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a b s t r a c t

Physical guidance cues have been exploited to stimulate neuron adhesion and neurite outgrowth. In the
present study, three-dimensional (3-D) silk fibroin scaffolds with uniaxial multichannels (42–142 lm in
diameter) were prepared by a directional temperature field freezing technique, followed by lyophiliza-
tion. By varying the initial silk fibroin concentration, the chemical potential and quantity of free water
around cylindrical ice crystals could be controlled to control the cross-section morphology of the scaffold
channels. Aligned ridges also formed on the inner surface of the multichannels in parallel to the direction
of the channels. In vitro, primary hippocampal neurons were seeded in these 3-D silk fibroin scaffolds
with uniaxial multichannels of �120 lm in diameter. The morphology of the neurons was multipolar
and alignment along the scaffold channels was observed. Cell–cell networks and cell–matrix interactions
established by newly formed axons were observed after 7 days in culture. These neurons expressed b-III-
tubulin, nerve filament and microtubule-associated protein, while glial fibrillary acidic protein immuno-
fluorescence was barely above background. The ridges on the inner surface of the channels played a crit-
ical role in the adhesion and extension of neurons by providing continuous contact guidance. These new
3-D silk scaffolds with uniaxial multichannels provided a favorable microenvironment for the develop-
ment of hippocampal neurons by guiding axonal elongation and cell migration.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In regeneration of the central nerve system (CNS), the microen-
vironment surrounding an injury site in the CNS is usually incom-
patible with axonal regeneration, as a result of the deficiency of
extracellular matrix (ECM) and neurotrophic factors, the existence
of inhibitive factors and glial scar, etc. [1,2]. This challenge moti-
vates the continued development of novel materials and fabrication
processes to produce scaffolds for the targeted guidance of regener-
ating axons. Oriented pores and topographical cues or micro-
patterns in the micron and nanoscale regime are effective for guid-
ing adhesion, extension and migration of neurons and glial cells
[3–5].

Numerous studies have indicated that artificial nerve grafts with
special oriented channels provide physical cues to guide the linear
growth of axons across a site of injury [6,7]. For example, the effect
of chitosan biomaterials with different topologies (film, porous
scaffold and multichannel conduits) on the differentiation and

proliferation of neural stem cells was investigated [8]. After 5 days
in culture, chitosan conduits prepared by lyophilization with multi-
channels in the inner part of the conduit assisted more neural stem
cells than films or porous scaffolds, due to elongation along a pre-
ferred axis in the microchannels [8]. Fibronectin mats with oriented
pores were prepared by lyophilization and implanted in the dam-
aged spinal cord of adult rats, and robust, correctly oriented axonal
growth was observed [7]. Freeze-dried agarose scaffolds with uniax-
ial channels also supported linear axonal growth in adult rats with
spinal cord injuries [4]. Aligned polycaprolactone/gelatin (PCL/gela-
tin) nanofibrous scaffolds were fabricated by electrospinning. Schw-
ann cells seeded on the PCL/gelatin nanofibrous scaffolds possess
bipolar extensions with spindle-shaped morphology along with
the aligned nanofibers [9]. Poly (ethylene glycol) hydrogel patterned
surfaces formed by cross-linking permitted the adhesion and direc-
ted growth of neuronal cell, enabling regrowth of axons to bridge a
spinal cord injury without interference from glial scars [10]. Many
studies generally confirm that scaffolds with axially aligned pores
support targeted axonal elongation and may also be an effective
means for the local delivery of exogenous support cells and growth
factors to the site of injury [11,12]. These studies suggested that
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