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Abstract

This study presents a first step in the development of a bone tissue engineering strategy to trigger
enhanced osteogenesis by modulating inflammation. This work focused on characterizing the effects
of the concentration of a pro-inflammatory cytokine, tumor necrosis factor alpha (TNF-a), on
osteogenic differentiation of mesenchymal stem cells (MSCs) grown in a 3D culture system. MSC
osteogenic differentiation is typically achieved in vitro through a combination of osteogenic
supplements that include the anti-inflammatory corticosteroid dexamethasone. Although simple, the
use of dexamethasone is not clinically realistic, and also hampers in vitro studies of the role of
inflammatory mediators in wound healing. In this study, MSCs were pre-treated with dexamethasone
to induce osteogenic differentiation, and then cultured in biodegradable electrospun poly(e-
caprolactone) (PCL) scaffolds, which supported continued MSC osteogenic differentiation in the
absence of dexamethasone. Continuous delivery of 0.1 ng/mL of recombinant rat TNF-a. suppressed
osteogenic differentiation of rat MSCs over 16 days, which was likely the result of residual
dexamethasone antagonizing TNF-a signaling. Continuous delivery of a higher dose, 5 ng/mL TNF-
a, stimulated osteogenic differentiation for a few days, and 50 ng/mL TNF-a resulted in significant
mineralized matrix deposition over the course of the study. These findings suggest that the pro-
inflammatory cytokine TNF-o stimulates osteogenic differentiation of MSCs, an effect that can be
blocked by the presence of anti-inflammatory agents like dexamethasone, with significant
implications on the interplay between inflammation and tissue regeneration.
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INTRODUCTION

The limitations of autologous bone grafting and other available surgical reconstructive
techniques have led to increased interest in bone tissue engineering, an interdisciplinary
strategy to promote healing of large bone defects using bioactive implantable materials. Cells
and bioactive factors are incorporated into these scaffolds to provide temporal and spatial cues
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guiding bone regeneration [1]. However, osteogenesis involves complex molecular signaling
and induces significant changes in the expression of several thousand genes [2-4]. To develop
an effective tissue engineering strategy for bone regeneration, the key regulators of this process
must be identified and incorporated. Informed by cell biology research, efforts to date have
focused on inducing bone regeneration via delivery of various bioactive molecules and
osteoprogenitor cells. However, recent insight into the critical role of pro-inflammatory
cytokines, including tumor necrosis factor alpha (TNF-a), in bone healing has heralded a new
direction in the rational design of bone tissue engineering constructs [5,6].

Although the impact of unregulated TNF-a signaling on mature bone in osteoporosis,
rheumatoid arthritis, and other pathologies has been studied, the role of TNF-a signaling during
bone healing is not well understood [6-10]. Recent studies suggest TNF-a plays an important
role in priming bone renewal. Expression of TNF-a rises immediately following bone injury,
and is elevated again in later stages of bone regeneration [6,11,12]. Absence of this TNF-a
signaling impairs in vivo bone fracture healing in a mouse model, delaying endochondral
ossification, but it has no effect on skeletal development, suggesting that TNF-a plays a unique
role in post-natal osteogenesis [13,14]. We selected TNF-o as a model inflammatory signal for
our studies based on its significant impact on in vivo bone regeneration.

Our ultimate goal is to develop a novel bone tissue engineering strategy that harnesses
inflammation to trigger osteogenesis in large bone defects. However, due to the many gaps in
our knowledge regarding the mechanism by which inflammatory signals trigger regeneration,
we are first focusing on developing a 3D in vitro strategy to better characterize the role of TNF-
a on mesenchymal stem cells (MSCs) undergoing osteogenic differentiation. Here we present
the results of a study that aimed to establish the effect of TNF-a concentration on osteogenic
differentiation of MSCs cultured in vitro on biodegradable microfiber scaffolds.

MSCs are a component of the bone marrow stroma, and have the capability to differentiate
into various connective tissues, including bone [15]. In vitro osteogenic differentiation of
MSCs typically requires the addition of dexamethasone [15-17], an anti-inflammatory
corticosteroid that is not found in the in vivo fracture healing microenvironment and that
suppresses in vivo bone regeneration [6,18]. Further, dexamethasone is known to antagonize
the in vitro effects of TNF-a on osteoblasts [19]. Recent efforts have resulted in 3D materials
that support in vitro differentiation of MSCs without the need for dexamethasone, for instance,
by means of a microfiber mesh scaffold coated with pre-generated bone-like extracellular
matrix [4,17,20].

In this study we used polymer electrospinning to generate porous mesh scaffolds made of poly
(e-caprolactone) (PCL), a biocompatible and biodegradable polymer [21,22]. By modulating
key processing variables, including the PCL concentration, flow rate, collector distance, and
applied voltage, PCL microfiber scaffolds with a specific pore size, porosity, and fiber diameter
can be reproducibly generated [22]. Scaffold pore size and porosity are key determinants of
cell attachment and migration, and also of nutrient transport, all of which affect cell function,
proliferation, and differentiation [23-25]. Electrospun PCL fibers with sub-micron diameters
have been shown to enhance MSC adhesion and spreading [22]. MSCs were pre-cultured to
induce osteogenic differentiation, and then cultured on electrospun PCL microfiber meshes,
which we assumed would continue to support MSC osteogenic differentiation even in the
absence of dexamethasone.

This study addresses the following questions: (i) What is the impact of continuous TNF-a,
delivery for 4, 8, and 16 days, and (ii) what is the impact of TNF-a concentration, on osteogenic
differentiation of MSCs cultured in vitro in 3D biodegradable PCL microfiber scaffolds? MSC-
seeded scaffolds were exposed to varying concentrations of TNF-a, which we hypothesized
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would enhance osteogenic differentiation in a dose-dependent manner. Our ultimate goal was
to determine the impact of TNF-a concentration on in vitro 3D osteogenic differentiation of
MSCs.

MATERIALS and METHODS

Experimental Design

A design with 6 groups and 3 time points was used to evaluate the impact of TNF-o dose on
rat MSC osteogenic differentiation on electrospun poly(e-caprolactone) (PCL) scaffolds. Low
(0.1 ng/mL), medium (5 ng/mL), and high (50 ng/mL) rat TNF-a, concentrations were
continuously delivered over a 4, 8, or 16-day culture period. Three control groups were
included: cell/scaffold constructs cultured without added TNF-a or dexamethasone; a positive
control where constructs received dexamethasone (i.e., complete osteogenic media), but did
not receive TNF-a; and an acellular control, where cell-free PCL scaffolds were cultured in
the absence of both TNF-a and dexamethasone, in order to account for any non-cell-specific
scaffold calcium accumulation.

Electrospun Scaffold Generation

The PCL (inherent viscosity = 1.22 dL/g; Lactel, Pelham, AL) had a number-average molecular
weight (M) = 72,100 £ 1400 Da, weight-average molecular weight (M,,) = 115,000 + 2200
Da, and polydispersity index (M,/M;) of 1.60 + 0.02, determined via gel permeation
chromatography (Phenogel Linear Column with 5 um particles, Phenomenex, Torrance, CA;
Differential Refractometer 410, Waters, Milford, MA) using a calibration curve created from
polystyrene standards (Fluka, Switzerland). The PCL was dissolved at 18 w/w% in 5:1 (by
vol) chloroform:methanol. This solution was used to generate electrospun meshes of PCL
microfibers using a previously decribed apparatus consisting of a syringe pump (Cole Parmer,
Vernon Hills, IL), power supply (Gamma High Voltage Research, Osmond Beach, FL), 19 cm
diameter copper wire (18 gauge) ring, and a square grounded copper plate (11x11x0.3 cm)
[22]. Briefly, 9 mL of PCL solution were loaded into a 10 mL syringe to which a 16 gauge
blunt-tip needle (Brico Medical Supplies, Inc., Metuchen, NJ) was attached. The syringe was
positioned in the electrospinning apparatus such that the needle tip was 33 cm from a glass
collecting plate, placed immediately in front of the grounded copper plate, and 4 cm from the
copper ring used to direct the spinning fibers onto the plate. The positive lead from the power
supply was split and connected to both the needle tip and the copper ring. A voltage difference
of 33 kV was applied and the PCL solution was pumped out of the needle tip at 40 mL/h using
the syringe pump. Disks with a diameter of 8 mm were cut from each resulting PCL microfiber
mesh using an arch punch (C.S. Osborne & Co., Harrison, NJ). Those disks with thickness
0.90-1.10 mm, as measured using digital micro-calipers (Mitutoyo, Aurora, IL), were used as
scaffolds for the study. Two electrospun PCL meshes were required to generate a sufficient
number of scaffolds for this study. The meshes were prepared on consecutive days from the
same lot of PCL, and using the same electrospinning parameters.

Scaffold Morphology

For scanning electron microscopy (SEM), samples were mounted onto aluminum stubs and
sputter-coated with 30 nm of gold. Fiber diameters at the top (n = 45 fibers) and bottom (n =
45 fibers) of each mesh were measured via SEM (FEI Quanta 400 Environmental, Hillsboro,
OR) ata 7.31 kV accelerating voltage and 3.0 spot size. The bottom of each mesh was defined
as the side adjacent to the glass collecting plate, i.e., the first layer of electrospun PCL
microfibers to be deposited. The top of the mesh (the side seeded with MSCs) was thus the
final layer of microfibers to be deposited. Several methods were used to minimize bias in the
fiber diameter measurements. Scaffolds for SEM imaging (n = 3) were blindly punched from
widely separated regions of each PCL mesh. The coordinates of the areas to be imaged on each
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scaffold (n = 3 on the top, n = 3 on the bottom) were established prior to SEM, as was the
(previously described) procedure for selecting and measuring fibers (n = 5 per field of view)
[22].

Scaffold Porosity

The porosity of n =50 scaffolds from each mesh was determined via an established gravimetric
analysis protocol [22]. Briefly, the porosity, was calculated based on the apparent density of
the scaffold, pscaffold, @nd the density of PCL, ppc, according to the equation: e =1 —
Pscaffold/PpcL. TO determine pseaffold fOr each scaffold, mass and volume were measured. To
calculate volume, each scaffold was approximated as a cylinder with 8 mm diameter and with
height equivalent to the scaffold thickness measured with digital micro-calipers.

Mesenchymal Stem Cell Isolation

Rat MSCs were isolated from the pooled femoral and tibial bone marrow of 8 male syngeneic
Fischer 344 rats weighing 150-175 g, according to established methods [4,17]. Bone marrow
suspensions were cultured for 7 days in 75 cm? flasks using complete osteogenic media, which
consists of a-MEM containing 10% v/v fetal bovine serum (Gemini Bio-Products, West
Sacramento, CA), 50 mg/L gentamicin, 1.25 ug/mL amphotericin-B (Sigma, St. Louis, MO),
as well as 3 osteogenic supplements: 10~8 M dexamethasone, 0.01 mM p-glycerophosphate,
and 50 pg/mL ascorbic acid (all from Sigma), to induce osteogenic differentiation [4,16].
Culture media was changed on days 1, 3, and 5 to remove non-adherent cells. In this study, the
adherent cells are designated as “mesenchymal stem cells,” based on the established osteogenic
potential of this cell population under appropriate in vitro conditions [15,26].

TNF-a Reconstitution and Dilution

Rat TNF-a was used for this study to better model the in vivo biology of the rat MSCs, since
combining TNF-ao from one species (e.g., human TNF-o)) with MSCs from another species
(e.g., murine MSCs) has been reported to result in TNF-a receptor binding selectivity not seen
with native TNF-a [27]. Lyophilized recombinant rat TNF-a (R&D Systems, Minneapolis,
MN) was reconstituted on the day of scaffold seeding using sterile phosphate-buffered saline
(PBS) containing 0.1 w/w% bovine serum albumin (Sigma), according to the manufacturer’s
instructions. Aliquots were taken from this 100 ng/uL stock TNF-a solution and further diluted
to concentrations of 0.1, 5, and 50 ng/uL. All reconstituted TNF-a solutions were split into
aliquots, to minimize the number of freeze/thaw cycles, and stored at —20°C in a manual defrost
freezer, according to the manufacturer’s instructions. For experiments, 4 uL of diluted solution
were added to 4 mL of media used for construct culture, resulting in the desired experimental
group concentrations of 0.1, 5, and 50 ng/mL TNF-a.

Scaffold Preparation

Electrospun PCL scaffolds were prepared for MSC seeding according to established protocols
[22]. The scaffolds were sterilized via exposure to ethylene oxide gas for 14h, and then passed
through a decreasing ethanol gradient (from 100% to 70%) to expel air from the scaffold pores.
Centrifugation was used to ensure complete prewetting. The ethanol was exchanged with sterile
milliQ water, and the scaffolds were then immersed in dexamethasone-free osteogenic media
and left in an incubator overnight. Prior to MSC seeding, the scaffolds were press-fit into
seeding cassettes and placed into 6-well plates (1 cassette/well). Ultra-low attachment 6-well
plates (Corning Incorporated Life Sciences, Lowell, MA), consisting of a neutral, hydrophilic
hydrogel covalently bound to a polystyrene well-plate, were used based on the results of a pilot
study indicating increased retention of MSCs on electrospun PCL scaffolds (i.e., reduced
adhesion of MSCs to the bottom of the well) without any impact on MSC osteogenic
differentiation.
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Scaffold Seeding and Culture

Nearly confluent MSCs were detached from the cell culture flasks with 0.25% trypsin/EDTA
(Sigma, St. Louis, MO), counted with a hemocytometer, centrifuged, and resuspended at 1.25
million cells/mL in dexamethasone-free osteogenic media, which is identical in composition
to complete osteogenic media, except that it lacks dexamethasone. Although dexamethasone
is typically used as an osteogenic supplement in vitro [16,17], it was not included in the media
used for MSC/scaffold culture because this portion of the study involved TNF-a
supplementation, and dexamethasone has been shown to antagonize the in vitro effects of TNF-
a on osteoblasts [19]. For seeding, 200 uL of the resuspended MSCs were added drop-wise to
each scaffold, which had already been press-fit into a seeding cassette and placed in a 6-well
plate (Corning), as detailed above. MSCs were allowed to attach to the scaffolds for 4h, and
then each well was filled with dexamethasone-free media as well as supplemental TNF-a or
dexamethasone, as appropriate. After 24h, cell/scaffold constructs (n = 15 per group) were
transferred to new ultra-low attachment 6-well plates (1 construct/well). 4 mL of
dexamethasone-free media were added to each well, and relevant groups also received
supplemental TNF-o (0.1, 5, or 50 ng/mL per well) or dexamethasone (108 M/well).
Thereafter, media and supplements were changed every two days for a total of 4, 8, or 16 days
of culture.

Cellularity Measurement

Construct cellularity was quantified according to an established protocol [17]. At each
timepoint, n = 4 constructs from each group were rinsed twice with PBS and placed in 1 mL
of sterile milliQ water. The cells were lysed and cell contents were extracted with 3 freeze/
thaw/sonication cycles (10 min at —80°C, 10 min at 37°C, 10 min sonication). The dsDNA
content of each resulting solution was quantified using the fluorometric PicoGreen assay
(Molecular Probes, Eugene, OR) with an excitation wavelength of 490 nm and an emission
wavelength of 520 nm, as detailed elsewhere [17]. Samples and dsDNA standards were run in
triplicate. The results were converted to cells per construct using the previously established
DNA content of rat MSCs [17].

Alkaline Phosphatase Activity Assay

Alkaline phosphatase (ALP) activity of MSC-seeded scaffolds was used as an early marker of
osteogenic differentiation [17]. An established colorimetric assay was used to quantify ALP
activity based on the rate of conversion of a colorless substrate, p-nitrophenyl phosphate
disodium salt hexahydrate (Sigma), to a yellow product, p-nitrophenol [17]. The assay was
prepared in a 96-well plate using aliquots of the same cell lysate used to measure cellularity,
according to an established protocol [17]. Samples were run in triplicate, and diluted to fall
within the range of the p-nitrophenol standards. After 1h incubation at 37°C, the reaction was
stopped with 0.3 M NaOH and the absorbance at 405 nm was measured with a plate reader.
ALP activity was normalized to construct cellularity [17].

Calcium Content Assay

The acid-soluble calcium content of MSC-seeded scaffolds was used to quantify mineralized
matrix deposition, which is a late-stage marker of osteogenic differentiation [17]. An
established colorimetric assay was used to quantify calcium content based on the color change
that occurs when a calcium chelating agent (Arsenazo 11, Diagnostic Chemicals, Oxford, CT)
binds to free calcium in an acid solution. Prior to the assay, each construct was removed from
the aqueous cell lysate, immersed in 1 mL 1 N acetic acid, and left on a shaker table at 200
rpm overnight to dissolve matrix-bound calcium. The assay was prepared in a 96-well plate as
previously described, and absorbance at 650 nm was read after a 10 min incubation [17].
Samples were run in triplicate and diluted to fall within the range of the CaCl, standards.
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Histological Sample Preparation

At each timepoint, n = 1 construct from each group was rinsed twice with PBS and fixed
overnight in 5 mL of 10% buffered formalin phosphate. Constructs were then passed through
an ascending (70% to 100%) ethanol gradient and stored in 100% ethanol at 4°C. Prior to
sectioning, each construct was cut in half using a razor blade, so that cross-sectional images
could be obtained. Half was returned to storage in 100% ethanol and the other half was
embedded in HistoPrep frozen tissue embedding media (Fisher Scientific, Pittsburgh, PA).
Frozen 5 um thick sections were cut using a cryotome (CM1850, Leica Microsystems,
Bannockburn, IL) and mounted on Superfrost Plus glass slides (Fisher Scientific). The slides
were incubated at 45°C on a slide warmer for 4-5 days for optimal section adhesion.

Histological Staining and Imaging

To visualize the distribution of mineralized matrix and cells within each construct, sections
were rehydrated with water for 1 min and then immersed in von Kossa stain (5% wi/w silver
nitrate in milliQ water) under UV for 30 min. Residual stain was removed by gentle drop-wise
rinsing with water followed by 95% ethanol. Sections were then counter-stained with alcoholic
eosin Y (Sigma) for 3 min. Residual eosin was removed by gentle drop-wise rinsing with 95%
ethanol. Once dry, stained slides were imaged with a light microscope (Eclipse E600, Nikon,
Melville, NY) using an attached video camera (3CCD Color Video Camera DXC-950P, Sony,
Park Ridge, NJ) and computer. Light microscope images were calibrated using the standard
two-image method to correct for differences in background lighting and in dark-current effects
in the detector [28].

Statistical Analysis

Fiber diameters and porosities are reported as mean + standard deviation for n = 45 fibers and
n = 50 scaffolds, respectively. The average fiber diameter of the top and bottom of each PCL
microfiber mesh, along with the average porosity, were compared using a Student’s t-test for
two independent samples with equal variance (a = 0.05) after performing an F-test to validate
the assumption of equal variance at 95% confidence. Cellularity, ALP activity, and calcium
assay results are reported as mean + standard deviation for n = 4 constructs. Statistical
differences in cellularity, ALP activity, and calcium content amongst groups at each time point,
and also within each group over time, were analyzed at 95% confidence using one-way analysis
of variance. Multiple pair-wise comparisons were made using the Bonferroni post-hoc analysis
method at 95% confidence.

RESULTS

The two electrospun PCL microfiber meshes fabricated for this study had statistically
equivalent mean fiber diameters (p > 0.05), as shown in Table 1. Although the average
porosities of the two meshes were statistically different (p < 0.05), the magnitude of the
difference was quite small (77.8 = 2.8% vs. 79.5 + 3.1%), and so the two meshes were used to
generate the PCL scaffolds for this study. Equal numbers of scaffolds were randomly selected
from each mesh. Figure 1 shows representative scaffold morphology obtained via SEM at
varying magnifications.

Figure 2 depicts the number of cells in the constructs after 4, 8, and 16 days of culture. Most
groups had similar cellularity at each timepoint, with a few exceptions. The acellular control
(“Acellular”) had nearly zero cells/scaffold at all timepoints, as expected. The cellularity of

the positive control group (“0 ng/mL TNF +dex”) peaked at the earliest timepoint (day 4), at
a value significantly higher than the number of cells on the experimental constructs (p < 0.05).
The number of cells on the positive control constructs subsequently declined (values at all three
timepoints differ, p < 0.05), such that this group had significantly fewer cells than the other
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groups at day 16 (p < 0.05). The negative control group (“0 ng/mL TNF”) followed a similar
trend, although no statistical differences were detected between timepoints (p > 0.05). In
contrast, the lowest dose of TNF-a (“0.1 ng/mL TNF”) induced proliferation resulting in a
monotonic increase in cellularity (values at all three timepoints differ, p < 0.05), with cell
numbers for this group exceeding those of all others on days 8 and 16 (p < 0.05). The highest
dose of TNF-a (“50 ng/mL TNF”) also induced proliferation, but cellularity peaked at day 8
and then declined (day 4 and day 16 values both differ from day 8, p < 0.05). The middle dose
of TNF-a (“5 ng/mL TNF”) followed a similar trend, with an apparent peak at day 8 and
subsequent plateau, but no statistical differences were detected between timepoints (p > 0.05).

Figure 3 shows the ALP activity of the constructs on a per cell basis. Dexamethasone induced
ALP activity, such that the 0 ng/mL TNF +dex positive control had significantly higher values
than all other groups at each timepoint (p < 0.05), and showed an increasing trend throughout
the study (all timepoints different, p < 0.05). Unlike the positive control, the ALP activity of
the 0 ng/mL TNF negative control did not change throughout the study (all timepoints similar,
p > 0.05), although it did appear to be declining by day 16. In contrast, supplementation with
TNF-a greatly reduced ALP activity on a per cell basis. The experimental groups had
significantly lower ALP activity than both of the MSC-seeded control groups at all timepoints
(p < 0.05). This suppression appeared dose-dependent on day 4 since 0.1 ng/mL TNF had
higher ALP activity than 50 ng/mL TNF (p < 0.05), and the value for 5 ng/mL TNF fell between
these two. Although the ALP activity of 0.1 ng/mL TNF remained higher than that of the other
two experimental groups at all timepoints (p < 0.05), these groups showed divergent trends
over time. The ALP activity of 0.1 ng/mL TNF peaked at day 8 (all timepoints differ, p <0.05),
while 5 ng/mL TNF and 50 ng/mL TNF had monotonically decreasing ALP activity (in each
group, all timepoints differ, p < 0.05), that was indistinguishable from the acellular group by
day 16 (p > 0.05). As expected, the acellular control had nearly zero ALP activity at all
timepoints.

Figure 4 illustrates the acid-soluble calcium content of the constructs after 4, 8, and 16 days
of culture. The calcium content of all groups, with the exception of the acellular control,
monotonically increased over time. Dexamethasone induced the greatest amount of overall
calcium deposition, such that the 0 ng/mL TNF +dex positive control had significantly higher
values than all other groups on days 8 and 16 (p < 0.05), and showed an increasing trend
throughout the study (all timepoints different, p < 0.05). TNF-a. triggered early mineralized
matrix deposition in a dose-dependent manner, such that 5 ng/mL TNF had significantly more
calcium on day 4 than the control groups and 0.1 ng/mL TNF (p < 0.05), and 50 ng/mL TNF
had even more calcium (p < 0.05). After day 4, the rate at which calcium was deposited in
these constructs declined, while the calcium deposition rate of the controls increased. By day
8, the negative control (0 ng/mL TNF) and 50 ng/mL TNF constructs had similar calcium
content (p > 0.05), and continued to deposit similar amounts of calcium through day 16 (p >
0.05). On both days 8 and 16, the calcium content of 0 ng/mL TNF and 50 ng/mL TNF
significantly exceeded that of the other two experimental groups (p < 0.05). In fact, the lower
doses of TNF-o almost completely suppressed calcium deposition. The mineralized matrix
deposition rate of the 5 ng/mL TNF constructs fell to zero after day 4, so that essentially no
further calcium was deposited over the course of the study. The calcium content of the 0.1 ng/
mL TNF constructs also plateaued; it increased (p < 0.05) from a near-zero level on day 4 to
a level equivalent to the 5 ng/mL TNF constructs on day 8. Neither group showed any further
calcium deposition on day 16 (p > 0.05).

The results of the cellularity and calcium content assays were confirmed qualitatively through
histological analysis, shown in Figure 5. Sections were stained with von Kossa, which stains
mineralized extracellular matrix black, and counter-stained with eosin, which dyes cytoplasmic
material and organic matrix components (e.g., collagen) reddish-pink. The highest density of
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mineralized matrix was observed at the top of the scaffolds, visible as black deposits of varying
widths and ~40 um thickness (blue arrows in Fig. 5). Consistent with the calcium assay data
(Fig. 4), 50 ng/mL TNF sections stained the darkest with von Kossa on day 4, while 0 ng/mL
TNF +dex was the darkest-staining group on days 8 and 16 (Fig. 5). The presence of the black-
stained mineralized matrix made it difficult to discern the cells in sections with high calcium
because the matrix was co-localized with cells.

In general, the highest density of cells was observed at the top of the scaffolds. At the earliest
timepoint, when the calcium content of all groups was at its lowest, a 5-10 um thick pink-
stained layer of cells and non-mineralized matrix was visible at the top of each section
(indicated by yellow arrows), except for the acellular construct (Fig. 5). Consistent with
cellularity (Fig. 2) and calcium measurements (Fig. 4), a very thick (~30 um) reddish-pink
layer of cells and (mostly non-mineralized) matrix was observed on the top surface of the 0.1
ng/mL TNF sections on days 8 and 16 (see representative images in Fig. 5). Cells infiltrated
200-500 um into each microfiber scaffold; these lower-density collections of cells gave the
upper ~200 um of the section a grayish tint (e.g., day 8 image of 0 ng/mL TNF in Fig. 5), and/
or appeared as grayish threads and speckles amidst the PCL fibers (e.g., yellow arrows in lower
half of day 16 image of 0 ng/mL TNF in Fig. 5). The grayish color of these features is an artifact
of the low magnification (10x) used to capture the images in Figure 5. At higher magnification
(not shown), these structures were tinted pink, as expected for eosin-stained cells. Mineralized
matrix was also deposited on PCL fibers 200-500 um below the surface, consistent with the
depth of cell infiltration. This was particularly evident when comparing the lower portions of
the stained sections (e.g., day 16 images of 0 ng/mL TNF +dex, 0 ng/mL TNF, and Acellular
in Fig. 5).

DISCUSSION

The goal of this study was to determine the effect of TNF-a dose on MSC osteogenic
differentiation in a 3D biodegradable microfiber mesh scaffold. The lowest TNF-a.
concentration (0.1 ng/mL) for this study was selected because it approximates the physiologic
level of TNF-a measured in wound fluid from patients with severe bone injuries [29]. The
medium (5 ng/mL) and high TNF-a concentrations (50 ng/mL) were selected based on previous
studies demonstrating differential effects on the 2D osteogenic differentiation of MSCs [8,9,
30]. We found that continuous delivery of a low dose (0.1 ng/mL) of recombinant rat TNF-a
suppressed osteogenic differentiation of rat MSCs over 16 days. In contrast, continuous
delivery of a higher dose, 5 ng/mL TNF-q, stimulated osteogenic differentiation for a few days,
and 50 ng/mL TNF-a resulted in significant mineralized matrix deposition over the course of
the study. Our findings suggest that TNF-a stimulates osteogenic differentiation of MSCs, and
that this effect can be antagonized by signaling resulting from pre-culture with the anti-
inflammatory agent dexamethasone.

An important feature of this study is the use of TNF-o and MSCs from the same species.
Recombinant rat TNF-o was used to better model the in vivo biology, since the MSCs were
from a rat source. Rats were selected in anticipation of future in vivo implantation studies to
evaluate bone regeneration using an established rat critical size cranial defect model [31]. To
our knowledge, no other studies have reported on the ALP activity and mineralized matrix
deposition of rat MSCs treated with rat TNF-a in vitro either in 2D or 3D culture. Several
previous studies with rat osteoprogenitors have inter-mingled species; for instance, fetal rat
calvarial osteoblasts were treated with recombinant human TNF-a, resulting in decreased
calcium deposition when TNF-o was given during the first two weeks of culture, and no effect
if TNF-a administration began thereafter [32,33]. However, inter-species variability in TNF-
a is significant, as shown rigorously for humans and mice. Human TNF-a selectively binds to
the type 1 TNF receptor on murine MSCs, while murine TNF-o has equal affinity for both type

Biomaterials. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mountziaris et al.

Page 9

1 and 2 TNF-a receptors [27]. Thus, it is difficult to use the results of these studies to better
understand the in vivo impact of TNF-a. Additionally, studies using MSCs and TNF-o. from
the same species have shown divergent effects. Human MSCs treated in vitro with human TNF-
a for 14-21d showed increased ALP activity and calcium deposition [8,10], while recombinant
murine TNF-a (also delivered for 14-21d) suppressed ALP activity and mineralized matrix
deposition of murine MSCs [9,34]. This suggests that species physiology affected our
osteogenic marker results.

Our results indicate that unmodified electrospun PCL microfiber meshes support 3D osteogenic
differentiation of MSCs. This was not seen in similar in vitro studies with titanium microfiber
meshes, where scaffolds required a pregenerated bone-like mineralized matrix coating in order
to support in vitro rat MSC osteogenic differentiation under static conditions, particularly in
the absence of dexamethasone [17]. In this study, the calcium per construct achieved in the 0
ng/mL TNF +dex positive control constructs after 16 days (Fig. 4) far exceeds the values
reported for MSC-seeded titanium microfiber meshes under similar in vitro conditions (644.5
+14.9 pugvs. 10-20 pg), and is similar to the net calcium deposition achieved when the titanium
microfibers were coated with pregenerated bone-like matrix [17]. Similarly, the 407.6 £ 14.1
ug of calcium deposited after 16 days in the absence of dexamethasone (0 ng/mL TNF values
in Fig. 4) exceeds that for both unmodified (~0 pg) and bone-like matrix coated (213.2 + 13.6
ug) titanium microfiber constructs [17]. Several potential explanations for these findings exist.
The batch of MSCs used for this study may have had inherently higher capacity for mineralized
matrix deposition. This is a less likely explanation, however, since the MSCs from 5 or more
rats were pooled to reduce such variability. Additionally, similar high calcium values have
been achieved in pilot studies using MSC-seeded PCL scaffolds (results not shown). The
hydrophobicity of the PCL microfibers may have played a role by promoting protein adsorption
and subsequent cell adhesion, which may have enhanced osteogenic differentiation. PCL was
selected for the generation of electrospun microfiber scaffolds because of its biocompatibility
and very slow degradation rate, such that scaffolds implanted in vivo as a component of a future
bone tissue engineering strategy would promote tissue ingrowth and provide structural support
within a bone defect, and then later degrade to allow for remodeling of the regenerated bone
[22,25]. The variation in fiber size inherent to the generation of electrospun PCL meshes may
have been beneficial, compared to the relatively uniform prefabricated titanium meshes. SEM
indicated that although largely comprised of ~10 um diameter fibers, the PCL meshes also
contained some smaller fibers (Fig. 1a,b). Electrospun PCL fibers with sub-micron diameters
have been shown to enhance rat MSC adhesion and spreading [22]. The results of this study
indicate that electrospun PCL microfiber meshes are promising candidates as components of
3D in vitro culture systems to better understand the role of inflammatory mediators in MSC
osteogenic differentiation.

We capitalized on this finding to culture MSCs in the absence of dexamethasone, which was
particularly important as this anti-inflammatory corticosteroid blocks the in vitro effects of
TNF-a on osteoblasts [19]. Corticosteroids, including dexamethasone, interfere with
intracellular TNF-a signaling mainly by binding to and inactivating nuclear factor-xkB (NF-
kB), atranscription factor [18]. TNF-a binding to cell-surface receptors activates NF-«kB, which
travels from the cell cytoplasm to the nucleus, binds to DNA, and activates specific genes.
Antagonizing NF-«xB blocks many effects of TNF-a on cells [18]. Unlike TNF-a,
corticosteroids are not found in the in vivo fracture healing microenvironment and have been
shown to suppress in vivo bone regeneration [6,18]. Thus, the exclusion of dexamethasone
from the culture media of all but the positive control group had the benefit of making the 3D
culture system described herein a better approximation of in vivo bone biology.

However, dexamethasone is commonly used for in vitro MSC culture, in combination with
ascorbic acid and B-glycerophosphate, due to the resulting significant stimulation of osteogenic
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markers like ALP activity and mineralized matrix deposition [15-17]. In this study, all three
of these supplements were provided to the rat MSCs during the 2D pre-culture expansion period
based on previous reports that dexamethasone is necessary to initiate in vitro osteogenic
differentiation of rat MSCs [15,17]. Dexamethasone supplementation was discontinued once
the MSCs were seeded onto the biodegradable PCL microfiber scaffolds, i.e., during the portion
of the study involving TNF-o supplementation. The only exception was the 0 ng/mL TNF +dex
positive control group, which received continuous dexamethasone supplementation and as a
result showed elevated markers of osteogenic differentiation, with the highest level of ALP
activity throughout the study (p < 0.05; Fig. 3) and the highest level of calcium deposition on
days 8 and 16 (p < 0.05; Fig. 4).

The decrease in cellularity over time observed in the 0 ng/mL TNF +dex positive control (Fig.
2; values at all three timepoints differ, p < 0.05) is consistent with our previous experience
with rat MSC osteogenic differentiation on titanium meshes (20 um fiber diameter) [17] and
starch-PCL blend (180 um fiber diameter) scaffolds [25]. Two possible explanations for this
decline in measured cellularity over time have been reported. One possibility is that it is an
artifact of late-stage osteogenic differentiation of MSCs, which results in increased deposition
of mineralized matrix that traps DNA and prevents its detection [17]. The 0 ng/mL TNF +dex
constructs exhibited high levels of calcium deposition on days 8 and 16 (Fig. 4), a trend
confirmed by von Kossa staining (Fig. 5). Histology also indicated that calcified matrix co-
localized with cells and the (eosin-stained) cell content of the 0 ng/mL +dex constructs
appeared to increase over time, particularly from days 4 to 8 (Fig. 5), suggesting that complete
DNA detection may have been impaired by the high mineralized matrix content of these
constructs. This mechanism could also be applied to the subtly declining cell counts seen in
the dexamethasone-free negative control (Fig. 2; non-significant decreasing trend for 0 ng/mL
TNF constructs, p > 0.05), and also to the 50 ng/mL TNF group, where measured cellularity
declined significantly from day 8 to day 16 (Fig. 2; p < 0.05); this finding was not seen with
the other two doses of TNF-a. At the same time, calcium content of the 0 ng/mL TNF and 50
ng/mL TNF constructs increased significantly (Fig. 4; all three timepoints differ within each
group, p < 0.05) and greatly exceeded that for the other two TNF-a doses on days 8 and 16
(Fig. 4; p < 0.05).

Another possible explanation for the decrease in cellularity over time observed in the 0 ng/mL
TNF +dex positive control (Fig. 2; values at all three timepoints differ, p < 0.05) is a direct
effect of dexamethasone, which is known to support MSC proliferation in some cases and
inhibit it in others. Factors influencing this effect include dexamethasone dose and duration,
as well as MSC species and stage of osteogenic differentiation [15]. Under this theory, the
subtle decline in cellularity seen for the 0 ng/mL TNF (Fig. 2; non-significant decreasing trend,
p > 0.05) and 50 ng/mL groups (Fig. 2; significant decline from days 8-16, p < 0.05) would
be attributable to end-stage osteogenic differentiation of the MSCs, associated with cessation
of cell proliferation, decreased early-stage markers (in this study, ALP activity shown in Fig.
3; non-significant decreasing trend for 0 ng/mL TNF, p > 0.05, and significant decreasing trend
for 50 ng/mL TNF, p < 0.05), and elevated late-stage markers (here, mineralized matrix
deposition in Fig. 4; significant increasing trends for 0 ng/mL TNF and 50 ng/mL TNF, p <
0.05). In contrast, the substantial decrease in cell content of the 0 ng/mL TNF +dex constructs
(Fig. 2; cellularity lower than all other groups except acellular on day 16, p < 0.05) would be
the combined result of terminal MSC differentiation into osteoblasts and a direct effect of
dexamethasone on cellularity. Further studies are required to distinguish between these two
possibilities.

Overall, no adverse effect of 0.1 — 50 ng/mL TNF-a on cell viability was seen over the course
of 16 days, consistent with recent reports for 2D in vitro MSC cultures in dexamethasone-free
osteogenic media [8,10]. Although cell counts in the experimental constructs were lower than
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in the controls on day 4 (p < 0.05), this difference was no longer present by day 8 (Fig. 2). The
monotonic increase in cellularity over time for 0.1 ng/mL TNF constructs (Fig. 2; values at all
three timepoints differ, p < 0.05) is consistent with proliferation recently reported for human
MSCs encapsulated in 3D poly(ethylene glycol)-based hydrogels and exposed to recombinant
human TNF-a for 14 days in the presence of dexamethasone [5]. This increase in proliferation
was suggested to indicate that TNF-a inhibits osteogenic differentiation of human MSCs,
particularly when combined with data indicating that TNF-a suppressed ALP activity of human
MSCs in the hydrogels [5]. However, it is likely that these published results reflect the
combined, opposing effects of TNF-a and dexamethasone delivery.

In this study, the divergent effects of low and high doses of TNF-a on markers of MSC
osteogenic differentiation likely arose from the relative balance between dexamethasone- and
TNF-a-related signaling early in 3D culture. Our results for the 0.1 ng/mL TNF constructs
suggest that TNF-a inhibited osteogenic differentiation, but the data for the 50 ng/mL TNF
group suggest the opposite. Previous studies have reported one result or the other, but never a
combination of the two findings as in our case. The most likely explanation is a residual effect
of the dexamethasone that was used as a supplement during the MSC in vitro pre-culture period.
Corticosteroids, including dexamethasone, are internalized by cells and bind to an intracellular
receptor, so the in vitro effects of dexamethasone can persist for up to 2 weeks after its removal
from the environment [15,18]. Thus, despite the separation in the delivery of dexamethasone
and TNF-a during MSC culture, our results suggest that intracellular signals arising from the
two agents interacted and impacted MSC osteogenic differentiation.

The 7-day pre-culture period used for the rat MSCs in this study typically results in committed
osteoprogenitor cells that are not yet mature osteoblasts [35]. By day 4 of our study, TNF-a
had reduced ALP activity (Fig. 3; p < 0.05) and increased mineralized matrix deposition (Fig.
4; p <0.05) in a dose dependent manner. However, this effect was not maintained over the
course of 16 days for lower doses of TNF-a.. The ALP and calcium data for the 0.1 ng/mL TNF
group indicate suppressed osteogenic differentiation over the course of 16 days. Both
osteogenic markers were significantly lower than the values for positive and negative control
groups throughout the study (ALP activity suppressed, p < 0.05 in Fig. 3; calcium content
reduced, p < 0.05 in Fig. 4). When considered together with the cellularity data, where the 0.1
ng/mL constructs showed a monotonic increase in cell content (Fig. 2; all three timepoints
differ, p < 0.05), these data are consistent with previous reports of simultaneous delivery of
dexamethasone and TNF-a, which stimulated an immature, proliferative phenotype in human
MSCs [5]. In contrast, the highest dose of TNF-a had the opposite effect on MSCs; cell content
remained fairly constant throughout the study (Fig. 2), while mineralized matrix content
increased monotonically (Fig. 4; all three timepoints differ, p < 0.05), consistent with
progression towards terminal osteogenic differentiation and with previous reports of human
MSCs treated with human TNF-a in the absence of dexamethasone [8,10]. The 5 ng/mL TNF
constructs showed a similar pattern, with constant cellularity (Fig. 2), declining ALP activity
(Fig. 3; all three timepoints differ, p < 0.05), and significantly elevated mineralized matrix
content on day 4 (Fig. 4; exceeds all groups except 50 ng/mL TNF, p < 0.05). However,
mineralized matrix deposition appeared to halt after day 4 for this group, so that the values on
days 8 and 16 were equivalent to those of the 0.1 ng/mL TNF constructs (Fig. 4; p > 0.05).
Thus, the lowest dose of TNF-o may have only been sufficient to cancel out the effects of
dexamethasone, halting MSC osteogenic differentiation, while the higher doses were able to
also exert a TNF-o-related effect on the MSCs, resulting in increased calcium deposition.

Our findings of increased mineralized matrix deposition triggered by TNF-a delivery in the
absence of dexamethasone are supported by several studies in a variety of cell types. TNF-a
delivered for 28d in the absence of dexamethasone promoted odontoblastic differentiation and
increased mineralized matrix deposition of dental pulp cells [36]. Increased calcium deposition
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in vitro has also been reported for vascular-derived cells treated with TNF-a in the absence of
dexamethasone [37]. In addition, human MSCs treated in vitro with human TNF-a for 14-21d
showed increased calcium deposition in the absence of dexamethasone [8,10]. However, a
similar study in murine MSCs indicated that recombinant murine TNF-o suppressed ALP
activity and mineralized matrix deposition regardless of the presence of dexamethasone [9,
34], which serves as a reminder that species physiology also impacted our results. Overall, our
results suggest that the pro-inflammatory cytokine TNF-a stimulates in vitro mineralized
matrix deposition by MSCs, a late-stage marker of osteogenic differentiation, and that this
effect is likely antagonized by the anti-inflammatory agent dexamethasone. Future studies will
expand on this exciting finding to establish the optimal time period for delivery and, ultimately,
whether TNF-a can be used as a more physiologically realistic replacement to the traditional
osteogenic supplement dexamethasone.

CONCLUSIONS

This study demonstrated that the pro-inflammatory cytokine TNF-a stimulates mineralized
matrix deposition, a late stage marker of osteogenic differentiation, when delivered
continuously to MSCs cultured in 3D electrospun PCL microfiber meshes. By day 4 of our
study, TNF-o had reduced ALP activity, an early marker of osteogenic differentiation, and
increased mineralized matrix deposition in a dose dependent manner. However, this effect was
not maintained over the course of 16 days for lower doses of TNF-a. Continuous delivery of
0.1 ng/mL of TNF-o induced proliferation and suppressed osteogenic markers in MSCs over
16 days, an effect that likely arose from the antagonism of TNF-a by anti-inflammatory
signaling induced by the corticosteroid dexamethasone, which was used as an osteogenic
supplement during in vitro MSC pre-culture. In contrast, continuous delivery of a higher dose,
5 ng/mL TNF-q, stimulated osteogenic differentiation for a few days, and 50 ng/mL TNF-a
resulted in significant mineralized matrix deposition over the course of the study. This suggests
that the lowest dose of TNF-a was only sufficient to cancel out the effects of dexamethasone,
halting MSC osteogenic differentiation, while the higher doses were able to also exert a TNF-
a-related effect on the MSCs, resulting in increased calcium deposition. Based on these results
we conclude that TNF-a stimulates osteogenic differentiation, and that its effects on MSCs can
be blocked by the presence of anti-inflammatory agents like dexamethasone.
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ALP alkaline phosphatase

+dex supplemented with dexamethasone
MSCs mesenchymal stem cells

NF-«B nuclear factor-xB

PBS phosphate-buffered saline

PCL poly(e-caprolactone)

SEM scanning electron microscopy
TNF-a tumor necrosis factor alpha
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Figure 1.

Electrospun microfibers generated for this study, imaged via SEM at varying magnifications,
(a) 200x%, (b) 600x, and (c) 2000x. A cross-section through the entire thickness of a
representative scaffold is shown in (d), at 120x magnification. Scale bars shown for (a) and
(b) represent 100 um, 20 um for (c), and 200 pum for (d).
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Figure 2.

Cellularity of MSC-seeded electrospun PCL scaffolds after 4, 8, and 16 days of culture. Three
freeze/thaw/sonication cycles were used to extract dSDNA, which was then quantified with a
fluorometric kit and translated to cells/scaffold. Experimental groups were cultured in
dexamethasone-free osteogenic media supplemented with 0.1, 5, or 50 ng/mL TNF-a.
(abbreviated “TNF” in the figure). Three control groups were included: a positive control
supplemented with dexamethasone, but no TNF-a (“0 ng/mL TNF +dex’); a negative control
cultured without any added dexamethasone (0 ng/mL TNF”); and an acellular control, where
cell-free PCL scaffolds were cultured in dexamethasone-free media (“Acellular”). Each bar
represents the mean + standard deviation for n = 4 constructs. Error bars are included for all
groups, though they are too small to resolve for “Acellular.” Statistical differences (p < 0.05)
among groups at a single timepoint are indicated by “*” for a group that differs from all other
groups, and “**” for a group that differs from only some groups. Changes over time are
indicated by “#,” meaning that values for that group at each timepoint are significantly different
(p < 0.05).
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Figure 3.

Alkaline phosphatase (ALP) activity of MSC-seeded electrospun PCL scaffolds after 4, 8, and
16 days of culture. Experimental groups were cultured in dexamethasone-free osteogenic
media supplemented with 0.1, 5, or 50 ng/mL TNF-o (abbreviated “TNF” in the figure). Three
control groups were included: a positive control supplemented with dexamethasone, but no
TNF-a (“0 ng/mL TNF +dex”); a negative control cultured without any added dexamethasone
(“0 ng/mL TNF); and an acellular control, where cell-free PCL scaffolds were cultured in
dexamethasone-free media (“Acellular”). Each bar represents the mean + standard deviation
for n =4 constructs. Error bars are included for all groups, though they are too small to resolve
in some cases. Statistical differences (p < 0.05) among groups at a single timepoint are indicated
by “*” for a group that differs from all other groups, and “**” for a group that differs from
only some groups. Changes over time are indicated by “#,” meaning that values for that group
at each timepoint are significantly different (p < 0.05).
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Figure 4.

Calcium content of MSC-seeded electrospun PCL scaffolds after 4, 8, and 16 days of culture.
Experimental groups were cultured in dexamethasone-free osteogenic media supplemented
with 0.1, 5, or 50 ng/mL TNF-o (abbreviated “TNF” in the figure). Three control groups were
included: a positive control supplemented with dexamethasone, but no TNF-a (“0 ng/mL TNF
+dex”); a negative control cultured without any added dexamethasone (*0 ng/mL TNF”); and
an acellular control, where cell-free PCL scaffolds were cultured in dexamethasone-free media
(“Acellular”). Each bar represents the mean + standard deviation for n = 4 constructs. Error
bars are included for all groups, though they are too small to resolve in some cases. Statistical
differences (p < 0.05) among groups at a single timepoint are indicated by “*” for a group that
differs from all other groups, and “**” for groups that do not differ from each other, but differ
from all other groups. Changes over time are indicated by “#,” meaning that values for that
group at each timepoint are significantly different (p < 0.05).
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Figure 5.

Representative cross-sectional images (5 um thick) of stained MSC-seeded electrospun PCL
scaffolds after 4, 8, and 16 days of culture. Sections were stained with von Kossa and eosin.
Each image shows only the top half of each cross-section, which is where cells (representative
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examples indicated by yellow arrows) and mineral deposits (representative examples marked
with blue arrows) were located. Experimental groups were cultured in dexamethasone-free
osteogenic media supplemented with 0.1, 5, or 50 ng/mL TNF-a (abbreviated “TNF” in the
figure). Three control groups were included: a positive control supplemented with
dexamethasone, but no TNF-a (“0 ng/mL TNF +dex™); a negative control cultured without any
added dexamethasone (0 ng/mL TNF”); and an acellular control, where cell-free PCL
scaffolds were cultured in dexamethasone-free media (“Acellular”). Images were captured at
10x original magnification. Scale bar in lower right corner represents 200 um and applies to
all images.
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Table 1

Comparison of Fiber Diameters and Porosities for the Two Electrospun PCL Meshes Used for this Study?@

Parameter for Comparison Value for Mesh 1 Value for Mesh 2
Fiber Diameter, Top (pm) 9.50 £ 1.57 9.37+2.04
Fiber Diameter, Bottom (um) 1158 +2.23 11.76 £1.79
Porosity (%) 77.8+2.8* 79.5+3.1*

a\/alues are presented as mean + standard deviation. The sample size was N = 45 for fiber diameters from the top and bottom of each mesh, and N =
50 scaffolds for PCL mesh porosity. Pairs of values were compared and statistically significant differences (P < 0.05) are indicated with a “*.”
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