B UNIVERSITY of

% BRADFORD Library

The University of Bradford Institutional
Repository

http://bradscholars.brad.ac.uk

This work is made available online in accordance with publisher policies. Please refer to the

repository record for this item and our Policy Document available from the repository home
page for further information.

To see the final version of this work please visit the publisher’s website. Access to the
published online version may require a subscription.

Copyright statement: © 2016 Wiley Periodicals, Inc. This is the peer-reviewed version of the
following article: Mahjour SB, Sefat F, Polunin Y, Wang L and Wang H (2016) Improved cell
infiltration of electrospun nanofiber mats by periodic modulation of fiber density and spatial
organization for layered tissue constructs. Journal of Biomedical Materials Research: Part A.
104(6): 1479-1488., which has been published in final form at
http://dx.doi.org/10.1002/jbm.a.35676. This article may be used for non-commercial purposes
in accordance with Wiley Terms and Conditions for Self-Archiving.


http://dx.doi.org/10.1002/jbm.a.35676

Journal of Biomedical Materials Research: Part A

Journal of Biomedical
Materials Research
Part A

Improved cell infiltration of electrospun nanofiber mats by
periodic modulation of fiber density and spatial organization

for layered tissue constructs

Journal:

Journal of Biomedical Materials Research: Part A

Manuscript ID

JBMR-A-15-0866

Wiley - Manuscript type:

Original Article

Date Submitted by the Author:

28-Nov-2015

Complete List of Authors:

Mahjour, Seyed; Stevens Institute of Technology, Biomedical Engineering,
Chemistry and Biological Sciences

Sefat, Farshid; Stevens Institute of Technology, Biomedical Engineering,
Chemistry and Biological Sciences

Polunin, Yevgeniy; Stevens Institute of Technology, Biomedical
Engineering, Chemistry and Biological Sciences

Wang, Lichen; Stevens Institute of Technology, Biomedical Engineering,
Chemistry and Biological Sciences

Wang, Hongjun; Stevens Institute of Technology, Chemistry, Chem Biol &
Biomedical Engr

Keywords:

cell infiltration, polycaprolactone (PCL), collagen, nanofiber, layered tissue
constructs

A\RONE’

John Wiley & Sons, Inc.




Page 1 of 30

©CoO~NOUTA,WNPE

Journal of Biomedical Materials Research: Part A

Title: Improved cell infiltration of electrospun nanofiber mats by periodic modulation of fiber

density and spatial organization for layered tissue constructs

Seyed Babak Mahjour (M.D., M.E.)", Farshid Sefat (Ph.D.)", Yevgeniy Polunin (B.S.), Lichen

Wang (M.S.), and Hongjun Wang (Ph.D.)*

Department of Biomedical Engineering, Chemistry and Biological Sciences, Stevens Institute of

Technology, Hoboken, New Jersey 07030, U.S.A.

# Equal contribution

*Corresponding Author:

Dr. Hongjun Wang

Department of Biomedical Engineering, Chemistry, Biological Sciences
Stevens Institute of Technology

McLean Hall, Room 416

Hoboken, New Jersey 07030, USA.

E-mail: hongjun.wang@stevens.edu

Tel: (+1) 201.216.5556

Running title: Improved cell infiltration within periodically organized nanofibers

John Wiley & Sons, Inc.



©CoO~NOUTA,WNPE

Journal of Biomedical Materials Research: Part A

Abstract

While achieving the spatial organization of cells within 3D assembled nanofiber/cell constructs
via nanofiber-enabled cell layering, the small sizes of inter-fiber pores of the electrospun
nanofiber mats could significantly limit cell penetration across the layers for rapid formation of
an integrated tissue construct. To address this challenge, efforts were made to improve cell-
infiltration of electrospun nanofiber mats by modulating the density distribution and spatial
organization of the fibers during electrospinning. Collection of collagen-containing electrospun
nanofibers (300-600 nm in diameter) onto the surface of a stainless steel metal mesh (I mm x 1
mm in mesh size) led to the periodic alternation of fiber density from densely packed to loosely
arranged distribution within the same mat, in which the densely packed fibers maintained the
structural integrity while the region of loose fibers allowed for cell penetration. Along with
improved cell infiltration, the distinct fiber organization between dense and loose fiber regions
also induced different morphology of fibroblasts (stellate vs. elongated spindle-like). Assembly
of cell-seeded nanofiber sheets into 3D constructs with such periodically organized nanofiber
mats further demonstrated their advantages in improving cell penetration across layers in
comparison to either random or aligned nanofiber mats. Taken together, modulation of nanofiber
density to enlarge the pore size is effective to improve cell infiltration through electrospun mats
for better tissue formation.

Keywords: layered tissue constructs, cell infiltration, polycaprolactone (PCL), collagen,
nanofibers
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1. Introduction

Many tissues in our body take the multilayered structure with varying cell types or tissue
matrix to fulfill the unique physiological functions, e.g., the two distinct compartments of skin
can effectively minimize dehydration and microorganism invasion via the tight outermost
epidermis while tuning the temperature and sensing the surroundings with sweat glands and
nerve endings in the dermis [1, 2]. In recognition, efforts have been made to recapitulate such
laminated structures in tissue-engineered constructs [3-7]. In alignment with such efforts, we also
develop a nanofiber-assisted cell assembly strategy, in which cell seeding and electrospinning
are alternated to form 3D constructs [8]. The use of electrospun fibers, normally in the diameter
range of tens to hundreds of nanometers, offers the opportunity to recapture the key
morphological and dimensional characteristics of extracellular matrix (ECM) of native tissues
[9,10]. While successfully demonstrating the efficiency of such an approach in forming
multilayered tissues [8, 11], however, the intrinsic small inter-fiber pore sizes (normally less than
5 um), especially for those matrices with randomly oriented fibers, would limit cell penetration
across the layers to form integrated tissues and meanwhile constrain cell migration in and out of
the constructs for further integration with host tissue upon in vivo implantation. In this regard,
attempts have been made to improve the porosity and increase the pore size of electrospun
matrices by using sacrificial microbeads, particulate leaching or freeze-drying [12-17], which
can help to improve tissue ingrowth, but may not be suitable for creating large pores through
rather thin (typically in 10 to 20 um) nanofiber mats for layering. To this end, establishment of a
cost-effective strategy to improve cell penetration yet maintain the structural integrity and

dimensional superiority of nanofiber mats will be highly desired [18, 19].
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During electrospinning, a grounded conductive surface is normally used to collect the
electrospun nanofibers. In the course of fiber collection, it is possible to manipulate the
distribution of electric fields for achieving unique spatial organization of fibers to accommodate
the anisotropy of native ECM [20], e.g., fibers collected on a rotatory mandrel exhibit an
orientation parallel to the rotating direction [21]. In addition, intervention of electric field
distribution by using a patterned collection surface can correspondently affect fiber deposition to
introduce unique fiber organization within electrospun mats [22-24]. Studies have shown that
such patterned fiber mats can yield better mechanical strength and induce distinctive cellular
responses on their surface [25, 26]. However, it is unclear whether such electrical field-induced
modulation of fiber organization can effectively increase the inter-fiber distance for cell
infiltration. Thus, the primary focus of this study was to determine whether periodic modulation
of fiber distribution and organization within the electrospun nanofiber mats could achieve high
cell penetration and consequently facilitate the formation of integrated tissue constructs using the
nanofiber-enabled cell layering technology [8, 11].

To better support the adhesion and proliferation of cells, a polyblend of collagen and
polycaprolactone (PCL) was used to fabricate the nanofibers. The morphology and pore size of
mesh-patterned nanofiber mats were microscopically characterized and cell infiltration was
evaluated by counting the pass-through cells. Besides, patterned PCL/collagen nanofiber mats
were also used to layer-by-layer assemble fibroblasts to form 3D constructs with a special
emphasis on cell migration and layer fusion for structural integrity in comparison with those
nanofiber mats with either only randomly or only uniaxially oriented fibers.

2. Materials and Methods

2.1. Materials

John Wiley & Sons, Inc.
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1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was obtained from Oakwood products Inc (West
Columbia, SC). Poly(epsilon-caprolactone) (PCL, Mw=80,000) was purchased from Sigma-
Aldrich (St. Louis, MO) and type I collagen (collagen) was obtained from Elastin Products Inc.
(Owensville, MO). All other reagents and solutions were obtained from Invitrogen (Grand Island,
NY) except as indicated.

2.2 Cellisolation and culture

Following the modified cell isolation protocols [27], dermal fibroblasts were isolated from the
dorsal skin of Sprague Dawley rat (female, 250-300 gram, Charles River) with approval from the
Institutional Animal Care and Use Committee. Briefly, the shaved rat skin (1 cm % 1 cm) was
harvested, cleaned and then incubated with 0.25% dispase II solution for 30-60 min to separate
the epidermis from dermis. Fibroblast cells were isolated by incubating the minced dermal pieces
(~1 mm in size) with 0.75% collagenase I (Sigma-Aldrich, Saint Louis, MO) and 0.25% dispase
II for 2 hrs. Fibroblasts were cultured in Dulbecco’s modified Eagle medium (DMEM) with 10%
fetal bovine serum (FBS) (ATCC, Manassas, VA) and 1% penicillin/streptomycin (P/S) and
subcultured upon reaching 70-80% confluence.

2.3 Preparation of electrospun nanofiber mats

Electrospun PCL/collagen nanofibers were prepared using our established electrospinning
protocol [20]. Briefly, a homogeneous mixture of PCL (8.0% w/v) and Type 1 collagen (8.0%
w/v) dissolved in HFIP at a ratio of 3:1 was loaded into 5-mL syringe (Becton Dickinson,
Franklin Lakes, NJ) with a tip-blunt capillary (0.9 mm of the internal diameter). Under the
optimized electrospinning conditions, i.e., a constant feed rate of 0.6 mL/hr, a voltage of 10-15
kV, and a collection distance of 10 cm, PCL/collagen nanofibers were collected onto various

grounded surfaces for different fiber organizations. Onto a stationary solid conductive surface
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were randomly organized nanofiber mats obtained (Fig. 4A). Onto a rotatory conductive mandrel
surface were aligned fiber mats obtained (Fig. 4B) [21]. Onto a stationary stainless steel wire
mesh (see Fig. 1A) with the mesh size of | mm x 1 mm were mesh-patterned fiber mats
obtained. All electrospun nanofiber mats were collected on the rings with a diameter of 2.54 cm
and sterilized by UV irradiation for 30 min prior to further use.

2.4 Microscopic characterization of nanofiber mats

The overview of prepared PCL/collagen fiber mats was visualized under the Micromaster™
inverted digital microscopes (Fisher Scientific, Pittsburg, PA). The fiber diameter, morphology
and pore size were further characterized by scanning electron microscopy (SEM). Upon sputter
coating with Au/Pd alloy (MEDO020, Leica Microsystems), the fiber mats were examined using
the Auriga FIB-SEM (Zeiss, Peabody, MA). Images from 5 randomly selected areas were
captured and used for further analyses of fiber diameter and pore size using ImageJ1.49 (NIH).
2.5 Mechanical test

The tensile strength of mesh-patterned nanofiber mats with electrospinning time of 10 to 40 sec
was determined. Briefly, the samples were cut into rectangles with the dimension of 1.0 cm x 3.0
cm. Mechanical testing was performed on a Materials Testing System (MTS-858-BIONIX,
USA) with an initial tension preload of 1 N. Tensional loads were applied to each specimen at a
constant strain rate of 0.5 mm/s until a maximum deformation of 5 mm was reached. A total
number of five specimens were used for each experimental condition.

2.6 Simulation of electric field using COMSOL Multiphysics

To help understanding the correlation between electric field distribution and nanofiber
organization, COMSOL Multiphysics 4.4 was used to simulate the potentials of electric field

within our established electrospinning setup. Solid works 2013 was used to draw the stainless
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steel metal wire mesh array in four directions, and then it was imported into the COMSOL
Multi-physics module for electric field distribution.

2.7  Cell seeding onto nanofiber mats and bottom-up assembly into 3D layered constructs

Rat dermal fibroblasts (passage 1-2), after trypsinization and resuspension in the media at a final
concentration of 4x10° cells/mL, were seeded onto electrospun fiber mats. To characterize the
capability of cell infiltration through the nanofiber mats, cells that passed through the mat and
deposited on the bottom of petri dish were collected and counted (n=5 per condition). Cell-
seeded nanofiber mats were either continuously cultured for cell morphology evaluation, or
assembled into 3D constructs following the layer-by-layer stacking manner (see Fig. 7A). Totally,
15 layers of cell-seeded nanofiber mats were assembled in this study. The assembled constructs
were further cultured in fibroblast media (DMEM supplemented with 10% FBS and 1% P/S).

2.8  Histological analysis

For histologic analyses, the constructs cultured for 14 days were harvested and fixed in 4%
paraformaldehyde fixative for 1 hr at room temperature. Upon dehydration in a series of graded
ethanol solutions until 100% ethanol, the constructs were then embedded and cut into thin
sections (7 um thick). Cross-sections stained with hematoxylin and eosin (H&E) (Sigma) were
examined under a Nikon 80i upright microscope. Representative images were captured and
analyzed by the analysis software (NIS-elements BR 3.10, Nikon, Japan) to evaluate cell
infiltration through the electrospun fiber layers.

2.9  Methylene blue staining and fluorescence staining

The overview of fibroblasts cultured on various nanofiber mats was evaluated by methylene blue
staining and then examined under a Nikon stereomicroscope as previously described [28]. To

better visualize the cell morphology, fluorescence staining for F-actin was also performed to the
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culture. Briefly, cultured cells were fixed in 4% paraformaldehyde for 10 min and then incubated
with phalloidin-TRITC (Biotium, 1:500). Cell nuclei were stained with DAPI (Sigma, 1:1000).
The staining was examined under a Nikon 801 epifluorescence microscope.

2.10  Statistical Analysis

Each experiment was repeated at least 3 times and data were expressed as the mean + SD. An
unpaired student t-test was used to evaluate the significance among experimental groups. A value

of p<0.05 was considered statistically significant.

3. Results

3.1 Fabrication of nanofiber mats with periodic fiber density and organization

To predict the deposition of electrospun PCL/collagen nanofibers onto metal mesh surfaces,
COMSOL simulation of the electric potential distribution between spinneret (highest) and metal
mesh (lowest) was performed (Fig. 1C). As noted, the potential across the metal mesh surface
was not even and a higher potential difference was seen between the spinneret and metal wires,
especially those protruded ones (Fig. 1D), suggesting the high chance for fibers to deposit onto
these regions. Indeed, electrospun PCL/collagen (3:1, w/w) nanofibers collected onto the
stainless steel mesh surface exhibited distinct distribution and organization patterns (Fig. 2A).
Three main zones (protruded wire, dented wire and inter-wire void space) were identified.
Random and packed nanofibers were collected onto the protruded wires (Fig. 2D) and highly
parallel (Fig. 2B and 2C) fibers were seen on the dented wire area. Nanofibers collected onto the
inter-wire void space showed some cross-alignment (especially in the center) with a lower fiber
density (Fig. 2E). Quantification of the pore size of various zones using Image J revealed the

large pores (19.3 + 1.8 um) in the inter-wire void space while much smaller pores (less than 3

pm) on the protruded metal wires (Table 1). To determine the optimal thickness for both cell
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penetration and mechanical strength, nanofiber mats collected for different electrospinning
durations were evaluated for pass-through cells and mechanical strength. With the extension of
electrospinning time from 10 to 30 sec, an increase of fiber density over the void space was
observed but much less pronounced than that on the metal wires (Fig. 3), maintaining relatively
large pore size (Table 2). However, further extending the electrospinning time to 40 sec, the pore
size was dramatically reduced with a rather dense fiber density (Fig. 3D, H&L). Cell pass-
through study showed that the cell number decreased over the increase of spinning time and a
significant reduction of cell pass-through was observed for the spinning time above 30 sec,
correlating well with the decrease of pore size. On the other hand, the increase of spinning time
could improve the mechanical strength of electrospun mats, reaching as high as 7.0 £ 0.2 MPa
for the 40-sec mats. However, the increase of strength was not in a linear proportion to the
electrospinning time and around 30 sec was the turning point for plateau (see Supplementary Fig.
1). To keep a high cell pass- through efficiency while maintaining the mechanical strength,
nanofiber mats with the spinning time of 25 sec were particularly selected for use in the rest of
the experiments.

3.2 Electrospun fiber mats with distinct fiber organizations and their regulation of cell
morphology

To identify the difference of mesh-patterned fiber mats from those commonly used ones (i.e.,
randomly or uniaxially oriented mats), three types of electrospun fiber mats with the same
spinning time (25 sec) were fabricated and compared (Fig. 4). Again, the mesh-patterned
nanofiber mats showed the largest pore size with the highest cell pass-through capacity (Table 3).
To determine the effect of fiber organizations on the morphology of fibroblasts, cells were

seeded and cultured on various fiber mats for up to 7 days and then stained with methylene blue
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for an overview of cell distribution and with TRITC-phalloidin for cell morphology. Different
from even cell distribution on random or aligned fiber mats (Fig. SA&B), cells on the mesh-
patterned mats showed periodic distribution and were dominantly located in the void space (Fig.
5C), indicating that cell attachment and spreading was not completely correlated with fiber
density. In addition, cells on the mesh-patterned fiber mats displayed two distinct cell
morphologies: on the protruded wire area with random fibers cells showed the stellate
morphology (Fig. 5F), similar to those on the random nanofiber mats (Fig. 5D); on the void area
with cross-aligned fibers cells became elongated with the orientation closely following the fiber
organization (Fig. 5G), but still different from those on the purely aligned fibers (Fig. SE).

3.3 Formation of 3D layered constructs with nanofiber-assisted bottom-up cell assembly

To further elaborate the advantages of wire mesh-patterned nanofiber mats in cell infiltration
through the nanofiber mats for forming thicker tissues, multiple layers of nanofiber mats were
stacked with a final thickness of about 100 um and then seeded fibroblasts from the top as
indicated in Fig. 6A. After cultured for 14 days, significant infiltration of fibroblasts into the
layers was observed only with the mesh-patterned nanofiber mats (Fig. 6D) and reached about
35.4 + 8.8 um in depth in contrast to the limited cell infiltration with either random fiber (2.2 +
0.5 um) or aligned fiber mats (4.1 = 0.7um) (Table 4). Layer-by-layer stacking of cell-seeded
nanofiber mats into a multilayered structure allows the creation of 3D layered constructs with
controlled cell density for each layer and their spatial distribution across the entire construct (Fig.
7A). Nanofiber mats (25-sec spinning time with the thickness of 8-10 um) with random, aligned
or mesh-patterned fiber organizations were seeded with fibroblasts and then respectively stacked
into 15-layered structures. After culture for 14 days, cross-sections of the constructs were stained

with H&E for cell distribution and morphology. It was found that fibroblasts in the constructs
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with random fiber mats or aligned fiber mats had a uniform cell distribution throughout the
layers but mainly remained within their fiber mat layers (i.e., parallel to the fiber layers), and a
majority of cell nuclei elongated parallel to fiber layers (Fig. 7B&C). Interestingly, the cell
nuclei of fibroblasts within mesh-patterned fiber/cell constructs showed their elongation,
however a majority of them oriented vertical to the fiber layers and crossed various layers (Fig.
7D). Some cells migrated down to the lower portion of the construct, as indicated by arrows in
Fig. 7D.

4. Discussion

Recapture of the key morphological features of native ECM is believed to play an
important role in regulating appropriate cell phenotype for functional tissue formation [29-31].
Layer-by-layer assembly of cells together with biomimetic nanofibers into 3D constructs (Fig.
7A) allows for the formulation of a specific microenvironment for cells while creating the
layered tissue constructs [8]. To facilitate cell migration through the fiber layers, spatial
modulation of fiber distribution and density within electrsopun mats as described in this study
could create large pores with an improved cell infiltration across the assembled constructs.

With the established electrospinning conditions [8, 20], PCL/collagen (3:1 w/w) blends
could be electrospun into nanofibers with the fiber diameter of 300-600 nm. Such nanofiber mats
supports the adhesion and proliferation of various cells [8, 32]. Depending on the configuration
of the collector, fibers in electrospun mats can take various organizations, e.g., anisotropic or
isotropic, which significantly relies on the distribution of electric field between the spinneret and
the grounded surface. For the grounded flat surface with a uniform “0” potential, the fibers have
a relative equal opportunity to deposit onto the collecting surface, which leads to the isotropic

random fiber organization (Fig. 4A, D and G). For the grounded rotating mandrel, the
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circumference of the mandrel has an equal “0” potential, and the shortest distance between
spinneret and tangible surface of mandrel determines the preferred deposition of fibers onto this
area first, and then pulled to align along the rotation direction at a high rotation speed. As a result,
fiber mats with uniaxial fiber orientation are obtained [20, 33, 34] (Fig. 4B, E and H). For both
cases, the fiber spatial density, especially the inter-fiber distance would be comparable across the
fiber mats. To obtain the fiber mats with uneven fiber distribution, manipulation of the electric
field distribution between the spinneret and the collection surface would be an effective approach,
which can be achieved by either creating patterned domains on the collection surface with
varying distances to the spinneret or creating patterned domains with different potentials. In this
study, the use of stainless steel mesh as fiber collection surface could create a patterned potential
distribution, i.e., conductive wires separated by non-conductive void space (Fig. 1A&B), and
meanwhile the up-and-down curved metal wires also led to a distance variation to the spinneret
(Fig. 1A). As a result, a high density of PCL/collagen nanofibers accumulated on the metal wires
while some loose and cross-aligned fibers depositing in the void areas (Fig. 2A&C). The
formation of cross-aligned fibers across the void space is ascribed to the preferred fiber
deposition onto parallel adjacent upper metal wires at the same height. Such a unique fiber
organization introduced patterns to nanofiber mats with periodic alteration of the inter-fiber pore
size. Upon prolonging the spinning time, continuous deposition of nonconductive PCL/collagen
nanofibers onto the metal wire surface gradually reduces the electric field difference, accounting
for the deposition of more random fibers in the void area with reduced pore size (Table 2). Large
interfiber pore size is always favorable for cell infiltration, but can compromise the mechanical
strength. In this study, the spinning time of 25 sec seems optimal to satisfy both better cell

infiltration (approximately 19-um pore size) and better mechanical strength (SMPa).
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Further characterization of cell infiltration through multilayers of mesh-patterned
nanofiber mats did find more cells presented in the middle of the stacked fiber mats, significantly
higher than that with either random or aligned fiber mats (Fig. 6). Theoretically, it is possible for
the cells to pass through the entire thickness of stacked fiber mats if the loose fiber areas (i.e., the
void zone) of patterned nanofiber mats are perfectly aligned. On the other hand, the penetration
depth with present patterned nanofiber mats (25 sec) would be sufficient for the cells to cross the
layers to form an integrated structure. The vertical orientation of fibroblasts in the assembled 3D
constructs of cell-seeded patterned nanofiber mats (Fig. 7D) confirms that large pores indeed
favor the fibroblasts migration through various layers.

Two distinct cell morphologies (stellate and elongated) were simultaneously and
repeatedly observed with the fibroblasts cultured on patterned nanofiber mats (Fig. SF and 5Q).
Our previous results showed that cell morphology on nanofibers is closely controlled by the
organization of underneath nanofibers, regulating the formation and distribution of focal
adhesion complexes (e.g., vinculins) and consequently inducing the intracellular organization of
cytoskeletal proteins (e.g., F-actin and microtubulins) [28, 32]. As reported, randomly oriented
nanofibers normally induce small and evenly distributed focal adhesion contact points in the
circumferential edge of the fibroblasts while aligned fibers induce long and polarized focal
adhesion point formation along the aligned fibers [28]. In the patterned nanofiber mats, three
distinct nanofiber organizations were observed, i.e., random, aligned and cross-aligned (Fig. 2).
In this case, it is not a surprise to see varying cell morphologies within the same patterned fiber
mat. Our ongoing efforts are made to investigate whether such a cell morphology variation can

induce differential cell phenotype [28, 35].
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Stacking cell-seeded nanofiber mats layer-by-layer allows the assembly of various cells
with different nanofibers into a 3D construct with a potential to mirror the heterogeneity of
native skin [8]. The large pores of patterned nanofiber mats support cell infiltration to form an
integrated structure, however, with more layers stacked up, limited supply of nutrients to the
interior cells may cause cell devitalization and lead to layer separation especially upon prolonged
culture. To address this challenge, two possible approaches can be taken, including 1)
acceleration of medium flow through the layers for better mass exchange by stirring, or 2)
introduction of vasculature networks into the constructs while cell/nanofiber assembly [8, 28, 32].
The latter one represents a long-term solution, especially for timely vascularization upon in vivo
transplantation of the cultured constructs in a fashion similar to autologous grafts [36]. As a
matter of fact, the absence of a vascular network in 3D engineered tissues with densely populated
cells can rapidly develop a necrotic core [37]. In recognition, part of our ongoing efforts is also
focused on the formation of 3D vascularized constructs.

S. Conclusion

In the present study, metal mesh-patterned nanofiber mats with periodic alteration of
fiber density and organizations were fabricated and evaluated for their efficiency in forming the
integrated 3D constructs. With large interfiber pores formed among less dense fibers, cell
infiltration through the patterned nanofiber mats was significantly improved and led to a better
integration of layers in the assembled constructs of cell-seeded patterned nanofiber mats. Taken
together, the metal mesh-patterned nanofiber mats show their advantages in promoting cell

infiltration for better formation of 3D tissues.
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List of Figures:

Figure 1. Simulation of the electric potential distribution between the spinneret and the grounded
metal mesh using the COMSOL-multiphysics software. (A) Schematic illustration of the typical
electrospinning setup for patterned nanofiber mats using the stainless steel wire mesh as the fiber
collector. (B) Micrographs of the metal mesh with the dimensions. (C) Slice view of the electric
potential between spinneret and grounded metal mesh. (D) Zoom-in slice view of the potential
distribution across the metal wire mesh area.

Figure 2. Patterned electrospun PCL/collagen nanofiber mats collected on the metal wire mesh
for 25 seconds. SEM examination of the collected fiber mats (A) showed 4 typical zones with
distinct fiber density and organization (B-E): Zone 1 shows the fibers collected on the void space
of the mesh while Zones 2, 3 and 4 show the fibers collected either on the protruded wire (4) or
dented wires (2 and 3). (A): scale bar= 1mm; (B-E): scale bar= 5 pm. The pore size and fiber
organization for each zone were summarized in Table 1.

Figure 3. Time-dependent collection of patterned electrospun PCL/collagen nanofiber mats on
the metal wire meshes for 10 (A, E, I), 20 (B, F, J), 30 (C, G, K), and 40 (D, H, L) seconds. The
fiber mats were examined either under the phase contrast microscope (A-H) or under SEM (I-L).
(A-D): scale bar=2 mm; (E-H): scale bar=200 pum; (I-L): scale bar=20 pm.

Figure 4. Electrospun nanofiber mats with various fiber organizations using different setup.
Schematic illustration of the setup for fabricating random (A), aligned (B), and patterned (C)
electrospun nanofibers. Representative micrographs of various electrospun PCL/collagen
nanofiber mats with random (D, G, J), aligned (E, H, K) or patterned (F, I, L) fiber arrangements.
The fiber mats were examined either under the phase contrast microscope (D-F) or under SEM
(G-L). (D-F): scale bar=100 um; (G-I): scale bar=2 um; (J-L): scale bar=400 nm.

Figure 5. Representative micrographs of fibroblasts (passage 1) cultured on various electrospun
PCL/collagen nanofiber mats with random (A, D), aligned (B, E) or patterned (C, F, G) fiber
arrangements for 7 days. (A-C) Phase contrast microscopic images of fibroblasts after methylene
blue staining. Scale bar=150 um. (D-G) Fluorescent staining of intracellular cytoskeleton protein
of F-actin (red) with phalloidin-TRITC and nuclei (blue) with DAPI. Scale bar=100 pm. Double-
head broken line indicates the alignment direction.

Figure 6. (A) Schematic illustration of the experimental setup for cell penetration study, in
which fibroblasts (at a density of 8 x 10°/cm?) were seeded onto the stack of 15 layers of
nanofiber mats. (B-D) Representative micrographs of the cross-section of the cell-seeded
constructs cultured for 14 days after hematoxylin and eosin (H&E) staining. Scale bar=100 pum.
Yellow arrows indicate the cells. Cell penetration depth into each type of nanofiber mat stacks
(n=5) was measured based on the H&E stained sections and summarized in Table 4.

Figure 7. (A) Schematic illustration of the nanofiber-enabled layer-by-layer cell assembly, in
which cell-seeded nanofiber mats were stacked on top of each other to form 3D constructs.
Representative micrographs of the H&E stained cross-sections of the multilayered fibroblast-
nanofiber constructs with random (B), aligned (C) or patterned (D) fiber arrangement. 15 layers
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of fibroblast-seeded nanofiber mats (at a density of 8 x 10°/cm?) were stacked and cultured for
14 days. Scale bar = 100 um. White arrows indicate the horizontally oriented cell nuclei and
yellow arrows indicate the vertically oriented cell nuclei.
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32 Figure 1. Simulation of the electric potential distribution between the spinneret and the grounded metal

33 mesh using the COMSOL-multiphysics software. (A) Schematic illustration of the typical electrospinning

34 setup for patterned nanofiber mats using the stainless steel wire mesh as the fiber collector. (B)

35 Micrographs of the metal mesh with the dimensions. (C) Slice view of the electric potential between

36 spinneret and grounded metal mesh. (D) Zoom-in slice view of the potential distribution across the metal
wire mesh area.
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Table 1. Pore size and fiber siatial orianization of wire-Eatterned nanofibrous mats

Pore size (um) 19.3+ 1.8 1.9+ 0.5 2.3+ 0.6 0.3+ 0.1
Fiber organization Cross-aligned aligned aligned random

Figure 2. Patterned electrospun PCL/collagen nanofiber mats collected on the metal wire mesh for 25
seconds. SEM examination of the collected fiber mats (A) showed 4 typical zones with distinct fiber density
and organization (B-E): Zone 1 shows the fibers collected on the void space of the mesh while Zones 2, 3
and 4 show the fibers collected either on the protruded wire (4) or dented wires (2 and 3). (A): scale bar=

1mm; (B-E): scale bar= 5 um. The pore size and fiber organization for each zone were summarized in Table
1.
975x609mm (72 x 72 DPI)
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29 Figure 3. Time-dependent collection of patterned electrospun PCL/collagen nanofiber mats on the metal
wire meshes for 10 (A, E, I), 20 (B, F, 1), 30 (C, G, K), and 40 (D, H, L) seconds. The fiber mats were
examined either under the phase contrast microscope (A-H) or under SEM (I-L). (A-D): scale bar=2 mm;
31 (E-H): scale bar=200 um; (I-L): scale bar=20 ym.
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Figure 4. Electrospun nanofiber mats with various fiber organizations using different setup. Schematic
illustration of the setup for fabricating random (A), aligned (B), and patterned (C) electrospun nanofibers.
Representative micrographs of various electrospun PCL/collagen nanofiber mats with random (D, G, J),
aligned (E, H, K) or patterned (F, I, L) fiber arrangements. The fiber mats were examined either under the
phase contrast microscope (D-F) or under SEM (G-L). (D-F): scale bar=100 pm; (G-I): scale bar=2 ym; (J-
L): scale bar=400 nm.
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Figure 5. Representative micrographs of fibroblasts (passage 1) cultured on various electrospun
PCL/collagen nanofiber mats with random (A, D), aligned (B, E) or patterned (C, F, G) fiber arrangements
for 7 days. (A-C) Phase contrast microscopic images of fibroblasts after methylene blue staining. Scale
bar=150 um. (D-G) Fluorescent staining of intracellular cytoskeleton protein of F-actin (red) with phalloidin-
TRITC and nuclei (blue) with DAPI. Scale bar=100 pm. Double-head broken line indicates the alignment

direction.
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Figure 6. (A) Schematic illustration of the experimental setup for cell penetration study, in which fibroblasts
(at a density of 8 x 103/cm2) were seeded onto the stack of 15 layers of nanofiber mats. (B-D)
Representative micrographs of the cross-section of the cell-seeded constructs cultured for 14 days after
hematoxylin and eosin (H&E) staining. Scale bar=100 um. Yellow arrows indicate the cells. Cell penetration
depth into each type of nanofiber mat stacks (n=5) was measured based on the H&E stained sections and
summarized in Table 4.
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24 Figure 7. (A) Schematic illustration of the nanofiber-enabled layer-by-layer cell assembly, in which cell-

25 seeded nanofiber mats were stacked on top of each other to form 3D constructs. Representative

26 micrographs of the H&E stained cross-sections of the multilayered fibroblast-nanofiber constructs with

random (B), aligned (C) or patterned (D) fiber arrangement. 15 layers of fibroblast-seeded nanofiber mats
(at a density of 8 x 103/cm2) were stacked and cultured for 14 days. Scale bar = 100 pm. White arrows
indicate the horizontally oriented cell nuclei and yellow arrows indicate the vertically oriented cell nuclei.

29 1048x515mm (72 x 72 DPI)

John Wiley & Sons, Inc.



©CoO~NOUTA,WNPE

Journal of Biomedical Materials Research: Part A

Table 1. Pore size and fiber spatial organization of the wire-patterned nanofiber mats.

Zone 1 2 3 4
Pore Size (um) 19.3+ 1.8 1.9+0.5 23+0.6 0.3+0.1
Fiber Organization Cross-aligned Aligned Aligned Random

Table 2. Key attributes of patterned nanofiber mats in relation to spinning time from 10 to 40
seconds.

Spinning Time (Seconds) 10 20 25 30 40
Pore Size (um) 3321+5.1 243+24 193+1.8 11.1+£19 09+04
Pass-through Cells 5134+ 105 3752+86 2458+62 112+10 10+1
Tensile Strength at 23+0.6 45+0.1 50£04 63+05 7.0£0.2
Breaking (MPa)

Table 3. Key parameters (fiber diameter, pore size, pass-through cells) of various nanofiber mats.

Nanofiber Mat Random Aligned  Patterned
Fiber Diameter (nm) 535+ 85 499 + 80 435+ 78

Pore Size (um) 1.6 + 0.8 24£06 193+1.8

Pass-through Cells 5+1 104+ 11 2870+ 96

Table 4. Cell penetration depth into the stacks of 15 layers of fiber mats.

Nanofiber Mat Random Aligned  Patterned
Infiltration Depth (um) 22+0.5 4.1+0.7 354+8.8

John Wiley & Sons, Inc.

Page 30 of 30



