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Abstract
Nanotechnology offers promising perspectives in biomedical research as well as in clinical practice. To cover some of the latest
nanotechnology trends in regenerative medicine, this review will focus on the use of nanomaterials for tissue engineering and
cell therapy. Nanofibrous materials that mimic the native extracellular matrix and promote the adhesion of various cells are
being developed as tissue-engineered scaffolds for the skin, bone, vasculature, heart, cornea, nervous system, and other tissues.
A range of novel materials has been developed to enhance the bioactive or therapeutic properties of these nanofibrous scaffolds
via surfacemodifications, including the immobilization of functional cell-adhesive ligands andbioactivemolecules such as drugs,
enzymes and cytokines. As a new approach, nanofibers prepared by using industrial scale needleless technology have been
recently introduced, and their use as scaffolds to treat spinal cord injury or as cell carriers for the regenerationof the injured cornea
is the subject of much current study. Cell therapy is a modern approach of regenerative medicine for the treatment of various
diseases or injuries. To follow the migration and fate of transplanted cells, superparamagnetic iron oxide nanoparticles have
been developed for cell labeling and non-invasiveMRImonitoring of cells in the living organism, with successful applications in,
e.g, the central nervous system, heart, liver and kidney and also in pancreatic islet and stem cell transplantation.
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Introduction

The rapid expansion of nanotechnology during the
past ten years has led to new perspectives and ad-
vances in biomedical research as well as in clinical
practice. As nanotechnology is defined by the size of a
material (generally 1–100 nm) or manipulation on the
molecular level, it involves a broad range of nano-
scaled materials used in various fields of regenera-
tive medicine, including tissue engineering (TE), cell
therapy, diagnosis and drug and gene delivery.
The basic strategy of TE is the construction of a

biocompatible scaffold that, in combination with living
cells and/or bioactive molecules, replaces, regenerates
or repairs damaged cells or tissue. The crucial scaf-
fold requirements include biocompatibility, controlled
porosity and permeability, suitable physical properties
comparable to the targeted tissue and, additionally,
support for cell attachment and proliferation. To

promote cell adhesion and growth, the addition of
nanotopographies to the biomaterial surface improves
its bioadhesive properties, e.g. the surface roughness,
aside from the chemistry, is an important factor influ-
encing cell attachment and spreading.The large surface
area of nanostructured materials enhances the adsorp-
tion of adhesive proteins such as fibronectin and vitro-
nectin, which mediate cell-surface interactions through
integrin cell surface receptors (1,2).
The use of cell therapy in regenerative medicine

has been extensively examined to replace cells lost due
to various disorders or injuries, such as Parkinson’s
disease, ischemic stroke, diabetes, myocardial infarc-
tion, etc. Further progress in cell therapy leading to
clinical trials requires the crucial use of non-invasive
techniques for monitoring the efficacy of cell therapy
and graft survival in the host organism. To allow cell
detection in vivo, superparamagnetic iron oxide nano-
particles (SPIO) have been successfully used to label
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transplanted cells for in vivo monitoring by high-
resolution magnetic resonance imaging (MRI). MRI
cell tracking has been used for monitoring various
cells and organs, such as the brain and spinal cord,
pancreas, heart, liver and kidney.
To cover some of the recent trends in regenerative

medicine, this review will focus on the use of nano-
technology in TE and cell therapy. New approaches to
the application of nanofibers for skin, bone, vascular,
cardiac, corneal and nervous tissue regeneration will
be outlined and discussed. Recent trends towards
utilizing SPIO nanoparticles for cell tracking, with a
particular focus on cell monitoring in the central
nervous system, will be further examined.With regard
to the broadness of this topic, other interesting and
contemporary issues of nanotechnology in regenera-
tive medicine, such as carbon nanotubes and nano-
fibers, nano-enabled drug delivery (3) and surface
nanotopography (4), are not included in this review
as they have been described in detail elsewhere.

Nanofibers for TE

The structure of the nanofibrous network mimics the
fibrous architecture of the extracellular matrix (ECM),
and thehighsurfacearea tovolumeratiohasbeenshown
to support the adhesion, proliferation and differentia-
tion of various cells. Recent trends in techniques pro-
ducing nanofibers for TE are the development of
biomimetic scaffolds that not only provide structural
support for living cells, but also can serve as a delivery
system for drugs, growth factors or cytokines that may
further promote cell function and tissue regeneration.
Various attempts have been made to enhance the bio-
active properties of the scaffolds by the immobilization
of functional cell-adhesive motifs, such as laminin or
fibronectin derived peptidic sequences. Currently,
electrospun and self-assembled nanofibers have been
studied as potential scaffolds for the regeneration of
bone, cartilage, and skin as well as vascular, cardiac,
nervous and other tissues. An important role in nano-
material research for TE applications is also played by
carbon nanotubes and carbon nanofibers, especially
because of their good mechanical properties and elec-
trical conductivity. These materials have been used as
regenerative scaffolds for neural and bone regeneration
or as drug and gene delivery vehicles (5).

Electrospun nanofibers

Electrospinning is a widely used technique for the
production of nanofibers from various natural or
synthetic polymers, but also from metal, ceramic

and glass materials. In the electrospinning process,
nanofibers are created as polymeric jets from the
surface of a polymeric solution in a high intensity
electrostatic field (10–100 kV) when the electric field
overcomes the polymer surface tension. Adjusting the
processing conditions and the properties of the poly-
mer solution enables one to control the properties
of the resultant nanofibrous meshes, such as fiber
diameter, porosity, mechanical properties and surface
topography. In addition, given its production simpli-
city, flexibility and cost efficiency, this technique is
suitable for a broad range of applications, such as
filtration, textiles, energy, acoustics, as well as in
medicine for TE. Regarding the nanofiber formation,
the polymer jets can be ejected either at the tip of a
capillary tube (needle or capillary spinners or from
liquid surfaces on a rotating spinning roller (needle-
less technology) (Figure 1A) (6). The main advan-
tages of the Nanospider� technology are its high
productivity, good reproducibility and minimal pro-
duction variability from laboratory to industrial scale.
Our results confirm that randomly oriented as well
as aligned nanofibers produced by the needleless
Nanospider� technology support stem cell growth
and proliferation (Figure 1) (7).
Numerous reports have described the fabrication of

degradable or nondegradable nanofibers by electro-
spinning as scaffolds for the seeding and growth of
different cell types. Synthetic poly(lactic acid) (PLA),
poly(lactic-co-glycolic acid) (PLGA), poly-epsilon-
caprolactone (PCL), and polyvinyl alcohol (PVA)
polymers, or natural materials such as collagen, gela-
tine, chitosan, alginates or silk, are the most common
materials employed for the fabrication of nanofiber
scaffolds. Spatial orientation of nanofibrous scaffolds
can be produced by the modification of the nanofiber-
collecting devices (8). Aligned nanofibrous scaffolds
that serve as contact guidance for directing cell growth
(Figure 1G) have been studied as promising scaffolds,
especially for vascular or neural TE. Various functio-
nalization strategies of surface modification, such as
plasma treatment, the wet chemical method, surface
graft polymerization, co-electrospinning of active sur-
face agents and polymers, or the immobilization of
bioactive ligands have been further employed. Phys-
ical or chemical immobilization of bioactive mole-
cules, including drugs, enzymes and cytokines, is
widely studied in the hope of creating nanofibers
for controlled drug delivery (9).
Even though needle electrospinning is limited by the

lowprocess efficiency, theflexibilityof this technique, on
the other hand, enables the design of various modi-
fications and extensions that further advance the scaf-
fold’s functionality. A combination of at least two
material components generates composite nanofibers
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and enables to promote biomimetic and mechanical
properties, or the controlled delivery of drug or growth
factors. Composites, such as blended nanofibers, core-
shell structured nanofibers, and nanofibrous mingled
structures have been described in detail elsewhere (10).
The co-axial electrospinning technique employs one
(or more) coaxial needles or capillaries that form one
or more inner and outer channels. The fabrication of
core-shell nanofibers, using electrospinnable bioactive
macromolecules such as collagen, gelatine or fibronec-
tin as the shell and a synthetic polymer with advantage-
ous mechanical and structural properties as the core,
offers the possibility of designing a variety of functional
compositenanofibers (10).Moreover, the encapsulation
of drugs or bioactive components, such as DNA or
growth factors (11), by a shell polymer enables the con-
struction of scaffolds with controlled release (9,10,12).

Three-dimensional (3D) electrospun nanofibers

The electrospinning technique is mostly used to
fabricate two-dimensional (2D) nanofibrous sheets;

nevertheless, nanofibrous constructs with a 3D profile
can be obtained by continuous electrospinning in a
high intensity electrical field. Nanofibrous meshes are
highly porous structures that support protein adsorp-
tion and cell adhesion, but the size of the pores is too
small for cell infiltration, thus seeded cells tend to
grow in a monolayer on the surface of the mesh rather
than inside the nanofibrous structure. The lack of
appropriate porosity thus limits extensive in vitro stud-
ies using 2D electrospun nanofibers as substrates for
various cell cultures to form 3D structures for in vivo
applications.
To achieve a 3D scaffold and improve cell infiltra-

tion, several strategies have been employed. A three-
dimensional sponge-like nanofibrous scaffold was
built from electrospun silk fibroin nanofiber disper-
sion in the presence of NaCl particles as a porogen
(13). A 3D multi-layered cell-nanofiber scaffold was
fabricated from alternating layers of human dermal
fibroblasts or keratinocytes seeded on PCL/collagen
nanofiber sheets; cells growing in the scaffold prolif-
erated and formed new ECM (14). A 3D culture
system using micro- and nano-scaled material has
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Figure 1. (A) The principle of the needleless Nanospider� technology based on a rotating spinning electrode. (a) A thin layer of polymer
solution film is raised by a metal roller, which is at the same time the positive electrode. (b) The reservoir of polymer solution. (c) The fibers,
formed from the polymer surface in a high voltage (20�100 kV) electric field, are carried onto the grounded negative electrode (d) and caught
by a non-woven textile substrate (e). The solvent evaporates and the fibers stretch at room or elevated temperature. SEM micrographs of (B)
randomly oriented and (C) aligned polyamide (PA) 6/12 nanofibers fabricated by Nanospider� technology. (E-G) PA 6/12 nanofibers were
used as a substrate for cell culture. Cells were stained for F-actin cytoskeletal filaments (red color) and cell nuclei (DAPI, blue color). Confocal
micrographs of mouse LSCs grown on (D) poly-L-Lysin-coated glass and (E) randomly oriented PA6/12 nanofibers. Confocal micrographs of
human MSCs grown on (F) randomly oriented and (G) aligned PA6/12 nanofibers. The shape of the cells and the organization of the actin
cytoskeleton revealed that the cells spread, grew and proliferated on the nanofibrous substrate. The actin cytoskeleton as well as the morphology
of hMSCs cultured on oriented nanofibers were organized along the fiber direction (G).
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been prepared from electrospun poly(glycolic acid)
nanofibers added as a sheet that formed a layer within
a collagen sponge (15). A hybrid process for novel
3D scaffolds that mimick the biophysical environ-
ment of the ECM and support the adhesion and
proliferation of chondrocytes has been fabricated
from a 3D microfibrous structure using direct poly-
mer melt deposition covered with PCL/collagen elec-
trospun nanofibrous matrices (16). We found that 3D
scaffolds from layers of nanofibrous mats can be
created by a rolling-up (Figure 2) (17) or multi-layer
technique (18).

Self-assembling nanofibers

Self-assembling nanofibers are composed of peptide
molecules that spontaneously aggregate from an
aqueous solution into a stable nanofiber network
due to multiple non-covalent interactions in the pres-
ence of a physiological salt solution or by changing the
pH. Peptide-amphiphile molecules, formed from a
hydrophobic tail and a hydrophilic peptide head,
spontaneously self-assemble into cylindrical nano-
fibers in which the hydrophobic tails form the core

of the fiber and the hydrophilic peptide head groups
are present on the surface of the fiber (19). Other self-
assembling peptide nanofibers (SAPN), such as
RADA-16, are characterized by their periodic repeats
of alternating hydrophilic and hydrophobic amino
acids in the form of b-sheet structures (19). These
peptides are packed together as anti-parallel b-sheet
structures, with a hydrophobic inner and a hydro-
philic outer site (20). The peptide terminus can be
chemically designed to incorporate specific functional
ligands that further enhance scaffold performance,
such as peptide epitopes containing integrin recep-
tor-binding sites (21), bone marrow homing proteins
(22), insulin growth factor (23) or stromal cell-derived
factor-1 (SDF-1) (24).

Applications of nanofibrous scaffolds in TE

Wound healing and skin TE

The large surface area and porosity of electrospun
nanofibers enable good permeability for oxygen and
water and the adsorption of liquids, and concomitantly
protect the wound from bacterial penetration and

5-30 nm

20-120 nm

D. E. F.

C.B.A.

Dextran

Fe3O4

Figure 2. (A) Scheme of an iron-oxide nanoparticle. The contrast agent Endorem consists of a superparamagnetic Fe3O4 core coated by a
dextran shell. (B) Transmission electron micrograph of a MSC labeled with SPIO nanoparticles; a cluster of SPIO nanoparticles is surrounded
by the cell membrane. (C) Rat MSC culture labeled with SPIO nanoparticles and stained for Prussian blue. (D) MRI of a rat brain with a
cortical photochemical lesion (indicated by black arrow), which is an experimental model of stroke. Two weeks after induction the lesion is
visible on MRI as a hyperintensive (light) area. (E) MRI of the photochemical lesion two weeks after the i.v. implantation of Endorem-labeled
rat MSCs. The accumulation of SPIO-labeledMSCs in the lesion is detected as a hypointensive signal (indicated by black arrow). (F) MRI cell
detection in vivo was confirmed by histological detection using Prussian blue staining, which revealed a massive invasion of Endorem-labeled
rat MSCs in the lesion site (80).

Nanotechnologies in regenerative medicine 147

M
in

im
 I

nv
as

iv
e 

T
he

r 
A

lli
ed

 T
ec

hn
ol

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

14
7.

23
1.

42
.1

1 
on

 0
2/

02
/1

1
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



dehydration. This feature shows electrospun nano-
fibers to be a suitable material for wound dressing,
especially for chronic wounds such as diabetic ulcers
or burns. In addition to physical protection of the
wound site, modern nanofibrous materials can enable
the local delivery of therapeutic agents, such as anti-
biotics (25) or growth factors (26), or can be enriched
with silver nanoparticles as an antibacterial agent (27).
As a new approach for skin TE, an attempt to
form dermal-like or bilayer skin tissue from fibroblast/
fiber layered constructs or keratinocyte/fibroblast/fiber
layered 3D constructs has been made (14).
One of the first nanofibrous materials used for

wound dressing was a polyurethane membrane, the
use of which resulted in an increased rate of wound
epithelializationanddermisorganization (28).Chitosan
has been generally considered as a promising natural
biodegradable polymer for wound dressing due to its
biocompatibility and its bactericidal, haemostatic as
well aswound-healing properties (29).Nanofibermats
constructed from chitosan/PVA (30), chitosan/PLA
(31) or chitosan/collagen (32) displayed good antibac-
terial activity against the Gram-positive as well as
Gram-negative bacteria. Beneficial effects on wound
healing were also found using nanofiber membranes
composed from chitosan-coated PVA (33), poly-N-
acetyl-glucosamine (34), or poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) nanofiber matrices co-cultured
with hair follicular epithelial and dermal cells (35).
Biodegradable copolymer PCL and poly(ethylen-
glycol) with chemically conjugated human epidermal
growth factor increased the proliferation and pheno-
typic expression of keratinocytes and improved in vivo
wound healing in diabetic animals (26). Recently,
improved healing of deep second-degree burns
has been demonstrated in rats using RADA16-I
self-assembling nanofiber hydrogel scaffolds (36).

Vascular grafts

For vascular applications, the electrospinning tech-
nique enables the creation of seamless tubes of the
required diameter that can be designed to replace
small-diameter blood vessels as well as large-diameter
arteries. The mechanical properties and the structure
of the graft need to resist shear stress and the pressure
of the blood stream as well as support cell attachment,
as a covering of endothelial or other cells on the graft
surface avoids platelet adhesion and thrombus for-
mation. Suitable scaffolds for vascular grafts provide
aligned nanofibers that achieve the structural proper-
ties of the endothelium with elongated vascular endo-
thelial cells. A number of groups has reported cells
cultured on aligned nanofibers and growing along the

fiber direction with an elongated morphology. Poten-
tial materials that have shown enhanced growth
of endothelial cells in vitro include aligned PCL
nanofibers with grafted gelatin (37), aligned poly-L-
lactic acid (PLLA) nanofibers (38), collagen-coated
random and aligned PLLA/PCL (39), polyphos-
phazene nanofibers (40), and aligned carbon nano-
tubes-polyurethan composites (41). Aligned PLLA
nanofibrous scaffolds used in vivo as an artery bypass,
with or without mesenchymal stem cells (MSCs),
allowed the infiltration of vascular cells and matrix
remodelling, while grafts with MSCs revealed anti-
thrombogenic properties (42). In addition to electro-
spun nanofibers, enhanced endothelial cell coverage
was found using nanopatterned titanium stent sur-
faces with periodic arrays of grooves, prepared by a
novel plasma-based dry etching technique (43).

Cardiac TE

Several studies have demonstrated that the transplan-
tation of adult bone marrow derived MSCs into an
ischemic lesion leads to a reduction in the infarct size
and an improvement of ventricular function. Stem
cell therapy of myocardial infarction or chronic ische-
mic heart disease is currently being evaluated in a
growing number of clinical studies; however, the
benefits of cell therapy have still not been clearly
demonstrated. A new strategy for healing infarcted
myocardium uses SAPN as a bioengineered delivery
system to enable the local intramyocardial release of
growth factors or chemokines. To improve the sur-
vival of cells transplanted into infarcted myocardial
tissue, insulin growth factor IGF-1, a cardiomyocyte
growth and differentiation factor, was bound to bio-
tinylated SAPN using a biotin sandwich method (23).
The injection of IGF-1 bound to SAPN into the
myocardium enabled the local delivery of IGF-1
and, in combination with transplanted cardiomyo-
cytes, reduced apoptosis and increased the growth
of the transplanted cells. Another approach used
a modified SDF-1 chemokine that is resistant to
matrix metalloproteinase-2 and exopeptidase cleav-
age tethered to RAD16-II self-assembling protein
(24). The intramyocardial nanofiber-mediated deliv-
ery of protease-resistant SDF-1 promoted the che-
motactic recruitment of stem cells and improved
cardiac function after myocardial infarction.

Bone regeneration

The bone tissue is a mineralised organic matrix mostly
formed from collagenous fibers and calcium
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phosphate in the form of hydroxyapatite (HA), with
embedded osteoblasts, osteocytes and osteoclasts as
cell components. To design scaffolds for bone recon-
struction, suitable biophysical properties, such as
hardness and porosity, as well as support for cell
growth and differentiation, must be provided. In
the past several years, various nanofibrous matrices
produced by a variety of techniques have been ex-
plored for bone reconstruction. The growth of oste-
oblastic cells and the osteogenic differentiation of
bone marrow-derived MSCs was demonstrated on
natural collagen or silk fibroin polymers, PLA, PCL
and PLGA degradable synthetic polymers as well as
on blends of synthetic polymers and natural polymers
such as gelatin, collagen, silk fibroin and chitosan; all
of these materials have been summarized by Jang et al.
(44). To improve the mechanical properties of bio-
degradable polymers, composite electrospun nanofi-
bers with incorporated HA have been prepared using
several methods. The effect of HA mineralisation of
nanofibrous substrates on osteoblast responses has
been demonstrated on HA composites with PLLA,
PLGA, gelatin, collagen and chitosan as well as on
other HA composite nanofibers (44). A combination
of bone morphogenic protein 2 (BMP-2) and HA
nanoparticles encapsulated into silk electrospun
matrices has been shown to synergistically enhance
bone formation from seeded human MSCs (45).
SAPN that filled the pores of a titanium foam were

used to transform the inert titanium foam into a
potentially bioactive bone implant. This hybrid
bone implant allowed the encapsulation of osteo-
blasts, and the implantation of this SAPN/porous
titanium scaffold into rat femurs led to new bone
formation around and inside the implant, which could
be used to improve the mineralization, fixation,
osteointegration and stability of orthopedic or dental
implants (46). In another report, peptide-amphiphile
self-assembled nanostructures containing a peptide
sequence from osteogenic peptide BMP-2 have
been developed as a three-dimensional scaffolding
material that promotes the osteoblastic differentiation
of human bone marrow MSCs (47).

Neural TE

Due to the structural complexity of the central ner-
vous system (CNS) and an inhibitory environment
that hinders its intrinsic regenerative capacity, nerve
regeneration in the CNS is a major challenge for
regenerative medicine and especially for TE. The
implantation of tissue-engineered scaffolds that can
facilitate neural repair is therefore predominantly
aimed at regenerating the injured spinal cord and

peripheral nerves. After spinal cord injury (SCI),
the development of a glial scar, an accumulation
of ECM proteglycans as well as the development of
cysts lead to the formation of a “communication
barrier” which hinders axonal regeneration and any
reconnection between the cranial and caudal
stumps of the spinal cord. A promising approach
towards re-establishing the damaged connections is
“bridging” the lesion with a permissive environment
that fills the cavity, supports axonal re-growth and
may serve simultaneously as a substrate for cell trans-
plantation or as a delivery system for bioactive
molecules (48). Recently, we have found that the
implantation of a polymer scaffold seeded with
MSCs into chronic SCI could successfully bridge
the lesion cavity, and, moreover, promote functional
recovery (49).
SAPN scaffolds have been shown to be an effective

treatment for CNS injury that, compared to other
biomaterials used as implants for neural tissue regen-
eration, form a true 3D environment similar to
the ECM. The unique property of SAPN is that
they can be injected into the injured nervous tissue
as a liquid, then the peptides are transformed into a
nanofibrous matrix by the ionic strength of the
in vivo environment. This enables the shaping of
the scaffold and the subsequent filling of the cavity
through the integration of the scaffold into the host
tissue.
The self-assembling peptide RADA16-I supported

the in vitro growth of PC12 cells and the formation of
functional synapses using rat primary hippocampal
neurons (50). Modification of the RADA16 peptide
by the immobilization of bone marrow homing pro-
tein motifs significantly enhanced the in vitro survival
of adult mouse neural cells (22). In vivo, RADA16-I
was shown to repair the disrupted optic tract and to
return functional vision (51), to bridge the injured
spinal cord of rats after transplantation (52) and help
to reconstruct the lost tissue in the acutely injured
brain (53). Other self-assembling nanofibers formed
from peptide-amphiphile (PA) molecules containing
the IKVAV laminin epitope supported the neuronal
differentiation and neurite outgrowth of in vitro cul-
tured neural progenitor cells and inhibited the devel-
opment of astrocytes (21). The injection of these
IKVAV-PA molecules into a mouse spinal cord
lesion reduced astrogliosis and cell death and
increased the number of Schwann cells at the site
of injury. Moreover, this treatment promoted the
regeneration of both motor and sensory fibers through
the lesion site and resulted in significant behavioral
improvement (54).
A wide range of electrospun nanofibers, particu-

larly those with aligned structures, have been
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explored as substrates for neuronal cell cultivation
in vitro (55). Contact guidance on aligned electro-
spun nanofibers that oriented neurite outgrowth and
glial migration from dorsal root ganglia explants was
found with aligned electrospun nanofibers of PCL, a
collagen/PCL blend (56) and PLLA (57). In com-
bination with an aligned topography, the electrical
stimulation of conductive polypyrrole-coated PLGA
nanofibrous meshes resulted in longer and more
numerous neurites in PC12 cells and hippocampal
neurons (58). Aligned PCL enhanced the differen-
tiation of mouse embryonic stem cells into neural
lineages but discouraged differentiation into astro-
cytes (59). The covalent modification of polyamide
nanofibers with tenascin-C peptides increased their
ability to promote neurite outgrowth from cerebellar
granule neurons (60).
Although numerous in vitro studies have shown

nanofibers, and especially aligned nanofibers, to be
effective in enhancing neurite outgrowth and axonal
extension, the incorporation of 2D meshes into 3D
constructs still remains a challenge, and currently
only a few studies have attempted to verify the poten-
tial of electrospun nanofibers in in vivo experiments.
As scaffolds for stimulating and guiding functional
peripheral nerve regeneration, bio-absorbable grafts
of nonwoven micro/nanofiber mesh tubes made from
electrospun chitosan (61), a PLGA/PCL blend (62),
and a copolymer of PCL and ethyl ethylene phos-
phate with encapsulated GDNF (63) were used in a
rat model of sciatic nerve transection. As an im-
plant for the regeneration of a rat spinal cord tran-
section, a tubular scaffold containing bundles of
parallel nanofibers made of a biodegradable dextran
sulphate-gelatin co-precipiate seeded with human
nasal olfactory mucosa cells or human embryonic
spinal cord cells promoted the partial recovery
of function in one or two limbs three months after
implantation (64). In our experiments, scaffolds
based on layers of electrospun nanofibers were im-
planted into the hemisected spinal cord, where they
integrated into the surrounding tissue and promoted
the ingrowth of connective elements, blood vessels
and neural cell processes (Figure 3) (17).
Carbon nanofibers (CNF) and nanotubes (CNT)

are being investigated as candidates for neural TE
due to their electrical conductivity. As CNF and CNT
are both insoluble and also cytotoxic due to resi-
dual metal catalysts, they need to be functionalized
in order to improve their solubility and biocompati-
bility and also to enable their conjugation with bio-
active molecules for drug or gene delivery (5). In
neural TE, CNF and CNT have been tested as a
subcellular electrical-neural interface, which is attrac-
tive as an implantable neural prosthesis for restoring

neurological function or as a tool for monitoring or
modifying neural activity (65). Carbon nanofibers
studied as neural implants selectively supported the
growth of neuronal cells and reduced the adhesion of
astrocytes (66).

Corneal regeneration

Limbal stem cells (LSCs) are a stem cell population
responsible for renewing and regenerating the corneal
epithelium. In the clinic, the transplantation of cul-
tured limbal or epithelial stem cells is currently used
as a treatment for several types of LSC deficiency
(67). As a substrate for cell expansion and transport
onto the recipient eye, human amniotic membrane is
commonly used, but other substitutes such as fibrin
sealants, silk fibroin or collagen-based scaffolds have
been developed. As a new approach in TE, the use of
corneal epithelial or oral mucousal cell sheets
obtained by the detachment of cell cultures from
thermo-responsive culture dishes has been introduced
and clinically applied in corneal reconstruction (68).
In addition to the common cell carriers, electro-

spun nanofibers have also been proposed as a bio-
compatible cell culture substrate for LSC cultivation
(Figure 1). A polyamide 6/12 nanofiber matrix fabri-
cated by the needleless electrospun technology has
been shown to support the growth of LSCs andMSCs
and to facilitate their transfer to the ocular surface for
treatment of corneal injuries. Using a nanofiber scaf-
fold, the transfer of both LSCs and MSCs improved
corneal healing and significantly inhibited the local
inflammatory reaction; transferred LSCs have been
detected on the ocular surface two weeks after cell
transfer (69).

Magnetic nanoparticles for labeling stem cells

Superparamagnetic iron oxide (SPIO) nanoparticles

Cell therapy is a promising strategy in regenerative
medicine for the treatment of various diseases or inju-
ries. To follow the fate of transplanted cells, superpar-
amagnetic contrast agents have been developed and
used to label cells for the non-invasiveMRImonitoring
of the cells in the living organism. The most common
contrast agents are iron oxide particles that usually
consist of a crystalline iron oxide core and a dextran
or other polymer shell (Figure 2A).Commercially avail-
able dextran-coated SPIO ferumoxide nanoparticles
have been approved as intravenous contrast agents by
theUSFDAasFeridex� andEndorem�orasultrasmall
(USPIO)nanoparticles (Combidex�,Sinerem�).SPIO
particles are negative contrast agents that selectively
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shorten T2 relaxation time and thus can be detected in
the tissue as a hypointense (dark) MR signal
(Figure 2E). Coating SPIO nanoparticles with a

protective layer of dextran or other polysaccharide helps
to prevent their aggregation, induces the efficient inter-
nalization of the contrast agent into the cell and

A.

C. D.

E. F.

B.

Figure 3. (A) Illustration of a rat spinal cord hemisection as a model of injury for nanofibrous scaffold implantation. A segment of the spinal
cord was dissected at the T-9 level. (B) A rolled nanofiber scaffold was implanted into a hemisection of a rat spinal cord and the dura mater was
sutured. Histological evaluation was done four weeks after scaffold implantation. (C, D) Photomicrographs illustrating the ingrowth of tissue
into an implanted rolled nanofiber scaffold stained with hematoxylin-eosin. (E) The ingrowth of Schwann cells (p75 immunostaining) on
the layers of a nanofibrous scaffold. (F) The ingrowth of NF-160 neurofilaments (green) and Schwann cells (red) into a nanofibrous scaffold
(white arrow). The nanofibrous scaffold is displayed in blue color.
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minimizes any deleterious effects on cellular function.
According to their size after coating, SPIO particles can
be distinguished as standard SPIO nanoparticles with a
diameter between 50–150 nm, USPIO nanoparticles
with a diameter less than ~50 nm, or micron size
paramagnetic iron oxide (MPIO) particles. The crucial
aspect is that SPIO particles are not toxic and do not
adversely affect cell physiology, differentiation, or cell
migratory ability in situ.
The insufficient uptake of nanoparticles into cells in

culture can be facilitated by the use of transfection
agents (e.g., poly-L-lysine or Lipofectamine), electro-
poration (70), the specific targeting and endocytosis
of nanoparticles through the use of transferrin recep-
tors (71), magnetodendrimers (72), or transduction
agents such as HIV-derived TAT protein (73). For
clinical application, however, it would be advanta-
geous to use a contrast agent that does not need
any further additives to facilitate cellular uptake. To
improve labelling efficiency, SPIO nanoparticles
coated with poly-L-lysine, D-mannose or poly(N,N-
dimethylacrylamide) have been developed, which,
when compared with Endorem, exhibited better
internalization into the cells and easier MRI detec-
tion with a lower concentration of iron within the
cells (74,75).
In addition to ex vivo cell labelling, another approach

is systemic SPIO injection to enable the tracking of
specific cells in situ. The preferential phagocytosis of
SPIO nanoparticles by monocytes and macrophages is
utilized for in vivoMRvisualization of the inflammatory
response after stroke and other CNS pathologies (76).
Alternatively, the intraventricular injection of MPIO
particles has allowed MRI to be used to track the
migration of endogenous stem/progenitor cells from
the subventricular zone in the developing brain, both
with and without a hypoxic-ischemic insult (77). In
addition to cell tracking, SPIO nanoparticles alone or
conjugated to target-specific ligands, such as proteins or
antibodies, have been used for the selective imaging of
tumors in vivo as well as for therapy (78) and gene
delivery (79).

In vivo MR cell tracking

To follow the migration and fate of transplanted cells,
a SPIO labeling technique has been successfully used
in the CNS, heart, liver, kidney as well as in pancreatic
islets. MRI cell detection in vivo is generally con-
firmed by histological detection using iron staining
(Figure 2F) or fluorescent cellular markers that can
also be coupled to the SPIO nanoparticles.
In the CNS, the migration of Endorem-labeled

human MSCs, Endorem/BrdU co-labeled rat MSCs,

and Endorem-labeled mouse eGFP embryonic stem
cells has been demonstrated into a cortical photo-
chemical lesion, an experimental model of stroke,
after intracerebral as well as systemic administration
(Figure 2D-F) (80,81). The accumulation of intrave-
nously injected SPIO-labelled neural stem/precursor
cells has been monitored within focal inflammatory
demyelinatingbrain lesions inamousemodelof chronic
multiple sclerosis (82). The migration of intraventricu-
larly transplanted SPIO-labeled neural precursor cells
into inflamedwhitematter tractshasbeendemonstrated
in experimental autoimmune encephalomyelitic mice;
the labeled cells migrated over comparable distances
and differentiated into glial lineages in the same way as
unlabeled cells (83). In the rat spinal cord, dextran-
coated SPIO-labeled Schwann cells and olfactory
ensheathing cells have been shown to remyelinate axons
after transplantation into demyelinated lesions (84). In
our experiments, the intravenous injection of MSCs
significantly improved the recovery of hindlimb motor
function in rats with a spinal cord compression lesion
(48). The fate of transplanted MSCs labeled with
Endorem was followed by in vivo as well as ex vivo
MRI; staining for Prussian blue revealed many cells
labeled with nanoparticles in the lesion site, and the
lesion cavities were significantly smaller than in control
animals (48,81).
Pancreatic islet transplantation is currently used as

a promising clinical approach to the treatment of
diabetes; however, a significant number of grafts
fail immediately after transplantation. SPIO nanopar-
ticles have been shown to be an effective and safe way
of labelling and monitoring the survival or rejection of
pancreatic islets in animal models (85) as well as in
human patients in clinical practice (86). Zhang et al.
used MRI to monitor intrahepatically transplanted
islets labeled with Feridex; the results were confirmed
by combined staining for insulin activity and Prussian
blue (87). The MRI monitoring of SPIO-labeled
pancreatic islets transplanted into the liver has been
used to detect allogeneic transplant rejection over a
6 week period after transplantation (88). In another
report, MRI monitoring of islet grafts revealed the
harmful effect of hyperglycemia on graft survival,
while the transplantation of islets contaminated with
non-endocrine tissue did not have any significant
influence on MR images (89).
MRI has also been used to monitor SPIO-labeled

stem/progenitor cells after transplantation into the
heart (90,91). Using MRI and histology, labeled
MSCs were detected in the infarcted myocardium
up to six weeks post-implantation (92) or up to
16 weeks post-implantation (90), respectively. In
addition, MRI was able to confirm the success of
cell transplantation into the contracting myocardium.
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In spite of the extensive use of SPIO particles to
enable cell tracking in various cell therapy applications,
some confounding factors, such as anMRhypointense
signal originating from hemorrhages, tumors or exper-
imental traumatic procedures (e.g., injection) or from
macrophages that engulfed and accumulated SPIO
nanoparticles, can lead to the misinterpretation of
the MR signal (84,93). The loss of MR signal, on
the other hand, can be caused by the biodegradation
of the nanoparticles or by their dilution due to cell
division. One approach to overcoming the dilution of
the iron label due to cell division is to useMR reporter
genes that rely on the enzymatic or metabolic produc-
tion of an MR contrast agent or the expression of
MR contrast surface receptors (94). Moreover, recent
approaches aim to develop a new generation of con-
trast agents that, in addition to cell localization, use
MRI for the visualization of cell processes. Such MR
contrast agents can be activated by the conditional
activation of enzymes or via the up-regulation of the
corresponding promotor in transgenic cells (95).

Conclusions

Rapid progress in nanotechnology in recent years
has yielded many medical benefits, especially in the
fields of TE, imaging and drug delivery. Designing
materials and devices at the cellular, molecular and
atomic levels can provide more precise, targeted and
effective approaches in treatment and diagnosis.
Recent trends in TE include scaffold functionaliza-
tion that is tailored to each specific application and
cell response. Improving the cellular response and the
loading and delivery of drugs or bioactive molecules
as well as enhancing the scaffolds’ bioactivity can lead
to the optimization of nanofibrous materials for
transplantation and clinical application.
With regard to cell therapy, non-invasive MRI

monitoring of SPIO-labeled grafted cells can help
to optimize the transplantation procedure in terms
of the number of required cells, the method or site of
cell administration and the therapeutic time window.
MRI-based monitoring enables the application of this
technique in many areas of cell transplantation,
including pancreatic islets, cardiac, neural and other
stem cell transplants, and makes possible the tracking
of transplanted cells in human patients.
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