number of cells in the wound area.
complete. Immobilized bFGF was as efficient as soluble  The results from this study clearly demonstrate that the
bFGF in promoting cell migration and wound healing. nanotopographic pattern plays a critical role in neurite
Quantitative analysis (Figure 5B) showed that while there outgrowth and cell migration and thus the dynamic remodel-
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ing of tissues. Aligned nanofibers were sufficient to induce nanofiber samples for in vitro wound healing experiments.
neurite outgrowth and greatly promoted cell migration, which Effects of nanofiber alignment on cell orientation during
were further enhanced by immobilized matrix proteins and wound healing. This material is available free of charge via
growth factors. The bioactive nanofibers make it possible the Internet at http://pubs.acs.org.

to deliver and manipulate chemical cues locally in the
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