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This review focuses on the role of nanostructure and nanoscale materials for tissue engineering
applications. We detail a scaffold production method (electrospinning) for the production of
nanofiber-based scaffolds that can approximate many critical features of the normal cellular
microenvironment, and so foster and direct tissue formation. Further, we describe new and
emerging methods to increase the applicability of these scaffolds for in vitro and in vivo
application. This discussion includes a focus on methods to further functionalize scaffolds to
promote cell infiltration, methods to tune scaffold mechanics to meet in vivo demands and
methods to control the release of pharmaceuticals and other biologic agents to modulate the
wound environment and foster tissue regeneration. This review provides a perspective on the
state-of-the-art production, application and functionalization of these unique nanofibrous

structures, and outlines future directions in this growing field.
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As a consequence of aging, disease processes or
traumatic injury, tissues and organ systems lose
their capacity to carry out their given physiologic
function. While these degenerative processes are
increasingly well understood, options for improv-
ing regeneration or restoration of function are
all too often lacking. This is particularly true in
the soft tissues of the musculoskeletal system,
such as tendon, ligament, articular cartilage,
the intervertebral disc and the knee meniscus.
Each of these tissues possesses unique mechanical
properties that allow them to carry out vital load-
bearing roles over many decades of life. Notably,
these tissues operate with a remarkably low inci-
dence of failure given the challenging mechani-
cal environment in which they are expected to
perform. However, when damage or degeneration
does occur, these specialized structures, so criti-
cal to normal function, show markedly limited
endogenous regenerative capacity.

Given the generally limited intrinsic heal-
ing responses of these tissues, and the lack of
adequate clinical interventions, the last two
decades have witnessed a rapid expansion in
work focused on creating tissue analoges for
replacement of soft tissues. Generally termed
‘tissue engineering’, this field seeks to replicate
key features of native tissues through iz vitro

fabrication methods or via 77 vivo regeneration
around or within an engineered microenviron-
ment. A key component in most, but not all,
tissue engineering approaches is the scaffold, or
template, upon which cells are seeded or into
which cells migrate after implantation into a
defect site. In vivo, cells reside in a dense extra-
cellular matrix (ECM) network — a scaffold
— from which they receive precisely controlled
cell—cell, cell-matrix and cell-soluble factor
signals, which ultimately dictate activity. With
the growing interest in engineering tissue substi-
tutes to repair or replace damaged tissues, under-
standing these interactions is crucial. Indeed,
a further understanding of the native cellular/
extracellular environment may ultimately lead to
more effective biomimetic scaffolds and ex vivo
processing methods towards obtaining desired
biological activities upon implantation.

The functional roles of the native ECM scaf-
fold are structural: to support cells and provide
a substrate for cell migration and survival; bio-
chemical: to sequester growth factors and other
chemical cues that regulate cell fate [1]; and bio-
logical: to present bioactive peptide sequences
that can directly bind receptors and activate
intracellular signaling pathways [2]. Ultimately
this natural bioscaffold directs cell activities,
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including proliferation, differentiation, matrix production and
apoptosis [3]. For effective repair and restoration of normal cell
function, each of these key features of the ECM should be
reproduced in an engineered scaffolding material.

Recently, another key characteristic of the ECM that dictates
cell behavior has been identified, namely the size and topographi-
cal features of its structural elements [4]. For example, collagen is
the most abundant ECM protein in the body, and therefore a com-
mon mediator within the cellular microenvironment. Biologically,
cells adhere to collagen via specialized integrin receptors on their
surface. Structurally, collagen provides tensile strength to tis-
sues via its hierarchical assembly of collagen subunits. However,
in addition to biologic signaling and macroscopic mechanical
properties, collagen also possesses nanoscaled features that are
mediators of cell activity. Tropocollagen (the basic subunit of a
collagen fibril) is a nanostructure with dimensions of approxi-
mately 300 nm in length and 1.5 nm in width [s]. Self-assembled
tropocollagen forms larger collagen fibrils 6] with diameters of
approximately 50 nm [7]. These fibrils consist of adhesive ridges
alternating with 5-15-nm deep nonadhesive grooves [8]. Previous
studies have shown that changes made to certain features, such
as structural curvature of the collagen fibrils, can regulate the
activities of adherent cells [9]. Similarly, basement membranes
(BMs) are dense, amorphous, sheet-like ECMs that function to
provide structural support, compartmentalize tissues and regulate
cell functions [10]. While BMs vary greatly in their biochemi-
cal composition, they all share an important structural feature:
nanotopography. BM fiber and pore diameters range from 30 to
400 nm, and the mean elevation of features is 150—200 nm [11].
Nanotopography and nanoscale feature sizes are thus a funda-
mental component of the normal cellular microenvironment, and
together with the biologic and biochemical features of the ECM,
function to control cell activity and through this, the formation,
maintenance and regeneration of tissues.

In this article, we discuss the underpinnings of tissue formation,
focusing on the involvement of nanotopography. We review how
certain features and sizes control cell morphology and activity,
and discuss relevant man-made nanomaterials in this context. We
further describe an exciting scaffold production method (electro-
spinning) by which polymeric and natural materials can be formed
into nonwoven fibers with length scales of biologic relevance to the
natural ECM. These nanoscale fibers, or nanofibers, hold great
promise in tissue engineering and regenerative medicine applica-
tions. We describe new and emerging methods to increase the
application of these scaffolds. This discussion includes consider-
ations of enhancement of cell infiltration/placement and scaffold
mechanics, while at the same time preserving the nanoscale inter-
actions that are crucial to normal cell activity. We also describe
further methods to functionalize these scaffolds, with the goal
of better approximating the biochemical function (growth factor
and other biomolecule release and/or sequestration) and biologi-
cal features (receptor binding) of the native ECM. It is the intent
of this review to describe the state-of-the-art in the production,
application and functionalization of these unique structures, as
well as to describe future directions in this field.

Nanotopography controls cell behavior

& tissue formation

Since the advent of the microscope, investigators have been inter-
ested in the interaction of cells with materials. When topography
was first considered, reports focused on cellular responses to struc-
tures with microscale features [12-15]. While these studies provided
important insights into how topography can modulate cell behav-
ior, it is now clear that more biologically favorable cell-matrix
interactions 7 vitro require the use of nanoscale features [16-13].
Differences in cell-matrix interactions are striking when com-
paring microscale and nanoscale structures. For example, a cell
(which has a diameter on the micron scale) bound to a fiber of
greater diameter than itself is able to spread fully atop the fiber,
much like it could on a flat 2D surface. By contrast, the same
cell interacting with a network of fibers of much smaller diameter
will adhere to multiple fibers within its microenvironment to be
securely attached. Although a cell in such a scenario could theoreti-
cally spread to the same degree across multiple fibers, there would
be less available surface area for the cell to bind, altering the distri-
bution and concentration of focal adhesions (FAs). Furthermore,
surrounding fibers would be in close proximity to the cell in every
direction, affording it a 3D environment that better mimics the
in vivo scenario [19]. While there are clear differences between
the environments created by microscale and nanoscale materials,
researchers are just beginning to understand how a cell detects and
responds to the size disparity.

The aim of this section is to shed light on how nanoscale
structures, indiscriminate of chemistry, can alter cell adhesion,
morphology and cytoskeletal organization, and differentiation.
A number of nanostructures, including grooves [20], ridges [21],
pillars [22] and pores [23], have been used to study the responses
of a wide variety of cells.

Nanotopography modulates cell adhesion
A number of studies have shown the modulation of cell adhesion
in response to nanotopographical features [24-26]. Although cell
responses vary between cell types and nanosubstrates [27], the com-
monly observed trend is that substrates with nanotopographical
features enhance cell adhesion. For example, Wan ez 4/. found
that osteoblast adhesion on both textured surfaces of microscale
(2.2 pm) and nanoscale (450 nm) pits was increased compared
with that on the smooth-surface control, and that the nanopitted
surface was superior to the micropitted surface [28]. Thapa et al.
reported that poly(lactic-co-glycolic acid) (PLGA) nanostructures
promoted greater adhesion of bladder smooth muscle cells com-
pared with the micron-structured controls [29]. A similar finding
using endothelial cells on PLGA nanostructured surfaces also
suggested that nanotopography enhances cell adhesion [30].
Nanotopographical substrates possess increased effective surface
area and so are capable of enhancing protein adsorption, which in
turn impacts cell adhesion. Webster ez a/. showed that adsorption
of select proteins onto nanophase alumina ceramics enhances the
adhesion of osteoblasts [27]. Significantly higher concentrations
of vitronectin and denatured collagen adsorbed to the nanophase
alumina substrates than the microphased controls.

516

Expert Rev. Med. Devices 6(5), (2009)



Nanofibrous scaffolds for soft tissue engineering & regeneration

Nanotopography modulates cell morphology

& cytoskeletal organization

Numerous studies have reported the effects of nanotopography
on cell morphology [21,31.32]. Nanoscale features are able to ori-
ent cells, control cell spreading by limiting the surface area
available for cell attachment, and modulate FA patterns and
resultant stress-fiber organization. For example, Teixeira ez al.
demonstrated that epithelial cell morphology was dictated by
precisely controlled nanogroove and nanoridge patterns [20].
The nanotopographical surface was created with 400-4000-nm
wide pitches and 150—600-nm-deep grooves, and coated with
silicon oxide to eliminate any effect from surface chemistry.
They found that epithelial cells aligned and elongated along
the nanoridges (Ficure 14), while cells on smooth surface sub-
strates remained predominantly round. Furthermore, a greater
percentage of aligned cells were observed in deeper grooves. In
addition, cells extended lamellipodia and filopodia primarily
along ridges and down to groove floors (Ficure 1B). Lastly, the
size of the FAs was dependent on the ridge width, with wider
ridges allowing for larger FAs to form. Together, these data sug-
gest that nanoscale surface features can have profound effects
on cell morphology.

Similar cell behaviors were observed in a study using cylindri-
cal nanocolumns to culture fibroblasts [22]. Compared with the
flat-surface control, fibroblasts on nanocolumns were less spread
and more rounded. They also displayed fewer actin stress fibers
and more filopodia, suggesting that such a substrate may better
facilitate fibroblast migration.

Nanotopography alters cell phenotype

Recent reports indicate that smooth muscle cells express different
gene profiles when cultured on 20- and 200-nm pores [23]. Using
c¢DNA microarrays, the differential regulation of 500 genes was
observed between the two different sized surfaces. Importantly,
groups of genes related to cell adhesion and morphology were
identified. Specifically, biglycan was upregulated 15-fold in cells
exposed to the larger pores. Other genes related to the ECM and
cytoskeleton, including laminin, collagen type IV, myosin Ib,
villin, connexin and cofilin, were also upregulated on the larger
pores, while surface proteoglycans, such as glypican, perlecan
and syndecan, were downregulated. Groups of genes related to
cell cycle, proliferation and signal transduction were also iden-
tified as being modulated by the nanopores. Clearly, the size
of nanotopographical features can elicit significant changes in
cellular transcriptional activity.

Further evidence indicates that nanotopography can also
direct stem cells to differentiate towards specific lineages. For
example, synthetic nanostructures have been used to direct the
neurogenesis of human mesenchymal stem cells (hMSCs) in the
absence of induction medium [33]. In this study, hMSCs were
cultured on 350-nm-, 1- and 10-pm-wide gratings to compare
cell morphology and gene expression. Cells cultured on the
nanosized features aligned along the grating axis, exhibited
elongated and parallel stress fibers, and had more extended
cell protrusions. These surface-dependent cell behaviors may

Figure 1. Epithelial cells cultured on nanopatterned
surfaces (400-nm pitch). (A) Corneal epithelial cell aligned
along nanostructured ridges. (B) Filopodia extend along the top
of ridges and bottom of grooves, and lamellipodia protrude into
the grooves along the cell edge.

Reproduced with permission from [20].

facilitate neurogenic lineage commitment. Notably, mature
neuronal markers, such as MAP2 and B-tubulin III, and the
synapse marker synaptophysin, were also highly expressed in
nanosurfaced substrates. Moreover, upregulation of ECM and
adhesion-molecule signaling was observed, suggesting that the
induction of neuronal differentiation may be associated with
changes in ECM signaling and cytoskeletal arrangement.
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Nanoscale materials & nanofibrous scaffolds:
production & biological implications

While 2D surfaces are valuable tools for studying basic cellular
response to nanotopography, translation of these findings towards
clinical application will require 3D structures. In this section, we
describe three such structures: nanotubes, nanoparticles and nano-
fibers. Each of these distinct nanostructures and its effect on biologi-
cal regulation will be discussed separately. Nanoparticles and nano-
tubes will only be discussed briefly to summarize their importance
and potential uses in tissue engineering applications, with the focus
centered on the production and biological effects of nanofibrous
scaffolds. Of note, while not yet common, both nanoparticles and
nanotubes can be complexed with nanofibers to create composite
hierarchical systems, with as yet unknown functionalities.

Nanoparticles

Nanoparticles are submicron-sized (10-100 nm) materials pro-
duced via a number of methods, including attrition or pyrolysis,
and can be formed in many shapes, including spheres and regular
or irregular boxes. In tissue engineering, nanoparticles have been
used for scaffold synthesis [34], scaffold reinforcement [3s], cell pat-
terning (36-38], #7 vivo imaging [39-41] and enhancing scaffold bio-
compatibility [42). The most common application of nanoparticles
in tissue engineering, however, is for drug [43-46], gene [47.48] and
other bioactive factor delivery [49]. Due to their ultra-small size and
high surface area—volume ratio, nanoparticle delivery systems are an
emerging tool designed to carry molecules of interest for therapeutic
applications. For example, polymeric nanoparticles have the ability
to target specific cells and release loaded molecules in a predeter-
mined, spatially and temporally controlled manner. Moreover, the
properties of nanoparticles can be tailored to enhance cell uptake.
One of the major existing challenges of using nanoparticles for drug

delivery is how to precisely deliver molecules of interest to target
cellular compartments. Understanding the mechanism by which
nanoparticles are internalized by cells and trafficked intracellularly
will be critical to overcoming this challenge [s0].

Nanotubes

Nanotubes are nanoscale-diameter materials that can be pro-
duced from inorganic and organic elements. These materials have
avery large length—diameter ratio, and have attracted a great deal
of attention for potential biomedical applications. For example,
nanotubes have been used to modulate cell behavior through their
electrical conductivity [51-53], and mechanically to reinforce or tai-
lor the structural properties of tissue-engineered scaffolds [54-56].
In addition, nanotubes have been used to increase the surface
roughness and surface area of scaffolds for cell adhesion [57.58].
Lastly, by measuring changes in electrical conductivity, nanotubes
can be used as molecular sensors to quantify the amount of a
particular molecule adsorbed to their surface [59.60].

Nanofibers
There are currently three manufacturing approaches to fabricating
nanofibrous scaffolds: electrospinning [61], phase separation [62] and
self-assembly [63]. Structures created by each of these approaches
are quite different and thus have their own unique advantages.
For example, the phase separation technique allows for control of
pore architectures [64]. The most common method for fabricating
nanofibers is electrospinning. In this process, nanofibers are pro-
duced from polymer solutions via the application of a high electric
field and the presentation of a grounded region some distance away
(Freure 2). When charge accumulation in the solution overcomes
surface tension, a fine jet emits from the solution. This jet is drawn
into fibers, which undergo whipping and further elongation as
the solvent evaporates during transit to the
collecting surface. The resulting nanofibers

Mandrel speed  have diameters ranging in size from 50 nm

Field strength

(/]

e o
Voltage

Polymer
flow rate

to several microns. As this length scale mim-
ics that of native collagen fibrils ex vivo,
nanofibers are an ideal substrate for tissue
engineering applications. Aside from the
morphological similarity to collagen, scaf-
folds formed by electrospinning also have
a high surface area—volume ratio, variable
pore-size distribution and high porosity [65].

Nanofibers enhance cell adhesion

Adhesion is the first biological event that
takes place when a cell is seeded onto
a substrate. Once the cell is securely

Increasing speed

Figure 2. Production of nanofibers through electrospinning. Nanofibers are
produced from polymer solutions under a number of controlled experimental conditions,
including applied voltage, flow rate, field strength and collecting distance. When the
collector is a rotating mandrel, increasing velocity of the grounded surface leads to

increasing fiber alignment.

attached, it can then begin to migrate,
proliferate, differentiate or synthesize
ECM [66]. Cells seeded on fibrous scaf-
folds preferentially adhere to nanofibers
over microfibers of the same composition
(67]. Tian et al. seeded NIH3T3 fibro-
blasts on composite poly(glycolic acid)
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(PGA)/collagen nanofibers with the PGA composition ranging
from 7 to 86%, and fiber diameters ranging from 500 nm to
10 pm. They found that, regardless of the PGA percentage in
the composite, there were significantly more cells attached on
the 500-nm fibers compared with the 3—5-pm and 10-pm fibers.

The mechanism by which nanofibers enhance cell adhesion is
not completely understood. One possible explanation is through
the enhanced and selective adsorption of adhesion molecules to
the nanofibers [68]. Poly(r-lactic acid) (PLLA) scaffolds were cre-
ated with nanofibrous pore walls of 50500 nm, or with smooth
pore walls, to compare the effect of pore wall architecture on
protein adsorption. It was found that the nanofibrous scaffolds
adsorbed four-times more human serum proteins than the scaf-
folds with solid pore walls. These nanofibrous scaffolds tended to
selectively adsorb fibronectin and vitronectin, two important cell
adhesive proteins. Fittingly, cell adhesion was increased almost
twofold on these nanofibrous scaffolds.

Nanofibers modulate cell morphology

& cytoskeletal organization

Several research teams have reported that cell morphology and
cytoskeletal organization are modulated by culture on nano-
fibers [67.69.70]. For instance, primary mouse embryonic fibroblasts
were seeded on 2D surfaces and 3D polyamide nanofibers to com-
pare morphology and cytoskeletal organization. Mouse embry-
onic fibroblasts tended to adhere with a smaller projected area and
a more elongated morphology on 3D nanofibrous surfaces [69].
Furthermore, cells cultured on nanofibrous surfaces displayed few
or no stress fibers, with vinculin localized only to punctate struc-
tures on the dorsal membrane surface, indicative of fewer FAs and
the adapration of a more 7 vivo-like morphology [69].

We have demonstrated similar morphological and cytoskeletal
alterations with primary chondrocytes seeded on PLLA electros-
pun nanofibers when compared with chemically identical micro-
fibers [70]. Chondrocytes seeded on nanofibers were found to have

arounded morphology with a disorganized actin cytoskeletal struc-
ture. By contrast, chondrocytes cultured on PLLA microfibers dis-
played a well-spread morphology and defined cytoskeleton (Ficure 3).
Such a flat, well-spread morphology is generally found in dedif-
ferentiated chondrocytes on 2D culture surfaces [71], which might
suggest that the regulatory signals that modulate cell morphology
and cytoskeletal organization in a 3D microfibrous environment
may more closely resemble those found in a 2D environment.

Nanofibers alter cell phenotype

Several recent findings suggest that cell shape [72] and cytoskel-
etal organization [73] might play a significant role in regulating
cell phenotype. In the study described above, cartilage-specific
gene and protein levels, such as collagens type II and IX, were
upregulated in nanofibrous cultures compared with microfibrous
cultures [70]. This suggests that nanofibers are capable of main-
taining the chondrogenic phenotype, and provides further evi-
dence for a correlation between the morphological/cytoskeletal
modulation and phenotypic control.

While it is apparent that cells respond favorably to a 3D
nanofibrous environment through adopting a more in vivo-like
phenotype, the underlying mechanisms have yet to be elucidated.
However, it appears that such environments may promote Rac
activation [74], a GTPase important in cell adhesion and signal
transduction (75], and F-actin assembly (76]. The sustained activa-
tion of Rac leads to increased cell proliferation and deposition of
fibrillar fibronectin by NIH 3T3 fibroblasts and normal rat kid-
ney cells, suggesting that Rac is an important signaling molecule
in directing cell activities in 3D nanofibrous culture [74].

Xie et al. recently demonstrated that nanofibers can enhance
the differentiation of mouse embryonic stem cells into neural lin-
eages [77). Furthermore, aligned nanofibers guided neurite outgrowth
along the length of the fibers. We recently showed that aligned
nanofibrous scaffolds promoted ordered cytoskeleton formation by
hMSC:s 78] and ordered matrix deposition by cells isolated from the

Microfibrous scaffolds

Nanofibrous scaffolds

Figure 3. Morphology of chondrocytes seeded on microfibrous and nanofibrous scaffolds. (A) Well-spread fibroblast-like cells
spanned between microfibers after 28 days of culture, whereas (B) cellular aggregates composed of globular, chondrocyte-like cells grew

on nanofibers.
Reproduced from [70] with permission from Mary-Ann Leibert.
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Figure 4. Biologic nanofibers control cell adhesion. Actin
and nuclear staining of ovine mesenchymal stem cells on glass
(left) and collagen nanofibers (right) for 24 h. Note the larger
areas of cell spreading and prominent stress fibers on the glass
surfaces, as compared to the more spindle-shaped cells on
collagen nanofibers.

annulus fibrosus [79.80] and meniscus [81.82], as well as by MSCs [81).
Taken together, nanofibers provide a suitable substrate for control
over stem cell differentiation and organization of deposited matrix,
important features for generating functional tissue constructs.

Structural & mechanical features of

nanofibrous scaffolds

From the previouse sections, it is clear that nanofibrous scaf-
folds are a powerful tool for controlling cell biology and direct-
ing tissue formation. Since first described for tissue engineering
applications, numerous advances in controlling the diameter and
organization of these materials have been made [83]. Several recent
reviews describe these advances in detail (see [84-88]). Here, we
build on our understanding of nanofiber production, and point to
several new concepts in the formation of these structures with the
goal of improving their utility for tissue engineering applications.
Specifically, we describe how the nanofiber palette has expanded
tremendously over the last decade, unique fabrication strategies
for producing composite structures that better replicate structural
features of native tissues, and new methods for enhancing cellular
colonization of these matrices, both at the time of production and
after /7 vivo implantation. The methods described are evidence of
the growing sophistication of nanofibrous arrays for tissue engi-
neering, and are, indeed, just the tip of the iceberg reflecting
ongoing modifications that will be required to access the full
potential of these unique scaffolds for regenerative applications.

Expanding the nanofiber palette

Electrospinning is an incredibly adaptable fabrication method, with
dozens of input parameters all impacting the morphological, bio-
logical and mechanical characteristics of the resultant scaffold. The
effects of processing variables, such as applied voltage, electric-field
strength, collection distances, solution viscosities and flow rates

(among others), have been widely investigated (83,86,89]. However,
the most direct way to change the output is through polymer selec-
tion. Successful electrospinning has been achieved in enumerable
biologic and synthetic polymers, and daily, new materials are being
added to the repertoire (for review, see [90]). Of note, electrospinning
has been carried out with synthetics, such as polyurethanes [91],
biodegradable polyesters (e.g., polycaprolactone [PCLY]) [61.92-94],
PGA [95], poly(lactic acid) [PLA]) [96-98] and polydiaxanone [99]),
as well as natural biopolymers, including collagen [93,100-103], elas-
tin [102,103], silk fibroin [104-107], chitosan [108,109], dextran [110] and
wheat gluten [111]. Natural materials in particular, such as collagen,
enhance the rate with which cells initially adhere to fibers (Ficure 4).

Generally, 2 minimum molecular weight or chain length is
required for a polymer to be successfully drawn into fibers. When
this proves impossible to achieve, blended solutions can be utilized
to ‘carry’ the desired polymer. We have recently reported on the elec-
trospinning of several low-molecular-weight elements of a library of
poly(B-aminoester)s that were blended with poly(ethylene oxide)
(PEO) to facilitate fiber formation [112], as well as novel photo-
crosslinkable and hydrolytically degradable elastomers carried by
gelatin [113]. In these cases, the use of a water-soluble carrier allows
for the removal of this component after crosslinking, resulting in
a pure fibrous mesh of the desired polymer.

Additionally, liquid blends of biosynthetic and natural compo-
nents have been electrospun (with components thus mixed in every
fiber) to create meshes with enhanced cell compatibility [114,115] or
improved mechanical behavior [90]. Commonly, two dissimilar
synthetic materials can be blended together to generate a fiber that
has properties of both, or a natural and a synthetic fiber combined
to impart biologic functionality to the fibers [116). For example,
Stankus and coworkers blended urinary bladder ECM with polyes-
ter urethane urea, and showed enhanced cell spreading and 7 vive
colonization [117]. Addition of ECM proteins imparts to the scaf-
fold biologic features of the native ECM that can control cell behav-
ior on many levels. Additional studies have modified fiber surfaces
to enhance cell binding and/or growth factor retention [118-120].
Furthermore, methacrylate-based copolymers have been electro-
spun to form nanofibrous coatings that can be crosslinked after
formation [121,122].

Composite scaffolds with properties on demand

Despite the tremendous number of polymers that can be processed
into electrospun form, scaffolds still typically fall short of design
criteria based on the native ECM and tissue structural properties.
Shortcomings may arise in the form of biocompatibility, degrada-
tion rates and most frequently mechanics, including limitations in
distensibility before yield, stiffness and fatigue properties. While
blended polymer solutions can sometimes address such limita-
tions, one difficulty with this method is control over the spatial
distribution of the constituent polymers in the resulting mixed
fiber. Depending on the characteristics of the components, the
polymers may fail to mix in solution or disaggregate in transit
as the solvent evaporates. An alternative to blending different
solutions prior to electrospinning is to spin multiple polymers
from separate sources but collect them concurrently on a common
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Figure 5. Multicomponent nanofibrous scaffolds. Composites of different types of nanofibers can be ‘mixed and matched’ to form
composite scaffolds with a range of mechanical and degradation attributes. (A) Schematic of an electrospinning system for
electrospinning multicomponent scaffolds of slow- (PCL), medium- (PCL/PLGA blend) and fast- (PEO) eroding fibers. (B) Multipolymer
fibrous scaffolds were formed on a novel set-up designed for coelectrospinning with up to three jets. (C) Depiction of the dynamic pore
size that results from the gradual loss of fibers through degradation. (D) Mixing polymer fibers each, with unique mechanical properties,
results in composites that adopt characteristics of the constituents. (E) Mechanical modeling of these composites allows the production
of a wide range of scaffolds with a range of dynamic mechanical properties.

PCL: Polycaprolactone; PEO: Poly(ethylene oxide); PLGA: Poly(lactic-co-glycolic acid).

grounded collector. This generates a composite scaffold that con-
tains several populations of distinct fibers, each with different
mechanical (and potentially biological and degradation) charac-
teristics. In the same manner that concrete and steel are combined
to produce a composite material that can withstand both compres-
sive and tensile loads, electrospun composites can amalgamate the
unique and desired characteristics of the constituent polymers.
Gupta et al. established side-by-side multijet electrospinning
as a method for generating nanofiber composites of poly(vinyl
chloride), poly(vinyliediene fluoride) and segmented polyure-
thane [123). Importantly, Ding and coworkers demonstrated the
effects of mixing different polymer fibers on composite mechanics.
Through modulating the balance of poly(vinyl alcohol) and cel-
lulose acetate jets, they were able to tune the modulus, yield point
and tensile strength of the composites [124]. Towards engineering
temporally dynamic electrospun scaffolds with fast-, medium- and

slow-degrading elements, we have developed a tri-jet electrospin-
ning device to fabricate multipolymer composites of PEO, PLGA
and PCL fibers (Ficure 5) [125-127]. Integrating a constitutive mixture
model with this technique highlights the utility of this approach.
Through characterizing the temporal stress—strain behavior of each
constituent polymer separately, it becomes possible to predict the
behavior of composites comprised of combinations of these poly-
mers under the effects of degradation [127]. With such a method-
ology, matching the complex mechanical behavior of numerous
biologic tissues becomes plausible given a library of polymers with
a sufficient range of mechanical behaviors.

Cellularizing electrospun scaffolds

For many tissue engineering applications, especially those where
in vitro growth is desired, populating the 3D scaffold is crucial
for successful tissue formation. One commonly encountered but
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oft unmentioned problem is the difficulty of fully colonizing even
relatively thin (~1 mm) electrospun scaffolds. Inadequate cell
infiltration occurs despite the high porosities of these matrices
(>80-90% porous), and limits both the rate and distribution of
matrix accumulation. Such a slow colonization process would
also probably limit integration with native structures when these
scaffolds are implanted 77 vivo. Surface seeding is the easiest
method for populating scaffolds with cells, and thus is the most
common (Ficure 6). While cells will readily divide and migrate
across a biocompatible electrospun surface, their ability to crawl
through layers of nanofibers and into the depth of the scaffold
is severely limited. This is most likely due to the packing of the
submicron diameter fibers, which results in many small pores, as
scaffolds composed of larger, microscale fibers are more readily
infilerated [128]. In fact, one strategy to improve cell infiltration
centers around the creation of a nanofiber—microfiber layered
mesh [129]. In this study, the inclusion of larger fibers interrupts
the packing of small nanofibers and increases the pore size of the
overall structure, allowing cells to fully colonize the 1-mm-thick

Surface seeding

Polymer

scaffolds. Fiber alignment may exacerbate this quandary by fur-
ther reducing pore sizes, as the apparent density in scaffolds is
increased compared with nonaligned or random scaffolds [78,130].

As nanofibers better mimic the length-scale of the native ECM
and provide control over cell morphology and behavior, inclusion
of microscale fibers may be undesirable [70]. Several other strate-
gies have thus been developed for augmenting scaffold pore size
to facilitate cell infiltration. Nam ez a/. incorporated salt crystals
that were subsequently dissolved away upon hydration of the scaf-
fold. This improved cell infiltration but irregularities introduced
throughout the accumulating layers caused scaffold delamination
over time [131]. Others have induced the formation of ice crystals
from relative humidity with collection on a super-cooled collect-
ing surface to provide solid inclusions around which fibers form
(132]. Along similar lines, we uniformly incorporate a sacrificial
nanofiber population during the formation of the scaffold that is
removed prior to cell seeding. The removal of these space-holding
fibers provides the necessary increase in pore size to accelerate
cellular ingress [133].

Biospinning

Figure 6. Enhancing cellularity in nanofibrous scaffolds. The most common method for cellularizing electrospun scaffolds is
seeding cells on the outer surface of the construct. Cells will migrate inwards with time, a process whose rate can be increased with a
number of methods, including the introduction of pores, the addition of biologic fiber constituents or the use of custom perfusion
bioreactor systems. Alternatively, biospinning, the direct inclusion of cells within the scaffold substance during fabrication, can produce

fully colonized constructs at the outset of cultures.
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Another method for increasing cell infiltration may be to
form ECM proteins directly into nanofiber form. Biologic ele-
ments (including collagen) provide a biomimetic environment for
cell adhesion (Ficure 4) and thus may be more readily colonized.
Telemeco and colleagues reported enhanced cell infiltration into
pure collagen scaffolds compared with synthetic scaffolds with
subcutaneous implantation [134]. In these biologic scaffolds, cells
may colonize by one of two routes, either through direct interaction
in which they pull themselves through the proteinaceous milieu or
they may degrade the ECM by secretion of matrix metalloprotein-
ases. However, one drawback of this strategy is that the mechanical
properties of scaffold formed from biologic polymers are consider-
ably lower than that of common synthetic nanofibrous scaffolds in
the hydrated state, and that pretreatment with crosslinking agents
(e.g., gluteraldehyde) is required for their stabilization [90.100].

Even when scaffolds are engineered to promote infiltration,
constructs that are seeded from the surface will generally contain
a gradient of cells, with the highest density at the seeded surface
and the lowest density in the scaffold center [133]. The most direct
method to overcome this limitation is to place cells directly into
the scaffold during formation. Stankus and coworkers accom-
plished this by simultaneously electrospraying cells and electro-
spinning fibers onto a common mandrel [135]. We have recently
accomplished this in our lab as well, using MSCs electrosprayed
in gelatin with PCL electrospun fibers (Ficure 6). Jayasinghe and
coauthors recently developed a novel method for biospinning,
in which encapsulated living cells are formed inside electrospun
fibers using a coaxial needle approach [136,137]. These are exciting
new techniques, although issues of solvent lethality, scale-up and
sterility may limit their widespread application.

Drug delivery from nanofibrous scaffolds

The above sections demonstrate several key attributes and modifi-
cations to nanofibrous scaffolds that endow them with structural
and nanotopographical features, as well as biologic functional-
ity similar to that of the native tissue ECM. However, another
benefit of nanofibers is their potential to mediate the biochemical
environment. Native ECM acts to sequester and bind growth fac-
tors and other molecules, and so creates local microenvironments
that can be enriched with certain factors. As noted previously, the
surface of nanofibers can be modified with biologic epitopes to
serve this function as well. For example, Casper and colleagues
functionalized poly(ethylene glycol) (PEG) with low-molecular-
weight heparin and demonstrated improved binding of basic FGF
(118]. This same group also developed methods to modify natural
protein nanofibers (collagen/gelatin) by functionalization with
perlecan domain I, and showed that these fibers were ten-times
more effective in binding basic FGF than controls [119]. However,
the very high surface area—volume ratio of nanofibers provides
another method for functionalization. That is, just as nanofibers
tend to bind larger amounts of serum proteins compared with
microfibers, they might also be used to directly deliver select agents
and biofactors from the surface area of the scaffold itself, and do
so in a controlled fashion (Ficure 7). Below we detail recent progress
towards this end for several specific classes of agents, including

antibiotics, analgesics, tumor-suppressing molecules and biologic
growth factors. Further, we highlight new fabrication methods by
which these drug delivery methods may be optimized.

Antibiotics

One of the first classes of molecules to be delivered from electro-
spun fibers was antibiotics. Antibiotic-loaded scaffolds can be eas-
ily applied as wound dressings or formed into sutures and so pre-
vent infection at an injury or surgical site. Kenawy and colleagues
were one of the first to demonstrate this principle, releasing tetra-
cycline hydrochloride (tet), a broad-spectrum antibiotic, from PLA,
poly(ethylene-co-vinyl acetate) or a 50:50 blend of the two. They
did so by adding tet to the electrospinning solution and were able to
show antibiotic release over 5 days, with a significant burst release
occurring on day 1 [138]. Similarly, Zong and coworkers released
Mefoxin from PLLA fibers and showed that the concentration and
ionic salt in the spinning solution influenced fiber morphology [139].
Likewise, Kim and coworkers showed Mefoxin release from PLGA
fibers, although they too observed an early burst release. Interestingly,
this effect could be minimized by the addition of the amphiphi-
lic block copolymer PEG-b-PLA. These authors also showed that
the antibiotic was bioactive on release, with inhibition of growth of
Staphylococcus aureus cultures at early time points (Ficure 8) [140]. In
addition to these findings, other antibiotics with variable properties
have also been blended into electrospun scaffolds. Zeng and cowork-
ers showed that the addition of surfactants or proteinase K decreased
the burst release of the antibiotic rifampin from PLLA fibers [141],
and Katti and coworkers showed how fabrication parameters, such as
needle gauge, concentration, density and voltage, influence loading
of the antibiotic cefazolin [142].

One notable recent study combined multiple-fiber populations
in which one of the fibers was structural, while the other fiber was
designed to deliver the antibiotic. This work was carried out in
response to the observation that addition of molecules (and their
solvents) can change the mechanical properties of produced fibers.
In this work, Hong and coworkers created nanofibrous sheets com-
posed of two-fiber populations; biodegradable polyester urethane
urea fibers to provide mechanical functionality and PLGA fibers
loaded with tet to deliver antibiotic. Mechanical properties, including
tensile strength and suture retention capacity, were greatly improved
by the dual-component scaffold compared with the PLGA—tet fiber
system alone. Most distinctively, 7z vivo application of these scaffolds
demonstrated that implantation of the tet-releasing scaffold could
prevent abscess formation in a contaminated rat abdominal wall [143].

While the above study obviates the adverse mechanical effects
of antibiotic inclusion, and adding the antibiotic directly to the
electrospinning solution is a simple process, it may be desirable in
some cases to decrease the burst release observed in most of these
systems. To address this, some have proposed electrospinning in a
coaxial fiber format, with an inner core containing the antibiotic
and a protective outer shell modulating the release characteristics.
This method can decrease exposure of drugs to harsh fabrication
conditions, as well as create a coating to decrease burst release and
extend release times. He and coworkers created nanofibers with a
PLLA outer shell encapsulating a solution of tet in the interior of
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Figure 7. Drug-delivering nanofibrous scaffolds. (A) Polycaprolactone nanofiber scaffold in which an aqueous cell tracker dye was
homogenized. Note the minute corpuscular inclusions throughout the nanofiber. (B) Polycaprolactone nanofiber scaffold in which
fluorescently labeled microspheres are coelectrospun. These larger (2-micron) inclusions are distributed along the length of the nanofiber,
allowing for both dose control and controlled release based on microsphere properties.

the fiber. The resulting fibers showed a sustained tet release profile,
with almost no burst release [144]. Huang and coworkers compared
the release of reservatrol (an antioxidant) and gentamycin sulfate
(an antibiotic) from the inner core of coaxial fibers with a PCL
outer shell. The degradation rate was found to be closely related
to the hydrophilicity of the drug in the core, and the miscibility
of the solvents used influenced the mechanical properties of the
fibers [145]. While some contest that sustained release is most ideal,
He and coworkers suggest that different release profiles might
find use in different applications. For example, an initial burst,
as seen with blended fibers, could be applicable to antibacterial
release wherein the drug is required from the outset, while a more
sustained release, as is achieved with coaxial methods, would be
appropriate for the delivery of long-term therapeutic agents [146].

Analgesics

Analgesics have also been incorporated into electrospun fibers
for the control of pain. Jiang and coworkers demonstrated that
by covalently conjugating ibuprofen with PEG-g-chitosan and
electrospinning with PLGA, sustained release of the drug could
be attained over 16 days [147]. In addition, Qi and colleagues
created acid-labile electrospun fibers that released an analgesic
(paracetanol) more completely and at a faster rate when placed
in acidic environments. Natural decreases in local pH often
accompany inflammation, tumor growth and myocardial isch-
emia, suggesting that such a system may provide a sophisticated
drug delivery capacity that is tuned to the local wound environ-
ment [148]. These same authors were also able to demonstrate
that paracetanol was released with longer zero-order release
profiles with thicker nanofibers [149].

Cancer therapeutics

Another important class of molecules that has been incor-
porated and released from electrospun fibers is agents used in
the treatment of cancer. Systemic administration of anticancer
medications often leads to debilitating side effects, thus local
delivery through a biodegradable patch might be less noxious
to the patient. In a series of experiments, Zeng and colleagues
explored the incorporation of anticancer drugs into PLLA fibers.
They showed that paclitaxel incorporated uniformly into fibers,
whereas doxorubicin hydrochloride, a hydrophilic drug, appeared
to phase separate onto the surface of the fibers [150,151]. In similar
studies, Xie and colleagues incorporated paclitaxel into electros-
pun PLGA nanofibers and demonstrated cytotoxicity against C6
glioma cell lines for local applications in brain tumor destruc-
tion [152]. Also, Xu and colleagues released Carmustine (BCNU)
from PEG-PLLA ultrafine fibers and showed sustained release
and decreased cell viability of glioma C6 cells over time [153]. Xu
and colleagues also demonstrated that doxorubicin hydrochloride
could be loaded into amphiphilic PEG-PLLA diblock copolymer
fibers at 1-5 wt%), with release controlled by a combined diffusion
and degradation mechanism [154].

Biologics

While delivery of biologically active chemical therapeutics is pos-
sible from electrospun fibers produced with a variety of solvents
and spinning conditions, biologic molecules, such as growth
factors, pose a slightly more challenging scenario. Proteins and
other biomolecules are susceptible to denaturation with harsh
solvents and strong electrostatic forces. While challenging, the
benefit of release of growth factors could be substantial in a tissue
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engineering context, in that one could continue to influence cell
behavior, matrix deposition and tissue remodeling long after
construct implantation.

Although difficult, some studies have shown delivery of bioactive
molecules directly from blended fibers. Chew and colleagues encap-
sulated human NGF stabilized by bovine serum albumin (BSA)
in a copolymer of PCL and ethyl ethylene phosphate. A bioassay
using PC12 neurite outgrowth confirmed that the bioactivity of
electrospun NGF was retained, at least partially [155]. Zeng and col-
leagues electrospun poly(vinyl alcohol) nanofibers loaded with BSA
and demonstrated that coating the fibers with poly(p-xylylene) by
chemical vapor deposition decreased the burst release and retarded
overall release rates, depending on the coating thickness [151]. In
addition, Sanders and coworkers encapsulated aqueous BSA in
poly(ethylene-co-vinyl acetate) and found that, based on fabrication
parameters, bubbles of liquid could be trapped inside the fibers [156].
Maretschek and colleagues incorporated cytochrome C into PLLA
fibers and modulated the hydrophobicity and resulting release rates
by electrospinning emulsions of PLLA and other hydrophilic poly-
mers [157]. One more recent approach involves the replacement of
synthetic polymers with natural polymers. This allows for spinning
to take place in solvents that are less damaging to protein structure
(i.e., water), and has shown some success in terms of growth factor
release. For example, Li and coworkers electrospun silk fibroin fiber
scaffolds containing bone morphogenetic protein (BMP)-2 and/or
nanoparticles of hydroxyapatite (nHAP) 160]. Human MSCs were
grown on these scaffolds and differentiation towards the osteo-
genic phenotype was assessed after 31 days. Results from this study
show that groups containing BMP-2 increased osteogenic marker
gene expression compared with controls, indicating the sustained
bioactivity of the growth factor in this system.

When harsh solvents are required, coaxial electrospinning,
rather than blend electrospinning, allows for improved mainte-
nance of protein activity after processing into fibers. For example,

(B)

L "

Blend without drug A

Blend with 5% drug

i
" PLGA with 5% drug

Yang demonstrated that the emulsion coaxial spinning technique
protected entrapped proteins from denaturation during fabrica-
tion and protected the structural integrity of the protein during
incubation [159]. Jiang and colleagues encapsulated BSA and lyso-
zyme inside a PCL shell via coaxial electrospinning and found
that the relative thicknesses of the core and PCL shell (and sub-
sequently, the release rates) could be adjusted by modifying flow
rates of each stream within the coaxial set-up [160]. The addition
of water-soluble PEG to the protein-containing inner core resulted
in a more sustained release [161,162]. Liao and coworkers coaxially
electrospun BSA-stabilized PDGF stabilized within a PCL shell.
By adding PEG to the shell, these authors were able to fine-tune
the release characteristics of the fibers, and showed that released
PDGEF stimulated proliferation in NIH3T3 cells over 20 days [163].

An alternative strategy for protecting the biologic material dur-
ing nanofiber processing is the use of micro- and nano-particles.
These particles, formed using standard techniques that have been
optimized to preserve biofactor activity, can be suspended in the
electrospinning solution. An example of this is shown in Ficure 78,
where fluorescently labeled 2-micron-diameter microspheres are
distributed along a PCL fiber [164]. Ding and coworkers recently
showed similar findings, and further demonstrated that multiple
families of microspheres and/or nanoparticles could be encap-
sulated along a single fiber, allowing for the potential delivery
of multiple factors from a single mesh. In a similar approach
that may better retain bioactivity, Qi and colleagues developed a
method for electrospinning Ca?*-alginate microspheres contain-
ing BSA into PLLA fibers. These authors found that release from
the microsphere/fiber system resulted in less initial burst than the
microspheres alone [165]. This raises an interesting and important
point — when the material to deliver the drug is positioned within
the nanofiber, then both the delivery polymer degradation and
the fiber polymer degradation will control the release rate. On
this poin, it is not yet clear exactly how molecules diffuse from

. J_;-—;')é/Elsevier (2004)

Figure 8. Antibiotic release from nanofibrous scaffolds. (A) Release of antibiotic from PLGA and composite nanofibrous scaffolds
into agar plates reduces subsequent bacterial colonization for (B) 24 and (C) 48 h.

PLGA: Poly(lactic-co-glycolic acid).
Reproduced from [140] with permission from Elsevier.
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nanofibers. Recent work by Srikar and colleagues showed that
release of rhodamine occurs via the desorption of the embed-
ded compound from nanopores in the fibers or from the outer
surface of the fibers in contact with the water bath [166]. An addi-
tional consideration for load-bearing applications is that inclu-
sion of any material within a nanofiber strand can change its
mechanical properties. For example, retinoic acid added at low
levels increased mechanical properties of single fibers, while BSA
inclusion decreased properties at higher levels [167]. If a fibrous
scaffold is to serve multiple roles, for example, load bearing and
drug delivery, then this issue should be considered. We recently
tailored our system to include drug-delivering microspheres
within the sacrificial fibers we use for enhancing cell infiltration
(described previously). This effectively captures the microsphere
within the nanofiber network, and decouples drug delivery from
the mechanics or degradation rates of the load-bearing fibers [164].

Gene delivery

Moving beyond antibiotics, anticancer drugs and proteins, other
unique molecules have been incorporated into electrospun fibers.
Luu and colleagues released plasmid DNA from a mixture of
predominantly PLGA random copolymer and a PLA-PEG
block copolymer. Release of plasmid DNA from the scaffolds
was sustained over a 20-day study period [168]. Similarly, Nie
and coworkers encapsulated DNA into chitosan nanoparticles
that were electrospun into PLGA/hydroxyapetite fibers and opti-
mized the system for cell attachment, viability and transfection
efficiency [169]. Liang and colleagues also created a variation on
this theme where the nanoparticles possessed core-shell structure
in order to better protect the contained DNA from the harsh
electrospinning process [170].

Expert commentary & five-year view

Engineering replacement tissues requires a deep understanding of
native tissue structure and function, as well as the development
of enabling technologies that can replicate key features of the
normal cellular microenvironment. Nanofibers are a promising
vehicle towards this goal, as they replicate many key length scales
of the normal cell environment. As the field of tissue engineering
with nanofibers progresses, the trend for the next 5 years will be

directed towards the addition of key new functionalities to these
already unique scaffolds. For example, novel studies involving
‘writing’ with nanofibers, either through near-field electrospin-
ning or melt electrospinning, as demonstrated by Sun ez al. (171)
and Dalton ez al. 172,173, respectively, offers the option of directly
forming tissue templates with a desired structural hierarchy,
geometry and organization. Delivery of new biologic agents, in
addition to those detailed above, including, but not limited to,
miRNA and siRNA [174,175], may further the ability of nano-
fibrous scaffolds to impart control on cellular function. These
additional functionalities, along with tuning scaffold mechanics
in multipolymer composites comprised of novel polymer inputs,
will further our ability to precisely control the complex sequence
of tissue formation and maturation after implantation. As this
process continues, we must preserve the key nanotopographic
features that make such scaffolds so attractive, while at the same
time ensuring that the methodologies developed are simple and
practical for in vivo application. Towards this end, these new
technologies must be tested in rigorous 77 vivo models of tissue
restoration. Based on the already promising literature to date and
the intense interest in these unique materials, the repair and/or
replacement of damaged or diseased tissues with nanofiber based
scaffolds will quickly become a reality, and will improve the lives
of millions of people suffering from numerous medical conditions
and tissue pathologies.
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Key issues

e The cellular microenvironment is defined by a specialized extracellular matrix that includes structural elements, biologic inputs and

biochemical signals, all of which define and regulate cell function.

¢ Nanotopographical features within this microenvironment regulate cell behavior, including division, matrix synthesis and apoptosis,

both in vitro and in vivo.

¢ Nanofibrous scaffolds replicate key length scales and structural features of native fibrous tissues and can control cell shape and
differentiation, and direct the ordered deposition of new extracellular matrix.

e New materials are continually being added to the available palette of electrospun fibers. These provide additional biologic and chemical
functionality within the scaffold and can enhance tissue formation in vitro and in vivo.

¢ New scaffold fabrication methods can improve cell infiltration and generate composite scaffolds with tunable mechanical and

degradation properties.

e Nanofibrous scaffolds can serve as implantable vehicles for the controlled release of a number of pharmaceutical and biologic agents.

e Progress in the fabrication of multifunctional nanofibrous scaffolds, combining the above elements, holds great promise for soft tissue
engineering for the repair and/or replacement of damaged or diseased tissues.
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