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Abstract
A new and simple method for fabrication of nanofiber scaffolds with gradations in fiber
organization is reported. The nanofiber organization, achieved by deposition of random fibers on
the uniaxially-aligned nanofiber mat in a gradient manner, directed morphological changes of
applied adipose-derived stem cells. These morphological changes and resultant biochemical
changes can help mimic the structural orientation of complex biomechanical structures like the
collagen fiber structure at the tendon-to-bone insertion site. In addition, chemical gradients can be
established through nanoencapsulation in this novel scaffold allowing for enhanced biomedical
applications.

Keywords
Electrospinning; Gradient; Nanofibers; Organization; Tendon-to-Bone

Introduction
Surfaces with morphology and/or chemical composition that vary over a certain length may
result in a gradual change in physical and/or chemical properties.[1] Such surfaces may
represent a unique platform for the high-throughput investigations in many areas ranging
from fundamental to industrial applications. Notable examples include the use of gradients
for studying wettability effects, protein adsorption and cell response. One previous study
demonstrated that rat calvarial osteoblasts proliferated much faster on the surface with
higher roughness and the projection area of osteoblasts increase considerably as the
roughness decreased on the aluminum surface with gradation in roughness.[2,3] A separate
study demonstrated that on a surface with silica particle-density gradients, the same type of
cells displayed a dramatic decrease in proliferation at locations with higher particle coverage
and spreading and formation of a strong actin network was hindered at locations with
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maximum particle density while cells spread well and developed a well-organized actin
network in the absence of particles.[4,5]

However, the morphological gradients reported previously were mostly related to surface
roughness.[6–10] In some practical biomedical application, other types of morphological
gradients may be required.[11] It is known that tendons are attached to bones across a
specialized transitional tissue with varying structures (i.e., collagen fibers are less oriented at
the insertion compared to the tendon) and compositions (i.e., the relative mineral
concentration vs. distance across the insertion site shows an approximately linear increase
across the interface.).[12–15] Efforts have been devoted to the development of scaffolds
which could mimic the structure (i.e., collagen fiber orientation) and/or composition (i.e.,
mineral content) of tendon-to-bone insertions for the repair of rotator cuff injury. A number
of studies demonstrated the fabrication of scaffolds with a gradient of mineral content for
mimicking the composition and mechanical function of the interface between soft tissue to
hard tissue (i.e., tendon-to-bone, ligament-to-bone, and cartilage-to-bone).[16–18] However,
few studies have centered on the creation of scaffolds capable of exhibiting the unique
structural organization of collagen fibers seen at the native tendon-to-bone insertion site
except that a recent study attempted to fabricate “aligned-to-random” nanofiber scaffolds by
making use of a specially-designed collector during electrospinning for mimicking the
structure of the tendon-to-bone insertion site.[19] But some issues still remain in this study:
the nanofiber scaffold has no gradual transitions from aligned portion to random portion;
and there is apparent difference of the thicknesses between the two portions, which could
easily cause breaking at the interface upon exerting a force. Therefore, so far no such a
scaffold can fully recreate the gradients in structure found at the uninjured tendon-to-bone
attachment.

In this work, we report a new and simple method for fabrication of nanofiber scaffolds with
gradations in fiber organization by depositing random fibers on the uniaxially-aligned
nanofiber mat in a gradient manner. These surfaces mimic the change in fiber orientation
which presents at the tendon-to-bone insertion site. Tailoring the surface features in a user-
specified manner can provide spatial control over cell response like cell morphology.[20]

Hence, we hypothesize that adipose-derived stem cells (ADCSs) could respond differently
to different locations of such nanofiber surfaces. An adipose tissue is one of the sources of
mesenchymal stem cells and ADSCs are very similar in nature to bone mesenchymal stem
cells (BMSCs) in terms of multipotency.[21, 22] Adipose tissue is abundant in most
individuals and can be harvested using a simple liposuction procedure which is less invasive
and cause less discomfort and donor-site damage.[23] In addition, adipose tissue has a
significantly higher stem cell density then does bone marrow (5% vs 0.01%). ADSCs have
been demonstrated for use in bone, cartilage, and tendon tissue engineering and are used in
this study.[24–28]

Experimental Section
Fabrication and Characterization of Nanofiber Scaffolds

The uniaxially-aligned nanofibers were produced by electrospinning using an air-gap
collector based on previous studies.[29, 30] Poly(ε-caprolactone) (PCL) (Mw=80,000 g/mol;
Sigma-Aldrich, St. Louis, MO) was dissolved in a solvent mixture consisting of
dichloromethane (DCM) and N, N-dimethylformamide (DMF) (Fisher Chemical, Waltham,
MA) with a ratio of 4:1 (v/v) at a concentration of 10% (w/v). Polymer solution was pumped
at a flow rate of 0.5 mL/h using a syringe pump. A dc high voltage of 12 kV was applied
between the nozzle and a grounded air-gap collector made of aluminum foil (with an open
void 2 cm × 5 cm). Subsequently, the uniaxially-aligned nanofibers were easily transferred
to a glass slide. Nanofiber scaffolds were fabricated using the setup shown in Figure 1.
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Briefly, a glass slide covered with uniaxially-aligned nanofibers served as a collector. A
movable plastic mask was connected to a second syringe pump and placed 2 mm above the
collector during deposition of random fibers. In order to demonstrate the encapsulation of
functional molecules, coumarin 6 (Sigma-Aldrich, St. Louis, MO) (1% w/w) was added to
the polymer solution prior to electrospinning.

The morphology of nanofiber scaffolds were characterized by scanning electron microscopy
(SEM) (FEI, Nova 2300, Oregon). To avoid charging, polymer fiber samples were fixed on
a metallic stud with double-sided conductive tape and coated with platinum for 40 seconds
in vacuum at a current intensity of 40 mA using a sputter coater. SEM image were acquired
at an accelerating voltage of 15 kV.

FFT analysis was performed by utilizing the FFT function of the Scion Image processing
software. The detailed information on measuring fiber alignment by FFT can refer to an
excellent paper.[31] The spatial information presented by an image can be processed into a
mathematically defined frequency domain using 2D FFT function. The frequency domain
maps the rate where pixel intensities vary in the spatial domain. Pixel intensities and the
intensity distribution of the resulting image corresponds to the directional content of the
original image, and the results of the FFT yield frequencies orthogonal to those in the
original image.[32–34]

Adipose-derived Stem Cell Culture and Characterization
Human ADSCs were obtained from Cellular Engineering Technologies (Coralville, IA) and
were cultured in α-modified Eagle’s medium (α-MEM) supplemented with 10% fetal
bovine serum (FBS, Invitrogen) and 1% gentalmycine/streptomycin (Invitrogen) at 37 °C in
an atmosphere of 95% air/5% CO2. Cell culture medium was changed every 2 days. Prior to
cell seeding to nanofiber scaffolds, cells were trypsinized and counted. Around 1×104 cells
were seeded on each nanofiber scaffold without encapsulation of coumarin 6. After
incubation for 3 day and 7 days, live cells were stained using fluorescein diacetate (Sigma-
Aldrich, St. Louis, MO). Fluorescent images were taken using a fluorescence microscope
(Zeiss, Thornwood, NY, USA). ADSCs morphology was qualitatively assessed using
acquired images, while the cell orientation was quantitatively examined through the use of a
custom MATLAB program (MathWorks, Inc., Natick, MA), described previously.[35] Each
experiment was performed with three scaffolds and three images were taken and analyzed at
each location of the scaffold. The distributions of cell angles at different locations of
nanofiber scaffolds was carried out using the Kolmogorov-Smirnov test based on a similar
statistical analysis employed in one previous study.[36]

Chemical Gradient Formation
In order to demonstrate the formation of chemical/biological gradient, 1% (w/w) of
coumarin 6 dye was added to the polymer solution prior to electrospinning. Coumarin 6 was
uniformly encapsulated throughout nanofibers during electrospinning process. Coumarin 6-
loaded, random fibers were deposited in a gradient fashion on a glass slide instead of a
uniaxially aligned nanofiber mat. For coumarin 6-labeled nanofibers, fluorescent images
were taken using a fluorescence microscope (Zeiss). The fluorescent intensity was
quantified by measuring the grey scale using ImageJ software (NIH).

Results and Discussion
Nanofiber scaffolds with gradations in fiber organization were generated by deposition of
random fibers on an uniaxially-aligned nanofiber mat (Figure 1). It is observed that more
and more random fibers were deposited from 0 mm to 6 mm along the nanofiber scaffold
(Figure 2). The Fourier fast transfer (FFT) patterns suggest progression of random fiber
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generation from 0 to 6 mm (Figures 2A–2D). In particular the FFT pattern at 6 mm suggests
randomly oriented nanofibers.

Once we demonstrated successful generation of random fiber deposition, we studied
whether this gradient fiber orientation can direct morphological changes following
incubation with ADSCs. Scaffolds generated using the techniques above were incubated
with ADSCs for 3 and 7 days. Live cells were detected using a fluorescein diacetate (FDA)
assay (Figure 3, A–H), The response of pre-seeded ADSCs to underlying nanofiber
scaffolds was quantified by measuring the orientation of individual cells relative to the long
axis of the fibers (Figure 3I). The distribution of cell orientations demonstrated that ADSCs
seeded on random nanofibers lacked organization and directional specificity, as the cells
projected in all possible directions. In contrast, ADSCs seeded on the aligned scaffolds
demonstrated orientation and alignment along the fibers in contact with the cells. In these
cases, approximately 70% of the cells were oriented within 20°of the axis of nanofiber
alignment. Comparison of the distributions of ADSCs orientations on the various portions of
scaffolds using the Kolmogorov-Smirnov test further confirmed that the pattern of cellular
orientation observed at different portions (distance > 4 mm) on the nanofiber scaffolds was
significantly different (p < 0.05).

To broaden potential biomedical applications, chemical gradients were established on this
novel scaffold using nanoencapsulation. Coumarin 6-loaded random PCL nanofibers were
generated in gradient fashion and shown in Figure 4A. We quantified the fluorescence
intensity by measuring the grey scale using Image J software (Figure 4B). It is observed that
the fluorescent intensity increased along the distance. This method could be readily extended
to fabricate two-component gradients on the surface by depositing random fibers twice in
two different directions.

It was reported that there is a transition of collagen fiber organization at the tendon-to-bone
insertion site.[12–14] Although one previous study attempted to generate “random-to-aligned”
nanofiber scaffolds to mimic the structure of the insertion, [19] the current work represented
the first report of the fabrication of nanofiber scaffolds with a gradual transition in fiber
organization on the surface. In this study, we have demonstrated the preparation of scaffolds
with a gradient in fiber orientation at a length scale of millimeter, which is in the same scale
of native tendon-to-bone region.[12] It is reasoned that the gradations of fiber organization
could be readily tailored by changing the pulling speed of mask and other operating
parameter of electrospinning (i.e., flow rate and polymer concentration). In addition, the
nanofiber scaffolds can be decorated with other desirable molecules to illicit certain function
through either encapsulation or surface modification (Figure S1). Owing to the gradation in
fiber organization, the scaffolds fabricated in this study may regulate the distribution of
secreted extracellular matrix proteins of seeded cells like the orientation of collagen
fibrils.[37] It is believed that the reduced fiber alignment along the tendon-to-bone insertion
site reduces tissue stiffness.[12] Therefore, such a scaffold may be useful for the generation
of functional tissues with mechanical gradient, which is in particular valuable for the load
transfer without damaging stress concentrations at the tendon-to-bone insertion site.[38]

Recent studies demonstrated aligned nanofiber scaffolds can provide nanotopographic cues
and influence cellular activities (i.e., migration, proliferation, and differentiation).[39–41] The
aligned nanofibers/threads could induce teno-lineage differentiation of human tendon stem/
progenitor cells or human mesenchymal stem cells evidenced by a significant up-regulation
of tendon-specific markers (i.e., scleraxis, tenomdulin, runx2) and simultaneously a specific
marker of bone like osteocalcin could be suppressed to a great extent on the same
scaffolds.[40,41] In contrast, randomly oriented nanofibers/threads could induce osteogenesis
as indicated by the increased expression of bone markers including osteocalcin and alkaline
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phosphate with increasing incubation time. The nanofiber scaffolds developed in the present
study have continuous gradations in the fiber orientation, which could regulate cell
behaviors differently at different locations of scaffolds. We can hypothesize that ADSCs
may differentiate into tendon fibroblasts and osteoblasts at the aligned and random end,
respectively. In addition, ADSCs may differentiate into chondrocytes between the two ends.
We will perform the detailed study to investigate the differentiation of ADSCs on such a
scaffold in the future work.

Although the gradient in the present work is continuous, we believe that it is also possible to
fabricate the gradient in discrete steps by controlling the movement of the mask. We also
demonstrated that the nanofiber surface with chemical gradients can be readily formed by
encapsulation of desired materials inside nanofibers. Such surfaces could be useful as a
substrate in various fundamental and practical biomedical applications including study of
cellular behavior, high throughput screening, and design of implants/implant coatings.[20]

Bone morphogenetic protein 2 (BMP2) plays an important role in the development of bone
and cartilage and has been demonstrated to potently induce osteoblast differentiation in
many cell types. By making use of the same principle of the formation of coumarin 6
gradient, BMP2 gradient can be readily formed on the uniaxially aligned nanofiber mat. At
the random end, the scaffolds may have large content of BMP2, which can enhance the
osteogenic differentiation in conjunction with the topographic cues imparted by the
randomly oriented fibers. The aligned end of scaffolds is lack of BMP2, which may have no
influences on the tendon lineage differentiation.

It is known that tendon-to-bone insertion can be divided by four zones: tendon,
fibrocartilage, mineralized fibrocartilage, and bone.[42] The mineral content along the
insertion site increases linearly.[14, 15] In future studies, we will mineralize this scaffold with
a gradient fashion (i.e., random portion has high content of minerals and aligned portion has
no minerals), which could closely mimic both the structure and composition of tendon-to-
bone insertion site. [16]

Conclusion
In summary, we have demonstrated a simple, robust and facile method to fabricate nanofiber
scaffolds with gradations in fiber organization, which could potentially mimic the structure
(i.e., collagen fiber organization) at tendon-to-bone insertion site. We also demonstrated that
ADSCs seeded on such a scaffold exhibited different morphologies at different locations. In
addition, we demonstrated the formation of nanofiber surfaces with chemical gradients
through encapsulation of desired materials inside deposited nanofibers. By incorporating
mineral gradient to this scaffold, it could be used to recapitulate both structure and
composition of tendon-to-bone insertion site to a considerable degree, which may be
promising for the repair of tendon-to-bone insertion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustrating (A) the setup for fabrication of nanofiber scaffolds with gradations in
fiber organization and (B) the close-up view of the collector. The mask is pulled at 1mm per
minute.
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Figure 2.
SEM images of PCL nanofiber scaffolds at different locations: (A) 0 mm; (B) 2 mm; (C) 4
mm; and (D) 6 mm. The insets show the FFT patterns of the corresponding images. For (D),
the FFT pattern suggests that the nanofibers were randomly oriented. The pixel intensities
(light blue color) were independent of direction with the uniaxially-aligned nanofiber mat
fully covered by the deposited random fibers.
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Figure 3.
Fluorescein diacetate assay: Adipose-derived stem cells after incubation for 3 days (AD) and
7 days (E–H) showing different morphologies on different locations of nanofiber scaffolds
with gradations in fiber organizations (A, E): 0 mm; (B, F): 2 mm; (C, G): 4 mm; and (D,
H): 6 mm. (I): Quantitative analysis of morphology of adipose-derived stem cells on
different locations of nanofiber scaffolds after incubation for 3 days. Compared to the
distributions of cell angle at different locations using the Kolmogorov-Smirnov test, p values
of 0.007 (between 0 mm and 6 mm), 0.675 (between 0 mm and 2 mm), 0.031 (between 0
mm and 4 mm), 0.031 (between 2 mm and 6 mm), 0.11 (between 2 mm and 4 mm), and
0.111 (between 4 mm and 6 mm) were obtained. p < 0.05 indicates significant difference.

Xie et al. Page 10

Macromol Biosci. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
(A): Fluorescence microscopy image illustrating the deposition time of random PCL
electrospun nanofibers loaded with coumarin 6 on glass slides. The fluorescent intensity
increased from left to right as quantified by ImageJ software (B).
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