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ABSTRACT: Hydrogels possess high water content and
closely mimic the microenvironment of extracellular matrix.
In this study, we created a hybrid hydrogel containing type II
collagen, hyaluronic acid (HA), and polyethylene glycol (PEG)
and incorporated magnetic nanoparticles into the hybrid
hydrogels of type II collagen-HA-PEG to produce a magnetic
nanocomposite hydrogel (MagGel) for cartilage tissue
engineering. The results showed that both the MagGel and
hybrid gel (Gel) were successfully cross-linked and the MagGel
responded to an external magnet while maintaining structural
integrity. That is, the MagGel could travel to the tissue defect sites in physiological fluids under remote magnetic guidance. The
adhesion density of bone marrow derived mesenchymal stem cells (BMSCs) on the MagGel group in vitro was similar to the
control group and greater than the Gel group. The morphology of BMSCs was normal and consistent in all groups. We also
found that BMSCs engulfed magnetic nanoparticles in culture and the presence of magnetic nanoparticles did not affect BMSC
adhesion and morphology. We hypothesized that the ingested nanoparticles may be eventually broken down by lysosome and
excreted through exocytosis; further studies are necessary to confirm this. This study reports a promising magnetic responsive
nanocomposite hydrogel for potential cartilage tissue engineering applications, which should be further studied for its effects on
cell functions when combined with electromagnetic stimulation.
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1. INTRODUCTION

Currently, natural and synthetic biocomposites, e.g., collagen−
PLGA composites,1 hyaluronic acid−chitosan composites,2

have been studied for regeneration of cartilage tissue. In
addition to the chemistry of the biomaterials, the structure of
the scaffold at the nano- and microscale is also vital for cartilage
regeneration. Nanomaterials such as nanofibers3 and materials
with nanostructured surfaces4,5 have been explored to mimic
the extracellular matrix (ECM) of cartilage. However,
nanostructures developed so far still need further improvement
to closely mimic the chemistry and the nano-to-micro
structures of native cartilage, induce desirable cellular responses
for cartilage regeneration, and provide tunable mechanical
properties similar to the ECM.
In recent decades, magnetic nanoparticles have attracted

growing interests for biomedical applications. For example,
magnetic nanoparticles have been explored extensively as
contrast agents to enhance magnetic resonance imaging (MRI)
for medical diagnosis,6 as drug carriers to improve controlled
drug delivery to targeted sites,7 or as hyperthermia agents for
cancer treatment.8 Nevertheless, magnetic nanoparticles alone

may not be able to provide optimal properties. Integration of
magnetic nanoparticles with other desirable components is an
attractive approach to create nanocomposites with integrated
properties for biomedical applications. For example, Meenach
et al. studied UV-polymerized iron oxide nanoparticles and
poly(N-isopropylacrylamide) (PNIPAAM) nanocomposites for
drug delivery and hyperthermia treatment for cancers; their
results showed favorable NIH3T3 murine fibroblasts viability,
indicating minimal cytotoxicity.9 In a few recent studies,
magnetic nanoparticles have been incorporated into scaffolds
for bone tissue engineering. For instance, Bock et al.
transformed standard commercial scaffolds made of hydrox-
yapatite and collagen into magnetic scaffolds by dip-coating
them in aqueous ferrofluids. The results showed that the
magnetic nanoparticles were integrated into the porous
structures of the scaffolds, and the resulted magnetic scaffolds
supported adhesion and proliferation of human bone marrow
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derived mesenchymal stem cells (BMSCs) in vitro.10 Zhang et
al. developed a three-dimensional magnetic composite scaffold
made out of magnetite (Fe3O4), mesoporous bioactive glass
(MBG), and polycaprolactone (PCL) using a 3D Bioplotter.
They reported that the nanocomposite scaffold significantly
stimulated human BMSCs proliferation, alkaline phosphatase
(ALP) activity, osteogenic gene expression, and ECM
mineralization.11 However, magnetic nanocomposites for soft
tissue engineering, e.g., articular cartilage, remains largely
unexplored, even though using magnetic nanoparticles or a
magnetic field for cartilage tissue engineering showed
promising results. Specifically, Kobayashi et al. magnetically
labeled human BMSCs using magnetic nanoparticles (ferum-
oxides) and showed promising results for delivering the cells to
degenerated human cartilage to form ECM in vitro.12 Moreover,
electromagnetic fields (EMF) have been shown to increase the
expression of type II collagen, thus improving chondrogenic
differentiation of human BMSCs and stimulating chondro-
genesis.13

Building on these promising results, we took a new direction
of designing magnetic nanocomposite hydrogel scaffolds to
harvest the beneficial properties of magnetic nanoparticles
while providing a biomimetic, bioactive, and biodegradable
platform for potential cartilage tissue engineering. Specifically,
we synthesized a novel magnetic nanocomposite hydrogel
(MagGel) by mechanical dispersion of magnetic nanoparticles
into a hybrid hydrogel (referred to as Gel). The Gel is
composed of type II collagen (Col II), hyaluronic acid (HA),
and polyethylene glycol (PEG); all these components are
biodegradable and provide beneficial properties for cartilage
regeneration.
Natural components of Col II and HA are intended to mimic

ECM of natural cartilage. Specifically, Col II is the primary
protein in hyaline cartilage ECM, where a dense network of fine
collagen fibrils provide tensile strength to the tissue.14

Hyaluronic acid (HA) is a nonsulfated glycosaminoglycan15

and a major structural component of the ECM in cartilage,
which provides compressive strength for cartilage and maintains
the ordered structure of collagen.14,16 HA is known to interact
with chondrocyte cell surface receptors such as CD44, which
influences endocytosis of HA, and this in turn influences
cellular functions.17 It was reported that the benzyl ester of HA
enabled expression of cartilage-specific Col II from chondro-
cytes, and immobilization of HA onto the surface of poly(D,L-
lactic acid-co-glycolic acid) scaffolds enhanced adhesion and
proliferation of bovine chondrocytes.18,19 Thus, HA is one of
the key factors for cartilage repair due to its ability to support
cartilage mechanical strength and influence cellular functions.
The natural polymers of Col II and HA components

promote cellular adhesion due to their bioactivity and permit
enzymatic degradation, while the multiarmed poly(ethylene
glycol) (PEG) component provides the tunable control over
physical, chemical, and mechanical properties. PEG is hydro-
lytically degradable with well documented biocompatibility for
cartilage tissue engineering.20,21 PEG-based hydrogels can be
seeded with cells homogeneously and then photopolymerized
to form scaffolds in situ without damaging living cells.22 In
contrast to natural polymers, PEG alone lacks the biological
recognition due to its bioinert nature and thus does not provide
an ideal environment for cell adhesion and tissue formation.23

Copolymerization of PEG with other polymers or monomers
can address the inherent limitations of PEG and provide
tunable properties. For example, Pfister et al. reported a PEG-

dimethacrylate (PEGDMA)-based hydrogel with adjustable
shear moduli from 10 kPa to 1 MPa that can mimic mechanical
properties of cartilage by altering the PEGDMA concen-
tration.24 Hutson et al. copolymerized PEG with methacrylated
gelatin, and the resulted hydrogel improved fibroblast surface
binding when compared with PEG alone.25 To mimic hyaline
cartilage closely, we rationally designed 4-arm-PEG to be
copolymerized with Col II and HA, the main proteins in natural
cartilage.
The objective of this study was to synthesize a biodegradable

and bioactive MagGel scaffold composed of magnetic nano-
particles, Col II, HA, and PEG through chemical cross-linking
and mechanical dispersion for potential cartilage tissue
engineering applications. We characterized the microstructure
and composition of the MagGels, evaluated their magnetic
responses and degradation properties in physiological fluids,
and investigated their cytocompatibility with BMSCs within 24
h. To our knowledge, this is the first report of designing a
bioactive and biodegradable magnetic nanoparticle/organic
composite for cartilage tissue engineering. The MagGel
developed in this study has a promising potential for cartilage
tissue engineering applications.

2. MATERIALS AND METHODS
2.1. Synthesis and Characterization of MagGel. 2.1.1. Syn-

thesis and Characterization of Magnetic Nanoparticles. Magnetic
nanoparticles with poly(vinyl alcohol) (PVA) as the surface modifier
were synthesized using the coprecipitation method modified from the
procedure reported in the literature.26 Briefly, PVA (#341584,
molecular weight 89 000−98 000, Sigma-Aldrich, St. Louis, MO) was
dissolved in deionized water (DI water; Milli-Q Integral Water
Purification System, EMD Millipore, Billerica, MA) under the
temperature of 100 °C for 30 min to make 50 mg/mL PVA solution.
FeCl3 (#169430010, Sigma-Aldrich, St. Louis, MO) and FeCl2·4H2O
(#44939, Sigma-Aldrich, St. Louis, MO) powder with a molar ratio of
2:1 was then dissolved in the 50 mg/mL PVA solution and stirred at
room temperature for an additional 30 min. A 25-gauge needle was
used to gradually drop the aqueous mixture of PVA/FeCl3/FeCl2·
4H2O into 15 mL of 10%-diluted ammonium hydroxide solution
(#338818, Sigma-Aldrich, St. Louis, MO) to produce magnetic
nanoparticles. The magnetic nanoparticles were washed with DI
water for three times, dried overnight, and ground using a mortar and
pestle.

The surface morphology and elemental composition of the
magnetic nanoparticles (MNPs) were examined using a scanning
electron microscope (SEM; Nova NanoSEM450, FEI) and the
attached detector for energy dispersive X-ray spectroscopy (EDS; X-
Max 50 silicon drift detector), respectively. The magnetic nano-
particles were mounted onto the SEM sample holder using the copper
tape. An acceleration voltage of 10 kV and Everhart-Thornley
secondary electron detector was used for SEM imaging, and an
acceleration voltage of 20 kV and EDS detector was used for elemental
composition analysis. The size of nanoparticles was analyzed on the
basis of the high-resolution SEM image using the quantitative analysis
tools of ImageJ software. The Feret diameter of 200 magnetic
nanoparticles was measured using ImageJ, and the average Feret
diameter was calculated with an assumption that the synthesized
MNPs are spherical. Alternatively, the size and distribution of
magnetic nanoparticles were analyzed using a laser diffraction-based
technique (Beckman Coulter LS 13 320 Particle Size Analyzer,
Beckman Coulter, Inc., Brea, CA). Briefly, a suspension with 10 mg/
mL of magnetic nanoparticles was prepared by dispersing magnetic
nanoparticles into DI water; the suspension was then added into the
universal liquid module of the Beckman Coulter particle size analyzer,
further sonicated to improve dispersion, and analyzed using laser
diffraction. The crystal structure of the magnetic nanoparticles was
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analyzed using X-ray diffraction (XRD; PANalytical X-ray diffrac-
tometer, Empyrean) at 45 kV and 40 mA with a 0.02° step size.
2.1.2. Extraction and Characterization of Cartilage and

Collagen. Subchondral bone plugs with hyaline cartilage (0.5 cm in
diameter) were harvested from the stifle joints of two-year-old sheep
using an osteochondral autograft transfer system (Arthrex OATS,
Arthrex, Inc., Naples, FL). The bone plug was photographed using a
camera (Coolpix L22 12.0 MP, Nikon, Japan). The bone plug was
then prepared for SEM imaging through rapid freezing in liquid
nitrogen. The surface and cross-section of the bone plug was examined
using an environmental SEM (Hitachi TM-1000 Tabletop Scanning
Electron Microscope, Hitachi High-Technologies America, Inc.).
Type II collagen (Col II) was extracted from the harvested cartilage

following a protocol modified from the procedure reported in the
literature.27 Briefly, stifle joints of two-year-old sheep were harvested
and dissected to expose articular cartilage. The articular cartilage
surface was rinsed with 70% isopropyl alcohol (#I9030, Sigma-Aldrich,
St. Louis, MO) followed by phosphate buffered saline (PBS;
#2810305, MP Biomedicals, LLC, Solon, OH). A scalpel was used
to scrape the articular cartilage from the femoral condyle, tibia plateau,
and patella. The cartilage pieces were minced in ice-cold 0.025 M
Tris(hydroxymethyl) aminomethane (Tris buffer, #252859, Thermo
Fisher Scientific, Inc., Waltham, MA) to improve Col II extraction.
The cartilage was mixed on a rotator (#11-402-12, Fisher Scientific,
Waltham, MA) overnight in a solution of 2.5 M guanidine (#BP178-
500, Thermo Fisher Scientific, Inc., Waltham, MA) in 0.025 M Tris
buffer at 4 °C. The cartilage was washed three times with cold DI
water for 30 min at 4600g and 4 °C to remove guanidine. The
supernatant was removed, and the cartilage was resuspended in 500
mM acetic acid (#320099, Sigma-Aldrich, St. Louis, MO) and adjusted
to pH 2.8. Next, 1 g of pepsin (#P7000, Sigma-Aldrich, St. Louis, MO)
was added for every 20 g of cartilage, and the suspension was mixed for
48 h at 4 °C. The suspension was centrifuged for 30 min at 5000g at 4
°C, and the supernatant was collected. Then, 5 M NaCl (#S3014,
Sigma-Aldrich, St. Louis, MO) was added to a final concentration of
0.8 M, and collagen was allowed to precipitate for 24 h. The

precipitated collagen was collected by centrifuging at 4600g for 60 min
at 4 °C and resuspended in 100 mM acetic acid overnight at 4 °C. The
collagen solution was dialyzed against PBS overnight at 4 °C. The
extracted collagen was lyophilized and stored at −20 °C until use.

Extracted type II collagen was characterized using Fourier
Transform Infrared Spectroscopy (FTIR, Nicolet 6700 FTIR
spectrometer, Thermo Fisher Scientific Inc., Waltham, MA). Briefly,
potassium hydroxide (KOH) was heated overnight to remove residual
water. The mixture of collagen and KOH was ground using a mortar
and pestle and pressed into a pellet at 10 000 psi. The translucent
pellet was placed in the FTIR sample holder and scanned at the
wavenumbers between 4000 and 500 cm−1.

2.1.3. Synthesis of the MagGel and Gel. The hybrid gel (Gel) was
synthesized through chemical cross-linking, modified from the process
reported by Calderon et al.28 Figure 1 shows the chemical structures of
the representative Col II fragment and other major components used
in the Gel synthesis. Briefly, 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide·HCl (EDC·HCl, hereafter referred as EDC, #22980,
Thermo Fisher Scientific Inc., Waltham, MA) was dissolved in 2-(N-
morpholino)ethanesulfonic acid (MES buffer, #28390, Thermo Fisher
Scientific Inc., Waltham, MA) by vortex to obtain a concentration of
19 mg/mL as the cross-linking reagent. HA (#HA200 K-1, Lifecore
Biomedical, LLC, Chaska, MN) and Col II (extracted from sheep
femur condyle and tibia plateau) were added into EDC solution
followed by the addition of extra MES buffer to help dissolve HA and
Col II. Col II and HA had a weight ratio of 9:1 to mimic cartilage
ECM. Afterward, 4-arm-PEG (#4arm-NH2-10K, JenKem Technology,
Allen, TX) was added to achieve the Col II/HA/PEG weight ratio of
9:1:2 and mixed by vortex and sonication. The mixture was then
divided into two separate microcentrifuge tubes; magnetic nano-
particles were added into one tube to produce the MagGel (A), while
the other tube was left alone for the formation of the Gel (B).
Additional MES buffer was added into each tube and sonicated to help
dissolve 4-arm-PEG. In the (A) MagGel, the dry weight ratio of
magnetic nanoparticles to the Col II/HA/PEG gel was 1:24. N-
Hydroxysuccinimide (NHS, #24500, Thermo Fisher Scientific Inc.,

Figure 1. Chemical structures of each component used for synthesizing the magnetic nanocomposite hydrogels (MagGel) and the hybrid hydrogels
(Gel). (A) Representative type II collagen fragment (CAS No. 144703-90-2), (B) HA, (C) 4-arm-PEG, (D) EDC·HCl, (E) NHS, and (F) MES
buffer.
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Waltham, MA) was dissolved in MES buffer and added to A and B,
respectively, to induce further cross-linking and produce stable Col II/
HA/PEG hydrogel with or without magnetic nanoparticles. A and B
solution were then transferred into the wells of a 48-well plate and
incubated at 37 °C for 24 h. Afterward, additional EDC was added to
each solution and incubated in a 37 °C incubator overnight to further
cross-link Col II, HA, and 4-arm-PEG. The resulted MagGel and Gel
samples had a similar dimension and volume to be consistent for in
vitro degradation and cell study.
2.1.4. Characterization of the MagGel in Comparison with the

Gel. The MagGel and Gel were dehydrated in a series of ethanol
solutions with concentrations of 30%, 50%, 70%, 80% 90%, 95%, and
finally 100%, 1 h in each concentration of ethanol. The dehydration in
100% ethanol was repeated three times. The samples were then
transferred to a 50 mL conical tube with the tube screwed lightly onto
the cap and kept inverted. The inverted tube was dipped into liquid
nitrogen for 30 s. After that, the samples were kept in the cap of the
conical tube and covered with Parafilm M (#PM992, Bemis Flexible
Packaging, Neenah, WI) with a few punctures generated by a 25 G
needle. The covered cap was loaded into a freeze-dry-system (cat#
7934026, FreeZone Plus 6 Cascade Console Freeze-Dry System,
Labconco, Kansas City, MO) and left overnight. The freeze-dried
sample was characterized using FTIR (Nicolet 6700 FTIR
spectrometer, Thermo Fisher Scientific Inc.). The microstructure of
the lyophilized samples was observed using SEM, and the elemental
composition was quantified using energy dispersive X-ray spectroscopy
(EDS; AZtec, Oxford instruments).
2.2. Magnetic Response of the MagGel and Magnetic

Nanoparticles. The response of the MagGel and magnetic
nanoparticles to the external magnetic field was tested using a N42
neodymium magnet (#DEX0, K&J Magnetics, Inc., Pipersville, PA)
with a diameter of 22 mm and a height of 25 mm. MagGel with a
diameter of 11 mm and a height of 3 mm was immersed in a Petri dish
filled with MES buffer, and the neodymium magnet was placed 3 cm
away from the right side of the hydrogel. The magnet was slowly
moved toward the hydrogel, and magnetic response was recorded. To
study remote magnetic guidance, MagGel was immersed in a Petri dish
filled with MES buffer, and the neodymium magnet was applied above
the dish to direct the MagGel to move from one side of the dish to the
other side. The diameter of the dish was 8 cm, and the movement of
the MagGel guided by the external magnet was recorded. The vertical
and horizontal movement of MagGel in response to the magnet was
tested in a 15 mL centrifuge tube filled with MES buffer. In the vertical
movement test, after the MagGel settled to the bottom of the
centrifuge tube by gravity, the magnet was placed outside the tube and
moved up against gravity. For the horizontal test, the centrifuge tube
was placed horizontally and the magnet was applied on the side of the
tube to direct the MagGel to move horizontally from one end to the
other end of the tube. The whole process of vertical and horizontal
movement was recorded. In addition, the response of magnetic
nanoparticles to the magnet was recorded separately. A small amount
of magnetic nanoparticles weighing 1 mg was mechanically dispersed
in 1 mL of DI water using vortex. The magnet was placed about 5 mm
away from the microcentrifuge tube, and the time needed to collect
the dispersed magnetic nanoparticles toward the magnet was recorded.
Please see Supplemental Videos 1 and 2 for these experiments on
magnetic responses.
2.3. Degradation Study of the MagGel versus Gel. The

MagGel was stored in MES buffer before the degradation study in the
revised simulated body fluid (rSBF). The rSBF had the same ionic
concentration as human blood plasma, containing Na+ (142.0 mM),
K+ (5.0 mM), Mg2+ (1.5 mM), Ca2+ (2.5 mM), Cl− (103 mM),
HCO3

− (27 mM), HPO4
2− (1.0 mM), and SO4

2− (0.5 mM) ions. MES
buffer was removed at the beginning of the degradation study, and 5
mL of rSBF was added to the Petri dish to submerge the MagGel
sample. The samples were incubated in an incubator at 37 °C, and 1
mL of rSBF was added to the Petri dish every day to compensate the
fluid loss due to evaporation. The lyophilized Gel was incubated in a
phosphate buffered saline (PBS) following a similar procedure. PBS
was composed of 137 mM sodium chloride, 2.68 mM potassium

chloride, 1.47 mM KH2PO4, and 8.1 mM Na2HPO4, with
corresponding ions of Na+ (153.2 mM), K+ (4.2 mM), Cl− (139.7
mM), HPO4

2− (8.1 mM), and H2PO4
− (1.5 mM). The testing samples

were weighed every day until they lost structural integrity.
2.4. In Vitro Cytocompatibility Study with BMSCs. 2.4.1. Prep-

aration of BMSC Culture. Dulbecco’s modified Eagle’s medium
powder (DMEM, #SLBC9050, high glucose, D5648, Sigma-Aldrich,
St. Louis, MO) and sodium bicarbonate (NaHCO3; #S5761, Sigma-
Aldrich, St. Louis, MO) were dissolved in DI water to obtain a media
with DMEM and NaHCO3 concentration of 13.4 and 3.7 mg/mL,
respectively. The pH of media was adjusted to 7.1 by adding 1 M
hydrogen chloride (HCl) solution. The media were sterilized using a
0.2 μm filter (#596-0020, Thermo Fisher Scientific, Inc., Waltham,
MA). For BMSC culture, the media were supplemented with 10% fetal
bovine serum (FBS; HyClone, #SH30910, Thermo Fisher Scientific
Inc., Waltham, MA) and 1% penicillin/streptomycin (P/S; HyClone,
#SV30010, Thermo Fisher Scientific, Inc., Waltham, MA). Hereafter,
DMEM + NaHCO3 + 10% FBS + 1% P/S is referred to as DMEM.

BMSCs were harvested from the marrow cavity of the femur and
tibia of 3-week-old Sprague−Dawley rat weanlings immediately after
euthanasia by CO2 asphyxiation. The protocol for harvesting BMSCs
was approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of California at Riverside and established
previously in our laboratory.29 Briefly, the distal and proximal ends of
the harvested femur and tibia were dissected, and the bone marrow
was flushed out of the marrow cavity and collected using DMEM. The
collected bone marrow was filtered through a 70 μm nylon strainer
(#22363548, Thermo Fisher Scientific, Inc., Waltham, MA) to remove
cell aggregates and tissue debris. The filtered cells were cultured in
DMEM under standard cell culture conditions (i.e., 37 °C, 5% CO2/
95% air, humidified, sterile environment) to 90−95% confluency prior
to the in vitro study with the materials of interest.

2.4.2. Sample Preparation for Cell Culture. MagGel and Gel
samples were cut into quarters for BMSC study. Three pieces of
MagGel and three pieces of Gel were sterilized by soaking in 70%
ethanol solution for 20 min. Magnetic nanoparticles were placed in a
microcentrifuge tube and exposed to ultraviolet radiation for 2 h to
disinfect. Glass slides with a dimension of 1 cm × 1 cm were cut from
Fisher premium microscope slides (#12-544-1, Thermo Fisher
Scientific, Inc., Waltham, MA). Six glass slides were cleaned with
acetone and 70% ethanol solution using a bath sonicator for 1 h each
and then exposed to ultraviolet radiation for 2 h to disinfect. Three
glass slides were used as substrates to support magnetic nanoparticles;
magnetic nanoparticles on glass slides were used as the particle
control. The other three glass slides were used as a reference group for
BMSC culture.

After sterilization, three pieces of MagGel, three pieces of Gel, and
six pieces of glass slides were placed into separate wells of a 12-well
tissue culture-treated plate. MagGel and Gel samples were placed
directly into the culture well without the glass slides. Magnetic
nanoparticles of 2.5 mg were suspended in 40 μL of DMEM
homogeneously. Each 10 μL of the magnetic nanoparticle suspension
was gently pipetted onto each of the three glass slides. The mass of
magnetic nanoparticles in each well was the same as that in each piece
of MagGel. Each well was gently rinsed with 2 mL of PBS to
equilibrate the well and samples before seeding cells. The neodymium
magnet was used to prevent aspiration of magnetic nanoparticles
during rinsing steps.

2.4.3. BMSC Culture with the Samples. BMSCs were washed with
PBS and detached from the culture flasks using trypsin (#25200-056,
Life Technologies, Carlsbad, CA). BMSCs in each flask were collected
into a 15 mL-centrifuge tube and centrifuged for 5 min at 1000 rpm.
After the supernatant was removed, the BMSCs were resuspended in
fresh media. Cell suspension was mixed with trypan blue solution
(#T8154, Sigma-Aldrich, St. Louis, MO) at a dilution factor of 2, and
the cell number was counted using a hemocytometer (#1475, Reichert
Bright-Line, Hausser Scientific, Horsham, PA). The volume of cell
suspension needed for seeding at a density of 10 000 cells/cm2 was
calculated on the basis of the cell count. BMSCs were diluted to the
needed concentration using fresh DMEM, and then, 2 mL of the
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diluted cell suspension was pipetted into each well of the 12-well plate
for the culture of cells on the surface of the gels. The culture plate was
gently placed back into the incubator and cultured for 24 h under the
standard cell culture conditions.
2.4.4. Characterization of BMSC Adhesion and Morphology.

After 24 h, the media were collected from each well and the samples
were moved to a new 12-well plate. Nonadherent cells were washed
away using PBS. Adhered cells on the 12-well plate or on the samples
were fixed with 4% paraformaldehyde (PFA; #15714-S, Electron
Microscopy Science, Hatfield, PA) solution, stained with Alexa Fluor
488 Phalloidin (#A12379, Life Technologies, Carlsbad, CA) for F-
actin and 4′,6-diamidino-2-phenylindole (DAPI; #D3571, Life
Technologies, Carlsbad, CA) for cell nuclei. After fixing and staining,
cells were imaged using a fluorescence microscope (Nikon Ti-S
eclipse, Nikon, Japan), and the images were merged using ImageJ. Cell
adhesion density (cells/cm2) was calculated for each sample. Briefly,
five random spots in each well were imaged, and the number of cells in
each image was quantified. The cell density in each image area (or
spot) was calculated using eq 1, and the average cell density in each
well was calculated using eq 2.

=i
i

i
cell density in spot

cell number in image
area of image (1)

in which i represents the random imaging spot from 1 to 5 in each
well. Image area is in the unit of cm2.

=
∑ i

average cell density
cell density in spot

5

i
1

(2)

2.5. Statistical Analysis. Experiments were run in triplicate, and
the data were analyzed using one-way analysis of variance (ANOVA)
followed by the Tukey’s Honest Significant Difference (HSD) posthoc
test. Statistically significant difference was considered at p < 0.05.

3. RESULTS
3.1. Characterization of Materials of Interest.

3.1.1. Characterization of Magnetic Nanoparticles. The
synthesized magnetic nanoparticles exhibited spherical mor-
phology, as shown in the scanning electron micrograph at a
high magnification of 100 000× (Figure 2A). The correspond-
ing EDS analyses (Figure 2B) showed the presence of iron (Fe;
24 at. %), oxygen (O; 49 at. %), carbon (C; 26 at. %) and a
trace amount of chlorine (Cl; 1%). As expected, C was detected
due to the PVA surface modifier. The trace Cl might be a result
of residual reactant that was not completely washed away after
the synthesis; more thorough washes will be helpful in the
future research. Quantitative analysis of the SEM image of
nanoparticles showed that the average diameter of the magnetic
nanoparticles was 15 ± 5 nm (Figure 2C), while the particle
analysis result from laser diffraction indicated the average
diameter of magnetic particles to be 77 ± 4 nm (Figure 2D).
This difference observed was most likely due to nanoparticle
agglomeration during laser diffraction measurement. XRD
pattern confirmed that the synthesized nanoparticles were
iron oxide (Figure 2E). The major XRD peaks for Fe3O4 and γ-
Fe2O3 are very close to one another according to the standard
XRD pattern (PDF #19629 and #39-1346, respectively). As
shown in Figure 2E, major peaks for Fe3O4 were present, and
the minor peaks for γ-Fe2O3 were absent, indicating the
synthesized nanoparticles were most likely to be in the Fe3O4
phase.
3.1.2. Characterization of Articular Cartilage and

Extracted Collagen. The surface and cross-section of the
dissected bone plug were characterized using SEM (Figure 3).
Figure 3A showed the sheep femur condyle where the bone
plugs were harvested. Figure 3B showed the side of the bone

plug used for SEM characterization. Figure 3C showed the
overview of the zonal transition in the bone plug from the
articular surface to mineralized subchondral bone. Figure 3C1−
C6 provided a magnified view for each transition area between
the articular cartilage to subchondral bone. Figure 3C1 showed
the smooth surface of articular cartilage. Figure 3C2−C4
showed the microstructural changes in collagen network as we
gradually moved the area of observation from articular cartilage
surface to subchondral bone. Figure 3C5,C6 showed increasing
particulate mineral content toward the cartilage−bone interface,
correlated to the changes in mechanical properties between
cartilage and bone.
Type II collagen extracted from the sheep femur condyle or

tibia plateau was characterized using FTIR, as shown in Figure
4. The FTIR spectrum for type II collagen from femur condyle
cartilage showed clear peaks for amide A, I, II, and III at 3420,
1653, 1560, and 1229 cm−1, respectively (Figure 4A). Amide A
band is due to the N−H stretching vibration in protein
backbone, and amide I is the most intense absorption band in
protein that is primarily dominated by the stretching vibrations
of the CO and C−N groups. The amide II and amide III
bands are largely dependent on the N−H bending vibrations in
protein. In comparison with the collagen from femur condyle
cartilage, the collagen from tibia plateau cartilage showed a clear
presence of amide A and I peaks at 3435 and 1661 cm−1,
respectively, but the peaks for amide II and III groups are
smaller at 1559 and 1235 cm−1, respectively (Figure 4A′).

Figure 2. Characterization of magnetic nanoparticles. (A) SEM image.
Scale bar = 500 nm. Original magnification = 100 000×. (B) EDS
spectrum and quantification of elemental composition of magnetic
nanoparticles in atomic percent (at. %). Inset: chemical structure of
PVA. (C) Particle size and distribution based on quantitative analysis
of SEM image in (A) using ImageJ software. (D) Particle size and
distribution analyzed using laser diffraction. (E) XRD spectrum of
magnetic nanoparticles.
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Generally, the collagen from cartilage tissues at femur condyle
or tibia plateau showed similar spectra.
The components for hydrogel synthesis, including HA, PEG,

EDC, and NHS, were also characterized using FTIR. The broad
peak centered around 3450 cm−1 is typical for O−H stretching
vibration of HA and N−H stretching vibration of 4-arm-PEG.
The relatively narrower peaks at 2897 cm−1 resulted from C−H
stretching vibration of both HA and 4-arm-PEG. The small
peaks shown on HA spectrum at 1616 and 1566 cm−1 can be
assigned to N−H bending, and the two peaks at 1410 and 1044
cm−1 are due to C−O−H stretching and C−O−C stretching
vibrations, respectively.30 The two adjacent peaks at 1650 and
1570 cm−1 are due to the N−H stretching vibration in the 4-
arm-PEG. The narrow peak on 4-arm-PEG spectrum at 1111
cm−1 can be assigned to the C−N stretching vibration, and the
two small peaks at 951 and 843 cm−1 can be assigned to C−O−
C asymmetric stretching vibration.31 The first broadest peak at
1705 cm−1 on the EDC spectrum shows the N−H bending
vibration, and the following region of multiple peaks from 1500
to 700 cm−1 can be assigned to C−N stretching or N−H
bending vibrations.32,33 Compared with other components, the
peaks on the FTIR spectrum of NHS are relatively smaller but
still recognizable. The peak at 1213 cm−1 shows the N−O
stretching vibration in NHS,34 and the peak at 1084 cm−1

represents the C−N stretching vibration.
3.1.3. Characterization of the MagGel in Comparison with

the Gel. FTIR spectrum of MagGel was compared with that of
the Gel in Figure 5. The FTIR spectra indicated that Type II
collagen was incorporated since the peaks for amide A, I, II, and
III were present, and the peak intensities of MagGel are greater
than that of Gel. Significant differences in the FTIR spectra at
wavenumber 945.8 and 842.7 cm−1 for the MagGel and Gel
were observed; these peaks are due to C−O−C stretching and
N−H bending vibrations, respectively. SEM images and EDS

Figure 3. Characterization of cartilage tissue harvested from sheep femur condyle. (A) Photograph of sheep femur condyle where bone plugs were
harvested. (B) Photograph of a harvested bone plug. (C) SEM image of the bone plug cross-section from articular surface to subchondral bone at
low magnification. (C1−C6) Magnified SEM images of the transition area from articular surface to subchondral bone. Original magnification for C1
and C2 is 600×, and for C3-C6, it is 1000×. Scale bar = 50 μm.

Figure 4. FTIR spectra of type II collagen extracted from sheep femur
condyle or tibia plateau, and HA, 4-arm-PEG, EDC, and NHS used for
the synthesis of MagGel and Gel. (A) Type II collagen extracted from
femur condyle, (A′) type II collagen extracted from tibia plateau, (B)
HA, (C) 4-arm-PEG, (D) EDC, and (E) NHS.
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analyses of the lyophilized MagGel and Gel are shown in Figure
6. Both types of gels showed micron-scale porous structures,

and the MagGel showed a rougher surface when compared with
the Gel at a higher magnification of 10 000× (Figure
6A,B,D,E). The EDS analyses confirmed that the lyophilized
MagGel contained C, N, O, and Fe (Figure 6C), while the Gel
contained C, N, and O (Figure 6F). The gels were sputter
coated with Pt/Pd prior to SEM and EDS analyses, which was
excluded in quantification of elemental compositions.
3.2. Magnetic Responses in Aqueous Solutions. The

MagGel showed magnetic response when exposed to an
external magnet (Figure 7A). When the magnet was placed
more than 22 mm away from the MagGel, there was no
response. When the distance was reduced to 22 mm, the
MagGel moved to the magnet in 1 s. In another test (see

Supplemental Video 1), the diameter of the dish was 8 cm and
the time for the MagGel to travel across this 8 cm distance was
3 s, so the approximate speed of the gel movement in MES
buffer was 26.7 mm/s. The speed of the gel movement may be
fine-tuned by adjusting the moving speed of the magnet and its
magnetic intensity. The vertical movement test showed that the
MagGel can be moved against gravity. The MagGel and magnet
both had a cylindrical shape. Thus, the geometric center of the
top or bottom cross section of MagGel had the strongest
magnetic interactions with the top or bottom of the magnet,
when compared with side-to-side magnetic interactions
between the MagGel and the magnet. The horizontal
movement of the same MagGel in the same centrifuge tube
further confirmed this.
Figure 7B shows the response of magnetic nanoparticles to

the same external magnet when suspended in DI water. When
exposed to the magnet, the nanoparticles were attracted to the
side of magnet placed 5 mm away within 3 s (Supplemental
Video 2).

3.3. Degradation of the MagGel and Gel in Aqueous
Solutions at 37 °C. Both MagGel and Gel absorbed water and
swelled when they were cultured in SBF or PBS, as shown in
Figure 8. Figure 8A shows the photographs of MagGel during
the 21-day degradation study in SBF, and Figure 8B shows the
degradation of Gel in PBS. Both the MagGel and Gel lost
structure integrity after 21 days of immersion in aqueous
solutions at 37 °C. The surface morphology of both MagGel
and Gel changed over time during degradation. The mass
change over time confirmed water absorption during
immersion in physiologically relevant fluids. Specifically, for
MagGel, the initial wet mass was 400.2 mg and increased to
1402.2 mg on day 21, which was 3.5-fold of the initial mass. As
for the Gel, after immersion, it became too soft to be picked up
for the weight measurement without damaging the structure.

3.4. BMSC Adhesion and Morphology when Cultured
with the MagGel, Gel, and Magnetic Nanoparticles.
Figure 9 shows the adhesion and morphology of BMSCs after
being cultured with MagGel, Gel, magnetic nanoparticles on
glass slides, and a glass reference for 24 h. The BMSCs that
adhered on the culture well with each sample were imaged.
Surprisingly, both the MagGel and Gel samples lost structural
integrity in BMSC culture and became visually undetectable in
the culture wells after 24 h. Thus, BMSCs could not be imaged
on the samples. Interestingly, BMSCs engulfed nanoparticles
and retained viability, as shown in Figure 9E,F. These magnetic
nanoparticles appeared to be within the cytoplasm of the cells
and close to the nuclei, but not in the cell nuclei. Some
magnetic nanoparticles were also found to be outside of the
cells. BMSC adhesion density in each well was quantified, as
shown in Figure 10. Among all the groups, MagGel showed the
highest average cell density, similar to the glass reference, but
no statistically significant difference was detected. The Gel
group showed the least cell density on average, less than the
magnetic nanoparticle group, but no statistically significant
difference was detected. The ANOVA analysis showed that
there was no statistically significant difference among all the
groups (p = 0.0563 > 0.05).

4. DISCUSSION
4.1. Characterization of Magnetic Nanoparticles. The

magnetic nanoparticle size was 15 ± 5 nm, as characterized by
SEM (Figure 2A,C). The nanoparticles were attracted to the
external magnet (Figure 7B), indicating their paramagnetic

Figure 5. FTIR spectra of (A) MagGel and (B) Gel.

Figure 6. SEM images and EDS quantitative analysis (at. %) of (A−C)
MagGel and (D−F) Gel. (A, D) Low magnification SEM images;
original magnification = 1000×. (B, E) High magnification SEM
images; original magnification = 10 000×. (C, F) EDS elemental
analysis of (A) MagGel and (D) Gel, performed at 1000×.
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property. Paramagnetic property enables magnetic moments
inside the magnetic nanoparticles to align in the same direction
as the external magnetic field, and the nanoparticles would not
retain any remnant magnetization upon removal of the external
magnetic field. Paramagnetic property enabled magnetic
nanoparticles to become dispersed again after removal of the
magnetic field, which prevented them from agglomeration after
exposure to the magnetic field. Paramagnetic property is
beneficial in preventing nanoparticles from forming large
agglomerates, and dispersed nanoparticles could be cleared
out from the human body quickly after the degradation of
MagGel.35 However, particle size characterized using SEM and
ImageJ (15 ± 5 nm) was much smaller than that characterized
using laser diffraction (77 ± 4 nm), mainly due to the
difference between the two measuring methods. When
measuring particle size based on the SEM image, boundaries
of individual magnetic nanoparticle were outlined and
quantified using ImageJ, thus representing the actual size of
each nanoparticle. In contrast, the magnetic nanoparticles
formed agglomerates in DI water when they were injected into
the laser diffraction particle analyzer, even though high power
sonication was used to disperse these nanoparticles. On the
basis of the principles of laser diffraction, individual magnetic
nanoparticle versus particle agglomerates could not be
distinguished, and thus, both contributed to the overall particle
size measurement. In other words, the larger particle size
measured using laser diffraction was due to the presence of
agglomerates.
EDS analysis (Figure 2B) showed the presence of Fe, Cl, O,

and C in magnetic nanoparticles, which is expected from the
source materials. During the synthesis, iron chloride reacted
with ammonium hydroxide to form iron oxides (FeO·Fe2O3).

Specifically, Fe and Cl were from FeCl3 and FeCl2·4H2O,
indicating a small amount of Cl (1 at. %) remained after the
magnetic nanoparticles were washed with DI water for three
times. PVA was also a possible source of the observed O peak,
and it contributed to the C peak as well. EDS results showed
the atomic ratio of Fe/O is 0.49, which was lower than the
theoretical atomic ratio of 0.75 in Fe3O4. However, since EDS
analysis could not differentiate the O signals from PVA or iron
oxide, it is necessary to confirm the phase of the nanoparticles
using XRD.
The XRD pattern of synthesized magnetic nanoparticles

(Figure 2E) showed the presence of major peaks for Fe3O4, but
absence of minor peaks for γ-Fe2O3, when compared with the
standard XRD pattern of Fe3O4 and γ-Fe2O3, respectively.
Combined with EDS analysis, we concluded that the
nanoparticles were mostly in the form of magnetite Fe3O4. It
is still possible that these nanoparticles were partially oxidized
to the form of γ-Fe2O3 considering their brown color appearing
in DI water (Figure 7B). However, the presence of γ-Fe2O3
crystals did not have any substantial influence on the
cytocompatibility of these magnetic nanoparticles with
BMSCs within 24 h based on our in vitro results. Moreover,
γ-Fe2O3 was found to be cytocompatible with murine L929
fibroblasts,36 human umbilical vein endothelial cells,37 and
HeLa cells.38

4.2. Characterization of the MagGel and Gel. To
synthesize the gels, we extracted Col II from sheep stifle joint.
Prior to extraction, the stifle joint was characterized using SEM
and we observed a clear transition from hyaline cartilage to
mineralized subchondral bone (Figure 3). FTIR analysis of the
extracted type II condyle and tibia collagen showed the
presence of amide A, I, II, and III groups (Figure 4), which is

Figure 7. Magnetic responses of the synthesized MagGel and magnetic nanoparticles to a magnet. (A) MagGel in MES buffer (unit of numbers in
red: mm) and (B) magnetic nanoparticles in DI water. Blue arrows indicate the object movement direction before the next time point. Details are
available in the Supplemental Videos 1 and 2.

Figure 8. Macroscopic photographs of materials of interest during 21 days of degradation at 37 °C. (A) MagGel degradation in rSBF and (B) Gel
degradation in PBS.
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consistent with the results reported by Barnes et al.27 and other
research groups.39−41 FTIR spectra of the gels showed the
conservation of amide A, I, II, and III bands of collagen as well
as the C−H and C−N band of HA and 4-arm-PEG,
respectively (Figure 5). The broad peak centered at 3300
cm−1 in both gels may also indicate the conservation of O−H
stretching and N−H stretching vibrations in HA and 4-arm-
PEG, respectively. The presence of C−O−C stretching at 945.8
and 842.7 cm−1 indicated the cross-linking of type II collagen
with the 4-arm-PEG. The peaks of C−O−C are more apparent
in the FTIR spectrum of MagGel than in the Gel. This might
be caused by the presence of Fe. In another study, Abedini et
al.42 synthesized colloidal magnetite nanoparticles using γ
radiation in an aqueous solution containing iron chloride in the

presence of PVA. They also observed the presence of the small
peak around 1100 cm−1 and attributed it to the presence of Fe
ions.
In EDS analysis of the gels, the large amount of C and O and

small amount of N were due to incorporation of Col II, HA,
and PEG and the small amount of Fe in MagGel was from
magnetic nanoparticles (Figure 6C,F). The incorporation of
iron oxide did not affect the percentage of O but decreased the
percentage of C and N in MagGel in a small range as compared
with the Gel. The interaction of magnetic nanoparticles with
other hydrogel components also increased the MagGel surface
roughness compared to the Gel. Change of surface roughness
through the addition of magnetic nanoparticles can also be seen
in other studies.43 In the SEM micrographs, circular-shaped

Figure 9. Fluorescence images of BMSC adhesion and morphology when cultured with materials of interest. (A) MagGel; (B) Gel; (C) magnetic
nanoparticles on glass slides; (D) glass reference. (E, F) Fluorescence image overlay with bright field image, showing endocytosis of magnetic
nanoparticles by BMSCs. Magnetic nanoparticles (black) intake by BMSCs did not enter the nucleus (stained in blue). F-actin of the BMSCs is
stained in green. Red circle highlights the magnetic nanoparticles outside of the BMSCs. Scale bar = 50 μm.
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dark areas were observed on the surface of both gels (Figure
6A,D). Both SEM visual observation and EDS analysis showed
that the darker areas had similar features and composition as
other areas (data not shown). This artifact might have been
induced by the lyophilization process during which the water
droplets were extracted from the gel matrix. Interestingly, the
surface features on the lyophilized gels were similar to those
surface features observed in the cartilage−bone transition area.
The degradation of MagGel and Gel was individually studied

in rSBF and PBS and also monitored during in vitro culture
with BMSCs in DMEM. After 24 h of culture in DMEM with
BMSCs, both MagGel and Gel completely disintegrated and
could not be collected from the culture. The faster gel
degradation in DMEM with cells was likely due to the presence
of excreted enzymes that could reduce the gel cross-linking and
accelerate gel degradation.
4.3. Characterization of BMSCs Adhesion and

Morphology. The in vitro cell study showed that MagGel
group had the greatest cell adhesion density on average when
compared with the Gel group and magnetic nanoparticles
group and a similar cell adhesion density as compared with the
control, indicating good cytocompatibility within 24 h of
culture. The ANOVA showed no statistically significant
difference among all groups (p = 0.0563 > 0.05), but the p
value was only slightly higher than the 0.05 significance level. It
is possible that statistical significance might be detected with
more repeats. Our hypothesis is that the synergistic effect of the
hybrid gel and magnetic nanoparticles improved BMSC
adhesion. First of all, the hybrid gel mimicked cartilage ECM,
which provided a favorable environment for cells. Second, the
interaction of magnetic nanoparticles with BMSCs might be
beneficial for cell adhesion. Huang et al. demonstrated that the
Fe3O4 nanoparticles increased human mesenchymal stem cells
growth due to their ability to reduce intracellular H2O2 through
intrinsic peroxidase-like activity. They also suggested that
Fe3O4 nanoparticles could accelerate cell cycle progression.44

Each magnetic nanoparticle could be considered as a small
magnetic domain with a tiny magnetic field. When the magnetic
nanoparticles are incorporated into the scaffold in a large
number, the microenvironments inside or on the surface of the
composite scaffold are composed of many tiny magnetic fields,
and the total effect would likely be strengthened. As a result,
the strengthened effect might affect ion channels on the cell
membrane and initiate changes in cytoskeletal architecture
under the magnetic field.45,46 For a time period shorter than 24
h, we expect that the cell adhesion would be similar to the 24 h

culture result since the cells usually adhere to a substrate 4 h
after seeding and slowly adapt to the environment afterward.
After 24 h, cells become more active in proliferation and
migration. Besides, BMSCs have the potential to differentiate
into chondrocytes, which would benefit the application of the
hydrogels in cartilage tissue engineering. However, future
research with a longer cell culture period is necessary to
determine the long-term cytocompatibility of MagGel with
BMSCs, proliferation and differentiation of BMSCs after 24 h,
and the interaction mechanisms of MagGel with BMSCs.
Magnetic nanoparticle uptake by BMSCs was observed in

cell culture. BMSCs maintained normal morphology with the
magnetic nanoparticles in cytoplasm. Zhang et al.47 reported
that superparamagnetic magnetite nanoparticles (Fe3O4) could
be uptaken by mouse macrophage cells RAW 264.7 and breast
cancer cells. Wilhelm et al.48 showed that maghemite (γ-Fe2O3)
exhibited a high level of cellular internalization by mouse
macrophages, which was mediated by the affinity with cell
membrane and endocytosis. Since Fe3O4 and γ-Fe2O3
maghemite are very similar in structure and properties, we
hypothesize that our synthesized magnetic nanoparticles were
endocytosed as well. Besides, all the particles inside cells were
distributed in cytoplasm but not in the nucleus, suggesting that
either particle sizes were larger than the channel diameter of
nuclear pore complexes (NPC)49 or the control mechanism of
NPC prevented the penetration of magnetic nanoparticles to
protect cell genome.50 The fact that the cell nuclei were
particle-free might be the reason for the similar cell density
when cultured with magnetic nanoparticles as compared with
the control, indicating good cytocompatibility within 24 h of
culture despite the particle uptake by BMSCs. It is possible that
the ingested magnetic nanoparticles would be broken down by
lysosome and expelled from the cells through exocytosis.51

However, further research is needed to determine the
exocytosis process.
It has been reported that a low frequency electromagnetic

field could enhance chondrogenesis in human adipose-derived
stem cells52 and in human mesenchymal stem cells.13 Thus, it is
hypothesized that integration of electromagnetic field with the
MagGel could further control cell functions, e.g., directing
adhesion, proliferation, and differentiation of BMSCs. The
combined effects of external magnetic field and MagGel on cell
functions should be further studied for potential cartilage tissue
regeneration.

5. CONCLUSIONS

The MagGel synthesized in this study provides a promising
scaffold for potential cartilage tissue engineering because the
MagGel responded to an external magnetic field, which could
be used to direct the scaffold to the exact cartilage defect site
remotely using an external magnet. Moreover, the MagGel
showed similar microstructure and chemistry as hyaline
cartilage and was cytocompatible with BMSCs in vitro, as
demonstrated by the increased BMSC viability when compared
with the Gel in the 24 h culture. However, further cell studies
with these gels in the presence of an external magnet are still
needed to determine the combined effects of magnetic field and
magnetic scaffold on cell functions. In addition, the presence of
magnetic nanoparticles did not affect the viability of BMSCs
within 24 h of culture when compared with the control group.
Although the hydrogels degraded much faster in DMEM with
BMSCs than in rSBF or in PBS, further cross-linking of the gels

Figure 10. Cell density in each experimental group after 24 h of
culture. From left to right: BMSCs cultured with MagGel, Gel,
magnetic nanoparticles (MNPs), and control group (i.e., glass
reference). Values are mean ± standard error. p = 0.0563 for ANOVA.
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could reduce the degradation rate of the hydrogels and improve
the scaffold integrity for a longer period.
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