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Abstract

New methods are described for converting two-dimensional (2D) electrospun nanofiber
membranes to three-dimensional (3D) hierarchical assemblies with structural and compositional
gradients. Pore size gradients are generated by tuning the expansion of 2D membranes in different
layers with incorporation of various amounts of a surfactant during the gas-foaming process. The
gradient in fiber organizations is formed by expanding 2D nanofiber membranes composed of
multiple regions collected by varying rotating speeds of mandrel. The compositional gradient on
3D assemblies consisting of radially aligned nanofibers is prepared by dripping, diffusion, and
crosslinking. Bone mesenchymal stem cells (BMSCs) on the 3D nanofiber assemblies with
smaller pore size show significantly higher expression of hypoxia related markers and enhanced
chondrogenic differentiation compared to BMSCs cultured on the assemblies with larger pore size.
The basic fibroblast growth factor (bFGF) gradient can accelerate fibroblast migration from the
surrounding area to the center in an in vitro wound healing model. Taken together, 3D nanofiber
assemblies with gradients in pore sizes, fiber organizations, and contents of signaling molecules
can be used to engineer tissue constructs for tissue repair and build biomimetic disease models for
studying disease biology and screening drugs, in particular, for interface tissue engineering and
modeling.
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3D radially aligned nanofiber scaffolds - Guide and promote cell migration
with compositional gradients from surrounding regions to the center

A new class of 3D nanofiber assemblies with structural and compositional gradients is developed
based on electrospinning, gas-foaming expansion, coating, diffusion, encapsulation, and
crosslinking. Such assemblies with gradients in pore sizes, fiber organizations, and contents of
signaling molecules can be used to engineer tissue constructs for tissue repair and build
biomimetic disease models for studying disease biology and screening drugs.
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Structural and compositional gradients are ubiquitous in many biological systems, arising
through natural selection and optimization.[!:2] One type of gradient is linked to the spatial
change of structures including pore size, porosity, and collagen fiber organization. The
structures of bones and plant stems alter gradually from the surface with smaller pore size to
interior with larger pore size.[] Similarly, organizations of collagen fibers in the
extracellular matrix (ECM) at tendon-to-bone insertion sites transition from uniaxial
alignment at tendons, to moderate alignment at fibrocartilage sites, to random organization
at bones.[3] Likewise, in articular cartilage, collagen fibers in the superficial zone are parallel
to the articular surface, randomly oriented in the middle zone, and perpendicular to the
articular surface in the deep zone.[4l The other type of gradient in biological systems is
related to a varying degree to the variations in local concentrations/contents of biominerals,
inorganic ions, and biomolecules, and water. Compositional gradients play a critical role in
developmental biology, tissue homeostasis, and tissue repair by enabling cells to infer their
spatial location and determine their fate accordingly.[>="1 Morphogens acting as graded
positional cues control cell fate specification in many developing tissues.[8°] TGF-betal is
secreted from the bone matrix and activated during bone tissue breakdown carried out by
osteoclasts, resulting in a gradient that directs migration of bone mesenchymal stem cells
(BMSCs) to bone remodeling sites, thereby balancing bone resorption and formation.[10]

Transforming the ideas of these naturally-occurring gradients into synthetic scaffolds
renders tremendous potential to ameliorate their functions for regulating cell responses
including distribution, morphology, adhesion (attachment), survival (proliferation),
migration, metabolism, and differentiation.[®:11.12] Attempts have been made to fabricate
scaffolds with structural (e.g., pore size, fiber organization) and compositional (e.g.,
minerals, adhesion ligands, growth factors) gradients using 3D printing, microfluidics,
contact printing, ultraviolet-assisted capillary molding, porogen, thermally-induced phase
separation, deposition, diffusion, etching, buoyancy, and centrifugal force.[211-25] However,
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these methods yield scaffolds that often lack biomimetic nanofibrous architecture, aligned
topographic cues, 3D configuration, or high cell seeding efficiency. To maximize the
physiological relevance and cell seeding efficiency and direct cell behavior, there is a great
need to develop biomimetic 3D scaffolds with incorporation of structural and compositional
gradients. We reported, for the first time, the conversion of 2D electrospun poly(e-
caprolactone) (PCL) nanofiber membranes into biomimetic, stem-cell regulating, 3D
hierarchical assemblies with structural and compositional gradients. We chose PCL as raw
material as it is biodegradable and biocompatible and has been used in many food and drug
administration (FDA)-approved medical devices. The present study was based on several of
our recent key findings: /) an innovative gas-foaming technology can expand 2D electrospun
nanofiber mats in one direction; /7) a new method was invented that can transform 2D
nanofiber membranes into 3D objects with hierarchical structure and controlled fiber
alignment; /77) the incorporation of a surfactant (pluronic F-127) to nanofibers significantly
increases hydrophilicity and subsequent gas bubble stability, resulting in a faster expansion
rate of membranes; and /v) gelatin-coated expanded nanofiber scaffolds are superelastic and
compressible. [26-31]

We first demonstrated the fabrication of 3D nanofiber scaffolds with structural gradients in
pore sizes. By decreasing the amounts of pluronic F-127 incorporated to nanofibers in each
successive layer, 2D nanofiber membranes can be converted into 3D assemblies with
gradient in pore sizes after the gas-foaming expansion process as each successive layer
expanded less than the previous layer. [26-28] Briefly, 1-mm thick PCL/pluronic F-127
nanofiber membranes were prepared by sequential deposition of PCL nanofibers with
incorporation of 2%, 1%, 0.5% and 0% pluronic F-127 from bottom to top on the rotating
mandrel as illustrated in Figure 1A. Figure 1B shows a typical photograph of an expanded
3D nanofiber scaffold with a pore size gradient following the gas-foaming expansion. The
length percentage of each region after expansion significantly increased with increasing the
amount of blended pluronic F-127 from 0 to 2% (Figure 1C). Figure 1D shows SEM images
of each distinct regions, revealing a gradual increase in pore sizes with increased blended
pluronic F-127 content, resulting in a gradual decrease of density (Figure S1). Gap distances
in each region ranged from (98.5 + 40.3) um, to (271.2 £ 64.5) um, to (940.7 = 177.3) um,
and further to (1711.9 + 225.8) um which corresponded to 0%, 0.5%, 1% and 2% of
pluronic F-127 blend. Regions blended with more pluronic F-127 had lower maximum
compressive stress (Figure 1F and Figure 1G). Pluronic F-127 reduces the surface tension
and occupies the interface between the gas phase and liquid phase, and inhibits the diffusion
of H, gas, thereby stabilizing Hy gas bubbles and accelerating the expansion of nanofiber
membranes.[3%] We speculate that the formation of 3D nanofiber scaffolds with gradient in
pore sizes were due to regionally different pluronic F-127 concentrations and that the
expansion rate of the regions with incorporation of less pluronic F-127 was slower compared
to the regions containing more pluronic F-127 (Figure 1H). The 3D nanofiber scaffolds with
gradient in pore sizes can be used to create a gradient hypoxic environment that plays an
important role in regulating stem cell responses. The hypoxia level can gradually decrease
by increasing the pore sizes of regions containing 0 to 2% pluronic F-127 (Figure 11). The
principle of hypoxia gradients rendered by such 3D scaffolds is similar to the rolling of
scaffold strip and stacking of paper scaffolds reported earlier, which is mainly due to the
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slower diffusion of oxygen in the denser region.[32:331 By comparison, the 3D scaffolds
developed in this work are more physiologically relevant due to the ECM-mimicking
nanofibrous matrix.[34]

To demonstrate the effect of pore size on the cell response, we seeded BMSCs onto
expanded, rectangular nanofiber scaffolds (10 mm x 10 mm x 6-8 mm) which were
generated following our previous protocols.[26-28] |n this study, F-127 was removed by
washing with ice water after expansion. In addition, the expanded nanofiber scaffolds were
further coated with gelatin to enhance the biocompatibility of scaffolds. To enhance the cell
seeding efficiency, the rectangular-shaped scaffolds were immersed in the cell suspension
and further expanded to allow cells to penetrate into scaffolds by vacuum for 10 s inspired
by the working principle of window blinds, thus facilitating increased cell penetration into
scaffolds (Figure S2A). Using this method allows cell seeding efficiency to reach nearly
50%, which is significantly higher than traditional seeding methods without applying
vacuum (often < 30%) (Figure S2B).[35] BMSCs-seeded scaffolds were incubated in the
proliferation medium for 9 days and subsequently divided into two groups (porous and
dense scaffolds) (Figure S2C). The porous group maintained the heights of 6-8 mm, and the
dense group was compressed to the heights of around 1 mm (Figure S2D and Figure 2A and
2B). These two groups of scaffolds were further incubated in the chondrogenic and
osteogenic differentiation medium for 7 and 14 days (Figure S2E). Figure S2F and S2G
show SEM images of the cross sections of the 6-8 mm and 1-mm high scaffolds, indicating
the porous and dense structures, which corresponded to the regions containing 1% and 0%
pluronic F-127, respectively. The middle of the top, medium, and central layers of porous
and dense scaffolds were used for microscopic examination (Figure 2C).

Figure 2D and 2E show that BMSCs in the top layers of the porous and dense nanofiber
scaffolds had similar expression patterns of (2-(2-Nitro-1H-imidazol1-yl)-N-(2,2,3,3,3-
pentafluoropropyl) acetamide) (EF-5), a cellular hypoxic indicator.[33] In contrast, the
medium and central layers of the dense scaffolds had a significantly higher number of EF-5
positive cells than the medium and central layers of the porous scaffolds. Compared to the
BMSCs on culture plates and porous scaffolds, the BMSCs on the dense scaffolds showed a
significant increase in the expression of hypoxia-inducible factor 1-alpha (HIF-1a), a major
transcriptional regulator of cellular and developmental responses to hypoxia (Figure 2F).[3¢]
These results indicated that a hypoxic environment could be established in the dense region
of expanded 3D nanofiber scaffold with gradient in pore sizes. In addition, BMSCs on both
porous and dense groups showed the similar expression of cell cycle-related genes (Cyclin
D1 and CDK1), apoptotic (Caspase-3), and anti-apoptotic related genes (Bcl-2) after
incubation for 7 days in the chondrogenic differentiation medium (Figure 2G). However,
after incubation for 14 days, BMSCs in the dense group showed a decrease in the Cyclin D1
and CDK 1 expression compared to the control (Figure 2H). The expression of Caspase-3
was significantly increased in both porous and dense groups compared to the control, while
the expression of Bcl-2 was decreased (Figure 2H). These results suggest that a long-term
hypoxic environment may inhibit BMSCs proliferation and promote BMSCs apoptosis.

Gene expression heatmapping showed the upregulation and downregulation of chondrogenic
and osteogenic differentiation-related genes of BMSCs on porous and dense scaffolds

Adv Mater. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 5

indicated by red (upregulated) and blue (downregulated) colors (Figure 2I). On one hand,
after 7 days of chondrogenic differentiation, relative SOX-9 and type 2 collagen expression
of BMSCs on dense scaffolds was dramatically increased relative to cells on the porous
scaffolds (Figure 2J). Relative SOX-9 expression of BMSCs on both porous and dense
scaffolds was higher than the control after 14 days of chondrogenic differentiation (Figure
2L). The safranin O staining also revealed that more proteoglycans were detected in dense
nanofiber scaffolds on both Day 7 and Day 14, with the highest concentrations in the central
layers having the highest level of hypoxia (Figure S3B and S3D). On the other hand, after 7
days of osteogenic differentiation, relative RUNX2 expression of BMSCs on porous
nanofiber scaffolds was higher than those on both dense scaffolds and controls. In contrast,
the OCN expression of BMSCs on the dense scaffolds was higher than those on both porous
scaffolds and controls (Figure 2K). After 14 days of osteogenic differentiation, no difference
was observed in the expression of RUNX-2, OCN, and OPN of BMSCs on porous or dense
scaffolds, but cells on both scaffolds expressed each gene higher than the controls (Figure
2M). Although there was no trend in expression of osteogenic differentiation related genes,
the Alizarin Red S staining results indicated a mass of deposited calcium in the central and
intermediate layers of the dense scaffolds after 7 days of osteogenic differentiation (Figure
S3A). However, no difference was observed in the calcium deposition between the porous
and dense scaffolds after 14 days of osteogenic differentiation (Figure S3C). Differences in
proteoglycans and deposited calcium were not caused by the disparity of cell numbers on
scaffolds (Figure S4).

Taken together, these results indicate that dense nanofiber scaffolds can provide a hypoxic
environment and promote chondrogenic differentiation of BMSCs while exerting marginal
influence on osteogenic differentiation better than porous scaffolds. Recent studies
demonstrated the implantation of BMSCs after osteogenic differentiation or hypoxia
preconditioned BMSCs can enhance bone regeneration in vivo compared to undifferentiated
cells.[37:38] |n addition, chondrogenic differentiation of BMSCs can recapitulate the bone
development and endochondral ossification for bone regeneration.[3%401 Therefore, the 3D
nanofiber scaffolds with gradients in pore sizes developed in this work show a great
potential in engineering heterogeneous tissue constructs for osteochondral repair. After
BMSCs seeding and proliferation, expanded scaffolds could be compressed to form a
tunable hypoxic environment for regulating chondrogenic differentiation by modulating
gene expression, which may offer increased control in cartilage and bone repair. Such
nanofiber assemblies could also be used as a biomimetic hypoxia platform for cell biology
study.

In addition to 3D nanofiber assemblies with gradients in pore sizes as above-mentioned, we
also prepared 3D expanded nanofiber scaffolds with dual gradations in both pore sizes and
fiber organizations. Briefly, a 1-mm thick PCL nanofiber mat was first produced by
sequential deposition of random fibers, partially aligned fibers, and aligned fibers by
increasing the rotating speed of the mandrel during electrospinning (Figure 3A). Next, the
fiber mat was expanded to form 3D nanofiber scaffolds using the aforementioned gas-
foaming technology (Figure 3B). [26-28] Figure 3C shows SEM images of the cross sections
of expanded 3D scaffolds, revealing that pore size increased as fiber alignment increased
from randomly oriented, to partially aligned, and to uniaxially aligned. The length

Adv Mater. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 6

percentages of each region were (13.11 £ 0.97) %, (21.31 + 2.58) %, and (65.57 = 1.29) %
(Figure 3D). Corresponding maximum pore sizes were (98.04 + 47.62), (460.78 + 160.77)
and (843.13 + 130.89) um (Figure 3E). Fiber orientation in each region was computed via
OrientationJ, an Image J plugin, which confirmed the gradation of fiber organizations from
regions | to 11 (Figure 3F and 3G). Gradation in pore sizes is attributed to disparity of
expansion rates between random, partially aligned, and aligned nanofiber regions, as aligned
nanofiber membranes may require smaller forces to expand between nanofiber layers, while
random nanofiber membranes require larger forces to separate the sequentially deposited
layers due to the fiber entanglement. Scaffolds with dual gradients can be used to
recapitulate the native ECM structure while regulating cell response. In addition, 3D
scaffolds with graded fiber alignment in parallel can be generated through expansion in a
customized mold, coating and crosslinking based on our recent study.[31] These scaffolds
could be used to closely mimic ECM fiber organizations at tissue interfaces such as tendon-
to-bone insertion site.[3]

In addition to the structural gradient, we fabricated 3D nanofiber assemblies with
compositional gradients. Following our recently published protocols, we transformed 2D
electrospun membranes into 3D scaffolds consisting of radially aligned nanofibers by solids-
of-revolution inspired expansion. Briefly, the 2D nanofiber mat is cut into a rectangular
shape in liquid nitrogen. Then, one side of the rectangular mat is fixed by thermal treatment.
Finally, the rectangular mat with one side fixed is expanded using a gas-foaming technique
to generate a cylindrical scaffold consisting of radially aligned nanofibers.[3%] Radially-
aligned pores were capable of guiding and promoting cell migration from the surrounding
tissue to the center of the scaffolds, accelerating wound healing. To demonstrate the
formation of compositional gradient, rhodamine aqueous solution was dripped to the center
of the transformed 3D scaffold and allowed to diffuse outward. Fluorescent images showed a
gradation in rhodamine 6G content along the radial direction of the 3D scaffolds (Figure
4A). Rhodamine 6G diffusion area was increased by increasing the volume of dripped
rhodamine solution from 3 pL to 9 pL (Figure 4A, i—iv). Figure 4Av shows the false-color
images of 3D scaffolds, allowing visualization of the rhodamine 6G gradients by fluorescent
intensity heatmapping. In addition, the rhodamine 6G diffusion also occurred along the axial
direction from top to bottom with a depth of 1.0 mm which was equal to the thickness of the
scaffold (Figure 4B). To quantify rhodamine 6G gradation, scaffolds were divided by four
regions and the relative fluorescence intensities were measured, indicating a gradual
decrease from the center to the edge (Figure 4C). To further quantify the rhodamine 6G
gradation, ten samples of each region were collected by punching (Figure 4D). The total
amount of rhodamine 6G in each region from the center to the edge was 23.12 + 6.34 g,
13.76 + 4.21 g, 5.02 + 3.50 pg, and 1.17 + 0.43 pg, respectively (Figure 4E). Quantified
rhodamine amounts showed a similar trend as fluorescent intensity analysis. The cumulative
release profiles of rhodamine 6G from 3D gradient scaffolds showed an initial burst release,
with a plateau arising within 6 and 24 h, respectively (Figure 4F). Blending Gel-MA with
the rhodamine 6G solution and crosslinking can be used to reduce the release rate of
rhodamine 6G (Figure 4G).

In addition to the gradient of single compound, multi-composition gradients can be achieved
based on the same principle. Figure 4H shows the fluorescent images of a 3D radially
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aligned nanofiber scaffold with dual gradations in rhodamine 6G (red) and FITC-BSA
(green) content along the radial direction by successively dripping 1% FITC-BSA Gel-MA
solution, crosslinking, and adding 0.3% rhodamine 6G solution. All the rhodamine 6G
released within 1 day, while FITC-BSA showed a sustained release over 7 days (Figure 4l).

To examine the effect of compositionally-graded scaffolds on cell response, 3D radially
aligned nanofiber scaffolds with graded basic fibroblast growth factor (bFGF) were created
using the method above-mentioned as bFGF can promote cell migration, angiogenesis, and
ECM deposition during wound healing.[41] To illustrate the recruitment of cells towards the
center of the scaffold, an /n7 vitro wound model was first created by seeding GFP-labeled
human dermal fibroblasts to Gel-MA hydrogels. After cells reached 90% confluency and an
8-mm diameter defect at the center was created through punching, the 3D radially aligned
nanofiber scaffold (8 mm) with graded bFGF was inserted into the defect (Figures 5A, B and
S5). Figure 5C shows fluorescent images indicating that more fibroblasts were detected on
the bFGF gradient scaffold compared to scaffolds without and with supplement of equivalent
dose of free bFGF after 4 and 8 days of incubation. Moreover, detected fibroblasts showed a
spatially diverse distribution in all groups. The total number of detected fibroblasts (Figure
5D) and cell-containing surface coverage (Figure 5E) of bFGF gradient scaffolds were
markedly higher than the scaffolds with and without supplement of free bFGF. We speculate
that cells on the surface of Gel-MA hydrogels could not only migrate directly to the surface
of 3D scaffolds, but also migrate downwards along the wall of the punched hole,
simultaneously migrating into the scaffolds at varying depths, as evidenced by the 3D
distribution of detected fibroblasts (Figure 5F). Based on the same strategy, nanofiber
assemblies with gradients in other growth factors, cytokines, peptides, DNA plasmids,
microRNA, and siRNA are possible for enhancing their biological functions and facilitating
wound healing and tissue regeneration. Furthermore, the combination of multiple biological
molecules can achieve better therapeutic effects.[42] 3D nanofiber assemblies with gradient
in multiple compositions (e.g., two growth factors) can be produced based on this strategy,
which may allow spatial control of various signaling molecules for effectively regulating cell
response.

Another method to fabricate compositionally-graded scaffolds is possible by expanding
nanofiber mats consisting of sequentially deposited nanofiber layers using rapid
depressurization of subcritical CO, fluids (Figure S6).[29] This strategy could retain the
bioactivity and prevent the loss of encapsulated biological molecules, as well as achieve
sustained release over a longer period of time than the aforementioned method.

In summary, we have demonstrated new methods for fabricating 3D nanofiber assemblies
with gradients in structure and composition. The 3D nanofiber scaffolds with gradients in
pore sizes were created by controlling the expansion rate of different regions of 2D
nanofiber mats by blending various amounts of pluronic F-127. The dual gradients in pore
sizes and fiber organizations from random, to partially aligned, and to alighed were formed
by expanding 2D mats consisting of nanofiber layers sequentially deposited onto the
mandrel with gradually increasing rotating speeds. In addition, the compositional gradients
on 3D nanofiber assemblies were prepared based on the diffusion and encapsulation. We
also demonstrated dense regions of expanded scaffolds with graded pore sizes can greatly
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enhance the expression of hypoxia-related markers and chondrogenic differentiation of
BMSCs, and bFGF gradients on 3D radially aligned nanofiber scaffolds can significantly
accelerate the migration of human dermal fibroblasts. The 3D nanofiber assemblies with
gradations in structure and composition show great promise in regulating cell responses with
potential applications in wound healing, tissue repair and regeneration, and tissue modeling.
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Figure 1. Preparation and characterization of a nanofiber scaffold with a discrete gradient in gap
distance.

(A) Schematic illustrating a 1-mm thick PCL nanofiber mat consists of 4 regions containing
2%, 1%, 0.5% and 0% F-127 from bottom to top (each region: 250 um). (B) Photograph of
an expanded PCL nanofiber scaffold consisting of 4 regions containing 2%, 1%, 0.5% and
0% F-127 from bottom to top. (C) The length percentage of each region of expanded 3D
PCL nanofiber scaffolds. (D) The morphology of cross-sections (Y-Z plane) of each region
of expanded PCL nanofiber scaffolds. (E) The gap distance between two adjacent layers in
each region of expanded PCL nanofiber scaffolds. (F) The compressive stress-strain curves
of each region of expanded PCL nanofiber scaffolds. (G) The maximum compressive stress
of each region of expanded PCL nanofiber scaffolds. (H) Schematic illustrating the
expansion process of PCL nanofiber mats with blending different amounts of F-127. The
F-127 additive not only enhances the hydrophilicity and water penetration of PCL nanofiber
mats, and but also stabilizes the formed H, bubbles. The small H, bubbles can merge and
grow larger in volume with increasing the concentration of F-127, resulting in a higher
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expansion rate. (I) Schematic showing the oxygen level of each region in expanded PCL
nanofiber scaffolds in cell culture medium. * p<0.05, **p<0.01.
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Figure 2. BM SCs culture on expanded nanofiber scaffoldswith dense and porous structures.
(A) Schematic illustrating BMSCs culture on expanded nanofiber scaffolds with porous

structure (i), the cross-section of BMSCs on nanofiber scaffolds with porous structure (ii).
(B) Schematic illustrating BMSCs culture on expanded nanofiber scaffolds with dense
structure (i), the cross-section of BMSCs seeded nanofiber scaffold with dense structure (ii).
(C) Schematic illustrating the top layer, medium layer, and central layer of BMSCs on
nanofiber scaffolds. (D) EF-5 staining of BMSCs on nanofiber scaffolds with porous and
dense structures after 7 days of culture in the proliferating medium. (E) The quantification of
EF-5 positive BMSCs seeded on nanofiber scaffolds with porous and dense structures after 7
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days of culture in the proliferating medium. (F) The relative expression of HIF-1a of
BMSCs on nanofiber scaffolds with porous and dense structures after culture in the
chondrogenic differentiation medium for 7 and 14 days. (G, H) The relative expression
Cyclin D1, CDK1, Caspase 3, and Bcl-2 on BMSCs on nanofiber scaffolds with dense and
porous structures after culture in the chondrogenic differentiation medium for 7 and 14 days.
(I) The heatmap visualizes the chondrogenic and osteogenic differentiation related gene
expression profiles of BMSCs on nanofiber scaffolds with dense and porous structures. Blue
color indicates down-regulation and red color indicates up-regulation. P-day x-y: Sample y
of BMSCs on porous scaffolds after x days of differentiation. D-day-x-y: Sample y of
BMSCs on dense scaffolds after x days of differentiation. (J, K) The relative expression of
aggrecan, SOX-9, Collagen type 2 of BMSCs on nanofiber scaffolds with dense and porous
structures after chondrogenic and osteogenic differentiation for 7 days. (L, M) The relative
expression of RUNX-2, ALP, OCN, OPN of BMSCs on nanofiber scaffolds with dense and
porous structures after chondrogenic and osteogenic differentiation for 14 days.
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Figure 3. Fabrication and characterization of expanded nanofiber scaffoldswith dual gradations
in both dap distances and fiber organizations.

(A) Schematic illustrating the 1-mm thick PCL fiber mat composed of aligned (bottom),
partially aligned (middle), and random (top) nanofibers. (B) Photograph of expanded
nanofiber scaffolds composed of aligned (bottom), partially aligned (middle), and random
(top) nanofibers. (C) The morphology of cross-sections (Y-Z plane) of each region of
expanded nanofiber scaffolds composed of aligned (bottom), partially aligned (middle), and
random (top) nanofibers. Bottom row: the corresponding highly magnified SEM images
showing the nanofiber orientation in each region of expanded nanofiber scaffolds composed
of aligned (bottom), partially aligned (middle), and random (top) nanofibers of (B) (top
row). (D) The length percentage of each region of expanded nanofiber scaffolds composed
of aligned (bottom), partially aligned (middle), and random (top) nanofibers. (E) The gap
distance between two adjacent nanofiber layers in each region of expanded nanofiber
scaffolds composed of aligned (bottom), partially aligned (middle), and random (top)
nanofibers. (F) False-color images of nanofibers in each region of expanded nanofiber
scaffolds composed of aligned (bottom), partially aligned (middle), and random (top)
nanofibers indicate the angle mapping of fiber orientations. (G) The angle distribution of
nanofiber orientations in each region of expanded nanofiber scaffolds composed of aligned
(bottom), partially aligned (middle), and random (top) nanofibers.
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Figure 4. Preparation and characterization of expanded nanofiber scaffoldswith compositional
gradients.
(A) The fluorescent images show a 3D radially aligned nanofiber scaffold with a gradation

in rhodamine 6G content along the radial direction. The rhodamine 6G gradient was formed
by dripping 3 pL (i & ii) or 9 uL (iii & iv) of 0.3% rhodamine aqueous solution to the center
of scaffolds. (v) False-color images of 3D scaffolds consisting of radially aligned nanofibers
after dripping 3 UL and 9 uL 0.3% rhodamine aqueous solution to the center of scaffolds. (B)
The confocal image indicates dripping was able to load drugs throughout the whole scaffold
from top to bottom. (C) Quantification of the fluorescence intensity in each region labeled in
(A). (D) Schematic illustrating 10 samples were collected from each region by 1-mm punch.
(E) Quantification of total released rhodamine 6G from 10 collected samples of each region
labeled in (D). (F) Rhodamine 6G release profiles from 3D radially aligned nanofiber
scaffolds after dripping 3 uL and 9 pL of 0.3% rhodamine 6G aqueous solution to the center.
(G) Rhodamine 6G release profiles from 3D radially aligned nanofiber scaffolds after
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dripping 9 pL of 0.3% rhodamine 6G solution containing 0.5% and 1% Gel-MA to the
center without and with UV crosslinking. 0.5% Gel-MA: 0.3% rhodamine 6G solution
containing 0.5% Gel-MA without UV crosslinking. 0.5% Gel-MA+UV: 0.3% rhodamine 6G
solution containing 0.5% Gel-MA with UV crosslinking. 1% Gel-MA+UV: 0.3% rhodamine
6G solution containing 1% Gel-MA with UV crosslinking. (H) The fluorescent images show
a 3D radially aligned nanofiber scaffold with dual gradations in rhodamine 6G and FITC-
BSA contents along the radial direction from the center to the edge. (I) Rhodamine 6G and
FITC-BSA release profiles from 3D radially aligned nanofiber scaffolds with dual
gradations in rhodamine 6G and FITC-BSA contents along the radial direction from the
center to the edge.
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Figure 5. Applications of 3D radially aligned nanofiber scaffoldswith a bFGF gradient along the
radial direction for wound healing by recruiting cells towards the center.

(A) Schematic illustrating the 3D scaffold (8 mm) consisting of radially aligned nanofibers
with gradations in the bFGF content that enhances wound healing by guiding and
accelerating cell migration. The in vitro wound model (8 mm) is created by punching the
Gel-MA hydrogel with GFP-labeled human dermal fibroblasts seeded on the surrounding
area. (B) Fluorescent images show GFP-labeled human dermal fibroblasts around the 8-mm
hole. (C) Fluorescent images show the migrated GFP-labeled human dermal fibroblasts into
3D scaffolds after 4 and 8 days of culture. (D, E) The quantification of cell counts and
surface coverage (%) per scaffold after 4 and 8 days of culture. (F) Schematic illustrating the
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possible migration routes of GFP-labeled human dermal fibroblasts from the surface of the
Gel-MA hydrogel to 3D scaffolds. *p<0.05, **p<0.01. RAS: radially aligned nanofiber
scaffolds.
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