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Growth enhancing effect of LBL-assembled magnetic
nanoparticles on primary bone marrow cells

Xuan Liu'', Jie Zhang?', Shijia Tang’, Jianfei Sun*’, Zhichao Lou®*, Yan Yang?, Peng Wang?, Yan Li?

and Ning Gu*

ABSTRACT Magnetic field has been considered to have pos-
itive effect on growth of bone. Because a magnetic nanoparti-
cle can be regarded as one magnetic dipole, the macroscopic
assemblies of magnetic nanoparticles may exhibit magnetic
effect on local objects. This paper fabricated macroscopic
film of y-Fe,O; nanoparticles by layer-by-layer (LBL) assem-
bly on poly-D,L-lactic acid (PLA) scaffold, and studied the
magnetic effect of the assembled y-Fe,O; nanoparticles film
on primary bone marrow cells. The primary bone marrow
cells were extracted from a mouse and cultured on the PLA
substrate decorated by the film of y-Fe,O; nanoparticles after
purification. Quantitative PCR (q-PCR) was used to show the
cellular effect quantitatively. A just-found magnetosensing
protein was employed to verify the magnetic effect of assem-
bled film of nanoparticles on primary cells. It was exhibited
that the decoration of nanoparticles enhanced the mechanical
property of the interface. By acting as the adhesion sites, the
LBL-assembled film of nanoparticles seemed beneficial to the
cellular growth and differentiation. The expression of mag-
netosensing protein indicated that there was magnetic effect
on the cells which resulted from the assembly of magnetic
nanoparticles, implying its potential as a promising interface
on scaffold which can integrate the physical effect with good
biocompatibility to enhance the growth and differentiation
of stem cells. The LBL-assembled film of magnetic nanopar-
ticles may boost the development of novel scaffold which can
introduce the physical stimulus into local tissue in vivo.

Keywords: magnetic nanoparticles, layer-by-layer assembly, tis-
sue engineering, bioelectronics, bone cells

INTRODUCTION

Regenerative medicine has been considered to change
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the therapeutic paradigm essentially [1,2]. In this area,
a critical issue is the regulation effect of materials upon
cellular growth and tissue repair. Here, scaffold, seed cell
and bioactive interface are three essential factors [3,4].
Recently, stem cell is extensively regarded as the favorable
source of seed cell due to the capability of pluripotent
differentiation and good immune compatibility [5,6].
Thus, the scaffold should be suitable for the stem-cellular
growth and differentiation. Certainly, it should also be
of good biocompatibility and appropriate mechanical
property, especially for the repair of bone tissue. Owing
to such advantages as mentioned, poly-lactic-acid (PLA)
and poly-D,L-lactic-co-glycolic-acid (PLGA) are the com-
monly used scaffold materials in clinic which have been
approved by FDA. However, the polymer-based scaffold
remains to be improved, such as the alleviation of inflam-
mation [7], the efficiency for cellular adhesion [8] and the
promotion for differentiation [9]. Fortunately, there is a
bioactive interface between the scaffold and the cells that
can be ingeniously designed to harmonize the scaffold
and the cells. There have been many important discov-
eries about the effect of interface. For example, surface
topography was discovered to have significant influence
on the cellular behavior and fate [10,11]. This effect will
turn more important when the topographical size reaches
the nanoscale [12], which inspires us that the nanoparti-
cles-decorated surface may play an unexpected role in the
interaction between scaffold and cells. Furthermore, the
presence of nanoparticles can possibly bring about some
physicochemical influences, such as redox, mechanical
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stress and electromagnetic effect. These factors have been
proved to play important roles in the cellular growth and
tissue repair.

Magnetism has been considered positive to the repair of
bone tissue which results from the influence on bioelec-
tricity [13-15]. However, it is inconvenient and of low ef-
ficiency to load a magnet on body. Thus, it occurs to us
that the local magnetic effect can be provided by making
a magnetic interface on the scaffold around tissue defect.
Iron oxide nanoparticles currently attract increasing inter-
ests from biomedical researchers because of their unique
magnetism and good biocompatibility [16]. One magnetic
nanoparticle can be regarded as a magnetic dipole. Due to
the very small size, thermal energy can even make the mag-
netic moment randomly orient to generate the so-called
superparamagnetism. However, we discovered previously
that the collective magnetism of nanoparticles had a tran-
sition from the superparamagnetism into the weak ferro-
magnetism after the assembly [17]. The aggregation-in-
duced coupling of magnetic dipolar moments can account
for this phenomenon, which reinforced the magnetic en-
ergy of system to overcome the perturbance of thermal en-
ergy. Thus, it is hypothesized that the assembled film of
magnetic nanoparticles is possibly able to exert the mag-
netic action on the vicinal cells. Thus, it is potentially ben-
eficial for the tissue repair to coat the traditional scaffold
with a layer of magnetic nanoparticles.

Moreover, the iron oxide nanoparticles own the capabil-
ity of thermogenesis in the presence of alternating magnetic
field[18], radicals scavenging [19] and magnetic manipula-
tion [20] so that the assembled film of iron oxide nanopar-
ticles can regulate the cellular behavior by physical stim-
uli and mitigate the local inflammation. Also, it has been
proposed that the nanoparticles can play a protein-like role
[21]. Therefore, it is taken for granted that the decoration
of nanoparticles on scaffold can enhance the cellular adhe-
sion and growth.

Herein, layer-by-layer (LBL) method was employed to
assemble colloidal y-Fe;O; nanoparticles into a uniform,
compact and reproducible film on the PLA substrate. This
method relies on the electrostatic interaction between
nanoparticles and polyelectrolyte so that the film is highly
stable even in the complex medium. The primary bone
marrow cells were freshly extracted from femur and tibia
of a mouse. Then the primary cells were cultured on the
assembled film-decorated PLA substrate. It was exhibited
that the assembled film of magnetic nanoparticles im-
proved the biocompatibility of the scaffold and promoted
cell differentiation. Of more importance, a just-found

magnetosensing protein, which can respond to magnetic
fields, was used to indicate the role of magnetic effect in
these phenomena. The preliminary results support the
point that the introduction of magnetism into interface is
promising for the development of next-generation scaffold.

EXPERIMENTAL METHODS

Synthesis of y-Fe,Os nanoparticles

25% (w/w) N(CH;)sOH was slowly added into the mix-
ture of Fe’* and Fe’* (molar ratio 1:2) until the pH value
of the solution reached 13. Then the reaction continued
for 1 h to obtain the black colloidal particles (Fe;Os). Then
air was pumped into the reaction system under 95°C water
bathing after the pH value was adjusted to 3 by 1 mol L™
HCI. Finally, the reaction system was kept for 3 h to oxi-
dize Fe;O, colloidal particles into y-Fe,Os particles. Dur-
ing the whole reaction, vigorous stirring was needed. With
this synthesis, the y-Fe;Os nanoparticles were bare, with-
out other molecules. In our experiment, the final colloidal
concentration of y-Fe;O3 nanoparticles was 3 mg mL™".

LBL assembly and magnetization
The colloidal suspension of y-Fe;O; nanoparticles was
concentrated to 2 mg mL™" for the LBL assembly. The
polyelectrolyte solution (PDDA, poly-diallydimethylam-
monium chloride) was diluted to 2 wt.% with ultra-pure
water. A glass slide was firstly treated by the boiling mix-
ture of H,SO, and H,O, (volume ratio 7:3) for 2 h. After
that, the glass slide was washed by the ultra-pure water
repeatedly and finally dried by N, gas stream. Then, the
glass slide was dipped into the PDDA solution and the
colloidal suspension of y-Fe,Os; nanoparticles for 15 and
25 min, respectively. The y-Fe,Os; nanoparticles were ad-
sorbed on the glass slide due to the electrostatic interaction
which brought about the formation of one bilayer. When
the soak in one solution terminated, the glass slide was
washed by ultra-pure water repeatedly and finally dried by
N, gas stream. The washing is important. Otherwise, the
colloidal suspension will become instable. The steps were
duplicated leading to the LBL assembly of nanoparticles.
The magnetization of film was done by putting the fab-
ricated LBL-assembled film into a uniform magnetostatic
field for 30 min. The magnetic field was 0.7 T in intensity
and parallel to the film.

Mouse bone marrow cell extraction
Several C57/B6 mice were killed and were dipped in 70%
ethanol for tens of seconds. Then the femur and tibia were
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cut and put in 5 mL a-MEM medium. The skin and mus-
cle were removed and both ends of bones were cut down.
A 25G needle was used to flash the bone marrow out into
the a-MEM medium. Then the medium containing the
bone marrow was transferred to a 15-mL tube for centrifu-
gal separation with 2000 rpm for 5 min. the pellets were
resuspended in the cell culture medium (a-MEM with 15%
fetal bovine serum and 1% Penicillin-Streptomyxin) after
aspirating the supernatant. Before the culturing, the cells
were counted and adjusted to a suitable concentration for
cell seeding. The detailed operation can refer to Ref. [22].
This experiment was performed in accordance with the rel-
evant regulations and the experimental qualification was
approved by Southeast University and Department of Sci-
ence and Technology of Jiangsu province.

Culturing of primary mouse bone marrow cells

The extracted bone marrow cells were cultured in 24-well
plate with 3 wells as one group. The size of one well is
just 1.5 cm so that the rounded glass plate with assemblies
of nanoparticles can be fitted into the well. The cultur-
ing medium was the a-MEM medium containing 15% fetal
bovine serum and 1% Penicillin-Streptomyxin. The ascor-
bic acid-2-phosphate (1 mmol L™') was added into the cul-
turing medium to initiate differentiation. The medium was
changed every 3 days. After culturing for about 10 days,
multi-cellular fibroblastoid colonies (or CFU-fs) can be ob-
served. These colonies were stained to check expression of
alkaline phosphatase by using a reagent kit (bought from
Sigma Co.).

Characterization of materials and cells

The elastic module of y-Fe,Os granular film was tested by
NanoTest™ Vantage (Micro Materials Corp. Ltd., UK).
The tip used in the measurement is Berkovich indenter tip.
Stiffness data can be extracted from the contact rigidity and
contact depth.

Cellular viability was measured by CCK8 assay and flow
cytometry after culturing for 7 days, respectively. CCKS8 kit
was purchased from Beyotime Co. Ltd. (Shanghai, China).
Every well of 24-well plate was added with 50 uL CCK8
medium. After incubation for 2 h in 37°C, the 24-well plate
was measured with an ELISA microplate reader, by which
the optical density (OD) value of each well under 450-nm
wavelength was recorded. Then the cellular viability can be
calculated as the following formula:

e e OD — OD
viability (%) = ﬁ
- blank

cells

where OD; is the OD value of each well, ODppaui is the OD

x 100%,

value of the well with the culturing medium but without
the cells and ODv..s is the OD value of the well with cells
cultured in the absence of nanomaterials.

Before the flow cytometry measurement, the cells in
24-well plate were washed by phosphate buffer saline (PBS)
buffer. Then the cells were trypsinized and the cells from
one group (3 wells) were gathered into one vial, which were
furthermore treated twice by centrifugation and washing
with PBS. Finally, the volume of cellular suspension was 1
mL. Finally, the cells were stained with propidium iodide
and analyzed by the flow cytometry (FACSCalibur™, BD
Biosciences, USA) using a wavelength of 488 nm.

RESULTS AND DISCUSSION
The disk-like PLA substrate was fabricated by spin coating
of polymer solution on a glass plate. The cross-section of
PLA substrate was shown in Fig. 1la. Compared with the
naturally-dried PLA film on glass substrate, the PLA film
made by spin coating shows more level (Supplementary in-
formation, Fig. S1a). The topography of polymer substrate
is important because the subsequent assembly depends on
the property of surface. Mechanical property of PLA sub-
strate was characterized by Nanoindentor (Fig. S1b). It
can be seen that the elastic modulus of sample (12.1230
GPa) is higher than that of naturally-dried sample (7.0942
GPa). This means that the surface homogeneity indeed in-
fluences the mechanical property on interface although the
bulk material may be little affected. The elastic modulus of
the spin-coated PLA substrate is comparable to that of bone
(about 10-30 GPa), so it is suitable for culture of bone cells.
To assemble the colloidal nanoparticles on PLA sub-
strate, plasma was employed to treat the surface for
hydrophilization. Contact angle versus time was used to
check the performance of plasma treatment (as shown in
Fig. S2). Based on the data, the sample with 15-min treat-
ment and contact angle of 47.43° was chosen for the next
step. Then the PLA plate was marinated into the PDDA
solution and y-Fe,Os colloidal suspension alternatively.
The y-Fe,Os nanoparticles are approximated 13 nm in size
and formed aggregates of about 100 nm in suspension
(Figs S3a and b). With the increase of assembled layers, the
film becomes dense and uniform (Fig. S4). After assembly
of 5 bilayers, the film completely covered the surface of
substrate. The morphological observation for 5-layers-as-
sembled film is shown in Figs 1b and c. Compared with
the naturally-dried film, the LBL-assembled film was more
uniform macroscopically and poriferous microscopically
(Fig. S5). Thus, it is more suitable as the interface between
scaffold and cells. The elastic modulus was also measured
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Figure 1 Morphological observation of LBL-assembled film. (a) Cross-section of PLA substrate fabricated by spin coating; (b) LBL-assembled y-Fe,Os
nanoparticles on PLA substrate; (c) local magnification of b; (d) 3D AFM image of the granular film. (e and f) Magnetic hysteresis loops of LBL-as-

sembled film of y-Fe,Os nanoparticles before and after magnetization. (g) Schematic drawing of the fabrication process of LBL-assembled film and the
magnetization.
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by the nanoindentor. The result was 95.5620 and 94.9036
GPa for LBL-assembled and naturally-dried film, respec-
tively (Fig. S6). The thickness and the three-dimensional
(3D) morphology of granular film were characterized by
atomic force microscopy (AFM), which is shown in Fig. 1d.
From the 3D-reconstructed image, the thickness is about
265.6 nm. The aggregation of nanoparticles played an im-
portant role so that the 6-layers assembly can result in such
a thickness. It is worth noting that the presence of gran-
ular film can lead to a nearly 8-fold increase of elasticity.
We measured the elastic modulus of another PLA sample
tabricated by the freeze-drying method. Although the ab-
solute values were much less than those fabricated by the
spin coating method without and with the LBL-assembled
film of nanoparticles, the increasing multiples were approx-
imate. The scanning electron microscopy images of the
granular film before and after nanoindentation experiment
are shown in Fig. S7. Actually, the indentation depth in our
experiments is just several micrometers since the thickness
more than 200 nm is possible to influence the experimental
results. The magnetic hysteresis curves for the assembled
film of y-Fe,Os nanoparticles before and after magnetiza-
tion were measured by a vibrating sample magnetometer
(Figs 1e and f). It is obviously seen that the magnetic inter-
action along the magnetization direction turns stronger. It
was considered the magnetic moments should be aligned
into the identical orientation to yield local magnetic order-
ing even if the magnetic field was removed. It should be
mentioned that although the nanoparticles were immobi-
lized, the magnetic moments were rotatable. The 13 nm
size made the magnetic moments of y-Fe,Os nanoparti-
cles rotate freely even without the reversal of nanoparti-
cles themselves. This is the common thermogenic mecha-
nism for magnetic nanoparticles, i.e., the Neel’s relaxation.
The experimental process of LBL assembly is schematically
shown in Fig. 1g.

Then the primary bone marrow cells of mouse were
cultured on the PLA plates with LBL-assembled film of
v-Fe,Os nanoparticles. After culturing for 6 days, the cel-
lular morphology was observed with optical microscopy
(Figs 2a-d). Seen from the pictures, the cells show the
fairly good growth on the PLA surface with assembled
film of nanoparticles. This was also confirmed by the
measurement of cellular viability using CCK8 assay and
flow cytometry, respectively. Both results show that the
PLA sample with assembled film of nanoparticles has
much higher viability for the bone marrow cells than the
plain PLA sample (Figs 2e and f). This may result from
the adhesion sites-like effect of the nanoparticles, which

was also found in our other work [23,24]. To confirm
the reinforcement of cellular adhesion in the presence of
nanoparticles, the expression of integrin and cadherin
which are important proteins related to cellular adhesion
was measured by q-PCR (Fig. 2g). Both the integrin and
the cadherin are obviously up-regulated for the PLA sam-
ple with assembled film of y-Fe,Os; nanoparticles. More
interestingly, it is seen that the magnetic effect can promote
the cellular growth. The PLA sample with LBL-assembled
film of y-Fe,O; nanoparticles shows even higher cellular
viability and the microRNA expression after the magne-
tization. Considering that there is little morphological
variation before and after the magnetization (Fig. S8),
the local magnetic ordering is considered to account for
this phenomenon. The magnetization may result in the
ordered arrangement of magnetic moments to reduce the
systematic energy. After the removal of external magnetic
field, the thermal energy was incapable of disorganizing
the magnetic moments thoroughly. Thus, the remnant
magnetic moments of long-range order can affect the
cellular growth.

After culturing for 15 days, the differentiation of pri-
mary bone marrow cells toward osteoblast was checked
by ALP staining. The results shown in Figs 3a-d indi-
cate that the assembled film of y-Fe,O; nanoparticles is
beneficial for the cellular differentiation. This is also con-
firmed by the q-PCR measurement of some proteins related
to cellular differentiation, including osteocalcin, osteopon-
tin, runt-related transcription factor 2 (RUNX2) and bone
morphogenetic protein 2 (BMP-2) (Fig. 3e). The osteocal-
cin and the osteopontin are indicators for differentiation
toward osteoblast. RUNX2 and BMP-2 are the upstream
and the downstream protein for the osteogenic differentia-
tion. Of importance, the magnetization is also found to be
capable of further promoting this effect, which hints that
the magnetic effect should play a crucial role. Many stud-
ies have reported that the magnetic nanoparticles can pro-
mote the differentiation of marrow-derived stem cells to-
ward osteoblasts [25-27]. We also utilized the Au nanopar-
ticles to do the same experiments, but it was found that the
LBL-assembled colloidal Au film was unbeneficial for the
differentiation of cells. To directly prove the point that the
assembled film of y-Fe,Os nanoparticles can yield the mag-
netic effect on cells, the magnetosensing protein was mea-
sured by q-PCR, which was just discovered to be capable
of responding to the external magnetic field [28]. The re-
sult exhibits that the assembled film of y-Fe,O; nanoparti-
cles up-regulated the expression of magnetosensing protein
which further rises for the magnetized assembled film of
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Figure 2 Characterization of cellular growth. (a-d) Optical observation of cells growing on cellular culturing plate (control), blank PLA film (null
PLA), PLA film with LBL-assembled magnetic nanoparticles (LBL-MNP PLA) and PLA film with LBL-assembled magnetic nanoparticles after magne-
tization (M-LBL-MNP PLA); (e, f) proliferation measurement of cells cultured on the four surfaces using CCK8 assay and flow cytometry, respectively;
(g) g-PCR measurement of integrin and cadherin for cells growing on the four surfaces.

nanoparticles (Fig. 3f). Here, one magnetic nanoparticle
or aggregate of nanoparticles was regarded as a magnetic
moment. The adjacent magnetic moments will interact to
form ordered arrangement to reduce the systematic energy.
Certainly, this ordered arrangement should be highly lo-
calized [29,30]. If the ordered arrangement of magnetic
moments is regarded as a small magnet, a cell is actually
subjected to several small magnets. This is why the magne-
tosensing protein was also up-regulated for the LBL-assem-
bled film without magnetization. After the film was mag-

netized, just as mentioned above, the magnetic moments
of long-range ordering obviously enhanced the strength of
collective magnetic effect upon the cells so that the cellular
effect became more significant.

The influence from Fe’* release was excluded by mea-
surement of Fe concentration (Fig. S9), since the results
show there is no significant variance for the different sam-
ples. The surface capping of PDDA molecules on nanopar-
ticles can account for the low Fe concentration in the cellu-
lar culturing medium. The surface capping by polymer

© Science China Press and Springer-Verlag Berlin Heidelberg 2016
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Figure 3 Characterization of cellular differentiation. (a-d) ALP staining of cells growing on cellular culturing plate (control), blank PLA film (null
PLA), PLA film with LBL-assembled magnetic nanoparticles (LBL-MNP PLA) and PLA film with LBL-assembled magnetic nanoparticles after magne-
tization (M-LBL-MNP PLA); (¢) mRNA measurement of osteocalcin, osteopontin, RUNX2 and BMP-2 proteins for cells cultured on the four surfaces
with g-PCR method; (f) mRNA measurement of magnetosensing protein for cells growing on the four surfaces with q-PCR method.

prevented the nanoparticles from contacting with the aque-
ous medium so that the reaction activity was greatly re-
duced. Thus, the enhancement effect on cellular growth
and differentiation of the LBL-assembled film of y-Fe,Os
nanoparticles should root in the magnetism which resulted
from the assembly of magnetic nanoparticles, forming the
small domains of magnetic ordering. It is the magnetic or-
dering that affect the cellular growth. Although we are in-
capable of characterizing the microstructures directly, the
hypothesis can explain the experimental phenomena rea-
sonably. This concept is schematically illustrated in Fig. 4.
It means that the nanoparticles play the role by magnetism
rather than by entering into the cells, which also indicates
the assembled film of nanoparticles on scaffold may have
higher safety in biomedical applications than the free-float-
ing nanoparticles.

The growth enhancing effect of the LBL-assembled film
of magnetic nanoparticles can be explained by the influ-
ence of magnetism upon cellular membrane potentials,
which trigger cascaded signal transductions [31]. The
cellular membrane potential is extremely critical to control
the physiological functions of cells, which get dynamically
maintained by the difference between ion concentrations

inside and outside the cell membrane. Thus, the cellular
membrane potential should be capable of being affected
by the magnetic field because the moving charges are
subjected to the Lorentz force under a magnetostatic field.
As mentioned above, the ordered alignment of magnetic
moments can yield a localized magnetic field, which
can further influence the transmembrane streaming of
some ions, especially Ca®" [32,33]. Ca?' is an important
physiological transmitter and Ca element is also directly
relative with formation of bone so that the presence of
magnetism or magnetic materials can enhance the growth
of osteoblasts (including the viability of cells). However,
the detailed biological process of signal transductions
of magnetism on osteoblasts remains under exploration.
Seen from the above analysis, the growth enhancing effect
of the LBL-assembled film of magnetic nanoparticles roots
in the magnetism rather than the amount of magnetic
materials. If the magnetic moments of nanoparticles are
randomly arranged, the adding number of layers should
be of little improvement on the effect. This is because only
the magnetic nanoparticles adjacent to cells play the role.
Otherwise, the adding number of layers may be good to
the effect. Actually, only one layer of magnetized magnetic

7
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Orientation of magnetic moments in a
“domain” of LBL-assembled y-Fe,O,

nanoparticles may be identical. However
the orientation is random for different
“domains” so that the film seems to be
magnetic disorder macroscopically.

LBL-assembled film
of nanoparticles

Assembly of magnetic
nanoparticles can promote the
cellular adhesion, growth and
differentiation, which may be

mediated by the “domain” of local
magnetic order.

Figure 4 Schematic showing of the mechanism for effect of the assembled film of magnetic nanoparticles on the cells. The key point lies in the local
magnetic order. The magnetization augments the magnetic order and thus can enhance the cellular effect as the above-mentioned phenomena.

nanoparticles has the stronger growth enhancing effect
than the multilayers of magnetic nanoparticles with LBL
assembly [17].

CONCLUSION

A uniform and contact film of nanoparticles was fabricated
by the LBL-assembly of y-Fe,O; nanoparticles, which can
be used as a bioactive interface of PLA scaffold. By coating
with film of nanoparticles, the mechanical property on in-
terface was enhanced. The experiments with primary bone
marrow cells show that the LBL-assembled film of y-Fe,Os
nanoparticles can promote the growth and differentiation
of cells. It is proved that the assembly-mediated magnetic
effect plays an important role here. We believe this novel
interface between scaffold and stem cells will boost the de-
velopment of next-generation scaffolds and their applica-
tion in tissue engineering, organ repair and regenerative
medicine.
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