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ABSTRACT

Bone requiresdynamicmechanical stimulation to formandmaintain functional tissue, yetmechanical
stimuli are often lacking in many therapeutic approaches for bone regeneration. Magnetic nanopar-
ticles provide amethod for delivering these stimuli by directly targeting cell-surfacemechanosensors
and transducing forces from an external magnetic field, resulting in remotely controllable mechano-
transduction. In this investigation, functionalizedmagnetic nanoparticles were attached to either the
mechanically gated TREK1 K+ channel or the (integrin) RGD-binding domains of humanmesenchymal
stem cells. These cells were microinjected into an ex vivo chick fetal femur (embryonic day 11) that
was cultured organotypically in vitro as a model for endochondral bone formation. An oscillating
25-mTmagnetic field delivering a force of 4 pNpernanoparticle directly against themechanoreceptor
induced mechanotransduction in the injected mesenchymal stem cells. It was found that cells that
received mechanical stimuli via the nanoparticles mineralized the epiphyseal injection site more ex-
tensively than unlabeled control cells. The nanoparticle-tagged cells were also seeded into collagen
hydrogels to evaluate osteogenesis in tissue-engineered constructs: in this case, inducing mechano-
transduction by targeting TREK1 resulted in a 2.4-fold increase in mineralization and significant
increases in matrix density. In both models, the combination of mechanical stimulation and
sustained releaseof bonemorphogenetic protein 2 (BMP2) frompolymermicrospheres showeda sig-
nificant additive effect on mineralization, increasing the effectiveness of BMP2 delivery and dem-
onstrating that nanoparticle-mediated mechanotransduction can be used synergistically with
pharmacological approaches for orthopedic tissue engineering to maximize bone formation. STEM
CELLS TRANSLATIONAL MEDICINE 2014;3:1363–1374

INTRODUCTION

Mechanotransduction is an important factor in
bone metabolism and an essential component
in postoperative orthopedic physiotherapy and
rehabilitation. However, mechanotransduction is
often neglected in severe cases of nonunion be-
cause of the difficulties in patient mobilization,
whereas stress shielding is a known drawback
of many materials used in orthopedic repair [1].
Substantial evidence suggests that mechanical
stimuli play a role in the osteoblastic differentia-
tion of mesenchymal stem cells, interacting with
and amplifying signaling cascades from growth
factors such as bone morphogenetic proteins
(BMPs) [2, 3]. As a result, the presence or absence
of mechanical stimulation during stem cell dif-
ferentiation and tissue synthesis can have a large
impact on the quality and quantity of bone
formed, potentially affecting the clinical outcome

of treatments for nonunion and the integration of
articular prostheses.

Providing appropriate mechanical stimuli to
injectable or implantable stem cells is therefore
a major challenge for translational medicine. Al-
though it may be difficult to directly apply me-
chanical loads to bone defects without causing
further damage, various indirect methods have
been used in attempts to stimulate mechano-
transduction in situ. Low-intensity pulsed ultra-
sound has found some success in directing
microstrain to healing bone, but data fromclinical
trials are conflicted in determining its effective-
ness [4]. Similarly, piezoelectric biomaterials or
oscillating electrical fields may propagate micro-
strain to repairing bone, but these treatments
are still at an experimental stage [5, 6].

Previous research has demonstrated that
cell-surfacemechanoreceptors can be directly tar-
geted using functionalizedmagnetic nanoparticles
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and then excited using external magnetic fields [7]. Targeting spe-
cific receptors, such as the mechanically gated ion channel TREK1
[8–11] and the Arg-Gly-Asp (RGD)-binding sites of integrins that
connect the intracellular cytoskeleton to the extracellular matrix
[12], permits external control of pathway activation. Applying an
external oscillating electromagnetic field to themagnetic nanopar-
ticle creates a piconewton torque that is transferred to the protein,
ion channel, or receptor to which it has attached, propagating the
mechanical stimulus viamechanotransductionpathways inside the
cell. Therefore, mechanotransduction is stimulated without caus-
ing mechanical stress to the construct or surrounding tissue and
allowinga rangeof stimulation frequenciesandforces tobeapplied
through a choice of target receptors. A detailed analysis of this bio-
reactor technology is given by Hughes et al. [11].

In this investigation, we have tested the potential effective-
ness of remotely activatedmechanotransduction as a component
of injectable cell-based therapies using two relevant models of
bone formation: firstly, an organotypically cultured ex vivo devel-
oping chick fetal femur, and secondly, a tissue-engineered colla-
gen hydrogel. The chick fetal femur is a useful model system for
studying endochondral bone formation in vitro [13–15] because
isolation of the femoral anlagen midway through gestation (day
11 or Hamburger and Hamilton stages 33–35) [16] provides a car-
tilaginous rudiment with a single mineralization site (the bone
collar) and an absence of either epiphyseal mineralization or
osteoclasts. The organotypic culture model therefore allows
the progress ofmineralization to bemonitored in response to ap-
plied experimental treatments, and the osteogenic effects of
nanoparticle-mediated mechanotransduction at injection sites
can be accurately determined using x-ray microtomography
[17]. Cell-seeded collagenhydrogelswere also used to investigate
the action of the targeted nanoparticles under more finely con-
trolled conditions and to demonstrate how this methodology
might augment biomaterial strategies for regenerative medicine.

We have also studied the interaction of nanoparticle-
mediated mechanotransduction with sustained release of the
growth factor BMP2, delivered via bioresorbable polymer micro-
particles as an example of a combination strategy for tissue engi-
neering. These microparticles have controllable release kinetics
and have generated successful results both in vitro and in preclin-
ical models [18–20]. The ability to provide sustained or staged re-
leaseofpharmaceuticals fromthesemicroparticleswhen injected
intowound sites allows for growth factor delivery tobe controlled
both spatially and temporally [20].

The aims of this work were to evaluate the osteogenic differ-
entiation of human stem cells and subsequent bone formation in
appropriate three-dimensional culture models in response to the
remote activation of mechanotransduction pathways both as
a primary osteogenic stimulus and in combination with the sus-
tained delivery of BMP2.

MATERIALS AND METHODS

Chick Fetal Femur Culture

Intact femurs were removed from freshly killed Dekalb white
chick fetuses after 11 days of gestation and carefully cleaned of
all muscle tissue by rolling on sterile tissue. Femursmeasured ap-
proximately 7 mm at isolation and were organotypically cultured
ex vivo on porous polycarbonate membrane inserts in 6-well cell
culture plates as described by Kanczler et al. [14] and Smith et al.

[15] in 1-ml osteogenica-modified Eagle’smediumcontaining 1%
penicillin-streptomycin and 150mg×ml21 ascorbic acid, 2 mM so-
dium b-glycerophosphate, and 1028 M dexamethasone (all from
Sigma-Genosys, Cambridge,U.K., http://www.sigmaaldrich.com/
Brands/Sigma_Genosys.html). The femurs were cultured for 14
days in total at 37°C and at 5%CO2 in a humidified incubator, with
culture medium being completely replaced every 24 hours.

Human Mesenchymal Stem Cell Culture

Humanmesenchymal stem cells were obtained from a bonemar-
row aspirate (Lonza) and cultured to p3 in basal Dulbecco’s mod-
ified Eagle’smedium (DMEM) containing 10% fetal calf serumand
1% penicillin-streptomycin.

Magnetic Nanoparticle Labeling

One milligram of Nanomag superparamagnetic nanoparticles
(carboxyl-coated, 300 nm in diameter; Micromod, Rostock,
Germany, http://www.micromod.de) were surface-activated
by washing in sterile 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride and N-hydroxysuccinimide in 0.5 M
MES buffer, adjusted to pH 6.3 with Na2CO3 for 1 hour at room
temperature, recovered by magnetic separation, and washed in
0.1MMES buffer. Onemilligram of nanoparticles were then con-
jugated to either 10 mg of RGD-tripeptide or 10 mg of TREK1-Ab
(Alomone Labs, Jerusalem, Israel, http://www.alomone.com) by
mixing together in 1 ml of 0.1 M MES buffer for 3 hours. Attach-
ment of theRGD-coated nanoparticles to their targets in themes-
enchymal stem cells (MSCs)was achieved by culturing the human
MSCs (hMSCs) in suspension in serum-free media for 3 hours fol-
lowed by incubation with 125 mg of particles per 106 cells with
intermittent agitation. The cells were centrifuged, washed, and
immediately used in experiments. Because the TREK1 antibody
epitope is intracellular, these particles were first coated in 40
ng of N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium
methyl-sulfate to aid nanoparticle uptake.

BMP2 Microparticle Encapsulation

Poly(vinyl alcohol) (PVA; molecular weight, 13,000–23,000 Da,
87%–89% hydrolyzed), human serum albumin (HSA), poly(D,L-
lactide-coglycolide) (PLGA) polymerswith lactide: glycolide ratios
of 50:50 (DLG 4.5A 59 kDa) were purchased from SurModics (Bir-
mingham, AL, http://www.surmodics.com). Recombinant human
BMP2 was purchased from Prof. Walter Sebald (University of
Wurzburg, Wurzburg, Germany). Poly(D,L-lactide-coglycolide)
microparticles were formed using a water-in-oil-in-water emul-
sion method as previously described [13]. Briefly, triblock copol-
ymer was added to PLGA to provide weight percentages of
30% (wt/wt) of the 1 g of total mass in 5 ml of dichloromethane.
BMP2 and HSA solution were prepared at a ratio of 1:9 for a 1%
(wt/wt) loading in the microparticles. In order to manufacture
microparticles, the aqueous solution ofHSAandBMP2was added
to a solution of PLGA-tri block copolymer. These phases were
homogenized for 2 minutes at 4,000 rpm in a Silverson L5M ho-
mogenizer (Silverson Machines, Chesham, U.K., http://www.
silverson.com) to form the water-in-oil emulsion. This primary
emulsionwas transferred to 200ml of 0.3% (wt/vol) PVA solution
and was homogenized for a second time at 9,000 rpm. The resul-
tant double emulsion was stirred at 300 rpm on a Variomag
15-way magnetic stirrer for a minimum of 4 hours to facilitate
dichloromethane evaporation. Microparticles were then washed
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and lyophilized (Edwards Modulyo; IMA Edwards, Alcester, U.K.,
http://www.ima-pharma.com) until dry. The particle size range
was 10–40 mm in diameter. The sustained release formulation
was engineered to give 30% burst release on day 1 followed by
5%daily release. The loadingwas0.4mgofBMP2 in1gofpolymer
with 50% entrapment efficiency. Using 1-mg particles per individ-
ual hydrogel or injection, the release kinetics were therefore 60
ng per day followed by 10 ng per day.

Microinjection

MSCs prelabeled with nanoparticles were introduced into three
sites in the femur (both cartilaginous epiphyses and themidpoint
of the diaphyseal bone collar) using a 1-ml syringe microinjection
system (Linton Instrumentation, Diss, U.K., http://www.
lintoninst.co.uk) and a glass capillary needle with a ∼70-mm
tipdiameter. Then103 cellswere injected inavolumeof20nl.Micro-
injections were performed under sterile conditions with the
aid of a dissecting microscope. Coinjections containing BMP2
microspheres used a suspension containing both cells and
microspheres.

Collagen Hydrogels

HumanMSCswere seeded into 2mg/ml collagen hydrogelsmade
from a stock solution of 9.21 mg/ml rat tail collagen (type I).
Hydrogel pellets each containing 104 cells were made by dis-
pensing 300 ml of this hydrogel into permeable Transwell inserts
(Corning Enterprises, Corning, NY, http://www.corning.com) in
a 24-well plate and neutralized using culture media. Contraction
of the hydrogels caused by cell attachment was allowed to occur
to generate scaffolds in which cells were relatively unstressed,
and a reduction in volume to approximately 3 mm3 occurred
within 72 hours. Cells were labeled with the nanoparticles prior
to the original seeding into the hydrogel, and the constructs were
cultured for 28 days in osteogenic DMEM containing dexameth-
asone, sodium b-glycerophosphate, and asborbic acid.

Magnetic Force Bioreactor

Magnetically stimulated groupswere placed in an incubator (37°C,
5% CO2) above a custom-built vertical oscillating magnetic
force bioreactor (MICA Biosystems, Stoke-on-Trent, U.K.,
http://micabiosystems.com), thus maintaining otherwise stan-
dard culture conditions. Nonstimulated control groupswere kept
in identical conditions (without magnetic field). Magnetically
stimulated groups were exposed to a maximum 25-mT magnetic
field from an array of permanent magnets (NdFeB) situated be-
neath the culture plates at a frequency of 1 Hz (Fig. 1). Magnetic
stimulation was performed in daily 1-hour sessions for 14 days
(microinjected femurs) or 28 days (hMSC-seeded hydrogels).

X-Ray Microtomography

Endpoint analysis of the femurs and hydrogels was primarily by x-
raymicrotomography (mCT) using a Scanco (Brüttisellen, Switzer-
land, http://www.scanco.ch)mCT40 (beamenergy, 55 kVp; beam
intensity, 145mA; integration time, 200ms; spatial resolution, 10
mm). Femurs were analyzed at two density thresholds (50/1,000
and 120/1,000), firstly at a lower threshold to determine the total
size, volume, and average density of each femur following treat-
ment and secondly at a higher threshold to quantify the extent of
osteogenesis in the femur and the mineralized bone density. The

thresholdswere conserved throughout these experiments, allow-
ing for direct comparison of bone formation across the investiga-
tion. The hydrogels were also analyzed at two density thresholds
(50/1,000and80/1,000) todetermine theamount ofmineralizing
matrix within the construct. All analysis on the reconstructions
was performed using Scanco software tools.

Histological Staining

Femurs and hydrogels were fixed in 4% paraformaldehyde for 48
hours and washed in phosphate-buffered saline (PBS). Whole-
mount histological staining for calcium deposition was performed
by immersing the femurs and hydrogels in 1% alizarin red solution
for1hour followedbywashing inPBSandimagingusingadissecting
microscope fitted with a Nikon (Tokyo, Japan, http://www.nikon.
com) D500 digital camera. Visualization of collagen condensation
in the hydrogels was performed by fixing the samples as above
and staining the constructswitha1%solutionof Sirius red inwater,
followed by threewashes in 13 PBS.Microscopic analysis of tissue
sectionswas achieved by embedding the femurs in optimal cutting
temperature compound and cutting 10-mm sections using a
microtome-cryostat. Sections were stained with aqueous 1%
alizarin red solution for calcium and Alcian blue (in 0.1 M hydro-
chloric acid) for glycosaminoglycans (both from Sigma-Genosys).

Calcium Quantification

Quantification of calcium in the hydrogels was by immersing the
alizarin-stained samples in 5% cetylpyridinium chloride (Sigma-
Genosys) solution for 24 hours, yielding a purple destain solution
containing the cetylpyridinium-alizarin complex,whichwasquan-
tified at 562 nm. Following the destain, some calcium deposits
strongly associated with the matrix remained stained.

Alkaline Phosphatase Activity

Alkaline phosphatase activity in the culture medium was mea-
sured by taking a 50-ml sample of the medium and quantifying
the dephosphorylation of p-nitrophenyl phosphate, a phospha-
tase substrate that turns yellow (lmax= 405 nm) when dephos-
phorylated by alkaline phosphatase after 10 minutes of
incubation at room temperature.

RESULTS

MSCs were microinjected into the femur by inserting the tip of
a glass capillary needle into the cartilaginous rudiment and with-
drawing to create a small cavitywithout excessively damaging the
surrounding tissue. 20 nl of PBS containing the cell suspension
was delivered via a micrometer-driven syringe, and the femurs
were returned to organotypic culture on Transwell membranes.
Membrane labeling the MSCs with DiO allowed the microinjec-
tion to be confirmed (Fig. 2A, 2B). After 14 days of in vitro culture,
femur epiphyses from sham control groups (Fig. 2C, 2D) and fe-
murs injected with TREK1 magnetic nanoparticle-labeled hMSCs
(Fig. 2E, 2F) were histologically stained for glycosaminoglycans
(blue) and calcium (red). Damage to the cell layers at the injection
site appeared to stimulatemineralization byperiosteal cells in the
sham-injected control groups, whereas epiphyses injected with
TREK1-labeled MSCs showed more widespread mineralization
in the entire region surrounding the injection site.

Visual examination of x-ray microtomography reconstruc-
tions of the femurs (Fig. 3A–3H) revealed in detail that the
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epiphyses were becoming mineralized at and surrounding the
sites of microinjection. Epiphyseal mineralization was observed
in some sham-injected femurs, butmineralizationwasmoreprev-
alent and significantly greater in extent in the femurs injected
with nanoparticle-labeled cells. The diaphyseal injection site
was not apparent after 2 weeks of culture, although irregular
areas in the injected region were visible in some femurs.

Femurs injected with unlabeled hMSCs (no nanoparticles)
showed similar alkaline phosphatase activity and mineralization
to controls, which were sham-injected with PBS. Similarly, the
oscillating magnet alone had no effect (Fig. 3I). Injecting hMSCs
labeledwith either RGD-coated or anti-TREK1magnetic nanopar-
ticles resulted in both increased alkaline phosphatase activity
andmineralization in the femur.Microinjection of hMSCs labeled
with RGD-coated magnetic nanoparticles resulted in an average
34% increase in the extent of mineralization, whereas injecting

cells labeled with TREK-Ab-coated magnetic nanoparticles
causedanaverage31% increase in thevolumeof thebone formed
(Fig. 3J).

Seeding nanoparticle-labeled MSCs into collagen hydrogels
allowed greater control over the initial cell-seeding conditions
and permitted the bone formation process to be observed in
more detail (Fig. 4A). After 28 days of in vitro culture, analysis
by mCT revealed that the volume of higher density condensed
mineralizing matrix in the cell-seeded hydrogels was similar for
all controls and that the oscillating magnetic field had no effect
on unlabeled cells (without nanoparticles). Adding RGD-
conjugated magnetic nanoparticles directly to the gel (without
prelabeling the cells) did not result in any increase in volume or
density of the gel compared with controls, demonstrating that
specific binding of the nanoparticles to the target cellular epitope
was required to achieve mechanotransduction. Prelabeling the

Figure 1. Experimental overview. (A): Schematic of the experimental design. (A1): hMSCs were labeled withmagnetic nanoparticles targeting
either the Arg-Gly-Asp-binding domains of cell-surface molecules such as integrins or the TREK1 mechanosensitive ion channel. (A2): The cells
were then either injected into a cultured ex vivo chick femur (A2i) or seeded into a collagen hydrogel scaffold (A2ii). (A3): In subsequent experi-
ments, the combined effects of directed mechanotransduction and BMP2 delivery were studied using BMP2-releasing poly(D,L-lactide-cogly-
colide) microspheres formed by an emulsion method. (A4): Labeled cells and BMP2-releasing microspheres were codelivered into either the
chick femuror collagenhydrogels. (B):Thenanoparticle-receptor complexwas stimulatedusing a vertically oscillating external fielddeliveredby
amovingmagnetic array situated beneath the culture plates for 1 hour per day (Mica Biosystems bioreactor). (C): Themaximummagnetic field
strength experienced at the plate was ∼25 mT, which attenuated rapidly as the array was withdrawn. (D): The cycle was repeated at 1 Hz.
Abbreviations: BMP2, bone morphogenetic protein 2; hMSC, human mesenchymal stem cells; W/O/W, water-in-oil-in-water emulsion.
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cells with RGD-coated nanoparticles before seeding into the gel
resulted in significant increases in both volume (1.86-fold in-
crease, p = 6.93 1027) and density (1.13-fold increase, p = 3 3
1024). Cells labeled with anti-TREK1 nanoparticles showed the
greatest increases in volume (2.44-fold increase, p = 2 3 1024)
and density (1.28-fold increase, p = 6 3 10211).

Visual analysis of the cell-seeded hydrogels by mCT recon-
structions (Fig. 4B) and whole-mount staining for collagen (Fig.
4C) or calcium (Fig. 4D) revealed that all control groups showed
similarly amorphous patterns of matrix condensation and miner-
alization with no localized concentrations of either collagen or
calcium within the gel. However, hydrogels containing hMSCs
prelabeled with either RGD- or TREK1-nanoparticles contained
large areas of mineralization that were visible as extensive con-
densed regions on mCT reconstructions and stained intensely
for both collagen and calcium (Fig. 4B–4D). Quantification of
the calciumdeposition using a destaining solution confirmed that
both nanoparticle-labeled groups were significantly more miner-
alized than controls (Fig. 4E).

In the second set of experiments, PLGAmicrospheres that re-
lease BMP2 were coinjected with hMSCs labeled with either
RGD- or TREK-Ab-coated nanoparticles. The sustained release

formulation was engineered to deliver BMP2 as a 60-ng burst re-
lease on day 1 followed by 10 ng daily release. Microinjection in
this case was more challenging because of the accumulation of
the microspheres in the needle tip. Staining the femurs with aliz-
arin red for calcium deposition revealed the extent of the miner-
alization at theepiphyseal injection sites andalso showed that the
epiphyseal mineralization was frequently continuous with (or an
extension of) the mineralizing bone collar (Fig. 5A–5G). BMP2
microspheres alone caused a nonsignificant increase in the vol-
ume of bone formed in this experiment, whereas injections of
hMSCs labeled with either nanoparticle caused an increase in
bone density (significant for RGD, p = .013; Fig. 5H). Combination
injections of BMP2- and TREK-Ab-labeled cells resulted in signif-
icant increases in the density of the bone collar (p = .048).

The conditions for the above experiment were again repli-
cated in a hMSC-seeded 2.0% collagen hydrogel to investigate
the osteogenic combination of nanoparticle-labeled cells with
BMP2-releasing microspheres (Fig. 6). Similar trends were
observed to the chick femur injection study, because BMP2 alone
caused a small increase in the volume of the construct, whereas
either magnetic nanoparticle alone caused an increase in the
density of the extracellular matrix. Combinations of BMP2

Figure 2. Microinjection into the chick fetal femur. (A, B):Humanmesenchymal stemcells (hMSCs) labeledwith the live cell trackermembrane
dye DiL and injected into both cartilaginous epiphyses (A) and the middiaphysis (B), imaged immediately after microinjection. (C–F): After 2
weeks of ex vivo organotypic culture, femur epiphyses from sham control groups (C, D) and femurs injected with TREK1 magnetic nanopar-
ticle-labeled hMSCs (E, F)were sectioned and histologically stained for glycosaminoglycans (blue) and calcium (red). Damage to the cell layers
at the injection site appears to stimulatemineralization in the sham-injected control groups, whereas the nanoparticle-injected epiphyses show
more widespread mineralization distal to the injection site. Scale bars = 300 mm (C, E) and 120 mm (D, F).
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microspheres and either nanoparticle resulted in significant
increases in both volume and density (p , .01). BMP2 alone
did not elicit increases in either volume or density at the higher
mineralization threshold, but when used in combination with
RGD-nanoparticles resulted in a fourfold increase in mineralized
volume (p = .063). TREK-MNPs alone significantly increased the
mineralized volume of the hydrogel from 0.013 to 0.051 mm3,
an increase of 3.8-fold, and the BMP2 plus TREK combination
resulted in 0.084mm3 bone formation, 6.3-fold greater than con-
trols (p = 23 1025).

By treating the mineralized regions within the hydrogels as
trabecular-like structures, a computed tomography analysis re-
vealed that the nanoparticle + BMP combinations had thicker

and more numerous mineralized regions within the hydrogel, al-
though interestingly they were more isolated (significantly less
interconnected) in the TREK-labeled groups, with or without
BMP, compared with controls (Fig. 6C, 6D), which is observable
in cross-section (Fig. 6E, 6F).

DISCUSSION

Like many tissues, bone uses mechanical cues during its develop-
ment and repair, combining both biochemical and strain gra-
dients to form a tissue that has optimum strength in an
appropriate orientation [21, 22]. The nature of mechanosensing
in bone is complex, and a variety of force transduction

Figure 3. Mineralization in the chick fetal femur at the sites of microinjection. (A–D): Bone collars and secondary mineralization sites (green)
within the cartilaginous chick fetal femur (white) showing the location and extent of mineralization following sham injection (A), exposure to
magnetic bioreactor alone (B), injection of hMSCs (C), and injection of hMSCs followed by exposure to the magnetic bioreactor (D). (E, F): The
addition ofmagnetic nanoparticles coatedwith RGD tripeptide (E) or TREK-Ab (F) resulted inmineralization at the epiphyseal injection sites. (G,
H): Femurs injected with hMSCs prelabeled with either RGD-coated (G) or TREK-Ab-coated (H) magnetic nanoparticles showed the greatest
extent of mineralization. Most femurs (including sham-injected femurs) displayed a secondary mineralization site in the epiphysis at the site
of injection, whereas the diaphyseal injection sitewas not visible in any femur after 2weeks of organotypic ex vivo culture. (I, J):After 14 days of
in vitro culture, femurs injected with either phosphate-buffered saline (sham) or exposed to the oscillating magnetic bioreactor alone showed
similar alkaline phosphatase activity (I) andmineralization (J) to injections of hMSCs and injections of RGD-coatedmagnetic nanoparticles alone.
Injecting TREK-Ab-coatedmagnetic nanoparticles or hMSCs pretaggedwith either RGDor TREK nanoparticles caused significant increases in the
extent of mineralization in the femur (J), and tagged cells exhibited more alkaline phosphatase activity (I). Arrows show the locations of the
epiphyseal injections. Bars show standard error of themean (n = 3 for alkaline phosphatase; n = 9 for x-ray microtomography). p, p, .05. Scale
bars = 1 mm. Abbreviations: hMSC, human mesenchymal stem cells; PNP, p-nitrophenyl phosphate; RGD, Arg-Gly-Asp tripeptide.
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Figure4. Effectofmagnetic nanoparticles onhumanmesenchymal stemcells (hMSCs) cultured in vitro in collagenhydrogels. Controls included
MSCs alone (Ci), MSCs cultured with the oscillating field but no nanoparticles (Cii), and RGD-conjugated nanoparticles in the hydrogel (but not
attached to cells) both alone (Ciii) and with the oscillating magnetic field (Civ). The experimental conditions included hydrogels seeded with
MSCs prelabeled with RGD-coated nanoparticles (Cv) and TREK antibody-coated nanoparticles (Cvi). (A): X-raymicrotomography revealed that
mineralization in the gels similar under all the control conditions. Both RGD- and TREK-Ab-conjugated magnetic nanoparticles had significant
effects on both the volume and density of the mineralized material in the gel when the hMSCs were labeled prior to seeding into the hydrogel.
(B): X-ray microtomography reconstructions showing the mineralizing higher density material within the seeded collagen hydrogels. (C): Sirius
red staining for collagen. (D): Alizarin red staining for calcium following partial destaining with 1% cetylpyridinium chloride. All controls con-
taining no MNPs or MNPs unattached to cells showed similarly amorphous and nonlocalized mineralization (microtomography [mCT]) with no
concentrations of collagen or calcification remaining after partial destaining. Hydrogels containing cells prelabeled with either RGD- or TREK-Ab-
conjugatedmagneticnanoparticles formed large regionsofhigh-densitymaterial (mCT),whichstained intensely forcollagen,showingupagainst the
background 2% collagenhydrogel. Calciumdepositionwas similarly localized into nodules and ridges andwas sufficiently bound to densematrix as
toresistbeingdestainedby1%cetylpyridiniumchloridesolution. (E):Destainingallowedquantificationofcalciumdeposition,whichwasequivalent
for all controls and significantly greater in hydrogels seeded with RGD- and TREK-Ab-tagged cells. Scale bars = 1mm. Error bars in (A) and (E) show
standard error of the mean (n = 9). ppp, p, .001. Abbreviations: MNPs, magnetic nanoparticles; RGD, Arg-Gly-Asp tripeptide.
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mechanisms have been described, including the integrin-
cytoskeleton-nuclear matrix structure, stretch-activated cation
channels within the cell membrane, G protein-dependent path-
ways and links between the cytoskeleton and the phospholipase

C, and phospholipase A pathways [23, 24]. In practice, it is
expected that most or all of these pathways are simultaneously
excited to various extents, and the sensitivity of each semi-
independent pathway is moderated by hormonal control

Figure 5. Mineralization in the chick fetal femur in response to nanoparticle-directed mechanotransduction and BMP2 release. (A): Calcium
deposition (alizarin red S staining) ofwhole femurs after 2weeksof in vitro organotypic culture shows that thebone collar is the onlymineralization
site in control (sham-injected) femurs. (B, C):When epiphyses were injected with hMSCs (B) or BMP2-releasing microparticles (C), mineralization
occurredat the injection sites. (D, E): Injectionof cells prelabeledwitheither RGD-coated (D)orTREK-Ab-coatedmagnetic nanoparticles (E) showed
increasedboneformation,generally throughextensionof thebonecollar intotheepiphysis. (F,G):Combination injectionsofBMP2-releasingmicro-
particles with RGD-labeled (F) or TREK-Ab-labeled (G) hMSCs showed both extension of the bone collar and areas of de novomineralization at the
injection site. (H): Quantification of the x-ray microtomography data reveals that injection of BMP2-releasing microparticles into the chick fetal
femur caused an increase in the volume of bone formed (y-axis) compared with the sham-injected control but did not affect bone density (x-axis).
Injections of unlabeled hMSCs caused a slight increase in the density of the bone (x-axis). Targeting TREK1 with magnetic nanoparticles and coin-
jectingBMP2-releasingmicroparticles resulted inasignificant increase inbonedensity. Errorbarsshowstandarderrorof themean(n=9).p,p, .05.
Abbreviations: BMP2, bone morphogenetic protein 2; hMSC, human mesenchymal stem cells; RGD, Arg-Gly-Asp tripeptide.
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Figure 6. Combinations of magnetic nanoparticle-labeled human mesenchymal stem cells (hMSCs) and BMP2-releasing microparticles in 2.0%
collagen hydrogels compared with either nanoparticles or BMP2 alone and controls, which were hMSCs alone. All hydrogels initially contracted
within 72 hours of seeding; subsequent matrix formation and proliferation of MSCs resulted in an increase in hydrogel size by day 28 of the ex-
periment. Significant differences were seen in the total size and density of the gels, which approximately match the positions of the equivalent
groups fromfemur-injectionstudies (Fig. 4)asdeterminedbyx-raymicrotomographydata. (A):BMP2alone resulted inan increase inhydrogel size,
whereas prelabeling hMSCs with eithermagnetic nanoparticle caused an increase in gel density. Combinations of both BMP2-releasingmicropar-
ticles andmagnetic nanoparticles resulted in an increase in both volumeand density, with the greatest effect seen from the combination of BMP2
and TREK-Ab labeled hMSCs. (B): Increasing the analysis threshold for themicrotomography to quantify only themineralized portion of the hydro-
gel revealed that the volumeof themineralizinghigh-densitymaterialwas similar for the control andBMP2alone,whereas cells treatedwitheither
nanoparticle incombinationwithBMP2weresignificantlymoremineralized.Nanoparticle-onlyandnanoparticle+BMPcombinationsresulted in the
formationofmorenumerousand thickermineralized regionswithin thehydrogel thaneither controlsorBMP2alonewhenanalyzedas “trabeculae.”
(C): The diameter of each circle surrounding the data point reflects the average density of these regions. (D–F): These mineralized nodular regions
were significantly less interconnected in the TREK-nanoparticle-containing groups comparedwith the control group (D) andarehighlighted in green
in themicrotomography reconstructions, shownas cross-sections through the center ofMSC-seededhydrogels containingBMP2particles alone (E),
compared with hydrogels containing BMP2 particles plus TREK-nanoparticle-labeled hMSC (F). Error bars show standard error of the mean (n = 7).
Scale bar = 1 mm. p, p, .05; pp, p, 0.01; ppp, p, .001. Abbreviations: BMP2, bone morphogenetic protein 2; RGD, Arg-Gly-Asp tripeptide.
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mechanisms, paracrine and autocrine signals from the reactive
cell population, and changes in the transcriptome [23].

For skeletal remodeling, intense exercise and high levels of
mechanical loading are generally presumed to be the most oste-
ogenic stimuli, but evidence has shown that even brief exposure
to high-frequency, low-intensity stimulation can provide a signif-
icant anabolic stimulus to bone and result in osteogenic differ-
entiation of MSCs [25]. Controlled mechanotransduction in
therapeutic MSCs may therefore present a novel, drug-free
method suitable for inclusion in many translational regenerative
strategies for bone repair.

In this investigation, functionalized magnetic nanoparticles
wereused todirectly target and remotely activatemechanotrans-
duction pathways via the integrin-cytoskeleton matrix (by
targeting matrix-associated RGD-binding domains) or the
stretch-activated ion channel TREK1. Previous research has gen-
erated evidence of direct force transduction by the nanoparticle-
RGD-integrin complex and shown that the mechanically gated
TREK1 ion channel can be remotely activated by attaching conju-
gated nanoparticles to the intracellular loop region and applying
an oscillating magnetic field, resulting in observable changes in
whole cell electrophysiology [11]. Directing mechanotransduc-
tion via either TREK1 or integrins has been reported to result
in the osteogenic differentiation of mesenchymal stem cells
[8–12] and their enhanced formation of extracellular matrix in
an in vivomurine subcutaneousmodel [8]. In our in vitro (ex vivo)
models,mechanotransduction via the TREK1 ion channel resulted
in substantially greater mineralization than mechanotransduc-
tion via integrins, illustrating differences in sensory routes forme-
chanical stimuli inMSCs [26] and demonstrating the usefulness of
conjugated magnetic nanoparticles as a customizable research
tool for mechanobiology [7–9, 11, 12, 27].

In previously publishedwork from this group, we successfully
targeted TREK1 mechanotransduction to differentiate MSCs
along an osteochondral lineage, resulting in the increased expres-
sion of both osteogenic genes (collagen I, osteopontin, and
CBFA1) and chondrogenic genes (SOX9 and collagen II) [8]. Min-
eralization of the extracellular matrix in both the chick epiphysis
and collagen scaffold was observed because of MSC differentia-
tion in response to osteogenic medium, nanoparticle-based
mechanotransduction, and BMP2 delivery. We hypothesize that
paracrine signaling from stimulated, differentiating hMSCs may
trigger osteogenic effects in the surrounding chick tissues, result-
ing in substantial bone mineralization from the relatively small
number of injected therapeutic cells, and work is ongoing to in-
vestigate this. It was generally noted that untreated hMSCs alone
did not greatly influence mineralization in either the chick femur
or hydrogels, suggesting that a further stimulus such asmechano-
transduction and/or delivered growth factors is required to in-
duce downstream signaling, differentiation, and achievement
of a fully active osteoblastic phenotype [2, 8, 21].

In the experiments reported here, we also noted that BMP2
generally resulted in an increase in bone formation, whereas
mechanotransduction resulted in increases in bone density, fur-
ther supporting the existing evidence that mechanotransduction
acts as both a differentiation stimulus and amplifies the transduc-
tion of relevant growth factor signals from the surrounding envi-
ronment [3]. Nanoparticle activation of TREK1 in particular was
significant in increasing bone formation in bothmodels, butmost
interestingly was found to act synergistically with the anabolic
effects of BMP2, resulting in mineralized femurs and hydrogels

with both increased volume and density, illustrating the impor-
tanceof relevantmechanical stimuli acting in concertwith growth
factor signaling for optimum formation of a fully functional extra-
cellular matrix [2, 3, 28, 29].

In all MSC-based strategies for tissue engineering, native en-
dogenous growth factors inwound sites are crucial for orchestrat-
ing cell-mediated tissue regeneration [2, 3, 14, 15, 19]. As a
deliverable growth factor, BMP2 is used in clinical applications
in which substantial bone apposition is required, such as spinal
fusion and treatment of nonunion [29]. In many current and pro-
posed treatments, exogenousgrowth factor combinations arebe-
ing used to coordinate, supplement, and amplify natural tissue
regeneration [18–20]. Understanding the interactions between
mechanotransduction pathways and growth factor signaling
may therefore be key to determining and optimizing clinical
effectiveness.

For example, it has recently been shown that mechanotrans-
duction acts synergistically with BMP signaling in human fetal
osteoblasts in vitro by increasing the intensity and duration of
Smad phosphorylation early in the BMP signaling pathway,
thereby reinforcing signal propagation [3]. In vivo, mechanical
stimulation of a rat femur defect supplemented with BMP2 from
a collagen sponge resulted in synergistic enhancement of bone
repair: with the addition of BMP2, mechanically stimulated
groups showed increased evidence of remodeling and recon-
struction of the endosteal canal [29]. Similarly, the proteins in-
volved in integrin-based mechanotransduction are seen to
colocalize with BMP2 in certain models of distraction osteogen-
esis [30]. By directing mechanotransduction using magnetic
nanoparticles, it is therefore possible to optimize the effective
doses of exogenous growth factors by amplifying their intracellu-
lar cascades and potentially improving the clinical uses of thera-
peutic BMP treatments for various bone pathologies.

Magnetic nanoparticles are biocompatible and have existing
regulatory approval as magnetic resonance imaging contrast
agents (which potentially also permits in vivo monitoring of the
cell therapy [31]) and offer several key advantages over other
methods for translational mechanotransduction, chiefly that
the injected cells can be specifically targeted, signaling pathways
activated and precise forces applied without causing loading
stresses to either the biomaterial scaffold or the bone-implant in-
terface. Magnetic nanoparticles can also be used to apply
dynamic loads to soft scaffolds that cannot be directly mechan-
ically loaded, and the loading regimen can be controlled by
altering the dose or size of the MNPs or by varying the external
magnetic field strength. Single or multiple receptors can be cho-
sen, and the nanoparticles can be functionalized with ligands or
antibodies against either extracellular or intracellular targets, cre-
ating a versatile tool for clinical treatments and research [27].

Injectable therapies for regenerativemedicine showgreatpo-
tential as a minimally invasive route for introducing therapeutic
stem cells, drug delivery vehicles, and biomaterials efficiently
towound sites [32, 33].Advances inbiomaterials research, includ-
ing thermosetting hydrogels that gelate at physiological temper-
atures, have revolutionized the opportunities for delivering cells,
biomaterials, and growth factors [34]. This work demonstrates
that providing the appropriate mechanical cues in conjunction
with controlled release of growth factors to these injectable cell
therapies can have a significant impact on improving osteogene-
sis and potentially improve tissue engineering approaches for
translational medicine.
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CONCLUSION

The synergistic promotion of osteogenesis by BMP2 delivery and
nanoparticle-based mechanotransduction in models of endo-
chondral ossification is an important conclusion that suggests
substantial scope for improving cell-based orthopedic therapies.
The work presented here suggests this technique has a potential
contributory role in treating clinical bone defects, and in subse-
quent experiments, we aim to investigate mechanotransduction
with combinations of other growth factors released frompolymer
microparticles. It is also possible that combinations of directed
mechanotransduction with topographical and bioactive cues
from surrounding tissues and orthopedic biomaterials may fur-
ther enhance the osteogenic response, leading to fascinating
directions for future collaborative research using these ap-
proaches. The combination of growth factor delivery and
nanoparticle-directedmechanical stimulation presents an oppor-
tunity for optimized approaches for the rapid restoration of func-
tional bone.
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