Journal of

Materials Chemistry B

Accepted Manuscript

Journal of

Materials Chemistry B

d medicine

ROYAL SOCETY
U, OF CHEMISTRY

>

' ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsB


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 22

Journal of Materials Chemistry B

Improved cell infiltration of highly porous nanofibrous scaffolds formed by
combined fiber-fiber charge repulsions and ultra-sonication

Sung Isn J eongl#*, Nancy A. Burns’*, Christopher A. Bonino***, Il Keun Kwon®, Saad A. Khan® and
Eben Alsberg'*t

'Department of Biomedical Engineering, Case Western Reserve University, Cleveland, Ohio
’Department of Orthopaedic Surgery, Case Western Reserve University, Cleveland, Ohio
’Department of Chemical & Biomolecular Engineering, North Carolina State University, Raleigh,
North Carolina

‘Department of Maxillofacial Biomedical Engineering, School of Dentistry, Kyung Hee University,
Seoul, Republic of Korea

ABSTRACT

A significant problem affecting electrospun nanofibrous tissue scaffolds is poor infiltration of
cells into their three-dimensional (3D) structure. Environmental and physical manipulation,
however, can enhance cellular infiltration into electrospun scaffolds. In this work, RGD-
modified alginate mats with increased thickness and porosity were achieved by pairing high
humidity electrospinning with post-processing ultra-sonication. RGD-modified alginate,
polyethylene oxide (PEO), and an FDA-approved, nonionic surfactant blends were
electrospun in 20 and 50% relative humidity conditions. Mats electrospun in high humidity
conditions resulted in significantly increased mat thickness and decreased fiber diameters.
The mats’ alginate content was then isolated via ionic crosslinking and PEO/surfactant
extraction. Finally, the alginate-only mat was post-processed by ultra-sonication to further
enhance its cross-sectional thickness. Cell morphology, proliferation, and infiltration into the
scaffolds were evaluated by seeding fibroblasts onto the alginate mat. Cell spreading, growth
and infiltration improved with increased humidity and ultra-sonication. This approach shows
great promise for the design of cell-permeable nanofibrous scaffolds for tissue-engineering

applications.
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1. Introduction

Regenerative medicine has benefited from nanomaterials with tunable biochemical
compositions, degradability, mechanical properties and architectures that can serve as
scaffolds for transplanted or recruited host cells. These materials may promote cell
behaviors such as adhesion, infiltration, proliferation and/or differentiation as a means to
enhance repair or replacement of damaged tissues and organs.' Moreover, approaches aimed
at mimicking the extracellular matrix (ECM) require a scaffold with a highly porous
architecture that also provides structural support for growing tissues. Nanofibrous mats
produced by electrospinning are ideal candidates for tissue scaffolds, due to their tunable
surface area, high overall porosity (around 80%) and interconnected fibrous structures which
resemble the ECM.** Furthermore, a vast number of biocompatible polymeric materials can
be electrospun to support a variety of cell types.” Yet, scaffolds fabricated by conventional
electrospinning techniques have substantial limitations. Typical subcellular spacing between
electrospun fibers can obstruct cell infiltration. Thin mat depths restrict the cell growth
structure to a two-dimensional topography.*”

Several strategies have been pursued to address these shortcomings, with mixed

10-16

results. Increasing fiber diameters or combining nano- and micro- scale fibers have

7

resulted in mats with larger pore sizes and thicker dimensions.*'” However, these methods

produce mats that are less similar in structure to natural ECMs.'"®  Other approaches utilize
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2,17,19-20
b These methods

sacrificial particles or microfibers as templates to enhance porosity.
have great potential, yet are prone to structural collapse and material loss due to template
removal, with only modest thickness enhancements.

The choice of an appropriate electrospinning material is also vital to tissue scaffold
performance.  Several synthetic polymers (e.g., poly(e-caprolactone), polylactide and
polyglycolide) have been electrospun for tissue engineering applications.”' However, these
systems typically require cytotoxic organic solvents and intensive purification steps. Water-
soluble biopolymers, such as sodium alginate, are an attractive alternative.”*** Sodium
alginate is a biodegradable, naturally-derived polysaccharide that has been widely used in

25-26 . .
It can be rendered water insoluble via

drug delivery and tissue engineering applications.
ionic-crosslinking with divalent cations (e.g., Ca"), therefore eliminating the need for
cytotoxic crosslinkers.”” Non-adhesive to cells in its native form, alginate-based systems can
be modified with amino acid sequences containing cell adhesion ligands, such as arginine-
glycine-aspartic acid (RGD), to regulate cell adhesion by providing integrin-binding sites.
Native and RGD-modified alginate nanofibers have been obtained by electrospinning

9,28

with polyethylene oxide (PEO) as a carrier polymer (e.g.,). With simple electrospinning
modifications and post-electrospinning techniques the desired alginate mat properties can be

enhanced for superior cell infiltration without introducing cytotoxicity concerns. For

instance, the humidity of the surrounding electrospinning environment can be modulated to
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increase charge density and fiber-fiber charge repulsions that exist due to the surface charges
on the negatively charged alginate to produce self-supported 3D alginate nanofiber mats.”
Thick, highly porous mats can also be achieved by mechanically separating nanofibers via
ultra-sonication in aqueous solutions to expand existing pores for increased mat porosity and
thickness.”

In this paper, we electrospun three-dimensional (3D), highly porous, cell adhesion
peptide-modified alginate scaffolds to improve cell adhesion, infiltration and proliferation.
The novel approach implemented to fabricate these scaffolds combines the benefits of
humidity enhanced charge repulsion with those of ultra-sonication to increase mat thickness
from submicron to millimeter scale while simultaneously improving mat porosity and pore
size. The resultant materials maintained this 3D architecture during handling and when
submerged in cell media. The impact of increasing mat porosity and thickness was monitored

to examine the influence on cell infiltration and proliferation.

2. Materials and Methods

2.1 Materials

Dulbecco’s modified Eagle’s medium (DMEM), 4',6-diamidino-2-phenylindole (DAPI), fetal
bovine serum (FBS) and antibiotics (penicillin—streptomycin) were purchased from Gibco

(Grand Island, NY). Human dermal fibroblasts (HDF) were purchased from ATCC
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(Manassas, VA). Polyethylene oxide (PEO, 600 kDa, Dow), ethanol, calcium chloride, and
Pluronic F127 were purchased from Sigma Aldrich (St. Louis, MO). Protanal LF 20/40
sodium alginate (196 kDa) was generously provided by FMC BioPolymers (Philadelphia,
PA) and its molecular weight was reduced to 37 kDa by gamma irradiation (5 Mrad), as
previously described.*® RGD-modified low molecular weight alginate (henceforth called
alginate) was synthesized as previously described using the peptide glycine — arginine —
glycine — aspartic acid — serine — proline (GRGDSP, Commonwealth Biotechnologies,

Richmond, VA).*®

2.2 Electrospinning

Electrospinning solutions were made by mixing aqueous stock solutions of 4 wt % PEO and
13.5 wt % alginate (37 kDa) with the nonionic surfactant Pluronic F127 for 1 day at 37 °C.
The addition of the FDA approved Pluronic F127 at low concentrations minimizes bead
defects that are characteristic of electrospun alginate systems without introducing cytotoxicity
concerns.”’ The composition of the final electrospinning solution was 10.6/0.8/1.5 wt. %
alginate/PEO/Pluronic F127 in water. To electrospin, the blend solution was loaded into a
plastic syringe (Henke Sass Wolf, Tuttlingen, Germany) fitted with a blunt-end needle (20G,
NanoNC, Inc., Seoul, Korea) and secured to an infusion syringe pump (Model 22, Harvard
Apparatus Inc., Holliston, MA). A rotating mandrel (10 cm diameter, 25 cm length;

NanoNC, Inc.) covered with aluminum foil was used for collection. The high-voltage

5
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power supply (AU 60PO; Matsusada, Inc., Kusatsu, Japan), mandrel, and syringe pump were
placed in a plastic glove box to maintain relative environmental humidity at 20 or 50%.
Relative humidity (RH) within the chamber was monitored using a Thermo-hygrometer
(Fisher, Pittsburgh, PA) and adjusted by flowing dry air either directly into the chamber or
into a water-filled flask to decrease or raise the humidity, respectively. Solutions were
electrospun for 5 h onto the rotating mandrel at a fixed collection distance (15 cm) and flow
rate (0.02 ml min™) with an applied voltage between 11-13 kV. Circular disks were
obtained from the resulting mat samples using a 20 mm diameter punch and air dried

overnight before further processing.

2.3 Post Processing

The alginate mats were rendered water insoluble via ionic crosslinking with calcium chloride

as previously described in the literature.”***

Briefly, samples were immersed and slowly
shaken for 10 s in a 100 ml solution of calcium chloride (2 % w/v) dissolved in a
water/ethanol mixture (1:5 v/v ratio). Mats were rinsed three times in water to remove any
residual chemicals, frozen, and then lyophilized. PEO and Pluronic F127 content was
extracted via shaking immersed mats in 5 ml water (37 °C) for 5 days to produce alginate-
only mats. The ultra-sonicated mats were produced by immersing alginate-only mats in 30

ml deionized water (21 °C) and ultra-sonicating (Branson ™ Bransonic Model 2510, 40 KHz,

Rochester, NY) for 5 h.
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The fiber morphology and cross-sectional analysis of the original
alginate/PEO/Pluronic F127, post-extraction alginate-only, and post ultra-sonicated mats
were assessed by scanning electron microscopy (SEM; Hitachi S-4500, Tokyo, Japan) at 5 kV.
Each sample was prepared by sputter coating with gold (E-1030, Hitachi). Mat cross-
sectional thickness (40 times magnification, N=4) and fiber diameters (average of 100
different fibers) were measured using image analysis software (Image-Pro Plus 6.0, Bethesda,
MD).

2.5 In vitro cell cultures

Primary human dermal fibroblasts (HDFs, American Type Culture Collection, Manassas, VA)
were cultured in Dulbecco’s modified Eagle medium with 4.5 g/L glucose (DMEM-HG,
Hyclone, Logan, UT) supplemented with 10 % fetal bovine serum (FBS, Hyclone) and 1%
v/v penicillin/streptomycin (P/S; Hyclone) at 37 °C in a humidified incubator with 5% CO-,
and used for the cell infiltration studies. HDFs (1x10° cells/scaffold) suspended in 0.1 ml
DMEM containing 10 % FBS were seeded on each alginate scaffold (5x5 mm), and the
constructs were then cultured in T-25 flasks with serum containing media for 2 weeks. The
culture medium was replaced every 2 days.

To examine the morphology of cells on the scaffolds using SEM, cell-scaffold
constructs were fixed using 2.5% glutaraldehyde in ultrapure deionized water (diH20) at RT

for 1 h. After rinsing the samples repeatedly with diH2O, the scaffolds were dehydrated
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using graded ethanol solutions of 70, 80, 90, and 100% for 30 min at each grading step,
lyophilized until dry, sputter coated with gold and imaged by SEM. To investigate cell
infiltration, the samples were embedded in freezing medium at -70 °C and cut into 7 um-thick
sections on a cryotome. Sections were stained with hematoxylin and eosin (H&E) and
imaged on a Leitz Laborlux S microscope (Leica, Germany) equipped with a digital camera
(Coolpix 995, Nikon, Japan). Sections were also stained with 4’,6-diamidino-2-
phenylindole (DAPI, Millipore) to visualize nuclei of cells within the constructs.
Fluorescence photomicrograph images were acquired using a fluorescence microscope
(ECLIPSE TE 300, Nikon, Tokyo, Japan) equipped with a digital camera (Retiga-SRYV,

Qimaging, Burnaby, BC, Canada).

2.6 Statistics

Data are expressed as mean + SD. Statistical analysis was carried out with one-way analysis
of variance (ANOVA) with Tukey significant difference post hoc test using Graphpad Prism
5.0 software (GraphPad Software, Inc., La Jolla, CA), and a value of p < 0.05 was considered

statistically significant.

3. Results and discussion

We first examine the morphologies of nanofibrous mats and nanofibers (Figures la,
b) of low molecular weight, peptide-modified alginate/PEO/surfactant blends electrospun

onto a rotating mandrel under two different humidity conditions, low humidity (LH)

8

Page 8 of 22



Page 9 of 22

Journal of Materials Chemistry B

indicating a RH of 20% and high humidity (HH) indicating a RH of 50%. The humidity
conditions were chosen so that uniform fibers could be electrospun and a 3D architecture
observed. Electrospinning at humidity conditions lower than 20% results in a flat topology
that is typically observed in electrospun mats. On the other hand, higher moisture conditions
can cause an accumulation of charge in polyelectrolyte-based polymers, such as alginate,
creating fiber-to-fiber repulsions and 3D-mat formation.” Raising the RH beyond ~50%
results in a slower evaporation rate of an aqueous solvent from an electrospun jet compared
to drier conditions, leading to capillary instabilities that manifest as bead defects within the
fibers.””® Figures la, b reveal that the RH during electrospinning significantly altered the
mat thickness and 3D nature. Electrospinning in the LH condition resulted in a consistent, 2D
mat coverage around the mandrel with a few areas of thicker 3D growth. In contrast,
electrospinning in the HH condition resulted in 3D mat coverage with numerous peaks visible.
The cross-sectional thicknesses of the mats were visualized and quantified via SEM
microscopy (Figures 2a, 2b, and 3a). As expected, the HH mats were significantly thicker
(438468 pum) than the LH mats (1845 pm). Interestingly, SEM photomicrographs of both
LH and HH conditions (Figure 1a and b) showed similar fiber morphology, with uniformly
distributed nanofibers and comparable fiber diameters (Figure 3b), which is not consistent
with our previous work studying electrospinning of unmodified alginate on a fixed collector

plate.”” These variations are possibly due to differences in experimental setup, such as
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collection distance or type, or in the peptide modification or purification of the alginate. We
have proposed that the 3D fibrous scaffold thickness increase is due to electrospinning high
charge density materials where surface charges create repulsion forces between fibers.”*°
This increased charge density coupled with the “like-charges repulsions between fibers” in
alginate cause them to extend off the collector mandrel, thus forming thicker, 3D mats.”
These thicker mats have reduced fiber density with increased porosity.

An examination of the crosslinking and extraction steps revealed that these steps do
not seem to alter fiber morphology, as SEM photomicrographs of samples before (Figures la
and b) and after (Figures 1c and d) treatment are similar. There was a slight increase in the
mat cross-sectional thickness in the alginate-only mats, with LH mats increasing from 18+5
to 29+£7 um and the HH mats increasing from 438+68 to 515424 pum (Figures 2c, 2d, and 3a).
Changes in the fiber diameter were most apparent, with the LH nanofibers decreasing from
229+78 to 128424 nm and the HH nanofibers decreasing from 177463 to 122423 nm (Figure
3b). The statistically-significant decrease in fiber diameters is attributed to the loss of the
PEO/Pluronic content during extraction.

The alginate-only mats were subjected to the final processing step of ultra-sonication
to increase the porosity and pore size within the scaffold, as well as its overall thickness.

Ultra-sonication had little impact on fiber morphology (Figures le and f) or diameter (Figure

3b), but drastically decreased the mat’s overall density and doubled the cross-sectional mat

10
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thickness (Figures 2e, 2f, and 3a). Specifically, the cross-sectional thickness of the LH mats
increased by more than five times from 29+7 to 150£26 pm, and the thickness of the HH
mats more than doubled from 515424 to 1171100 pm. The ultra-sonication of the HHs mat
created the largest observed pores, on the order of 300 um, which suggests that combining the
ultra-sonication treatment with high humidity electrospinning offers a powerful tool for
enhancing porosity. Lee et al. reported that thickness increase of electrospun scaffolds after
ultra-sonication may be attributed to vibrational energy which allows water to infiltrate into
the gaps between the nanofibers and further mechanically agitate them to increase the gaps
between the fibers.* The increase in mat thickness corresponds to a decrease in mat fiber
density and the presence of larger pores, both of which can enable cell migration toward the
center of the scaffold.””” It is possible that increased porosity can impact the scaffold’s
mechanical properties’; however we observed no apparent structural collapse or fiber
breakage while handling the mats. This lack of noticeable mat damage during handling bodes
well for the use of highly porous alginate scaffolds, but mechanical properties need to be
examined as part of future work.

Having established that controlled humidity and ultra-sonication can significantly
impact mat porosity, density and thickness, the concomitant effect of these mat changes on
cell morphology was next investigated. SEM photomicrographs of LH and HH electrospun

alginate-only scaffolds with and without ultra-sonication treatments were obtained after

11
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culturing cells on them for 2 weeks (Figure 4). LH scaffolds with and without ultra-
sonication (Figure 4a and c) exhibited similar cell morphology with many rounded cells
visible. Interestingly, the original fiber morphology was not readily apparent on the LH
electrospun scaffolds, possibly due to a dense, smooth layer of cells attached to their surfaces.
However, individual fiber architecture was apparent when the HH electrospun scaffolds were
examined (Figure 4b and d). The difference between the smooth scaffolds observed in the
LH conditions versus the fiber-apparent scaffolds in the HH conditions may be attributed to
the increased spacing between fibers which increases the volume available for cell migration
and proliferation. The increased spacing of fibers in the HH electrospun scaffolds more
easily permits visualization of cells that span and interdigitate between the fibers.” This
interdigitated cell growth was most apparent in the thickest scaffold, HH electrospinning with
ultra-sonication treatment, where the cells migrated through the pores, bridged the pore
surfaces, appeared more spread and connected fibers in a web like pattern, suggesting that
this phenomenon is related to the increased porosity.

High porosity is a desirable attribute for scaffolds as it permits cell infiltration,
provides space for cell proliferation and extracellular matrix deposition, and may enhance
oxygen and nutrient transport.'® It was anticipated that the high humidity and ultra-sonication
treatments would positively impact cell infiltration as these processes lead to increases in mat

thickness and porosity. Cell infiltration into the scaffolds was investigated by examining

12

Page 12 of 22



Page 13 of 22

Journal of Materials Chemistry B

cross-sectional photomicrographs of DAPI and H&E stained LH and HH electrospun
alginate-only scaffolds with and without ultra-sonication treatment. Royal blue dots
indicate HDF cell nuclei in DAPI stained scaffolds (Figures 5a-d), and dark purple areas
indicate HDFs in H&E stained scaffolds (Figures Se-h). The LH scaffolds (Figures 5a, c, e
and g) displayed cell growth that was predominantly limited to the scaffold surfaces,
indicated by the dashed lines. The LH, without ultra-sonication scaffolds appeared to have
the least amount cell growth overall with a majority of cells located on the constructs’ surface.
Cell growth increased in the LH, ultra-sonicated scaffolds, with areas of high cell
concentration visible near the surface and the appearance of cells having started to migrate
towards the center of the scaffolds. This behavior indicates that even small changes in mat
thickness and porosity via the ultra-sonication treatment improved cell infiltration. As the
mat thickness and porosity increased further with the HH conditions, so did the amount of
visible cells within the center of scaffolds. The HH scaffolds with and without ultra-
sonication (Figures 5b, d, f and h) exhibited cells that infiltrated to the center of the
constructs, possibly due to fiber-guided cell migration and/or the increased porosity and pore
size.” To a greater extent than the LH scaffolds, there was a noticeable increase in cell density
and penetration depth in the center of the HH scaffolds with ultra-sonication compared to
those without. These results indicate that the improved architectural characteristics and mat

thickness achieved via the combination of HH electrospinning conditions with ultra-

13
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sonication treatment enhances the cell infiltration and density into the center of the scaffolds.

4. Conclusions

This study demonstrates that combining high humidity electrospinning with ultra-sonication
treatment lead to an increase in surface area through a decrease in fiber diameters while
simultaneously decreasing mat density and increasing mat thickness by increasing construct
porosity and pore size. These mat transformations enhanced cell infiltration and
proliferation, possibly due to increased volume for cells to migrate and grow. Furthermore,
the proposed process to create highly porous 3D scaffolds is relatively facile and may be
extended to other materials beyond the alginate/polyethylene oxide system presented here,
thereby offering a versatile strategy to improve cell infiltration of existing electrospun

scaffold systems.
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Alginate

Figure 1. Photographs and SEM photomicrographs of the top surface of electrospun (a-b)

alginate/PEO/Pluronic F127 blended nanofibers, (c-d) alginate only nanofibers following PEO-

Pluronic F127 extraction, and (e-f) ultra-sonicated alginate-only nanofibers fabricated at 20% and

50% humidity conditions.
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50%
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Figure 2. SEM photomicrographs of cross-sectional sliced mats of (a-b) alginate-PEO-Pluronic

F127 blended nanofibers, (c-d) alginate only nanofibers following PEO-Pluronic F127 extraction, and

(c, f) ultra-sonicated alginate only nanofibers fabricated at 20% and 50% humidity conditions.
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Figure 3. The average (a) mat thickness and (b) fiber diameter of alginate-PEO-Pluronic F127

blended nanofibers, alginate-only nanofibers following PEO-Pluronic F127 extraction, and ultra-

sonicated alginate-only nanofibers fabricated at 20% and 50% humidity conditions. * indicates

statistically different (p < 0.05) from all other conditions. ** indicates statistically different (p < 0.05)

from all other conditions, except for other **,
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Figure 4. SEM photomicrographs of HDF seeded (a-b) alginate-only nanofibers following PEO-

Pluronic F127 extraction and (c-d) ultra-sonicated alginate-only nanofibers fabricated at 20% and

50% humidity conditions after two weeks of culture. Arrows indicate what are likely some of the cells

on these materials.
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Figure 5. Fluorescence photomicrographs of DAPI or H&E staining HDF seeded (a-b, e-f) alginate-
only nanofibers following PEO-Pluronic F127 extraction and (c-d, g-h) ultra-sonicated alginate-only

nanofibers fabricated at 20% and 50% humidity conditions after two weeks of culture.
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TOC. Hydrogel mats with increased thickness and porosity were achieved by pairing high humidity
electrospinning with post-processing ultra-sonication, and they show promise for the design of cell-

permeable nanofibrous scaffolds for tissue-engineering applications.
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