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a b s t r a c t

Magnesium (Mg) metal is of great interest in biomedical applications, especially in tissue engineering. Mg
exhibits excellent in vivo biocompatibility, biodegradability and, during degradation, releases Mg ions
(Mg2+) with the potential to improve tissue repair. We used electrospinning technology to incorporate
Mg particles into nanofibers. Various ratios of Mg metal microparticles (<44 mm diameter) were incorpo-
rated into nanofiber polycaprolactone (PCL) meshes. Physicochemical properties of the meshes were ana-
lyzed by scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR),
mechanical tensile testing, X-ray diffractometry and UV–VIS spectrophotometry. Biological properties
of meshes were evaluated in vitro and in vivo. Under mammalian cell culture conditions, Mg-
containing meshes released hydrogen gas and relative amounts of free Mg2+ that reflected the Mg/PCL
ratios. All meshes were non-cytotoxic for 3T3 fibroblasts and PC-12 pheochromocytoma cells. In vivo
implantation under the skin of mice for 3, 8 and 28 days showed that Mg-containing meshes were well
vascularized, with improved measures of inflammation and healing compared to meshes without Mg.
Evidence included an earlier appearance and infiltration of tissue repairing macrophages and, after
28 days, evidence of more mature tissue remodeling. Thus, these new composite nanofiber meshes have
promising material properties that mitigated inflammatory tissue responses to PCL alone and improved
tissue healing, thus providing a suitable matrix for use in clinically relevant tissue engineering applica-
tions.

Statement of Significance

The biodegradable metal, magnesium, safely biodegrades in the body, releasing beneficial byproducts. To
improve tissue delivery, magnesium metal particles were incorporated into electrospun nanofiber
meshes composed of a biodegradable, biocompatible polymer, polycaprolactone (PCL). Magnesium addi-
tion, at several concentrations, did not alter PCL chemistry, but did alter physical properties. Under cell
culture conditions, meshes released magnesium ions and hydrogen gas and were not cytotoxic for two
cell types. After implantation in mice, the mesh with magnesium resulted in earlier appearance of M2-
like, reparative macrophages and improved tissue healing versus mesh alone. This is in agreement with
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other studies showing beneficial effects of magnesiummetal and provides a new type of scaffold material
that will be useful in clinically relevant tissue engineering applications.

Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction

Nanofibers of various composition have received significant
attention over the last two decades because they can be synthe-
sized in various shapes, sizes and architectures to make tissue
engineering scaffolds that can fill anatomical defects and provide
the structural and biological support necessary for cell growth,
proliferation, differentiation and motility [1–3]. Biocompatible
and biologically useful nanofibers are produced by electrospinning,
an established technique that produces small diameter fibers in the
range of several nanometers to micrometers. Of particular interest
is that electrospun nanofibers can mimic some properties of the
extracellular matrix (ECM) and provide a 3D structure that
enhances cell-material and cell-cell interactions [4]. Because of
the wide choice of materials used to create nanofibers, and the
readily available methods to control attachment of molecules
and cells, electrospun nanofiber scaffolds have been used as a car-
rier matrix for controlled release of a wide range of materials
including antibiotics, growth factors and other types of proteins,
plasmid DNA and viable cells [5–9]. The advantages of using elec-
trospun nanofibers in these applications include: high loading and
encapsulation efficiency, polymer diversity to accommodate com-
patibility with physico-chemically distinct agents, ability to modu-
late release and process simplicity and cost-effectiveness [10–13].

Metals, in nano or micro particle form, have been added to elec-
trospun nanofiber scaffolds without interfering with the biocom-
patibility, tunability and ability to mimic the ECM that make
such scaffolds unique and biologically active [14]. Metals embed-
ded into electrospun polymer nanofibers can improve the mechan-
ical strength of the resulting scaffolds, as has been seen using
nanoparticles of silver, gold, iron oxide, titanium, titanium oxide
and magnesium oxide [15–18]. In addition to improving strength,
metals can add important functions, such as making the scaffolds
act as sensors, be antibacterial or catalytic, or absorb gases or tox-
ins [15,16,19].

The biodegradable metal, Mg, has properties that have made it
increasingly attractive to researchers interested in injury repair
[20,21]. Because it is stronger and lighter than other metals, with
bone-like tensile properties, the most extensively explored uses
are as a solid metal implant providing physical support in orthope-
dic applications and as vascular stents. Orthopedic implants and
stents containing Mg have been safely used clinically over the past
several years in Europe and China [21], although implants are not
yet approved for clinical use in the US. Mg implants have other
important properties for tissue engineering because in vivo degra-
dation produces two biologically active and potentially beneficial
substances, hydrogen gas (H2) and the Mg ion (Mg2+). Mg2+ is the
second most abundant intracellular cation after K+ and the fourth
most abundant in the body. Mg2+ is a crucial co-factor for over
300 enzymes [22]. Key reactions include the activation of ATPases,
endonucleases, exonucleases, polymerases and phosphatases [23].
In orthopedic applications, Mg2+ stimulates new bone formation
[24,25]. Increasing systemic levels of Mg2+, usually by injecting salt
solutions, has been shown to be therapeutic for the respiratory and
gastrointestinal systems, has reduced acute and chronic pain and
has helped insomnia patients. Mg2+ salts have also been used in
treatment of cardiac arrhythmias [23,26,27].

Of particular interest to us are the anti-inflammatory and neu-
roprotective roles of Mg2+. Anti-inflammatory effects were first

noticed because decreased blood levels of Mg2+ in humans and ani-
mals lead to significant systemic inflammation [28–30]. Further
study has shown that Mg2+ influences lymphocyte development,
reduces release of inflammatory cytokines and acts as a virtual
immune system second messenger [28–30]. High Mg2+ levels also
stimulate production of vascular endothelial growth factor (VEGF)
in some cell types, which increases blood vessel growth during tis-
sue healing [24].

Part of the neuroprotective effects of Mg2+ stem from the way
the ion blocks calcium ion channels and a major glutamate recep-
tor in brain tissues. Both actions reduce secondary damage of neu-
rons after physical injury. Preclinical studies have shown that
systemic or intraventricular application of Mg salts provided sig-
nificant neuroprotection and improved functional recovery after
strokes or brain damage [31]. Improving Mg2+ balance in the blood
with the Mg salt, Mg threonate (which enhanced cerebrospinal
fluid (CSF) levels after oral intake in rodents more effectively than
other Mg salts [32]), has shown benefits in both preclinical and
clinical studies of Alzheimer’s disease [33,34].

The other beneficial product of degradation of Mg metal in
aqueous solutions is hydrogen gas (H2). Hydrogenated water (fre-
quently produced for studies by Mg metal degradation in water)
has been shown to be a strong antioxidant [35], with protective
effects in several preclinical disease models, including those mod-
eling Parkinson’s disease and Alzheimer’s, and clinical trials have
shown effectiveness against cognitive decline [35–38]. However,
these beneficial effects can only be realized if the production of
hydrogen gas by in vivo implants is relatively slow, because a rapid
rate of Mg degradation can create gas-filled cavities [39] that can
put pressure on and damage adjacent tissues.

Previous work from our labs has shown that Mg metal microfil-
aments improved peripheral nerve regeneration across an injury
gap when used inside hollow nerve guides [40,41]. The metal
was well tolerated and its presence improved axonal outgrowth
and reduced tissue inflammation over controls including another
metal control (Ti), which suggests that Mgmetal degradation prod-
ucts were important. While these are promising results, to further
maximize potential neuroprotective benefits of Mg2+ release, we
proposed that small metal particles, if embedded in the nerve
guide material, would provide a faster local release of degradation
products than Mg filaments (which took longer than 6 weeks to
degrade) [40,41]. Furthermore, distributing Mg metal particles
throughout the nanofiber scaffold, by embedding particles into
the nanofibers during electrospinning, would allow control over
the timing, consistency and placement of local delivery of Mg2+.
Controlled delivery would be of significant use, not only in nerve
repair, but also in many other tissue engineering applications.

PCL is a hydrophobic, semi-crystalline polymer that is FDA-
approved and used in many biomedical applications due to its bio-
compatibility and biodegradability [42–44]. It has suitable vis-
coelastic properties for use in large-scale production of scaffolds
of various sizes and architectures. Another advantage of using
PCL as a component of hybrid nanofibers is that it is soluble in a
wide range of organic solvents, like TFE (trifluoroethanol), DCM
(dichloromethane), HFIP (hexafluoroisopropanol) and chloroform.
Further, its miscibility with other unspinable polymers can create
solutions with a viscosity suitable for electrospinning.

While reports have described deposition of electrospun
materials on the surface of Mg metal [45–47] and very interesting
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anti-inflammatory properties have been reported after depositing
Mg on or within a solid metal or polymeric material [48,49], there
has not been, to our knowledge, research on incorporating metallic
Mg into electrospun nanofibers, polycaprolactone (PCL) in
particular.

We synthesized electrospun nanofiber meshes of Mg metal par-
ticles embedded in PCL nanofibers. We evaluated the impact of Mg
addition on the physical, chemical, and mechanical properties of
the meshes and then studied cellular and tissue responses using
both in vitro and in vivo models. We hypothesized that Mg-
containing nanofiber meshes would have more useful biological
properties than control meshes containing PCL nanofibers alone.
These properties will lead to future exploration of translational
biomedical applications.

2. Materials and methods

2.1. Materials

PCL (Mn 70–90 kDa), Mg particle powder (mesh size 325), and
fetal bovine serum (FBS) were purchased from Sigma Aldrich (Saint
Louis, MO, now Millipore Sigma). 2,2,2-Trifluoroethanol (TFE) was
obtained from Alfa Aesar (Ward Hill, MA). The Xylidyl blue assay
was either based on or done with kits from Stanbio Laboratory,
Boerne, TX, USA). The Alamar Blue assay materials or kit, Dul-
becco’s phosphate-buffered saline (PBS), and Dulbecco’s modified
Eagle’s medium (DMEM) were obtained from Life Technologies
(Grand Island, NY, USA). Materials not otherwise specified were
from Thermo Fisher Scientific (Waltham, MA or Florence, KY).

2.2. Mg/PCL solution preparation

The commercially prepared Mg metal powder, mesh size 325,
has particles <44 mm. Suspensions of these Mg particles in liquid
PCL (Mg/PCL solutions) were created by first dispersing Mg metal
powder in anhydrous TFE under an argon atmosphere and then
adding dry PCL pellets. Proportions were adjusted to give different
w/w proportions of the two dry ingredients (Table 1). The weight
of PCL was kept at 10% of the weight of TFE. To create uniform sus-
pensions prior to spinning, the mixtures were subjected to con-
stant magnetic stirring for 24 h at room temperature.

2.3. Electrospinning Mg/PCL nanofibers

Electrospun nanofiber meshes of PCL and Mg/PCL were pre-
pared as described in our previous publications [50,51]. In brief,
the electrospinning apparatus consisted of a syringe pump (Model
78-01001, Fisher Scientific, Pittsburgh, PA, USA), a high-voltage
power supply (Model CZE100PN30, Spellman High Voltage Elec-
tronics Corporation, Hauppauge, NY, USA) and a BD Luer-Lok syr-
inge with an attached 18G-diameter hypodermic needle. The
needle-to-collector distance was maintained at 7 cm, with an
applied voltage of 20 kV. The feeding rate of the solution was pre-
cisely controlled by a syringe pump system, which was adjusted to
a flow rate of 2.5 ml/h. The fibers deposited onto an aluminum foil-
wrapped rotating grounded collector were left overnight in dust-
free conditions at room temperature, to allow complete solvent
evaporation. The nanofiber meshes were removed from the collec-
tor and detached from the aluminum foil for physical, chemical
and biological characterization.

2.4. Dynamic light scattering (DLS) analysis

A Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) was
used to measure the hydrodynamic size distribution of the Mg par-

ticles. Mg metal powder (0.1 g of as-received material) was dis-
persed in 10 ml of anhydrous ethanol and a 1 ml sample was
loaded in a cuvette for DLS analysis. Intensity measurements, indi-
cating the total percent of beam scattering by size category, were
converted into terms of volume and number averages using Mie
Theory.

2.5. Surface morphology analysis

The surface morphologies of Mg particles alone and Mg-
containing meshes were analyzed using a scanning electron micro-
scope (SEM, Hitachi SU8000, Tokyo, Japan) and a transmission elec-
tron microscope (TEM, Tecnai G2 Twin, Hillsboro, OR). A single
drop of the Mg suspension in ethanol (see preparation for DLS
above) was deposited on double-sided conductive copper tape
(for SEM) or a carbon grid (for TEM) and dried under ambient con-
ditions for 20 min before being observed under the respective elec-
tron microscope. Mesh samples were cut and deposited on copper
tape and sputter-coated with gold using a Polaron SEM coating sys-
tem (Quorum Technologies, East Sussex, UK) for 90 s at 15 mA.
SEM images were taken at an accelerating voltage of 10 kV and
5 mA current. Image-Pro Plus 6.0 software (Media Cybernetics,
Inc., Rockville, MD) was used to measure nanofiber diameters in
SEM images.

The apparent density and porosity of nanofiber meshes were
estimated using the following equations [52]:

apparent density ¼ mass of mesh
mesh thickness � mesh area

ð1Þ

porosity ¼ 1� apparent density
PCL or PCL=Mg bulk density

ð2Þ

bulk density ¼ 1
w1
d1

þ w2
d2

� � ð3Þ

where w1 & w2 are weight fractions and d1 & d2 are densities of PCL
and Mg, respectively. Thickness of mesh samples was measured
using a digital micrometer.

2.6. X-ray diffraction analysis

A Bruker AXS D8 Discover X-ray diffractometer (Billerica, MA)
with Cu-Ka radiation was used to examine diffraction patterns of
the meshes. X-ray diffraction (XRD) was performed using a
locked-coupled scan with a scanning range (diffraction angle, 2h)
set between 10� and 60�, in continuous mode, in increments of
0.0146�, 2h, at room temperature.

2.7. FTIR analysis

Fourier-transform infrared spectroscopy (FTIR) was used to
identify functional groups and chemical interactions between PCL
and Mg in the meshes. FTIR spectra were obtained with a Varian

Table 1
Mesh designations, mesh composition (proportions of dry materials added) and final
percentage of Mg metal (w:w%) in the electrospun material deposited on the
collecting drum after drying.

Nanofiber Mesh Proportions of dry
Mg:PCL (w:w)

Mg (w:w%) in
dried mesh

PM-0 0:100 0
PM-10 10:100 9
PM-20 20:100 16
PM-30 30:100 23
PM-50 50:100 33
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670 FT-IR Spectrophotometer (Varian, Inc., Palo Alto, CA, USA) in
the range of 4000 to 600 cm�1 region. Selected IR bands of carbonyl
and esters groups, and CH bending were analyzed to illustrate the
changes that the PCL polymer underwent during electrospinning
with Mg particles.

2.8. Mechanical properties

Mechanical properties of the meshes were determined using an
Instron 5542 (Canton, MA, USA) with a 500 N load cell at a dis-
placement rate of 4 mm/min. A custom designed specimen holder
was used to test the strength of the meshes. To avoid any damage
during handling and to maintain uniformity in loading conditions,
a custom designed paper template (40 � 10 mm) was used as a
specimen holder. The template consisted of two halves, top and
bottom, and held the sample sandwiched between them with the
aid of double-sided adhesive tape. A five mm length at both ends
was allowed for pneumatic jaw gripping, leaving 30 mm as the
gauge length. The two halves of the template were cut off prior
to the start of the test. Samples were strained to breakage,
stress–strain curves were created, and the data were used to calcu-
late Young’s modulus (YM), ultimate tensile strength (UTS) and
breaking strain.

2.9. In vitro release of Mg2+ and hydrogen

To determine free Mg2+ release in vitro, mesh pieces (1 � 1 cm)
were attached to 24-well plates (n = 4 per mesh), using a biocom-
patible silicone-based elastomeric glue (Kwik-SilTM, Sarasota, FL,
USA). In a sterile culture hood, samples were sterilized by immer-
sion in 95% ethanol (20 mins), air drying and exposure to UV light
(20 mins per side). Mesh pieces were briefly washed with sterile
water and 1 ml of cell culture medium was added (DMEM
+ = DMEM supplemented with 10% fetal bovine serum (FBS) and
1% antibiotics (10,000 units/ml of penicillin and 10,000 lg/ml of
streptomycin)). Wells were capped and maintained in a cell culture
incubator (humid, 5% CO2, 37 �C). At each time interval, the med-
ium was removed and replenished (1 ml DMEM+). Cumulative free
Mg2+ concentration in the collected mediumwas determined using
a colorimetric Xylidyl blue assay, which is widely used in deter-
mining free Mg2+ level in human blood, serum and urine [53].
The Xylidyl blue dye reagent, at alkaline pH, combines with Mg2+

to form a purple complex whose color, measured by spectropho-
tometry, is proportional to Mg2+ concentrations. Standard curves
of MgSO4 in medium were used to convert to mmoles of Mg and
the values for basal medium (contains �0.8 mMMg) were sub-
tracted to give release due only to the Mg in the mesh. Use of basal
medium as a control also avoided interference by sodium phos-
phate in culture medium, which could possibly form insoluble
Mg salts and add variability. The dye reagent was added to samples
and standards at the concentration recommended by the manufac-
turer, incubated for 1 h at room temperature and absorbance was
measured using a SpectraMax M2 Spectrophotometer (Molecular
Devices, San Jose, CA, USA) at 520 nm.

To determine H2 release, mesh pieces (1 � 1 cm, n = 3 per mesh
type) were attached to the bottom of a T25 flask (1 piece/flask)
with Kwik-SilTM and DMEM (5 ml, no serum or antibiotics) was
added, the flask was capped tightly (non gas-permeable caps)
and incubated at 37 �C for 24 h. An amperometric H2 microsensor
connected to a multimeter (both from Unisense A/S, Aarhus N,
Denmark) was allowed to stabilize in deionized water and cali-
brated (H2 concentration versus current (pA)) using decreasing
dilutions of H2 saturated deionized water). To measure the H2 pro-
duced by the mesh, the flasks were opened, the sensor tip was
immersed and measurements were taken for 3 min. Calibration
was repeated after measuring all flasks. When converting current
to H2 concentration, the values during the first 30 s (which
included sensor movement artifacts) and the last 30 secs (where
a decline occurred due to loss of H2) were excluded and the
remaining values were averaged.

2.10. Mesh thickness in vitro

To analyze mesh thickness when dry and after three days of
incubation in a cell culture medium (DMEM+, in an incubator),
mesh pieces (dry or wet) were placed on slides, coverslipped and
viewed by confocal microscopy (Zeiss LSM510 META microscope,
Carl Zeiss AG, Oberkochen, Germany) under a 40X objective. Z-
stack 3D pictures were taken and the thickness of XY transections
were thresholded and measured using NIH ImageJ software.

2.11. Cell viability and attachment to mesh

NIH-3T3 cells (a mouse fibroblast cell line, ATCC 1658) and PC-
12 cells (a cell line derived from a pheochromocytoma of the rat
adrenal medulla, ATCC CRL-1721) (ATCC, Manassas, VA) were
maintained in their respective media (DMEM+ or RPMI with serum
and antibiotics, as recommended by ATCC), in 5% CO2 in a cell cul-
ture incubator. Media and conditions of culture and assays are out-
lined in Table 2. Substrate preparation was different between cell
lines. For 3T3 studies, mesh pieces were placed over circular
10 mm diameter coverslips, attached underneath with Kwik-SilTM

and then placed in wells of a 24 well plate. For PC-12 studies, mesh
pieces were attached to the culture plastic in 48 well plates with
Kwik-SilTM. For both, mesh samples were sterilized (as described
above). For 3T3 cells, mesh samples were preincubated in the med-
ium for 3 h before cells were added. For PC-12 cells, substrates
were precoated with poly-L-lysine (0.1 mg/ml, 1 h, removed and
cells in media were added). Medium was replaced every 2 days,
where appropriate. For the indirect assay (used for cell viability
of PC-12 cells), mesh extracts were prepared by incubating mesh
pieces (0.7 � 0.7 cm) in medium (490 ml RPMI medium, in 48 well
plates) for 3 days in an incubator, then medium was removed and
added to cells without dilution or delay. Cells were then analyzed
after a one-day exposure to extracts. In all cases, at least three
pieces of each mesh type were used per set of cells and data shown
are either averages of multiple experiments or from one experi-
ment that was representative of multiple experiments with similar
results.

Table 2
Cell culture information and experimental parameters used to analyze electrospun mesh cytocompatibility in vitro.

Cell line Test Assay Type Substrate Media Plating density (#/cm2) Time (days) Assay

3T3 Viability Direct* Mesh, Control = PM-0 DMEM 63,700 1,2,3 Alamar Blue
Attachment Direct* Mesh DMEM 63,700 3 SEM

PC-12 Viability Indirect** Plastic + poly-L-lysine Mesh extracts 50,000 1 Alamar Blue
Attachment Direct* Mesh + poly-L-lysine RPMI 50,000 7 SEM

* Direct assay: cells were plated directly on the mesh.
** Indirect assay: cells were plated on the indicated substrate.
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670 FT-IR Spectrophotometer (Varian, Inc., Palo Alto, CA, USA) in
the range of 4000 to 600 cm�1 region. Selected IR bands of carbonyl
and esters groups, and CH bending were analyzed to illustrate the
changes that the PCL polymer underwent during electrospinning
with Mg particles.
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specimen holder. The template consisted of two halves, top and
bottom, and held the sample sandwiched between them with the
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Mg2+ concentration in the collected mediumwas determined using
a colorimetric Xylidyl blue assay, which is widely used in deter-
mining free Mg2+ level in human blood, serum and urine [53].
The Xylidyl blue dye reagent, at alkaline pH, combines with Mg2+

to form a purple complex whose color, measured by spectropho-
tometry, is proportional to Mg2+ concentrations. Standard curves
of MgSO4 in medium were used to convert to mmoles of Mg and
the values for basal medium (contains �0.8 mMMg) were sub-
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and antibiotics, as recommended by ATCC), in 5% CO2 in a cell cul-
ture incubator. Media and conditions of culture and assays are out-
lined in Table 2. Substrate preparation was different between cell
lines. For 3T3 studies, mesh pieces were placed over circular
10 mm diameter coverslips, attached underneath with Kwik-SilTM

and then placed in wells of a 24 well plate. For PC-12 studies, mesh
pieces were attached to the culture plastic in 48 well plates with
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ium for 3 h before cells were added. For PC-12 cells, substrates
were precoated with poly-L-lysine (0.1 mg/ml, 1 h, removed and
cells in media were added). Medium was replaced every 2 days,
where appropriate. For the indirect assay (used for cell viability
of PC-12 cells), mesh extracts were prepared by incubating mesh
pieces (0.7 � 0.7 cm) in medium (490 ml RPMI medium, in 48 well
plates) for 3 days in an incubator, then medium was removed and
added to cells without dilution or delay. Cells were then analyzed
after a one-day exposure to extracts. In all cases, at least three
pieces of each mesh type were used per set of cells and data shown
are either averages of multiple experiments or from one experi-
ment that was representative of multiple experiments with similar
results.

Table 2
Cell culture information and experimental parameters used to analyze electrospun mesh cytocompatibility in vitro.

Cell line Test Assay Type Substrate Media Plating density (#/cm2) Time (days) Assay

3T3 Viability Direct* Mesh, Control = PM-0 DMEM 63,700 1,2,3 Alamar Blue
Attachment Direct* Mesh DMEM 63,700 3 SEM

PC-12 Viability Indirect** Plastic + poly-L-lysine Mesh extracts 50,000 1 Alamar Blue
Attachment Direct* Mesh + poly-L-lysine RPMI 50,000 7 SEM

* Direct assay: cells were plated directly on the mesh.
** Indirect assay: cells were plated on the indicated substrate.
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Cell viability for 3T3 and PC-12 cells was monitored with an
Alamar Blue (AB) colorimetric assay. The dye, AB, contains the
chemical, resazurin, which enters living cells where mitochondrial
reductases reduce the blue and non-fluorescent resazurin to resor-
ufin, which emits pink fluorescence [54]. The amount of dye
reduced (the amount of fluorescence) is proportional to cellular
metabolic activity, which is proportional to cell number. For this
assay, medium was removed from the cells, cells were washed
twice with PBS and then incubated for two hours with 10% (v/v)
AB reagent in the respective culture medium. Assay solutions were
transferred to fresh plates and multiple aliquots were taken to
measure fluorescence on a spectrophotometer (as above) or on a
plate reader (SpectraMax M2 Spectrophotometer, Molecular
Devices, San Jose, CA, USA) with excitation at 530 nm and emission
at 590 nm. Cell viability was calculated using the following
equation:

Cell viability ¼ fluorescence of the samplesð
� fluorescence of the blankÞ
= fluorescence of the controlð
� fluorescence of the blankÞ � 100%

Cells were prepared for SEM by rinsing with PBS (two brief
rinses) and fixation with 4% glutaraldehyde (30 min). After fixa-
tion, cells were briefly rinsed with deionized water (2 times) and
dehydrated (sequential incubations in 50, 75 and 100% ethanol,
10 min each) at room temperature. The samples were left to dry
in a sterile fume hood for 24 h before coating with metal and imag-
ing (as for mesh, above).

2.12. In vivo implantation and tissue processing

2.12.1. Animals
A total of 42 female C57/Bl6 mice, age 21–28 days, were pur-

chased from Jackson Labs and housed in micro-isolator cages in
AAALAC approved animal facilities. All care, handling and proce-
dures were approved by the University of Cincinnati Institutional
Animal Care and Use Committee and were in accordance with
the NIH Guide for the Care and Use of Laboratory Animals. The
experimental groups were PM-0 (5 mice/group), PM-10 (5 mice/
group) and sham operated (4 mice/group) animals, at three time
periods: 3, 8 and 28 days survival.

2.12.2. Surgery
Animals were anesthetized with isoflurane, the dorsal mid-

body area was shaved and an area approximately 6 � 6 cm was
cleaned three times with alternating betadine and alcohol. A small
incision was made under the skin on the back above the hip on
each side of the animal and a pocket was created by inserting for-
ceps toward the tail. Mesh pieces, 1 � 1 cm, were sterilized (as
above) and one piece of dry mesh was inserted into each pocket,
while preventing doubling. Wounds were stapled shut and animals
were allowed to recover. Meloxicam (Eloxiject, Henry Schein,
5 mg/ml) was given at 5 mg/kg, once daily for 3 days for pain
prevention.

2.12.3. Tissue preparation
On days 3, 8 and 28 after surgery, mice were euthanized by

approved methods, the skin with attached mesh was removed,
fixed (4% paraformaldehyde in 0.1 M PBS, 24 h, room temperature),
rinsed and paraffin embedded (standard procedures). Sections
were cut (8 mm) onto Superfrost slides.

2.12.4. Staining and immunostaining
Slides were dewaxed, rehydrated in decreasing concentrations

of ethanol to water, then stained with hematoxylin & eosin

(H&E), Masson’s trichrome (kit from Newcomer’s Supply, Middle-
ton, WI) or immunostained. For immunostaining, using techniques
described previously [40,55], M2-like macrophages (non-
classically activated, tissue reparative) were identified with a rab-
bit polyclonal antibody to liver arginase-1 (Arg1, 1:500, Abcam,
Cambridge, MA) and secondary Alexa Fluor 594 goat anti-rabbit
(1:1000). M1-type macrophages (classically activated, pro-
inflammatory) were identified with a mouse monoclonal antibody
to inducible nitric oxide synthase (iNOS, 1:500, Santa Cruz Biotech,
Dallas, TX) and secondary Alexa Fluor 488 goat anti-mouse
(1:1000). As the anti-iNOS staining signal to noise difference was
adequate for quantification, no adjustment was used for mouse
antibodies used on mouse sections. Immunostaining for nerve
fibers expressing CGRP was done by combining an axon-specific
rabbit antibody against the heavy molecular weight (MW 200)
neurofilament protein (NF, 1:500, Sigma Aldrich, St. Louis, MO)
and secondary Alexa Fluor 594 donkey-anti-rabbit (1:1000) to
label axons and goat anti-CGRP (1:1000) with secondary donkey
Alexa Fluor 488 anti-goat (1:1000). All slides were stained for
nuclei with 40,6-diamidino-2-phenylindole dihydrochloride (DAPI,
1:1000, blue in images) diluted into the mounting medium, Fluoro-
mount. All antibodies and materials not otherwise indicated
throughout the methods were from Thermo Fisher Scientific (Flor-
ence, KY).

2.12.5. Microscopy, photography and image analysis
Color images were taken with a Zeiss Axiocam digital camera on

a Zeiss Axioplan imaging 2e fluorescence microscope. Fluorescence
images were photographed with a QICam, cooled, black and white
CCD camera (QImaging, Canada), with excellent resolution at low
light levels. Photographs of monochrome images used for quantifi-
cation were taken with consistent lighting and exposure times.
Composites, pseudocoloring of fluorescent images and figure
arrangements were done with Photoshop (Adobe Systems Inc.).
Analysis of photomicrographs was performed with ImageJ soft-
ware (NIH), by viewers blinded to conditions. In all cases, images
were taken from multiple sections per animal and multiple mea-
surements were made and averaged per image. Averages of all sec-
tion data per animal were used for statistical analysis. In some
cases, meshes were not recovered from an animal at a certain time
point, or there were technical difficulties, resulting in an n of 4
instead of 5.

2.13. Statistics

SPSS Statistics 17.0 software or SigmaPlot (v13, SysStat Soft-
ware, Inc., San Jose, CA) were used to conduct statistical analyses,
with significance assumed at p < 0.05. Observers were blinded to
conditions. As most n values were between 3 and 5, non-
parametric statistics were used for most analyses, with a Mann-
Whitney Rank sum test for two variables or, for >2 variables, a
Kruskal-Wallis ANOVA on Ranks, with Dunn’s post-hoc tests when
groups had unequal numbers or Student-Newman-Keuls post-hoc
tests if equal numbers. Box plots were used to show median, 25/75
percentiles and 5/95% error bars and averages per animal were
added as triangles overlaid on the box plots. Parametric analyses
were used for two-way ANOVA analysis of changes in vivo mesh
parameters over time (Figs. 6, 7) and for analysis of cumulative
release of Mg ions frommesh pieces immersed in cell culture med-
ium (one-way ANOVA and Holm-Sidak post-hoc, Supplemental
Fig. 2), to take into account the cumulative standard deviations
(generated by summing variances). Bar graphs were used with
parametric analyses. To compare slopes for data over time, a paral-
lel lines analysis (a test for equality of slope) was used. For all
in vivo analyses, data were averages per mouse.
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3. Results

3.1. Mg particle characterization

The as-received Mg particles used to incorporate into the PCL
nanofibers were smaller than 44 mm diameter and irregularly
shaped, as shown by SEM imaging in Fig. 1A and TEM in Fig. 1B.
Fig. 1C shows the X-ray diffraction data for the particles, with
peaks that are consistent with the known crystallographic planes
of magnesium [56]. The mean hydrodynamic diameter of most of
the particles was distributed around 100 nm (Fig. 1D) and the vol-
ume percent was distributed around 1000 nm (Fig. 1E), which is in
good agreement with the SEM and TEM images (Fig. 1A and B).

3.2. Nanofiber fabrication and characterization

Mg particles were dispersed in PCL/TFE and electrospun to cre-
ate nanofiber meshes, as shown in Fig. 2. Based on SEM images
(Figs. 2, 3 and Supplemental Fig. 1A–C) and TEM images (Supple-
mental Fig. 1E), two phenomena were occurring, as outlined in
the schematics in Fig. 2: (a) Mg particles with diameters smaller
than the fiber diameter were incorporated within individual PCL
fibers and (b) Mg particles with diameters greater than fiber diam-
eters were coated with PCL and attached via weak surface links to
fibers and/or suspended within the mesh of multiple fibers.

Fig. 3 shows the changes in PCL fiber morphology with increas-
ing Mg concentrations (Table 1 shows relative Mg/PCL propor-
tions). The SEM images show randomly interconnected structures
and a smooth morphology of most electrospun PCL nanofibers.
Mg particles larger than the fiber diameters are clearly visible in
SEM images of Mg-containing nanofibers. The presence of Mg
particles within the meshes was confirmed by EDS mapping

(Supplemental Fig. 1) of different locations in PM-50. The relative
percentages of elements (e.g. Mg, C and O) in the composite
fiber mesh at selected positions are presented in Supplemental
Table 1.

As seen in the distribution graph in Fig. 3, as the Mg content
incorporated into meshes increased, the number of larger diameter
fibers increased. Per type of mesh, 98% of fibers had diameters in
the range of 200–2800 nm for PM-0 (average diameter
1.38 ± 0.58), 200–3000 nm for PM-10 (avg. 1.49 ± 0.62),
200–3400 nm for PM-30 (avg.1.44 ± 0.68) and 200–4400 nm for
PM-50 (avg. 1.61 ± 0.87). However, only PM-0 and PM-50 were
significantly different (ANOVA, p = 0.021, n = 150). Note that only
PM-30 and PM-50 had a subset of fibers larger than 3000 nm.

Porosity of the meshes was estimated after calculating the bulk
density of the mesh, as described in Methods (Section 2.5). The
porosity for PM-0, PM-10, PM-30 and PM-50 was (in %) 62 ± 6.3,
61 ± 5.3, 64 ± 3.3 and 69 ± 8.5, respectively. None of the values
were significantly different (ANOVA, p > 0.05, n = 3).

3.3. X-ray diffraction and FTIR analysis of electrospun meshes

Addition of Mg particles to the PCL polymer could alter the
chemistry of the final Mg/PCL composites. To analyze whether this
occurred, X-ray Diffraction (XRD) patterns and FTIR spectra were
obtained for each mesh type.

The XRD patterns of as-spun Mg/PCL nanofibers are shown in
Fig. 4A. The PM-0 mesh showed two strong peaks at 21.5� and
23.6�, corresponding to the (110) and (200) crystallographic planes
of PCL [51]. In PCL nanofiber samples containing Mg, major peaks
were observed at 32.2�, 34.4�, 36.6�, 47.8� and 57.4�, corresponding
to the (100), (002), (101), (102), and (110) crystallographic planes
of Mg, respectively [56]. The intensity of both the PCL peaks at

Fig. 1. Characterization of as-received Mg metal particle powder. (A) SEM image, (B) TEM image, (C) X-ray diffraction pattern showing crystallographic planes of magnesium.
(D, E) The size distribution of Mg particles in the as-received powder was measured by a dynamic light scattering (DLS) technique. The mean hydrodynamic diameter of the
particles was measured from number- and volume-weighted distributions obtained from DLS.
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shaped, as shown by SEM imaging in Fig. 1A and TEM in Fig. 1B.
Fig. 1C shows the X-ray diffraction data for the particles, with
peaks that are consistent with the known crystallographic planes
of magnesium [56]. The mean hydrodynamic diameter of most of
the particles was distributed around 100 nm (Fig. 1D) and the vol-
ume percent was distributed around 1000 nm (Fig. 1E), which is in
good agreement with the SEM and TEM images (Fig. 1A and B).
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than the fiber diameter were incorporated within individual PCL
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particles within the meshes was confirmed by EDS mapping

(Supplemental Fig. 1) of different locations in PM-50. The relative
percentages of elements (e.g. Mg, C and O) in the composite
fiber mesh at selected positions are presented in Supplemental
Table 1.

As seen in the distribution graph in Fig. 3, as the Mg content
incorporated into meshes increased, the number of larger diameter
fibers increased. Per type of mesh, 98% of fibers had diameters in
the range of 200–2800 nm for PM-0 (average diameter
1.38 ± 0.58), 200–3000 nm for PM-10 (avg. 1.49 ± 0.62),
200–3400 nm for PM-30 (avg.1.44 ± 0.68) and 200–4400 nm for
PM-50 (avg. 1.61 ± 0.87). However, only PM-0 and PM-50 were
significantly different (ANOVA, p = 0.021, n = 150). Note that only
PM-30 and PM-50 had a subset of fibers larger than 3000 nm.

Porosity of the meshes was estimated after calculating the bulk
density of the mesh, as described in Methods (Section 2.5). The
porosity for PM-0, PM-10, PM-30 and PM-50 was (in %) 62 ± 6.3,
61 ± 5.3, 64 ± 3.3 and 69 ± 8.5, respectively. None of the values
were significantly different (ANOVA, p > 0.05, n = 3).

3.3. X-ray diffraction and FTIR analysis of electrospun meshes

Addition of Mg particles to the PCL polymer could alter the
chemistry of the final Mg/PCL composites. To analyze whether this
occurred, X-ray Diffraction (XRD) patterns and FTIR spectra were
obtained for each mesh type.

The XRD patterns of as-spun Mg/PCL nanofibers are shown in
Fig. 4A. The PM-0 mesh showed two strong peaks at 21.5� and
23.6�, corresponding to the (110) and (200) crystallographic planes
of PCL [51]. In PCL nanofiber samples containing Mg, major peaks
were observed at 32.2�, 34.4�, 36.6�, 47.8� and 57.4�, corresponding
to the (100), (002), (101), (102), and (110) crystallographic planes
of Mg, respectively [56]. The intensity of both the PCL peaks at

Fig. 1. Characterization of as-received Mg metal particle powder. (A) SEM image, (B) TEM image, (C) X-ray diffraction pattern showing crystallographic planes of magnesium.
(D, E) The size distribution of Mg particles in the as-received powder was measured by a dynamic light scattering (DLS) technique. The mean hydrodynamic diameter of the
particles was measured from number- and volume-weighted distributions obtained from DLS.
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21.5� and 23.6� decreased for PM-30 and PM-50, revealing a
decrease in degree of crystallinity of PCL. The intensity of the Mg
peaks increased as the concentration was increased from PM-10
to PM-50. The appearance of the same crystallographic peaks of
Mg in all fiber samples and the lack of significant peaks of Mg oxi-
dation products strongly suggest that the Mg metallic particles are
imbedded in the nanofiber meshes in ways that prevent their
oxidation.

Possible chemical interactions between PCL and Mg within the
as-spun nanofibers were examined by FTIR and the spectra are
shown in Fig. 4B. Typical absorption bands for PM-0 were located
at: 1726 cm�1 for stretching of C@O in esters; 1360, 1397 and
1473 cm�1 for bending of CH; 2942 and 2858 cm�1 for stretching
of CH2; 1160 and 1290 cm�1 for stretching of CAO and CAC in
the amorphous and crystalline phases and 1042, 1107, and
1233 cm�1 for the stretching vibration of CAOAC [57]. All of the
peaks found in PM-0 were also present in the Mg meshes. This sug-
gests that addition of Mg did not significantly alter the chemical
structure of PCL. Further evidence that addition of Mg does not
cause structural changes in the PCL was provided by comparing
the relative contributions of the CAO, CAOAC, CAC and C@O bands
with respect to the ACH band at 1360 cm�1. As seen in Fig. 4C, the
relative absorbance for each comparison did not change with Mg
content.

3.4. Mechanical testing

The addition of a particulate into a polymer via electrospinning
is expected to significantly alter the mechanical properties, but
predicting the exact nature of the changes is complicated, so they
were confirmed here empirically [58–60] and summarized in
Table 3. Mechanical properties of mesh types were assessed via
tensile tests. Fig. 4D shows stress versus strain curves for one batch
(B1) of PCL and Mg/PCL mesh. The Young’s modulus was deter-
mined using Hooke’s law from the slope of the linear portion of
the stress-strain curve (Fig. 4E, Table 3). The ultimate tensile
strength represents the highest stress that a nanofiber sample
could bear without breaking (Fig. 4F, Table 3). For both measures,

the PM-0 and PM-10 values were not different and addition of fur-
ther amounts of Mg resulted in incremental and significant
decreases (Fig. 4E and F, Table 3). Breaking strains, the highest
strain needed for breakage, a measure of material ductility and
determined from the stress-strain curves, were significantly differ-
ent between all groups, with PM-0 having the highest ductility, and
brittleness increasing with higher amounts of Mg (Table 3).

3.5. In vitro Mg2+ release

To gain an understanding of the time course of Mg metal degra-
dation, release of free Mg2+ was measured after pieces of each
mesh were immersed in a standard cell culture medium and main-
tained in a cell culture incubator for 14 days (336 h). All meshes,
from two mesh batches (B1 and B2), a total of eight conditions,
were tested and four separate pieces of mesh were tested per con-
dition and mediumwas completely replaced at several time points.
Cumulative free Mg2+ release, analyzed using a Xylidyl blue dye
assay, is shown in Fig. 5A. Notable was that the cumulative release
for the PM-10 meshes, from each batch, showed a slowing of
release over time, while all other meshes with higher amounts of
Mg (PM > 10) maintained a steady, essentially linear, increase in
release throughout. Analysis of the final cumulative release
(Supplemental Fig. 2A), showed that most of the four mesh types
with PM > 10 were similar, with only Batch 2, PM-20 (abbreviated
PM-20(2)) different from PM-50(1). The four PM > 10 meshes were
different from all of the other mesh types. By this analysis, total
cumulative release for PM-10(1) was not different from either
PM-0(1,2). However, release from PM-10(1) was significantly
higher than PM-0(1) at each separate time point, so this result
probably reflects the variability across the entire data set. To exam-
ine batch differences, cumulative release values were compared for
PM-10(1,2) and PM-30(1,2) meshes. As shown in Supplemental
Fig. 2B, cumulative release for PM-10, but not PM-30, differed
between batches, suggesting no consistent difference in release
across batches.

The cumulative release curves (Fig. 5A) suggested that the rates
of Mg release might be the highest initially. To characterize rate

Fig. 2. Fabrication of PCL-Mg composite nanofiber mesh. This schematic illustration shows how suspensions of Mg/PCL in anhydrous TFE were electrospun using a custom-
built electrospinning apparatus. Fibers were deposited onto a rotating, grounded collector and then detached for physical and biological characterization. Mg particles
became enmeshed within the PCL nanofibers according to particle size and morphology, as depicted in the drawings (middle) and shown in the SEM images (right).
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changes, rates of release were calculated for each medium change
(Mg release at the end of the time period divided by hours between
medium changes) (Supplemental Fig. 3). As shown in Supplemen-
tal Fig. 3A, the rates of release over the first 2 h (to the first medium
change) were much higher than all subsequent rates. Release after
24 h was relatively constant, with some gradual decline with the
PM-10 mesh. The 0–2 h rates were approximately 10 fold higher
(maximum around 0.0006 mmoles/hr, Supplemental Fig. 3B) than
over the last time period (240–336 h, maximum around 0.00006,
Supplemental Fig. 3C). For the 0–2 h release rates, there were sig-
nificant differences between many of the mesh types, while for the
final time period, 240–336 h, there were fewer significant differ-

ences, with a trend that the lowest rates were for the PM-10 mesh.
A very low final rate of release for PM-10 meshes was consistent
with the reduction in particles seen in light microscopic (LM)
images (Supplemental Fig. 4)

Overall, because our interest was to eventually use these
meshes for nerve repair, we chose to further examine the in vivo
effects of implanting a PM-10 mesh that produced an initial burst
of Mg release and then reduced release at later time periods. This is
because Mg ions are neuroprotective after nerve injury, but
if levels are maintained above physiological for too long,
there are negative effects on ionic balance and thus functions of
neurons [61].

Fig. 3. Surface morphology and diameter distributions of electrospun nanofiber mesh, from Batch 1 meshes (PM-0, PM-10, PM-30 and PM-50). Top: SEM images of the
nanofiber meshes. Bottom: Distribution of fiber diameters measured using Image-Pro Plus 6.0 software. Averages and standard deviations are given for analysis of fibers in
three images (n = 150).
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changes, rates of release were calculated for each medium change
(Mg release at the end of the time period divided by hours between
medium changes) (Supplemental Fig. 3). As shown in Supplemen-
tal Fig. 3A, the rates of release over the first 2 h (to the first medium
change) were much higher than all subsequent rates. Release after
24 h was relatively constant, with some gradual decline with the
PM-10 mesh. The 0–2 h rates were approximately 10 fold higher
(maximum around 0.0006 mmoles/hr, Supplemental Fig. 3B) than
over the last time period (240–336 h, maximum around 0.00006,
Supplemental Fig. 3C). For the 0–2 h release rates, there were sig-
nificant differences between many of the mesh types, while for the
final time period, 240–336 h, there were fewer significant differ-

ences, with a trend that the lowest rates were for the PM-10 mesh.
A very low final rate of release for PM-10 meshes was consistent
with the reduction in particles seen in light microscopic (LM)
images (Supplemental Fig. 4)

Overall, because our interest was to eventually use these
meshes for nerve repair, we chose to further examine the in vivo
effects of implanting a PM-10 mesh that produced an initial burst
of Mg release and then reduced release at later time periods. This is
because Mg ions are neuroprotective after nerve injury, but
if levels are maintained above physiological for too long,
there are negative effects on ionic balance and thus functions of
neurons [61].

Fig. 3. Surface morphology and diameter distributions of electrospun nanofiber mesh, from Batch 1 meshes (PM-0, PM-10, PM-30 and PM-50). Top: SEM images of the
nanofiber meshes. Bottom: Distribution of fiber diameters measured using Image-Pro Plus 6.0 software. Averages and standard deviations are given for analysis of fibers in
three images (n = 150).
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3.6. In vitro hydrogen release

Nanofiber meshes from Batch 2 were tested for release of H2

after 24 h immersion in cell culture medium, using an amperomet-
ric hydrogen microsensor. All mesh types released significant
amounts of H2 compared to PM-0 mesh, but there were no differ-
ences between meshes with different Mg content (Fig. 5B).

3.7. In vitro cytotoxicity

Cytotoxicity was assessed in vitro using cell lines representing
both fibroblasts (3T3 cells) and neuron-like cells (PC-12 cells)
and an Alamar Blue assay. For 3T3 cells, cell viability was examined
by plating the cells directly onto meshes, with time periods of 1, 2
and 3 days. As seen in Fig. 5C, although there was some decrease in
viability for the higher Mg content meshes after 3 days (cell viabil-
ities for PM-30 and PM-50 were 69 and 74% of the PM-0 control,
respectively), none of the values were significantly different from
controls. Per the current ISO standards (ISO-10993-5), cell viability
higher than 75% is considered to indicate no toxicity, in evaluation
for medical devices [62].

For PC-12 cells, an indirect cell viability test was chosen
because PC-12 cells attach poorly to substrates or aggregate into
clusters that can readily detach. While SEM images showed that
PC-12 cells could attach to the meshes (Fig. 5F), this contributed
to high assay variability so an indirect assay was chosen. ISO-

10993-5 conditions were used to prepare extracts of each mesh
[62] and meshes were precoated with poly-L-lysine to increase
PC-12 cell attachment [63]. As shown in Fig. 5D, viability of PC-
12 cells (one-day assay) was above 75%, with no differences
between conditions. Thus, all meshes were non-toxic. To ensure
that the Mg2+ released was not within toxic levels, free ion levels
were measured (Xylidyl blue assay) and the maximum level, for
the PM-50 mesh, averaged around 5 mM (data not shown), which
is a level that is non-toxic for primary neural cells [64].

Cellular compatibility, including cell adhesion and spreading, as
well as cell interactions with nanofibers, were studied by direct
plating onto meshes and examination via SEM. Fig. 5 shows that
both 3T3 (Fig. 5E) and PC-12 (Fig. 5F) cells attached well and
extended processes along fibers with all mesh types (representa-
tive images shown). PC-12 cells showed more extensive cellular
aggregation compared to 3T3 cells, which is consistent with the
differences seen when cells were grown on culture plastic.

3.8. In vivo implantation and tissue responses

3.8.1. In vivo changes in mesh appearance over time
For in vivo tissue compatibility studies, we implanted PM-10

(B1) and PM-0 (B1) under the skin of adult mice. We chose PM-
10 because this mesh gave no loss in ultimate tensile strength or
Young’s modulus and its release of Mg2+ occurred in burst fashion.
Mesh pieces were placed under the skin on the back of adult mice
and animals were sacrificed after 3, 8 and 28 days in vivo (DIV). In
histological sections of skin samples, shown in Fig. 6A–F, the
meshes from 3 DIV showed the least amount of integration with
adjacent connective tissues, as evidenced by the greatest degree
of sporadic artifactual separation (Fig. 6A and B). By 28 DIV, there
was a much greater degree of integration with adjacent tissues, as
seen in Fig. 6E and F. Connective tissues around the meshes
appeared thicker than in sham animals, so the meshes appeared
to induce some generalized fibrosis, but the tissues did not show

Fig. 4. Crystalline phases, chemical structure and mechanical properties of nanofiber meshes (Batch 1). (A) XRD patterns allow comparisons of crystalline planes and (B) FITR
spectra allow comparisons of chemical interactions between PCL and Mg among the mesh types. (C) Further analysis of the relative contributions of the CAO, CAOAC, CAC
and C@O bands with respect to the ACH band at 1360 cm�1 is shown as a function of Mg content in the FTIR spectra of B. (D–F) Mechanical properties were examined by
tensile testing. (D) A representative set of tensile stress-strain curves. (E) Averaged comparisons of Young’s modulus and (F) averaged ultimate tensile strength at break. Bars
indicate significant differences (ANOVA, p = 0.005 for each, n = 3).

Table 3
Mesh Mechanical Properties (Batch 1).

Nanofibrous
Mesh

Young’s
Modulus (MPa)

Ultimate Tensile
Strength (MPa)

Breaking Strain
(mm/mm)

PM-0 39.6 ± 1.6 8.5 ± 0.3 4.1 ± 0.1
PM-10 39.2 ± 3.2 8.6 ± 0.6 0.96 ± 0.1
PM-30 24.2 ± 2.4 4.6 ± 0.3 0.80 ± 0.03
PM-50 12.9 ± 2.4 3.1 ± 0.4 0.50 ± 0.02
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dense deposits of collagen, as would be expected with detrimental
fibrosis.

All PM-10 meshes were significantly thicker (apical to basal dis-
tance in cross section) than PM-0 at all time points (Fig. 6A–G).
Thickness for both mesh types increased over time (Fig. 6G, two-
way ANOVA, p < 0.001 for both group and time and all time points
were different within mesh types). However, the rate of increase in
thickness over time was the same for both types (Fig. 6G, parallel
line analysis), suggesting that the presence of Mg differentially
altered mesh thickness between 0 and 3 DIV, but did not differen-
tially change the rate of thickness gain after that time point.

At 3 and 8 DIV, central areas of both mesh types contained a
loose connective tissue, with strands of collagen and scattered cells
(primarily leukocytes with some fibroblasts). The loose nature of
these tissues often resulted in artifactual separation during sec-
tioning. The spaces that were white (indicating a lack of tissue)
and tissue areas (pink) were quantified using color thresholding
in ImageJ. At 3 but not 8 DIV, the proportion of non-tissue ‘‘space”
per central area examined (as %) was greater for PM-10 than PM-0
(Fig. 6H). These non-tissue spaces were presumably filled, in life,
with air, extracellular fluid and/or PCL fibers. The PCL mesh dis-
solves during tissue processing, so fibers could not be differenti-
ated from fluid or air in these sections.

To determine what might have influenced differential mesh
thickness in vivo, dry meshes were imaged using confocal micro-
scopy, thresholded with ImageJ and mesh thickness was measured
(thresholded images shown in Fig. 6I and J). No difference was
observed between PM-10 and PM-0 when dry (graph in Fig. 6K),
which confirmed data from the materials characterization that
the starting materials were equivalent. Mesh expansion could have
occurred if exposure to physiological solutions caused Mg degrada-
tion and production of H2, which then resulted in swelling of nano-
fibers or increased space between nanofibers. To test this, meshes
were immersed in cell culture medium with serum for 3 days in an

incubator and thickness was again measured. Both mesh types
showed a trend towards increased thickness compared to dry
(day 3 meshes were significantly thicker than dry PM-10), but
PM-10 was not significantly thicker than the PM-0 (Fig. 6K). Indi-
vidual fibers did not appear to have swollen, but this was not quan-
tified. Thus, the presence of Mg appeared to cause mesh swelling
only in vivo and not in vitro.

3.8.2. Macrophage infiltration
Over time in vivo, bands of closely apposed cells, which were

composed primarily of macrophages, appeared at both apical and
basal boundaries of implanted mesh (as determined by cell appear-
ance in H&E, Fig. 6, or Masson’s trichrome, Fig. 7). These masses of
presumably infiltrating cells took up a greater percentage of mesh
area with increasing time in vivo (Fig. 7A–F, graph in G). At 3 DIV,
the area taken up by these packed cells was small, around 20% of
total mesh area, and there were no differences between PM-0
and PM-10 (Fig. 7A, B and G). At 8 DIV, the PM-10 meshes con-
tained significantly more of these densely packed cells than PM-0
suggesting greater infiltration or greater expansion of the macro-
phage populations (Fig. 7C, D and G). At 28 DIV, all meshes were
almost completely filled (>85% of mesh area) and no differences
were seen between mesh types (Fig. 7E, F and G).

Signs of inflammation were observed inside and around the tis-
sues. Inflammation was most apparent at 3 DIV, with reduction
over time. Acute inflammation occurs after implantation of a for-
eign body due to the trauma of insertion and one characteristic
is an initial increase in neutrophils in tissues that usually peaks
at 2 DIV and then decreases due to neutrophil apoptosis. At both
3 and 8 DIV, the interior of the meshes, between the waves of infil-
trating macrophages, had numerous cells that included both
fibroblasts and leucocytes, indicating mild inflammation. To obtain
a measure of inflammation, and because fibroblasts were a
minority of the cells (determined by high power microscopy, not

Fig. 5. Mesh performance in vitro and effects on viability, attachment and morphology of 3T3 and PC-12 cells. (A) Cumulative release of Mg2+ frommeshes (B1 and B2) during
immersion under cell culture conditions over 14 days (336 h). (B) H2 content of medium from B2 meshes after a one-day incubation in basal culture medium, representative
experiment. Bars show significant differences (ANOVA, p = 0.011, n = 4). (C) Viability of 3T3 fibroblasts cultured on meshes for 1, 2 and 3 days (Alamar Blue assay, data
normalized to values for cells cultured on PM-0 mesh as the Control). Data are representative of multiple experiments (ANOVA, p = 0.04, but no pairs significant by post hoc,
n = 4). (D) Viability of PC-12 cells grown on plastic for one day in mesh extracts or control medium (Alamar Blue assay, data normalized to cells in control medium without
extracts, representative data set shown, ANOVA, p = 0.6, n = 6). SEM images of (E) 3T3 cells grown on mesh for 3 days and (F) PC-12 cells grown on mesh for 7 days.
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dense deposits of collagen, as would be expected with detrimental
fibrosis.

All PM-10 meshes were significantly thicker (apical to basal dis-
tance in cross section) than PM-0 at all time points (Fig. 6A–G).
Thickness for both mesh types increased over time (Fig. 6G, two-
way ANOVA, p < 0.001 for both group and time and all time points
were different within mesh types). However, the rate of increase in
thickness over time was the same for both types (Fig. 6G, parallel
line analysis), suggesting that the presence of Mg differentially
altered mesh thickness between 0 and 3 DIV, but did not differen-
tially change the rate of thickness gain after that time point.

At 3 and 8 DIV, central areas of both mesh types contained a
loose connective tissue, with strands of collagen and scattered cells
(primarily leukocytes with some fibroblasts). The loose nature of
these tissues often resulted in artifactual separation during sec-
tioning. The spaces that were white (indicating a lack of tissue)
and tissue areas (pink) were quantified using color thresholding
in ImageJ. At 3 but not 8 DIV, the proportion of non-tissue ‘‘space”
per central area examined (as %) was greater for PM-10 than PM-0
(Fig. 6H). These non-tissue spaces were presumably filled, in life,
with air, extracellular fluid and/or PCL fibers. The PCL mesh dis-
solves during tissue processing, so fibers could not be differenti-
ated from fluid or air in these sections.

To determine what might have influenced differential mesh
thickness in vivo, dry meshes were imaged using confocal micro-
scopy, thresholded with ImageJ and mesh thickness was measured
(thresholded images shown in Fig. 6I and J). No difference was
observed between PM-10 and PM-0 when dry (graph in Fig. 6K),
which confirmed data from the materials characterization that
the starting materials were equivalent. Mesh expansion could have
occurred if exposure to physiological solutions caused Mg degrada-
tion and production of H2, which then resulted in swelling of nano-
fibers or increased space between nanofibers. To test this, meshes
were immersed in cell culture medium with serum for 3 days in an

incubator and thickness was again measured. Both mesh types
showed a trend towards increased thickness compared to dry
(day 3 meshes were significantly thicker than dry PM-10), but
PM-10 was not significantly thicker than the PM-0 (Fig. 6K). Indi-
vidual fibers did not appear to have swollen, but this was not quan-
tified. Thus, the presence of Mg appeared to cause mesh swelling
only in vivo and not in vitro.

3.8.2. Macrophage infiltration
Over time in vivo, bands of closely apposed cells, which were

composed primarily of macrophages, appeared at both apical and
basal boundaries of implanted mesh (as determined by cell appear-
ance in H&E, Fig. 6, or Masson’s trichrome, Fig. 7). These masses of
presumably infiltrating cells took up a greater percentage of mesh
area with increasing time in vivo (Fig. 7A–F, graph in G). At 3 DIV,
the area taken up by these packed cells was small, around 20% of
total mesh area, and there were no differences between PM-0
and PM-10 (Fig. 7A, B and G). At 8 DIV, the PM-10 meshes con-
tained significantly more of these densely packed cells than PM-0
suggesting greater infiltration or greater expansion of the macro-
phage populations (Fig. 7C, D and G). At 28 DIV, all meshes were
almost completely filled (>85% of mesh area) and no differences
were seen between mesh types (Fig. 7E, F and G).

Signs of inflammation were observed inside and around the tis-
sues. Inflammation was most apparent at 3 DIV, with reduction
over time. Acute inflammation occurs after implantation of a for-
eign body due to the trauma of insertion and one characteristic
is an initial increase in neutrophils in tissues that usually peaks
at 2 DIV and then decreases due to neutrophil apoptosis. At both
3 and 8 DIV, the interior of the meshes, between the waves of infil-
trating macrophages, had numerous cells that included both
fibroblasts and leucocytes, indicating mild inflammation. To obtain
a measure of inflammation, and because fibroblasts were a
minority of the cells (determined by high power microscopy, not

Fig. 5. Mesh performance in vitro and effects on viability, attachment and morphology of 3T3 and PC-12 cells. (A) Cumulative release of Mg2+ frommeshes (B1 and B2) during
immersion under cell culture conditions over 14 days (336 h). (B) H2 content of medium from B2 meshes after a one-day incubation in basal culture medium, representative
experiment. Bars show significant differences (ANOVA, p = 0.011, n = 4). (C) Viability of 3T3 fibroblasts cultured on meshes for 1, 2 and 3 days (Alamar Blue assay, data
normalized to values for cells cultured on PM-0 mesh as the Control). Data are representative of multiple experiments (ANOVA, p = 0.04, but no pairs significant by post hoc,
n = 4). (D) Viability of PC-12 cells grown on plastic for one day in mesh extracts or control medium (Alamar Blue assay, data normalized to cells in control medium without
extracts, representative data set shown, ANOVA, p = 0.6, n = 6). SEM images of (E) 3T3 cells grown on mesh for 3 days and (F) PC-12 cells grown on mesh for 7 days.
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quantified) nuclear numbers were counted within the loose con-
nective tissue area. No significant differences were detected
between PM-10 and PM-0, when nuclear numbers were expressed
either as a percent of the area analyzed (Nuclear#/Area, Fig. 7H) or

as a percent of the actual tissue present (determined by threshold-
ing) (Nuclear#/Tissue, Fig. 7I) (although 3 DIV PM-0 differed from 8
DIV PM-10). The lack of significant increases in nuclear density
with PM-10 versus PM-0, per time point, suggests that the Mg

Fig. 6. Mesh thickness in vivo and in vitro. (A-F) In vivo, in H&E stained sections, PM-10 meshes were thicker than PM-0 at 3 DIV (A, B), 8 DIV (C, D) and 28 DIV (E, F). White
brackets indicate mesh location within tissues. (G) The graph shows quantification of average thickness (two-way ANOVA, Group p < 0.001, p = 0.1 for interactions, n = 4–5, *
show PM-10 to PM-0 differences, 25 measurements per image, 3 images per mouse). Slopes were not different by parallel line analysis, p = 0.089). (H) In H&E tissue sections,
using color thresholding in ImageJ, spaces within meshes were analyzed (ANOVA, p = 0.02, n = 4–5, bars show differences, values expressed as a percent of total mesh area).
(I–J) In vitro, mesh images when dry (I) and after immersion in culture medium for 3 days (J) were acquired using transmitted light on a confocal microscope and then
thresholded using ImageJ, as shown. Apical-basal thickness was measured (examples of areas measured are outlined in I, J). (K) Thickness increased over time, but was not
different between mesh types (ANOVA, p < 0.001, n = 15 and 4 for dry and 3 day measurements, respectively, bars show SDs).
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did not induce greater tissue inflammation. Further characteriza-
tion now requires biochemical analyses.

3.8.3. Macrophage polarization
Macrophage phenotype changes over time after tissue injury,

from macrophages that stimulate inflammatory processes to ones
that promote tissue repair [65,66]. To investigate macrophage phe-
notypes, we immunostained sections with antibodies to two
macrophage polarization protein markers, inducible nitric oxide
synthase (iNOS) and Arginase-1 (Arg1). iNOS is upregulated to a
greater extent in macrophages that are at the M1 end of the macro-
phage polarization spectrum and pro-inflammatory. Arg1 is highly
expressed by macrophages at the M2 (but not M1) end of the spec-
trum, which are macrophages that are less inflammatory and func-
tion to promote tissue repair [67,68]. Arg1 is an enzyme involved
in the urea cycle, in producing ornithine, which is metabolized to
proline, an essential protein in collagen formation. Ornithine can
also be metabolized to form polyamines, which play roles in pro-
moting cell proliferation and tissue regeneration [67].

At 3 DIV, PM-10 meshes did not differ from PM-0 meshes in
iNOS expression, as determined by expressing area of iNOS as a
percent of the area of DAPI (nuclear) staining within the mesh
(Fig. 8A and C). In contrast, PM-10 meshes had significantly more
Arg1 staining than PM-0 meshes (Fig. 8B and D). Comparing the
two stains, PM-10 had a significantly higher Arg1/iNOS ratio
(Fig. 8I). At 8 DIV, both mesh types showed more of each cell type
compared to 3 DIV, but there were no differences between mesh
types for iNOS, Arg1 or Arg1/iNOS (Fig. 8E–I). At 28 DIV (not
shown), Arg-1 staining was reduced to near background levels in
both mesh types. To be noted is that the iNOS antibody labels both
nuclei and cytoplasm (Santa Cruz datasheet) while DAPI stains
only nuclei, which explains how the iNOS percentages at 8 DIV
were greater than 100% of DAPI area (Fig. 8G).

3.8.4. Mesh appearance at 28 DIV
To explore tissue differences at a time point when tissue remod-

eling would be occurring, we examined 28-day implantation. At
sacrifice, mesh pieces (Fig. 9A, circles) were well vascularized, as
seen by the fact that large blood vessels (Fig. 9A, arrowheads) were
associated with the meshes and they appeared to connect meshes
to adjacent subcutaneous fat pads (Fig. 9A, arrows). In sections, the
meshes were almost completely filled with granuloma tissue that
contained predominantly macrophages (Fig. 9B stained with
H&E). This tissue was also filled with a large number of multinucle-
ated foreign body giant cells (FBGCs, Fig. 9B, circles). The number of
nuclei per cell varied and was often less than in the circled cells,
but all cells with definite multiple nuclei were considered FBGCs
for quantification. The relative percentages, sizes and densities
were measured in H&E stained sections. However, there were no
differences between PM-0 and PM-10 in the density of FBGCs
within the meshes (Supplemental Fig. 5A, #/mm2) or the area cov-
ered with FBGC cytoplasm (as a percent of the fabric area, Supple-
mental Fig. 5B). The average size of FBGCs and the size of the
largest FBGCs per fabric image were also not different between
the mesh types (Supplemental Fig. 5C and D). Thus, by 28 DIV,
the presence of Mg did not appear to result in a difference in FBGC
number or size.

When 28 DIV sections were stained with Masson’s trichrome
stain (Fig. 9C and D), where collagen was colored blue and cell
cytoplasm red, the amount of collagen per mesh area was greater
with PM-10 versus PM-0 (Fig. 9E). The collagen was also more
organized in PM-10 versus PM-0, as indicated by significantly
longer continuous bands of collagen (white arrows in Fig. 9C and
D, graph in Fig. 9F). Another measure of the foreign body reaction
to an implanted material is the degree to which a foreign body is
walled off from adjacent tissues with a fibrous capsule composed
of dense collagen. Neither type of mesh had an average capsule

Fig. 7. Cellular ingrowth into mesh in vivo, after 3, 8 and 28 DIV. (A–F) In sections stained with Masson’s Trichrome, which renders collagen blue and cells red, PM-0 meshes
are shown at 3 (A), 8 (C) and 28 (E) DIV and PM-10 meshes are shown at 3 (B), 8 (D) and 28 (F) DIV. Brackets indicate localization of mesh and white bars in A-F represent the
cellular ingrowth measurements used to generate the graph in G. (G) Graph of the dense cellularity (macrophages) as a percentage of total mesh area (two-way ANVOA,
Group p = 0.008, n = 4–5, analysis as in Fig. 6G). (H, I) At 3 and 8 DIV, nuclear numbers in the central mesh areas were counted. (H) When nuclear density was calculated per
image area examined, there were no differences between mesh types at either time point (ANOVA, p = 0.03, n = 4–5, bar shows only difference). (I) When nuclear density was
calculated per the area covered by tissue within the same image area, there were no differences between mesh types (ANOVA, p = 0.2, n = 4–5). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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did not induce greater tissue inflammation. Further characteriza-
tion now requires biochemical analyses.

3.8.3. Macrophage polarization
Macrophage phenotype changes over time after tissue injury,

from macrophages that stimulate inflammatory processes to ones
that promote tissue repair [65,66]. To investigate macrophage phe-
notypes, we immunostained sections with antibodies to two
macrophage polarization protein markers, inducible nitric oxide
synthase (iNOS) and Arginase-1 (Arg1). iNOS is upregulated to a
greater extent in macrophages that are at the M1 end of the macro-
phage polarization spectrum and pro-inflammatory. Arg1 is highly
expressed by macrophages at the M2 (but not M1) end of the spec-
trum, which are macrophages that are less inflammatory and func-
tion to promote tissue repair [67,68]. Arg1 is an enzyme involved
in the urea cycle, in producing ornithine, which is metabolized to
proline, an essential protein in collagen formation. Ornithine can
also be metabolized to form polyamines, which play roles in pro-
moting cell proliferation and tissue regeneration [67].

At 3 DIV, PM-10 meshes did not differ from PM-0 meshes in
iNOS expression, as determined by expressing area of iNOS as a
percent of the area of DAPI (nuclear) staining within the mesh
(Fig. 8A and C). In contrast, PM-10 meshes had significantly more
Arg1 staining than PM-0 meshes (Fig. 8B and D). Comparing the
two stains, PM-10 had a significantly higher Arg1/iNOS ratio
(Fig. 8I). At 8 DIV, both mesh types showed more of each cell type
compared to 3 DIV, but there were no differences between mesh
types for iNOS, Arg1 or Arg1/iNOS (Fig. 8E–I). At 28 DIV (not
shown), Arg-1 staining was reduced to near background levels in
both mesh types. To be noted is that the iNOS antibody labels both
nuclei and cytoplasm (Santa Cruz datasheet) while DAPI stains
only nuclei, which explains how the iNOS percentages at 8 DIV
were greater than 100% of DAPI area (Fig. 8G).

3.8.4. Mesh appearance at 28 DIV
To explore tissue differences at a time point when tissue remod-

eling would be occurring, we examined 28-day implantation. At
sacrifice, mesh pieces (Fig. 9A, circles) were well vascularized, as
seen by the fact that large blood vessels (Fig. 9A, arrowheads) were
associated with the meshes and they appeared to connect meshes
to adjacent subcutaneous fat pads (Fig. 9A, arrows). In sections, the
meshes were almost completely filled with granuloma tissue that
contained predominantly macrophages (Fig. 9B stained with
H&E). This tissue was also filled with a large number of multinucle-
ated foreign body giant cells (FBGCs, Fig. 9B, circles). The number of
nuclei per cell varied and was often less than in the circled cells,
but all cells with definite multiple nuclei were considered FBGCs
for quantification. The relative percentages, sizes and densities
were measured in H&E stained sections. However, there were no
differences between PM-0 and PM-10 in the density of FBGCs
within the meshes (Supplemental Fig. 5A, #/mm2) or the area cov-
ered with FBGC cytoplasm (as a percent of the fabric area, Supple-
mental Fig. 5B). The average size of FBGCs and the size of the
largest FBGCs per fabric image were also not different between
the mesh types (Supplemental Fig. 5C and D). Thus, by 28 DIV,
the presence of Mg did not appear to result in a difference in FBGC
number or size.

When 28 DIV sections were stained with Masson’s trichrome
stain (Fig. 9C and D), where collagen was colored blue and cell
cytoplasm red, the amount of collagen per mesh area was greater
with PM-10 versus PM-0 (Fig. 9E). The collagen was also more
organized in PM-10 versus PM-0, as indicated by significantly
longer continuous bands of collagen (white arrows in Fig. 9C and
D, graph in Fig. 9F). Another measure of the foreign body reaction
to an implanted material is the degree to which a foreign body is
walled off from adjacent tissues with a fibrous capsule composed
of dense collagen. Neither type of mesh had an average capsule

Fig. 7. Cellular ingrowth into mesh in vivo, after 3, 8 and 28 DIV. (A–F) In sections stained with Masson’s Trichrome, which renders collagen blue and cells red, PM-0 meshes
are shown at 3 (A), 8 (C) and 28 (E) DIV and PM-10 meshes are shown at 3 (B), 8 (D) and 28 (F) DIV. Brackets indicate localization of mesh and white bars in A-F represent the
cellular ingrowth measurements used to generate the graph in G. (G) Graph of the dense cellularity (macrophages) as a percentage of total mesh area (two-way ANVOA,
Group p = 0.008, n = 4–5, analysis as in Fig. 6G). (H, I) At 3 and 8 DIV, nuclear numbers in the central mesh areas were counted. (H) When nuclear density was calculated per
image area examined, there were no differences between mesh types at either time point (ANOVA, p = 0.03, n = 4–5, bar shows only difference). (I) When nuclear density was
calculated per the area covered by tissue within the same image area, there were no differences between mesh types (ANOVA, p = 0.2, n = 4–5). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Tissue sections of mesh immunostained for macrophage phenotypes. (A, B, E, F). Sections at 3 (A, B) and 8 DIV (E, F) were immunostained for iNOS (green) and Arg1
(red) and nuclei were stained with DAPI (blue) (brackets show meshes, bar = 100 mm, applies to all). Graphs (C, D, G, H) give stained area of each marker, as a percent of
nuclear (DAPI+) area, within the mesh. The ratio of Arg1 to iNOS stained area is given as % for 3 (I) and 8 (J) DIV. Bars show significant differences (Rank sum tests, p < 0.05
only for (D) 3DIV Arg1 and (I) 3 DIV Arg1/iNOS, n = 4–5). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 9. In vivo tissues after 28 DIV. (A) At the 28 DIV sacrifice, the mesh pieces (inside white dashed circles) showed large blood vessels (white arrowheads) that appeared to
interconnect mesh pieces and large lateral fat pads (white arrows). (B) In H&E stained sections, the mesh interior contained numerous macrophages and multinucleated
FBGCs (FBGCs shown in black circles). (C, D) In sections stained with Masson’s trichrome stain, measurements were made of the length of continuous collagen (blue) bands
(white arrows), the percent of area covered by collagen (e.g., within the white squares, using color thresholding in ImageJ) and the thickness of the apical collagenous capsule
(yellow arrows). (E, F) The (E) average length of continuous collagen bands and (F) area of collagen as a percent of the area examined were both significantly greater for PM-10
than PM-0 (Rank sum test, p = 0.008 and 0.016, respectively, n = 5 mice per mesh type, averages of 36 fields total: 6 fields per image, 6 images per animal from 2 to 6 sections
per animal). (G, H) In the same images, with a similar counting scheme, (G) capsule thickness in microns was not different between mesh types (p = 0.095), but if expressed
(H) as a percent of mesh height, PM-10 capsules were significantly thinner than PM-0 (p = 0.016). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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thickness greater than 35 mm (Fig. 9G), which can be considered
relatively thin [69], and there were no differences between mesh
types. However, if capsule thickness was expressed as a percent
of mesh area then the PM-10 capsules were significantly thinner
than the PM-0 capsules (Fig. 9H).

3.8.5. Calcitonin gene related peptide (CGRP) expression
A recent publication reported that Mg metal implants placed

inside rat bones (femurs) stimulated increased CGRP expression
in peripheral nerves adjacent to the bone, which was evident in
immunostained sections [25]. This increase in CGRP led to
increased bone density. To determine if there might be an effect
of the PM-10 mesh on CGRP expression in adjacent nerve fibers,
we immunostained for CGRP and for nerves, using an axonal mar-
ker, a neurofilament protein (Fig. 10A–D). We measured the inten-
sity of immunostaining for CGRP in nerve fibers located apically,
between the meshes and the overlying panniculus muscle layer,
dermis and epidermis (using ImageJ). There were no differences
between PM-10 and PM-0 meshes at either 3 or 8 DIV (Fig. 10E
and F). This preliminary finding suggests no major influence of
Mg on CGRP expression in nerve fibers in the skin.

4. Discussion

4.1. Electrospun mesh characterization

Electrospun PCL nanofiber meshes were made containing
increasing amounts of Mg metal microparticles. Prior to electro-
spinning, the as-received Mg particle shapes were characterized
by SEM and TEM, crystallinity by XRD, and hydrodynamic sizes
by dynamic light scattering. The diffraction characteristics of the
microparticles were consistent with those of pure Mg. The average
size (hydrodynamic diameter) of the particles was distributed
around 100 nm in number-weighted distributions and 1000 nm
in volume-weighted distributions and this was consistent with
high magnification images with SEM and TEM. These data indicate
that the Mg particles had a wide size range, with most of them near
the 100 nm size, but with some very big, which contributed heavily
to shift the volume percent towards higher size values.

After electrospinning into meshes, electron microscopic images
showed that the Mg particles were either embedded within indi-
vidual PCL nanofibers or attached to the surface of fibers and
coated with PCL. Mg presence was confirmed initially by EDS map-
ping. The nanofiber structure, where not obscured by attached Mg
particles, was uniform and smooth. Analysis of nanofiber diame-

ters for Batch 1 meshes showed that the PM-30 and PM-50 meshes
had a subset of fibers with higher diameters than in PM-0 or PM-
10, but only PM-50 meshes had a higher average diameter, and
only relative to PM-0 fibers. Increased fiber diameter is not likely
to arise from the smaller metal particles (e.g., smaller than the fiber
diameters), because such charged particles will result in a higher
charge density on the ejected jet during spinning, which increases
the stretching of the jet of polymer, and this creates smaller diam-
eter fibers. Instead, it is more likely that the greater numbers of lar-
ger metal particles in the PM-50 mesh contributed to larger fiber
diameters by hindering this ‘‘jet stretching”.

The porosity of the meshes, estimated used the calculated bulk
density, did not differ between the mesh types. The range of poros-
ity was between 60 and 70%, which is the preferred range for
porosity of tissue engineering scaffolds [52]. Appropriate porosity
is important for cellular adhesion and growth, as well as gas and
nutrient exchange. Unlike consistently sized isotropic pores made
by using particles or bubbles within a solidified polymer solution,
the nanofiber mesh pores are the spaces formed when fibers cross
randomly. The overall random 3D nature of the nanofiber mesh
architecture mimics fibrous ECM better than solid cast materials,
and this provides an advantage in its application as tissue engi-
neering scaffolds.

To further confirm the presence of Mg in the meshes and to
determine if the presence of Mg altered the chemistry of the PCL,
meshes were examined using X-ray diffraction and FTIR. The
XRD patterns suggest that with the PM-30 and PM-50 meshes,
there was a decrease in the degree of crystallization of PCL. How-
ever, both the X-ray diffraction and FTIR spectra revealed no fur-
ther changes and confirmed that the presence of Mg did not alter
the chemical structure of the PCL. A similar lack of chemical inter-
actions between Mg and polymer molecules has been reported
previously, when Mg particles were added to poly-D-L-lactic acid
composites [48]. The XRD analysis of the mesh also confirms that
the Mg present in all fiber samples had the same crystallographic
phases as the Mg metallic particles before electrospinning.

4.2. Mechanical properties of meshes

The presence of Mg significantly altered the mechanical proper-
ties of the nanofiber meshes. Even the smallest amount of Mg (PM-
10) resulted in a distinctly lower ductility (lower ability to elongate
with strain). However, the PM-10 mesh was not different from the
PM-0 in ultimate tensile strength and Young’s modulus. Incremen-
tal addition of Mg beyond the PM-10 amount resulted in an incre-
mental decrease in ultimate tensile strength and Young’s modulus.

Fig. 10. CGRP Immunostaining in vivo. (A–D) Nerves in tissues apical and adjacent to mesh were immunostained for axons (NF, red), CGRP (green) and nuclei (blue) (3 DIV
shown, with (A, C) merged CGRP and NF staining and (B, D) with just CGRP staining). (E, F) No differences were seen in CGRP staining intensity relative to background staining
at either 3 or 8 DIV (Rank sum test, p = 0.16 and 1, respectively, n = 4–5 mice per group, multiple sections examined per mouse, to allow multiple nerves to be measured, all
averaged per mouse). Intensity of CGRP in NF-positive nerve fascicles was compared to intensity of neighboring connective tissue regions within the same nerve fascicle. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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thickness greater than 35 mm (Fig. 9G), which can be considered
relatively thin [69], and there were no differences between mesh
types. However, if capsule thickness was expressed as a percent
of mesh area then the PM-10 capsules were significantly thinner
than the PM-0 capsules (Fig. 9H).

3.8.5. Calcitonin gene related peptide (CGRP) expression
A recent publication reported that Mg metal implants placed

inside rat bones (femurs) stimulated increased CGRP expression
in peripheral nerves adjacent to the bone, which was evident in
immunostained sections [25]. This increase in CGRP led to
increased bone density. To determine if there might be an effect
of the PM-10 mesh on CGRP expression in adjacent nerve fibers,
we immunostained for CGRP and for nerves, using an axonal mar-
ker, a neurofilament protein (Fig. 10A–D). We measured the inten-
sity of immunostaining for CGRP in nerve fibers located apically,
between the meshes and the overlying panniculus muscle layer,
dermis and epidermis (using ImageJ). There were no differences
between PM-10 and PM-0 meshes at either 3 or 8 DIV (Fig. 10E
and F). This preliminary finding suggests no major influence of
Mg on CGRP expression in nerve fibers in the skin.

4. Discussion

4.1. Electrospun mesh characterization

Electrospun PCL nanofiber meshes were made containing
increasing amounts of Mg metal microparticles. Prior to electro-
spinning, the as-received Mg particle shapes were characterized
by SEM and TEM, crystallinity by XRD, and hydrodynamic sizes
by dynamic light scattering. The diffraction characteristics of the
microparticles were consistent with those of pure Mg. The average
size (hydrodynamic diameter) of the particles was distributed
around 100 nm in number-weighted distributions and 1000 nm
in volume-weighted distributions and this was consistent with
high magnification images with SEM and TEM. These data indicate
that the Mg particles had a wide size range, with most of them near
the 100 nm size, but with some very big, which contributed heavily
to shift the volume percent towards higher size values.

After electrospinning into meshes, electron microscopic images
showed that the Mg particles were either embedded within indi-
vidual PCL nanofibers or attached to the surface of fibers and
coated with PCL. Mg presence was confirmed initially by EDS map-
ping. The nanofiber structure, where not obscured by attached Mg
particles, was uniform and smooth. Analysis of nanofiber diame-

ters for Batch 1 meshes showed that the PM-30 and PM-50 meshes
had a subset of fibers with higher diameters than in PM-0 or PM-
10, but only PM-50 meshes had a higher average diameter, and
only relative to PM-0 fibers. Increased fiber diameter is not likely
to arise from the smaller metal particles (e.g., smaller than the fiber
diameters), because such charged particles will result in a higher
charge density on the ejected jet during spinning, which increases
the stretching of the jet of polymer, and this creates smaller diam-
eter fibers. Instead, it is more likely that the greater numbers of lar-
ger metal particles in the PM-50 mesh contributed to larger fiber
diameters by hindering this ‘‘jet stretching”.

The porosity of the meshes, estimated used the calculated bulk
density, did not differ between the mesh types. The range of poros-
ity was between 60 and 70%, which is the preferred range for
porosity of tissue engineering scaffolds [52]. Appropriate porosity
is important for cellular adhesion and growth, as well as gas and
nutrient exchange. Unlike consistently sized isotropic pores made
by using particles or bubbles within a solidified polymer solution,
the nanofiber mesh pores are the spaces formed when fibers cross
randomly. The overall random 3D nature of the nanofiber mesh
architecture mimics fibrous ECM better than solid cast materials,
and this provides an advantage in its application as tissue engi-
neering scaffolds.

To further confirm the presence of Mg in the meshes and to
determine if the presence of Mg altered the chemistry of the PCL,
meshes were examined using X-ray diffraction and FTIR. The
XRD patterns suggest that with the PM-30 and PM-50 meshes,
there was a decrease in the degree of crystallization of PCL. How-
ever, both the X-ray diffraction and FTIR spectra revealed no fur-
ther changes and confirmed that the presence of Mg did not alter
the chemical structure of the PCL. A similar lack of chemical inter-
actions between Mg and polymer molecules has been reported
previously, when Mg particles were added to poly-D-L-lactic acid
composites [48]. The XRD analysis of the mesh also confirms that
the Mg present in all fiber samples had the same crystallographic
phases as the Mg metallic particles before electrospinning.

4.2. Mechanical properties of meshes

The presence of Mg significantly altered the mechanical proper-
ties of the nanofiber meshes. Even the smallest amount of Mg (PM-
10) resulted in a distinctly lower ductility (lower ability to elongate
with strain). However, the PM-10 mesh was not different from the
PM-0 in ultimate tensile strength and Young’s modulus. Incremen-
tal addition of Mg beyond the PM-10 amount resulted in an incre-
mental decrease in ultimate tensile strength and Young’s modulus.

Fig. 10. CGRP Immunostaining in vivo. (A–D) Nerves in tissues apical and adjacent to mesh were immunostained for axons (NF, red), CGRP (green) and nuclei (blue) (3 DIV
shown, with (A, C) merged CGRP and NF staining and (B, D) with just CGRP staining). (E, F) No differences were seen in CGRP staining intensity relative to background staining
at either 3 or 8 DIV (Rank sum test, p = 0.16 and 1, respectively, n = 4–5 mice per group, multiple sections examined per mouse, to allow multiple nerves to be measured, all
averaged per mouse). Intensity of CGRP in NF-positive nerve fascicles was compared to intensity of neighboring connective tissue regions within the same nerve fascicle. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The PM-50 was the most brittle and presented some difficulty in
handling.

The mechanical properties of filler-reinforced polymer compos-
ites are determined primarily by the extent to which the filler
material (in this case, Mg) becomes bonded to the polymer matrix
and carries its share of the load [58]. When the filler material in a
composite fibrous material carries the load, then the tensile
strength is effectively unchanged with filler loading. When the fil-
ler is incapable of, or is less effective at, carrying the load, the
strength decreases linearly with increased loading of filler material
[59]. This latter effect is more pronounced (and may deviate from a
linear correlation) with larger particle sizes, because the large par-
ticles effectively act as voids in the structure. Another factor is that
the Mg particles were much stiffer than the PCL material and irreg-
ular in shape. It is known that fillers that are stiffer than the matrix,
which therefore have a lower deformability and a shape that can
interfere with the alignment of the parent material, can signifi-
cantly alter any of the mechanical properties [60]. With our Mg
meshes, the statistically similar ultimate tensile strength and
Young’s modulus values for PM-0 and PM-10 suggest that the par-
ticle loading in the PM-10 mesh did not significantly impact the
load bearing properties of the mesh, but the higher content of
Mg in the other mesh types did interfere.

Ductility was significantly altered by addition of any amount of
Mg. This could have been due to interference of the large particles
with elastic properties. When a polymer deforms, there is an elas-
tic response, but the presence of large particles induces localized
and diffused inelastic processes [7], which reduces the tensile
strength as well as Young’s modulus of composite nanofiber
meshes. It is also true that elongation forces alter the crystalline
phases in PCL [70] and having particles present will interfere with
this crystallinity and therefore with all mechanical properties,
including ductility. Predicting how mechanical properties are
altered by the presence of Mg particles within PCL may only be
fully understood with something like finite element analysis [58]
or by analyzing mechanical strengths of single fibers. In our case,
the high variability of both size and shape of the Mg particles make
any such analysis difficult. Only if uniformity of size and shapes
can be achieved will there be a possibility of predicting mechanical
properties after adding specific amounts of Mg particles.

4.3. Mg ion release in vitro

Mg release from the meshes was determined by measuring the
levels of free Mg2+ using a dye-based assay that involves a dye,
Xylidyl blue, which changes color with increasing Mg2+. Analysis
of release showed that the PM-10 meshes, even though there were
some differences between batches, both demonstrated a slowing of
release by the end of 14 days, while all other mesh types continued
to release at a steady rate. There were very few differences in the
final cumulative release between the PM > 10 meshes, only that
the PM-20 (B2) was different from the PM-50 (B1). These data
are consistent with both the mechanical characteristics and the
LM images that show that the PM-10 mesh appeared to lose all vis-
ible particles (Supplemental Fig. 4). This suggests that addition of
the amount of Mg in PM-20 has reached or has almost reached a
maximal amount. This may have to do with fiber size, as will be
discussed below.

Batch differences were observed, but the direction of change
was different for the PM-30 versus the PM-10 and was only signif-
icant with the PM-10 material. Further, the Mg release curves sug-
gested that this didn’t alter the fact that the PM-10 release was
consistently different from the PM > 10 mesh release. Batch differ-
ences could be due to differential amounts of Mg becoming loosely
attached during the electrospinning process, or perhaps due to dif-
ferences in the amount of Mg suspended in the initial solution. Fur-

ther work is needed to characterize differences. There were two
components to Mg2+ release, as demonstrated by the curves in
Supplemental Fig. 3A. The Mg metal particles are small and the
PCL is water permeable, so, theoretically, Mg degradation should
occur very quickly upon contact with aqueous culture medium.
High levels of release were seen initially, between 0 and 2 h, and
then a reduced rate that was relatively constant thereafter, with
some indication of an exponential decrease. The greater release
over the first 2 h and the fact that release was somewhat batch-
sensitive (Supplemental Fig. 3B), suggests that this initial release
might have been due to rapid degradation of metal particles that
were either very loosely attached, i.e., by entrapment within
meshes, or covered by a very thin layer of PCL that loosened rapidly
in aqueous solution. The relatively similar release per time point
after �2 h suggests that subsequent release was due to a steady
rate of degradation of Mg from particles randomly dispersed under
thicker layers of PCL. It is also possible that the PCL might be
degrading over this time period, allowing even greater access of
water to the Mg particles. PCL degradation is traditionally thought
to take a much longer time than 14 days [71], but faster degrada-
tion could be occurring because the PCL was in thin nanofiber for-
mat. The PM-10 meshes showed a plateau phenomenon of release,
with the rate of release decreasing over the last several days. As
shown in Supplemental Fig. 3C, the rates of release calculated for
the 240–336 h time period were much lower than the 0-2 h values,
with a trend towards the PM-10 values being the lowest. This, plus
the lower cumulative release of the PM-10 mesh types is consis-
tent with the LM images, as discussed above. However, if this indi-
cates that Mg particle degradation was essentially complete by
14 days in vitro and all meshes have the same size Mg particles,
then why didn’t the PM > 10 meshes plateau also? This might be
explained by examining the histograms of mesh fiber diameters,
as shown in Fig. 3. The PM-30 and -50, but not PM-10 or -0, meshes
contained a subset of larger fibers (>3 mm diameter). Larger diam-
eter fibers would take longer to allow water to diffuse in and Mg2+

to diffuse out, so they would continue to release Mg2+ after Mg par-
ticles were gone from the smaller fibers. This suggests, for future
studies, that it might be possible to tailor the release of Mg2+ over
a period of days to weeks by designing different thickness fibers.
Given that Mg2+ have multiple beneficial effects, this has a broad
appeal for clinical applications.

4.4. Hydrogen release in vitro

Analysis of the hydrogen release in physiological solution
showed that meshes containing Mg particles did release H2. The
H2 measurements had to account for several factors. First was
the high diffusibility of hydrogen gas. Culture flasks had to remain
closed during incubation, which limited the period of study to
avoid depletion of CO2 and a rise in pH of this medium (occurs even
without cells). Measurements across the 3 min time period were
averaged to account for movement artifacts and the decline in cur-
rent due to release of H2 when the flask was opened to insert the
electrode. The short time period and variability most likely explain
why no differences were seen between mesh types. Finally,
because developing a standard curve required continual stirring
to dissolve H2, serum had to be avoided. Future studies will address
these factors.

Studies of the potential therapeutic effects of molecular hydro-
gen are increasing in number. H2 in cell culture medium was
shown to be an anti-oxidant that reacts only with hydroxyl
(�OH) and peroxinitrite (ONOO�) ions, but not with other reactive
oxygen species [38]. In vivo, this antioxidant effect could poten-
tially reduce excessive oxidative stress, which is a factor in aging
and cancer [72]. Therapeutically, H2, consumed by gas inhalation,
hydrogenated water ingestion or hydrogenated saline injection
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has shown protective effects in preclinical disease models and in
some promising clinical trials for disorders that include diabetes
and Parkinson’s Disease [35,73]. In future studies, it would be
interesting to see if the small amount of H2 produced by the mesh
can generate effects on cultured cells. Similar H2 concentrations
(around 30 to 40 mM), provided protection for cultured PC-12 cells
in an oxidative environment [38].

4.5. Cell cytocompatibility in vitro

For both 3T3 cells and PC-12 cells, no loss of cell viability was
seen with any mesh type. Possible primary toxicants in these nano-
fibers were anticipated to be leached chemicals remaining from
synthesis, but excessive levels of released Mg2+ can also be cyto-
toxic. Research has shown that the concentration of Mg2+ that
reduces cell viability significantly (i.e. <75%) is �15–20 mM in
many cell types [64,74–76]. Some types of primary bone derived
cells can survive in 100 mM, but show decreased cell function
above 20 mM [24]. The Mg release was determined for the PC-12
cell assay (data not shown) and the levels were well below a poten-
tially toxic level. Our results indicate that these fibers were not
releasing anything that was toxic to cells.

4.6. In vivo implantation and tissue responses

Tissue reactions to implanted biomaterials include 1) wound
healing initiated by the innate immune response and 2) a reaction
to the biomaterial, called the foreign body response (FBR) [72,73].
The FBR includes absorption of proteins on the implant, attraction
of immune cells, their attachment to or penetration into the for-
eign body, formation of a granulation tissue comprised of fibrob-
lasts, macrophages and newly formed blood vessels and
activation of macrophages to degrade the foreign material. If the
material is resistant to early degradation, macrophages can fuse
to form foreign body giant cells (FBGCs) [72]. If the material per-
sists, with or without chronic inflammation, fibroblasts wall off
the material with a collagenous capsule. The extent of encapsula-
tion increases if the material is irritating or toxic to tissues. We
examined these aspects of tissue response with in vivo implanta-
tion studies.

4.7. Mesh thickness in vivo

Our data showed a significant increase in mesh size over time
and a difference with the addition of Mg that appears to have
occurred during the first three days after implantation. Our
in vitro studies suggest that the differential changes with Mg were
not an intrinsic property of the mesh alone, as there were no differ-
ential changes in mesh thickness upon immersion in a physiologi-
cal solution at body temperature. In vivo, we speculate that the
differential expansion arose because the pressure from H2 produc-
tion was prevented from escaping as rapidly as it could in vitro,
because of the tissues surrounding the mesh in vivo. Therefore,
the gas pressure may have pushed nanofibers aside and expanded
the total mesh area. This is consistent with the observation of a
greater percentage of ‘‘space” (areas without tissue) in the 3 DIV
PM-10 mesh (Fig. 6H). At time points after 3 DIV, there were no
further differential increases in the thickness of PM-10 versus
PM-0, although both increased in thickness with time. A lack of dif-
ferential change after 3 DIV could have been caused by slower H2

production, as the Mg pieces degraded or were even completely
degraded. The continued increase in thickness over time of both
mesh types was presumably due to continued cellular ingrowth,
which we demonstrated.

4.8. Tissue inflammatory status

An alternative explanation as to why the PM-10 mesh increased
in size relative to the PM-0 by 3 DIV is that the PM-10 fabric under-
went greater fluid retention i.e., edema. This would occur if the Mg
presence caused tissue irritation initially. We cannot rule out this
latter possibility completely but, our observation was that the total
cell count within the center of the meshes was similar between
PM-10 and PM-0 at 3 and 8 DIV. While not definitive, this finding
argues against a significant increase in tissue inflammation due to
the Mg. At 3 DIV, there were signs of mild inflammation both
inside and around the tissues and these accumulations decreased
over time after 3 DIV. We did not see any evidence of an increase
in inflammatory status at 28 DIV. Our measure of inflammation
(nuclear counts) was only a preliminary analysis and further char-
acterization of the inflammatory status will require additional
assays.

4.9. Macrophage phenotypes

The time course of appearance of M1 and M2 macrophages dif-
fers during wound healing, with numbers distributed in bell curves
[77]. M1 macrophage numbers peak around 3 days after injury, at
which time the transition to M2 phenotypes begins. M2 numbers
reach levels comparable to M1 cells at around 7 days after injury
and reach a crest at about 10 days after injury [77]. Based on this
time scale and the changes that we see over time, the presence
of Mg in PCL mesh stimulated an earlier increase in the appearance
of M2 macrophages.

As stated previously, in wound healing and reactions to foreign
bodies like implants, M1 macrophages (classically activated) differ
in function fromM2macrophages (alternatively-activated) and are
at two ends of a polarization spectrum of macrophage phenotypes,
with the capacity to do phenotypic switching [65,66]. M1-like
macrophages are activated by specific cytokines to produce an
acute immune reaction that includes release of reactive oxidative
species and attraction of neutrophils to the site to remove foreign
material [78,79]. These activities perform important functions in
early wound healing but if prolonged, can be harmful, i.e., stimulat-
ing chronic inflammation, overly rapid degradation of an implant,
creation of a dense fibrous capsule and/or scar formation [65,66].
M2 macrophages, activated by different cytokines, stimulate
fibroblast migration into the affected area, fibroblast secretion of
collagen, increased production of blood vessels and production of
ornithine and polyamines that further promote cell growth and tis-
sue repair; they also inhibit inflammation and fibrosis, overall
resulting in tissue remodeling and repair [80–82].

In tissue engineering, modulating an implanted material to
stimulate an increased appearance of M2 macrophages at earlier
time points is correlated with greater tissue acceptance and med-
ical success of implants [65,66,83,84]. For example, incorporation
of the cytokine IL-4, which increases M2 macrophage differentia-
tion, into surgical meshes, increased early M2 numbers and, later,
decreased fibrous capsule thickness, increased collagen deposition
and improved mesh biocompatibility [69]. We propose that incor-
porating Mg metal into nanofiber meshes is similarly improving
the tissue responses compared to PCL material alone. The Mg pres-
ence stimulated greater amounts of M2 macrophages at earlier
time points, increased macrophage infiltration into the meshes
(suggesting increased macrophage motility or activity) at 8 DIV
and increased collagen production at 28 days. Further effects on
biocompatibility will focus on examining more time points, includ-
ing later ones to determine effects on scarring after the meshes are
completely degraded. In addition, because the spectrum of macro-
phage polarization is much more complex than just M1 and M2
macrophages [85,86], future work is needed to fully analyze
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has shown protective effects in preclinical disease models and in
some promising clinical trials for disorders that include diabetes
and Parkinson’s Disease [35,73]. In future studies, it would be
interesting to see if the small amount of H2 produced by the mesh
can generate effects on cultured cells. Similar H2 concentrations
(around 30 to 40 mM), provided protection for cultured PC-12 cells
in an oxidative environment [38].

4.5. Cell cytocompatibility in vitro

For both 3T3 cells and PC-12 cells, no loss of cell viability was
seen with any mesh type. Possible primary toxicants in these nano-
fibers were anticipated to be leached chemicals remaining from
synthesis, but excessive levels of released Mg2+ can also be cyto-
toxic. Research has shown that the concentration of Mg2+ that
reduces cell viability significantly (i.e. <75%) is �15–20 mM in
many cell types [64,74–76]. Some types of primary bone derived
cells can survive in 100 mM, but show decreased cell function
above 20 mM [24]. The Mg release was determined for the PC-12
cell assay (data not shown) and the levels were well below a poten-
tially toxic level. Our results indicate that these fibers were not
releasing anything that was toxic to cells.

4.6. In vivo implantation and tissue responses

Tissue reactions to implanted biomaterials include 1) wound
healing initiated by the innate immune response and 2) a reaction
to the biomaterial, called the foreign body response (FBR) [72,73].
The FBR includes absorption of proteins on the implant, attraction
of immune cells, their attachment to or penetration into the for-
eign body, formation of a granulation tissue comprised of fibrob-
lasts, macrophages and newly formed blood vessels and
activation of macrophages to degrade the foreign material. If the
material is resistant to early degradation, macrophages can fuse
to form foreign body giant cells (FBGCs) [72]. If the material per-
sists, with or without chronic inflammation, fibroblasts wall off
the material with a collagenous capsule. The extent of encapsula-
tion increases if the material is irritating or toxic to tissues. We
examined these aspects of tissue response with in vivo implanta-
tion studies.

4.7. Mesh thickness in vivo

Our data showed a significant increase in mesh size over time
and a difference with the addition of Mg that appears to have
occurred during the first three days after implantation. Our
in vitro studies suggest that the differential changes with Mg were
not an intrinsic property of the mesh alone, as there were no differ-
ential changes in mesh thickness upon immersion in a physiologi-
cal solution at body temperature. In vivo, we speculate that the
differential expansion arose because the pressure from H2 produc-
tion was prevented from escaping as rapidly as it could in vitro,
because of the tissues surrounding the mesh in vivo. Therefore,
the gas pressure may have pushed nanofibers aside and expanded
the total mesh area. This is consistent with the observation of a
greater percentage of ‘‘space” (areas without tissue) in the 3 DIV
PM-10 mesh (Fig. 6H). At time points after 3 DIV, there were no
further differential increases in the thickness of PM-10 versus
PM-0, although both increased in thickness with time. A lack of dif-
ferential change after 3 DIV could have been caused by slower H2

production, as the Mg pieces degraded or were even completely
degraded. The continued increase in thickness over time of both
mesh types was presumably due to continued cellular ingrowth,
which we demonstrated.

4.8. Tissue inflammatory status

An alternative explanation as to why the PM-10 mesh increased
in size relative to the PM-0 by 3 DIV is that the PM-10 fabric under-
went greater fluid retention i.e., edema. This would occur if the Mg
presence caused tissue irritation initially. We cannot rule out this
latter possibility completely but, our observation was that the total
cell count within the center of the meshes was similar between
PM-10 and PM-0 at 3 and 8 DIV. While not definitive, this finding
argues against a significant increase in tissue inflammation due to
the Mg. At 3 DIV, there were signs of mild inflammation both
inside and around the tissues and these accumulations decreased
over time after 3 DIV. We did not see any evidence of an increase
in inflammatory status at 28 DIV. Our measure of inflammation
(nuclear counts) was only a preliminary analysis and further char-
acterization of the inflammatory status will require additional
assays.

4.9. Macrophage phenotypes

The time course of appearance of M1 and M2 macrophages dif-
fers during wound healing, with numbers distributed in bell curves
[77]. M1 macrophage numbers peak around 3 days after injury, at
which time the transition to M2 phenotypes begins. M2 numbers
reach levels comparable to M1 cells at around 7 days after injury
and reach a crest at about 10 days after injury [77]. Based on this
time scale and the changes that we see over time, the presence
of Mg in PCL mesh stimulated an earlier increase in the appearance
of M2 macrophages.

As stated previously, in wound healing and reactions to foreign
bodies like implants, M1 macrophages (classically activated) differ
in function fromM2macrophages (alternatively-activated) and are
at two ends of a polarization spectrum of macrophage phenotypes,
with the capacity to do phenotypic switching [65,66]. M1-like
macrophages are activated by specific cytokines to produce an
acute immune reaction that includes release of reactive oxidative
species and attraction of neutrophils to the site to remove foreign
material [78,79]. These activities perform important functions in
early wound healing but if prolonged, can be harmful, i.e., stimulat-
ing chronic inflammation, overly rapid degradation of an implant,
creation of a dense fibrous capsule and/or scar formation [65,66].
M2 macrophages, activated by different cytokines, stimulate
fibroblast migration into the affected area, fibroblast secretion of
collagen, increased production of blood vessels and production of
ornithine and polyamines that further promote cell growth and tis-
sue repair; they also inhibit inflammation and fibrosis, overall
resulting in tissue remodeling and repair [80–82].

In tissue engineering, modulating an implanted material to
stimulate an increased appearance of M2 macrophages at earlier
time points is correlated with greater tissue acceptance and med-
ical success of implants [65,66,83,84]. For example, incorporation
of the cytokine IL-4, which increases M2 macrophage differentia-
tion, into surgical meshes, increased early M2 numbers and, later,
decreased fibrous capsule thickness, increased collagen deposition
and improved mesh biocompatibility [69]. We propose that incor-
porating Mg metal into nanofiber meshes is similarly improving
the tissue responses compared to PCL material alone. The Mg pres-
ence stimulated greater amounts of M2 macrophages at earlier
time points, increased macrophage infiltration into the meshes
(suggesting increased macrophage motility or activity) at 8 DIV
and increased collagen production at 28 days. Further effects on
biocompatibility will focus on examining more time points, includ-
ing later ones to determine effects on scarring after the meshes are
completely degraded. In addition, because the spectrum of macro-
phage polarization is much more complex than just M1 and M2
macrophages [85,86], future work is needed to fully analyze
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macrophage subtypes in the tissue response. However, the effects
we see suggest a role for Mg metal in reducing tissue reactions to
other implanted materials.

4.10. 28 DIV collagen and capsule

As the FBR to most biomaterials proceeds, macrophages are
replaced by infiltrating fibroblasts laying down ECM proteins, like
collagen, and this collagen gets organized into bands to eventually
form scar tissue. Collagen bands serve a useful purpose in damaged
tissue to hold the tissue together while remodeling occurs. Thus,
more ECM and a greater degree of organization of the ECM during
tissue reorganization are signs of improved resolution of the FBR
and are desirable traits in a connective tissue area like the dermis
of the skin [83]. This is what our 28 DIV data suggest, that the pres-
ence of Mg particles has a long-lasting effect that increases tissue
remodeling, a process that is designed to return the tissue to nor-
mal connective tissue. This is consistent with other studies where
Mg metal added to a composite polymer induced greater secretion
of fibronectin (another ECM protein) by mesenchymal stem cells
in vitro [48]. It is also consistent with the early increase in Arginase
1 activity of macrophages, which should contribute to increased
collagen formation.

The relatively thin capsules suggest low irritation of both mesh
types, which is consistent with the fact that PCL is an FDA-
approved biomaterial with a generally accepted low tissue irrita-
tion capacity. However, clinically, as with surgical meshes, there
is always room to further improve tissue acceptance because, as
PCL degrades, it releases acidic compounds that can cause tissue
irritation. Data in the literature also suggest that increasing the size
of fibers (while remaining near the nanoscale) and increasing the
degree of alignment might also improve biocompatibility and
reduce the FBR to the meshes [87,88].

The fact that the numbers and sizes of the FBGCs within the
meshes at 28 DIV were not different between the mesh types (Sup-
plemental Fig. 5) is consistent with the idea that there might not be
any Mg remaining in the meshes at 28 DIV. Thus, the only factor
influencing FBGCs would be the PCL, which should not have
degraded significantly by this point. FBGCs are a sign that the for-
eign material is still present and resistant to removal by normal
macrophage activity. We further speculate that even if Mg particles
remained, they might not stimulate FBGC formation, because the
metal particles might be small enough to be taken up into
mononuclear macrophages and readily digested. Overall, the 28
DIV observations suggest that adding Mg metal particles to PCL
mesh at the level in PM-10, had a positive influence that was effec-
tive through 28 DIV at promoting tissue healing and also at reduc-
ing (but not eliminating) the FBR to PCL.

An alternative hypothesis to explain the in vivo differences is
that these were caused by the changes in mesh mechanical proper-
ties with Mg metal addition. The stiffness of implants can modify
macrophage polarization, as shown by altering stiffness of collagen
matrices or hydrogels [89,90]. Elastic modulus is the most critical
parameter to determine the stiffness of a biomaterial [91], which
is indicated by the Young’s modulus. Based on our data (Fig. 4B),
the Young’s modulus was not significantly different between PM-
0 and PM-10 meshes, suggesting that stiffness was probably not
a factor influencing macrophage phenotype in our implants.
Another factor could be the topographic properties of the meshes.
Studies have shown that factors such as pore size and/or spacing
between fibers and diameter of fibers can affect macrophage phe-
notypes [92–94]. In terms of porosity, the PM-0 and PM-10 meshes
did not differ in porosity. In terms of nanofiber diameter of electro-
spun meshes, Sanders et al. showed an increase in fibrous capsule
thickness with polymer fiber diameters of 6–15 mm compared to
<5 mm, which led them to declare that fiber diameters <5 mm

resulted in minimal tissue reactivity [95]. In our studies, all fiber
diameters were <5 mm and only the PM-50 mesh showed a signif-
icant difference from PM-0. Thus, because all physical differences
were minimal, we do not believe that the mesh stiffness, porosity
or nanofiber diameters were influencing the cellular responses.

Beneficial effects on tissue responses, including altering macro-
phage phenotype, have been reported previously after Mg metal
was added to other implant materials. Whether Mg metal was
incorporated into a solid polymer, added as metal particles to cul-
tured cells or doped into titanium metal, studies have shown that
several types of cultured cells decreased production of pro-
inflammatory cytokines or increased gene or protein expression
of molecules involved in tissue repair [48,49,96,97]. When such
materials were implanted in vivo, they stimulated increased M2
macrophage polarization, reduced thickness of fibrous capsules
and decreased surrounding inflammation, compared to the same
materials without Mg [49,97]. Thus, Mg metal presence, either
in vitro or in vivo, alters macrophage polarization, is generally
anti-inflammatory and can improve tissue acceptance of a co-
implanted material. Our data are a further demonstration that
the presence of Mg can have beneficial modulatory effects on tis-
sue responses to an implanted biomaterial.

4.11. CGRP

The differences between our findings of no effect on CGRP
expression and the previous report of Mg metal implants causing
increased CGRP [25] could be due to multiple factors. While both
studies examined protein expression via immunostaining, we did
not confirm our findings with quantitative assays, e.g. via ELISAs.
The size of the implant could have made a difference. In the Zhang
study, they inserted a metal rod into a rat bone, which meant that
they had significantly more metal per animal than we had with Mg
incorporated into a mesh. Another consideration is that CGRP is a
known anabolic stimulant for bone formation [25], but is not
thought to be anabolic for connective tissue metabolism. Thus,
peripheral nerves around bone might be more sensitive to Mg2+

than those under the skin, because Mg2+ plays a more significant
role in bone metabolism than in connective tissue metabolism.

4.12. Clinical relevance

Our findings might lead to clinical applications with respect to,
first, providing both anti-inflammatory and neuroprotective effects
after nervous tissue injury. Our previous work has shown benefi-
cial effects of Mg metal filaments in repairing peripheral nerves
[40]. To augment and expand this, placing Mg metal particles in
the conduit might provide a greater degree of initial neuroprotec-
tion, because smaller particles would degrade more rapidly than
the metal filaments, therefore releasing greater amounts of Mg2+

at earlier time points.
Another potential clinical use for adding Mg metal would be to

reduce inflammation of surgical materials already in use. This
includes staples, sutures or surgical meshes made of polymers sim-
ilar to PCL. All of these can cause varied degrees of inflammation
and using them clinically requires an understanding of the risks
versus the benefits [79]. Addition of micro-sizedMgmetal particles
might provide a means to reduce these inflammatory effects and
improve the clinical benefits of these surgical materials.

5. Conclusion

The objective of this work was to synthesize a biomaterial scaf-
fold, through a process that would be comparatively easy and inex-
pensive to scale up and that has structural and material properties
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that are beneficial for tissue engineering applications. We designed
and fabricated biodegradable Mg/PCL composite nanofiber meshes
using electrospinning technology. Incorporation of Mg caused no
change in the chemical structure of the PCL fibers, but changed
the tensile properties; most notably breaking strain decreased with
increasing Mg. During in vitro immersion tests, meshes with Mg
released H2, and Mg ion release was proportional to Mg content.
The viability of 3T3 and PC-12 cells in culture was not decreased
by contact with or extracts from the meshes with Mg. When
implanted subcutaneously in mice, the presence of Mg metal
resulted in an early increase in the size of the mesh, which may
have arisen due to trapped H2, released by Mg degradation. Then,
Mg/PCL meshes showed significant improvements in tissue repair
over PCL mesh alone. Meshes with Mg stimulated an earlier
appearance of tissue reparative macrophages, an increase in the
rate of macrophage infiltration into the mesh and, at later times,
increased collagen deposition and collagen organization, all of
which are indications that the Mg/PCL was improving tissue heal-
ing over PCL alone. Thus, our observations suggest that adding Mg
to another biomaterial during electrospinning is a way to alter the
tissue reactions to the original biomaterial, which is consistent
with previous reports of additions to other, non-electrospun mate-
rials. Our results add to a body of work that suggests that the inclu-
sion of Mg metal could improve the success of many types of tissue
engineering approaches to biomedical repairs.
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that are beneficial for tissue engineering applications. We designed
and fabricated biodegradable Mg/PCL composite nanofiber meshes
using electrospinning technology. Incorporation of Mg caused no
change in the chemical structure of the PCL fibers, but changed
the tensile properties; most notably breaking strain decreased with
increasing Mg. During in vitro immersion tests, meshes with Mg
released H2, and Mg ion release was proportional to Mg content.
The viability of 3T3 and PC-12 cells in culture was not decreased
by contact with or extracts from the meshes with Mg. When
implanted subcutaneously in mice, the presence of Mg metal
resulted in an early increase in the size of the mesh, which may
have arisen due to trapped H2, released by Mg degradation. Then,
Mg/PCL meshes showed significant improvements in tissue repair
over PCL mesh alone. Meshes with Mg stimulated an earlier
appearance of tissue reparative macrophages, an increase in the
rate of macrophage infiltration into the mesh and, at later times,
increased collagen deposition and collagen organization, all of
which are indications that the Mg/PCL was improving tissue heal-
ing over PCL alone. Thus, our observations suggest that adding Mg
to another biomaterial during electrospinning is a way to alter the
tissue reactions to the original biomaterial, which is consistent
with previous reports of additions to other, non-electrospun mate-
rials. Our results add to a body of work that suggests that the inclu-
sion of Mg metal could improve the success of many types of tissue
engineering approaches to biomedical repairs.
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