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1. Introduction

Silk fibroin films with embedded magnetic
nanoparticles: evaluation of the magneto-
mechanical stimulation effect on osteogenic
differentiation of stem cellst
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We report about a biomaterial in the form of film ~10 pm thick, consisting of a silk fibroin matrix with
embedded iron oxide superparamagnetic nanoparticles, for prospective applications as bioactive coating
in regenerative medicine. Films with different load of magnetic nanoparticles are produced (nano-
particles/silk fibroin nominal ratio = 5, 0.5 and 0 wt%) and the structural, mechanical and magnetic pro-
perties are studied. The nanoparticles form aggregates in the silk fibroin matrix and the film stiffness, as
tested by nanoindentation, is spatially inhomogeneous, but the protein structure is not altered. In vitro
biological tests are carried out on human bone marrow-derived mesenchymal stem cells cultured on the
films up to 21 days, with and without an applied static uniform magnetic field. The sample with the
highest nanoparticles/silk fibroin ratio shows the best performance in terms of cell proliferation and
adhesion. Moreover, it promotes a faster and better osteogenic differentiation, particularly under mag-
netic field, as indicated by the gene expression level of typical osteogenic markers. These findings are
explained in light of the results of the physical characterization, combined with numerical calculations. It
is established that the applied magnetic field triggers a virtuous magneto-mechanical mechanism in
which dipolar magnetic forces between the nanoparticle aggregates give rise to a spatial distribution of
mechanical stresses in the silk fibroin matrix. The film with the largest nanoparticle load, under cell
culture conditions (i.e. in aqueous environment), undergoes matrix deformations large enough to be
sensed by the seeded cells as mechanical stimuli favoring the osteogenic differentiation.

by applying magnetic forces that favor their adhesion, infiltra-
tion and distribution."”* Magnetic NPs attached to the cell

The use of magnetic nanoparticles (NPs) in regenerative medi-
cine is a thriving research field aimed at remotely manipulat-
ing cells and/or conditioning their behavior. For instance, cells
labelled with magnetic NPs are efficiently seeded in scaffolds
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membrane can be manipulated by an external magnetic field
to deliver local forces to the cell itself and so activate specific
mechanosensitive membrane receptors and ion channels,
through a mechanotransduction process.’ The latter refers to
the ability of cells to perceive mechanical stimuli from their
physical environment and to convert them into biochemical
signals that elicit specific cellular responses.® Mechanical cues
triggering a mechanotransduction mechanism can be mechan-
ical forces imparted to the cells as well as the elasticity and
topography of the substrate on which they are grown.”°
Magnetically responsive materials, obtained by incorporating
magnetic NPs in a biocompatible matrix, can be used as sup-
ports for cell transplantation, especially for bone tissue regen-
eration. It has been reported that scaffolds with magnetic func-
tionality are able to attract, via magnetic driving, growth
factors, stem cells or other bio-agents bound to magnetic car-
riers and can tune their release,""'> possibly exploiting the

This journal is © The Royal Society of Chemistry 2022
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ability of magnetic NPs to generate heat under an alternating
magnetic field."*™*> Moreover, a beneficial influence of mag-
netic NPs-loaded scaffolds on adhesion, proliferation and
differentiation of seeded cells has been observed.'®>> A pro-
posed explanation relies on the positive effect of the magnetic
field alone in stimulating the proliferation and differentiation
of cells and thus suggests that a magnetic scaffold, subjected
to an external magnetic field, produces a dipolar magnetic
field that strengthens the action of the external one.'®?!?*
However, this argument is invoked regardless of the NP con-
centration, which is highly variable (from less than 1 wt%"° to
50 wt%>'), and of the value of the applied field, which can be
very low (below 1 kA m~"'®"%) or reach the order of magnitude
of 10> kA m~".*"*> 0ddly, a similar explanation is also given
when no magnetic field is applied and the NPs show super-
paramagnetic relaxation at room temperature.'”'®2%?% The
superparamagnetic behavior implies that the NP magnetic
moments align to a certain extent with an external magnetic
field, depending on its intensity. However, in the absence of
field, thermal fluctuations readily flip the moments along
different orientations and therefore the NPs are not perma-
nently magnetized.'>'*?® A different strategy aims at the cre-
ation of materials embedding magnetic NPs that respond to
an external magnetic field causing alterations in the mechani-
cal state of the hosting matrix. This activates a mechanotrans-
duction mechanism and hence, in most cases, angiogenic and
osteogenic processes.”’ % Usually, these composites are used
for realizing three-dimensional scaffolds, but a strategic goal is
also to model them in the form of films to coat the surface of
bone and dental implants.>***' The difficulty in precisely
determining the mechanism of this magneto-mechanical
stimulation is openly admitted in the current literature. This
may be due to the fact that, in general, the stimulation effect is
deduced only on the basis of the cellular response and not
evaluated also based on the knowledge of the physical pro-
perties of the material. Indeed, magnetically responsive
materials have been produced using a variety of matrices with
different mechanical stiffness: synthetic polymers (polylactide,
poly lactic-co-glycolic acid, polycaprolactone),”” > biopolymers
(chitosan, alginate, starch, collagen, silk),***>?%*? polymers in
the form of hydrogels.’®3%%3 Static?’29:32:36:37:39:4041 or time-
varying magnetic fields**** have been applied to test the be-
havior of the seeded cells, with intensity varying in the 10°-10>
kA m™' range (the distinction between a uniform field and a
field gradient is seldom pointed out). Experimental evidence
of a magnetically actuated modulation of the mechanical pro-
perties of NPs-loaded materials has been obtained in just a
few cases®”***%*? and the problem of numerically estimating
the strength of the mechanical forces potentially acting on the
seeded cells, following the material deformation, is very rarely
addressed.*>*

In this context, here we report about silk fibroin films
(thickness ~ 10 pm) loaded with superparamagnetic iron oxide
NPs, which are among the few inorganic nanosystems
approved by the U.S. Food and Drug Administration for use in
human patients.** Tissue engineering using silk-based bioma-

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

terials is receiving increasing interest.*>*° This is because silk
protein fibroin possesses high biocompatibility with low
inflammatory and immunogenic responses, tunable biode-
gradability and mechanical strength, permeability to water and
oxygen and can be modeled into various morphologies such as
scaffolds, fibers, films, gels.'®**® Only a few studies have
been reported about silk-based systems functionalized with
magnetic NPS.12’24’25’35’42’49

Our study addresses three main objectives. The first is the
preparation of a silk-based material with magnetic functional-
ity - modeled in the form of film for prospective applications
as bioactive coating - and the full characterization of the struc-
tural, mechanical and magnetic properties of samples with
different concentration of magnetic NPs forming aggregates
(NPs/silk fibroin nominal ratio = 5, 0.5 and 0 wt%). The
second is the analysis of the in vitro behavior of stem cells
grown on the films. The cellular activity has been probed both
in a static uniform magnetic field and in no field, so as to
single out the cellular response to the external field only, to
the NPs only and that due to the synergy between magnetic
NPs and applied field. The excellent performance of the
sample with the highest NP concentration for promoting cellu-
lar proliferation and osteogenic differentiation is demon-
strated. Finally, by combining the obtained experimental
results with magnetic numerical calculations we discuss in
which physical conditions the mechanism of magneto-
mechanical stimulation of seeded cells can be triggered in the
investigated samples, highlighting the key role of magnetic
dipolar interactions between the NP aggregates. The insight
gained in this study can serve as a guide for determining
whether a cell stimulation effect may be active in other types
of magnetically responsive biomaterials.

2. Results and discussion
2.1 Preparation of the silk fibroin films with magnetic NPs

Silk fibroin powder is produced by processing Bombyx mori
silkworm cocoons as detailed in Materials and Methods
(section 4.1). The powder is dissolved in formic acid
(Honeywell, Fluka, USA) by stirring overnight at room tempera-
ture to obtain a solution at 12.5 mg mL™". Iron oxide NPs
(Iolitec GmbH, Germany), with size ~10 nm (as determined by
Transmission Electron Microscopy, TEM; Fig. S1a and bt), are
added to the solution and suspended by sonication for
30 minutes. Two different concentrations of NPs are used:
0.625 mg mL " and 0.0625 mg mL™".

Samples in the form of films for structural, mechanical and
magnetic characterization are obtained by casting 4 mL of the
NPs/silk-formic_acid solutions and also of the solution
without NPs onto 5 cm diameter Petri dishes and then drying
overnight at room temperature in a laminar flow hood. Thus,
three types of films are produced (Table 1): the film with the
highest concentration of NPs is labeled as HC (NPs/silk fibroin
= 5 wt%), LC is the film with the lowest concentration of NPs
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Table 1 Data relative to the samples prepared for the physical charac-
terization, labeled as indicated in column 1. Columns 2 and 3: nominal
amount of silk fibroin and iron oxide NPs; column 4: weight ratio
between NPs and silk fibroin; column 5: amount of NPs as estimated by
magnetization measurements

Silk NPs NPs/silk Estimated

fibroin (iron oxide) fibroin amount of
Sample (mg) (mg) (Wt%) NPs (mg)
HC 50 2.5 5 (1.8 +0.1)
LC 50 0.25 0.5 (0.17 + 0.01)
SF 50 0 0 0

(NPs/silk fibroin = 0.5 wt%) and SF is the pure silk fibroin film
(i.e. without NPs).

The samples are transparent; due to the embedded NPs,
HC has a dark orange color, which is strongly attenuated in LC
(Fig. 1a). A batch of 10 samples for each type of film is pre-
pared; the average thickness of the samples is (10 + 2) pm,
while the average weight is (57 + 1) mg for HC and (54 + 1) mg
for SF and LC. The dried films are freestanding and, if
handled, they easily resume their initial shape (Fig. 1b). On
the contrary, the films in the wet state — which is obtained by
soaking them in deionized water for a short time (to standar-
dize the process, 1 hour) - adapt quite easily to coat any type
of substrate regardless of the shape and material of which it is
made (Fig. 1c-e). If left to dry in the open air for a few hours,
the films regain their initial appearances.

2.2 Structural and mechanical properties

2.2.1 Scanning electron microscopy (SEM) and variable
pressure scanning electron microscopy (VPSEM). SEM analysis
is performed on the NPs-loaded silk fibroin films. Typical sec-
ondary electrons images for the dried HC and LC films are
shown in Fig. 2a and b. The surface of the samples appears

(a)

Fig. 1
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substantially smooth. Elements placed under the surface of
the film appear as small bright spots and as micrometer-sized
regions with different contrast with respect to the uniform
gray background (red circles). Images of the same samples’
areas obtained using back-scattered electrons are displayed in
Fig. 2c and d. Brilliant white spots and light halos emerge
from the dark black background indicating regions with a
different atomic number - ie. a different chemical compo-
sition compared to the surrounding material - that we associ-
ate to the presence of Fe-rich zones and therefore to the NPs.
The red circles in Fig. 2a—c and b-d highlight the coincidence
between the features revealed by secondary electrons and the
bright halos produced by back-scattered electrons. It is worth
noting that the contrast from back-scattered electrons is
increased where the concentration of Fe atoms is higher, but
is weakened if the atoms are positioned deep within the
sample. Therefore, the visible contrast is consistent with the
existence of NP agglomerates embedded in the sample. The
images of Fig. 2a-d are all taken at the same magnification
and those of the LC sample show less contrast details than the
HC ones, clearly in line with the lower concentration of NPs.
The evidence that the brighter contrast in back-scattering
images is given by the Fe atoms of the NPs is obtained
through the comparison with the energy-dispersive spec-
troscopy (EDS) compositional maps, as clearly shown in Fig. 2e
and f for the HC film: the green zones in the EDS map (frame
f) indicate Fe-rich regions which correspond perfectly to the
bright ones visible in the back-scattered SEM image of the
same area of the sample (frame e).

To gain more information on the arrangement of the NPs
inside the silk fibroin matrix - in particular, when the films
are wet, ie. under cell culture conditions — the HC sample is
analyzed by VPSEM, after being soaked in deionized water for
1 hour. Images produced by back-scattered electrons are
shown in Fig. 2g and h. Agglomerates of NPs, widely distribu-

(a) From left to right: as-casted HC, LC and SF films. (b) The dried films are freestanding and can handled without permanent damage. (c—e)

The wet films can adhere to substrates of different materials, such as skin, glass, metal (the HC film appears in the images).

14560 | Nanoscale, 2022, 14, 14558-14574
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Fig. 2

(a) and (b) SEM secondary electrons images of LC and HC; (c) and (d) SEM back-scattered electrons images of LC and HC. (e) and (f) SEM

back-scattered image and corresponding Fe EDS compositional map of HC. (g) and (h) VPSEM back-scattered electrons images of the HC film.

ted in size, are clearly visible as bright regions embedded in
the fibroin matrix at different depths. Fig. 2h reveals that these
agglomerates, similar to those visualized by SEM on the dried
film (Fig. 2a-d, red circles), are typically composed of smaller
aggregates of NPs, mostly sub-micrometric in size. TEM obser-
vations carried out on the HC film support this description
and confirm the presence of NP aggregates intimately mixed
with the fibroin component (Fig. S21).

2.2.2 Nanoindentation mechanical measurements. The SF,
LC and HC dried films are analyzed by nanoindentation tech-
nique. This technique is particularly efficient in measuring the
spatial distribution of the mechanical properties,'®® although
the used apparatus cannot operate on wet films. For each type
of film, 9 maps showing the spatial variation of the Young’s
modulus and of the hardness, on an area of 100 x 100 pm?, are
recorded. Typical results for these two mechanical parameters
are displayed in Fig. 3a-c and in Fig. S3a—c,} respectively.

The investigated mechanical properties are quite hom-
ogenous in the SF film. The values of Young’s modulus and
hardness, obtained by averaging over the 9 maps, are (8.1 + 0.2)
GPa and (0.37 + 0.02) GPa, respectively (Fig. 3d, Fig. S3df). On
the contrary, the existence of stiffer and harder regions is clearly
visible in the maps of LC and particularly in those of HC.
Reasonably, the presence of these local inhomogeneities is to be
ascribed to the aggregates of iron oxide NPs. The mean values of
Young’s modulus and hardness slightly increase passing from

This journal is © The Royal Society of Chemistry 2022

SF to LC and then to HC, even if they are all similar within the
experimental errors, actually (Fig. 3d and Fig. S3df). Hence, the
amount of NPs loaded in both LC and HC is not enough to sig-
nificantly modify the average mechanical properties, as
measured by nanoindentation, compared to those of SF.

2.2.3 Fourier transform infrared spectroscopy with attenu-
ated total reflectance (FTIR-ATR). FTIR-ATR measurements are
performed on the HC, LC and SF samples to evaluate the
impact of NP addition to protein conformation and stability in
the aqueous environment. Fig. 4 shows the spectra for the
three as-casted samples. No changes can be appreciated in the
secondary conformation of the protein due to the presence of
the NPs. This is consistent with the observation that the
average mechanical properties of the investigated films do not
depend on the NP concentration. In all samples, primary
amide and secondary amide peaks are centered on 1618 cm ™"
and 1520 cm™' respectively, indicating the presence of beta-
sheet structures.*®

The stability of the samples is tested by incubating films in
the cell culture medium and storing them at 37 °C for up to 21
days (coherent with cell culture time). Fig. S4t reports spectra
of HC after casting and after 21 days of incubation. Their simi-
larity indicates the stability of the samples in the aqueous
environment. Only a slight change can be seen in the primary
amide peak, which becomes sharper, indicating a random coil
and beta-sheet intermediate structure degradation.

Nanoscale, 2022, 14,14558-14574 | 14561
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Fig. 4 FTIR_ATR spectra of the as-casted HC, LC and SF samples.

2.3 Magnetic properties

The saturation magnetization of the magnetic NPs, as
measured by SQUID magnetometer in an applied field H = 4 x
10® kA m™, is Mg = (66.7 = 0.7) Am> kg™ ' at temperature T =

14562 | Nanoscale, 2022, 14, 14558-14574

5 K and Mg = (57.1 = 0.6) Am” kg™ " at T = 300 K (Fig. S51). The
SF film is predominantly diamagnetic (Fig. S67).

Hysteresis loops are measured on several dried samples of
the HC and LC batches. Typical curves measured at 7= 5 K
and 300 K are shown in Fig. 5a and b. The loops for LC are
manually corrected for the weak diamagnetic signal of the silk
fibroin matrix, not appreciable in HC. In fact, a much larger
ferromagnetic response is measured in HC, which is clearly
consistent with the higher concentration of NPs. The amount
of NPs in the films is estimated by comparing the saturation
magnetization values with that measured on the NPs. The
average NP content is ~1.8 mg in HC and ~0.17 mg in LC;
these values are lower than the nominal ones, but their 10:1
ratio is substantially maintained (Table 1).

Measurements of magnetic moment vs. H are carried out at
T =5 K on the wet HC and LC films. More precisely, the same
samples measured in the dried state are measured in the wet
state and then measured again after allowing them to dry in
air at room temperature for at least 24 hours. The process is
repeated up to 3 times on each sample and, within the experi-
mental error, the same magnetic moment is always measured.
Hence, the NPs are stably entrapped into the fibroin matrix
and the passage from the dried to the wet state does not cause
any loss in the NP load. At T = 5 K, the coercivity is (26.4 + 0.3)
kA m™ in the dried films; after wetting the samples, it

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) and (b) Magnetic hysteresis loops of the dried HC and LC films, at T = 5 K and 300 K, respectively. (c) AM plots evaluated at T = 5 K on the

dried and wet HC and LC films. (d) and (e) Magnetization measured on the dried and wet HC and LC films at Happ = 8 KAm™

1 in zero-field-cooling

mode (Mzgc, lower branch of each displayed curve) and in field-cooling mode (Mgc, upper branch); the curves are normalized to the value of Mgc at

T=5K

decreases to (22.2 * 0.4) kA m™" in HC and (19.6 = 0.4) kA m™"
in LC. At T = 300 K, the coercivity is null both in the dried and
wet samples, which is in favor of a superparamagnetic behav-
ior of the NPs.

Information on the regime of magnetic interaction between
the NPs in the films is obtained through the analysis of the
isothermal remanent magnetization (IRM) and dc demagneti-
zation remanence (DCD) measured at 7= 5 K and the construc-
tion of the AM plots. Fig. 5¢ shows the AM plots for both the
dried and wet HC and LC films. In all the cases, negative AM
values are measured, revealing the predominance of interparti-
cle interactions of dipolar nature.” The absolute peak value of
AM is a measure of the strength of the magnetic interactions.
The AM curves for the dried samples are perfectly superposed,
in spite of the different concentration of NPs. This can be
explained considering that both in HC and in LC the NPs tend
to form aggregates and that the magnetic behavior of the
samples, as probed by the AM plots analysis, is mainly influ-
enced by the magnetic interactions between the NPs within
the individual aggregates. The AM plots for wet HC and LC
indicate a small reduction of the magnetic interaction degree
compared to the dried samples, which is also consistent with
the coercivity decrease. This suggests that the incorporated
water molecules favor a slight separation of the NPs.

The curves of magnetization vs. T measured on the dried
and wet HC and LC films in the zero-field-cooling (Mzgc) and

This journal is © The Royal Society of Chemistry 2022

field-cooling (Mgc) modes are shown in Fig. 5d and e. The
difference between the Mgpc and My pc branches is the hint of
thermally induced relaxation processes undergone by the NP
magnetic moments, culminating in a superparamagnetic be-
havior when the thermal energy overcomes the anisotropy
energy barrier for the moment reversal. It is schematically con-
sidered that all the NPs of the assembly are in the full super-
paramagnetic regime at the temperature at which the Myc and
Mzpc branches join together.”® This is seen to occur around
230-250 K both in the dried and wet samples. It is known that
interparticle dipolar interactions enhance the anisotropy
energy barriers associated to magnetic NPs and therefore shift
to higher temperature the entrance in the superparamagnetic
regime.'>?® In spite of this, the NPs in HC and LC are super-
paramagnetic at room temperature, under the adopted
measurement conditions. The superparamagnetic character of
NPs is considered an important requisite for nanomedicine
in vivo applications, for instance as drug carriers, nano-heaters
for magnetic hyperthermia or contrast agents in diagnostic
imaging techniques.>'**'™? In fact, as they do not retain
magnetization after being exposed to a magnetic field, their
use reduces the risk that they form large agglomerates that
may be dangerous for the patient’s health. In the HC and LC
films, the magnetic NPs are embedded in the silk fibroin
matrix and therefore this risk is less likely. However, the use of
superparamagnetic NPs is recommended to exclude the possi-

Nanoscale, 2022, 14,14558-14574 | 14563
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bility of any adverse effect due to the presence of permanently
magnetized elements in the patient’s body.>*

2.4 Invitro biological study

Films of the three types (HC, LC and SF) for the biological
tests are produced by casting the NPs/silk-formic_acid solu-
tions into 48-well plates, with 0.6 mL for each well, and then
drying overnight at room temperature in a laminar flow hood.
For sterilization, the films are soaked into 75% ethanol over-
night and washed by sterile Phosphate Buffered Saline (PBS)
three times before biological evaluations. Human bone
marrow-derived mesenchymal stem cells (hMSCs) are seeded

View Article Online
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and cultured up to 21 days in a static uniform magnetic field
H = (128 + 8) kA m™" (indicated as MF mode; see section 4.6.1)
and in no magnetic field (no-MF mode). Cell culture medium
in all systems is changed every 2 days and therefore the
exposure to the magnetic field is suspended for a few minutes
to allow for this procedure.

Proliferation of hMSCs seeded on the three types of films
are probed on day 7, 14 and 21 by using PicoGreen DNA
quantification assay. The results of cell proliferation are shown
in Fig. 6a-c. The proliferation rate is upregulated by the pres-
ence and the concentration of NPs in all systems, if compared
with SF. In fact, the number of cells cultured on HC is larger
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Fig. 6 Number of hMSCs cultured on films (a) HC, (b) LC and (c) SF, under uniform magnetic field (MF mode) and without magnetic field (no-MF

mode). Metabolic activity of hMSCs on films (d) HC, (e) LC and (f) SF, cultu

red in MF and no-MF modes; the data are normalized to the cell number.

ALP activity of hMSCs cultured on films (g) HC, (h) LC and (i) SF, in MF and no-MF modes.
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compared to that of cells on LC and almost double that of
cells on SF. Regarding the influence of the applied magnetic
field, it has a positive impact on the proliferation rate only on
cells cultured on the SF film. We also observe that the number
of cells grown on SF in no-MF mode increases with time, while
the proliferation rate trend for cells cultured in the MF mode
is characterized by a decrease at day 14. On the contrary, in
groups HC and LC, the cell number remains almost constant
during 21 days in the no-MF mode and it is not significantly
different from that measured in the MF mode, particularly at
day 7 and day 21.

The non-specific and bone-specific metabolic activity of
hMSCs are performed by AlamarBlue assay and Alkaline phos-
phatase (ALP) activity, respectively. The results of the tests on
non-specific metabolic activity are shown in Fig. 6d-f as nor-
malized to the cell numbers for each group at each time point.
A peak of metabolism on day 14 is observed in the SF group in
the MF mode and even higher in the no-MF mode. On the con-
trary, the metabolic activity in the HC and LC groups is at a
similar level and is not influenced by the magnetic field.
Therefore, the comparison indicates that the NPs have an
impact on cell general metabolism.

ALP activity, which is associated with osteoblastic differen-
tiation is measured by the Alkaline Phosphatase assay kit and
the results are shown in Fig. 6g-i. Different from general meta-
bolic activity, during the 21 days’ culture all groups show a
similar trend of the ALP activity level in both MF and no-MF
modes, in which a strong increase is observed on day 14. The
differences in the ALP activity level between LC and SF are not
significant, while there is a clear increase in the ALP level of
HC, especially in the second and the third week of culture. If

MF

Day 14 Day 7

Day 21

(a)—(r) Confocal images of hMSCs cultured under uniform magnetic field (MF) and without magnetic field (no-MF) on films HC, LC and SF, at
day 7, 14 and 21. The scale bar is 100 pm.

Fig. 7

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

compared with the general metabolic activity, these increases
observed in the second week of HC and LC, indicate that the
presence of NPs could induce the differentiation. The mag-
netic field exerts no strong impact on the ALP activity level in
all the groups.

Cell morphology and distribution under different magnetic
environments during the osteogenic differentiation are evalu-
ated by the green staining of the cytoskeleton and observed by
Confocal Microscope (Fig. 7). In general, there is no sensible
difference among the groups, due to the good cytocompatibil-
ity of silk fibroin. All the films promote a good cell adhesion
on day 7 and the cells are spread well in all the groups. At the
early stage (day 7), the cells for all the groups are in typical
fibroblast-like, spindle-shaped mesenchymal morphology. A
slight increase in cell adhesion at day 7 in the HC sample and
a more homogeneous distribution are observed. In all the
groups, the adhered cell morphology starts to change from
early stages becoming elongated and forming cell-cell inter-
connections, which suggests the start of the differentiation.

The relative mRNA expression levels of the osteogenic
markers - alkaline phosphatase (ALP), collagen type I (COL 1),
runt-related transcription factor 2 (RUNX2), and osteonectin
(SPARC) - are monitored on day 7, 14, and 21 using RT-qPCR.
The total RNA is isolated from cells that are seeded on films
and cultured with and without magnetic field in the osteo-
genic medium. The results are presented in Fig. 8 and the heat
map of the gene expression overview is presented in Fig. S7.1

The gene expression trends of the selected markers are
quite different among the groups. LC and SF groups exhibit
similar trends of the gene expression, featuring a strong level
increase on day 14. However, the magnetic field has a different
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Fig. 8 (a)—(l) Gene expression levels of osteogenic differentiation markers of hMSCs cultured on HC, LC and SF films, under uniform magnetic field

(MF) and without magnetic field (no-MF) at day 7, 14 and 21.

impact on these two groups. In fact, as regard LC, slightly
higher expression levels are measured in the no-MF mode,
while for SF the magnetic field improves the expression level
in all the selected markers. In the HC group, all the markers
express a decreasing level over time, indicating that, compared
to LC and SF, the cell differentiation has been stimulated at an
earlier stage. Moreover, the cells cultured on HC in MF-mode
always show a higher level of expression of all the genes com-
pared to those cultured in no-MF mode, in particular at the

14566 | Nanoscale, 2022, 14,14558-14574

first time point (day 7). Considering all the groups in Fig. 8,
for all the markers, the highest peak values are obtained for
HC in MF-mode.

The results of the biological tests indicate that adhesion,
cell proliferation, general and bone-specific metabolic activity
and morphology are positively affected by the presence of the
iron oxide NPs in the silk fibroin films, particularly when they
are present in high concentration, whereas the magnetic field
does not seem to induce any particular influence on these

This journal is © The Royal Society of Chemistry 2022
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phenomena (Fig. 6 and 7). It is just observed a slight increase
in the proliferation of cells cultured on the SF film under mag-
netic field (Fig. 6¢).

Since the NPs exhibit superparamagnetic relaxation at room
temperature, which implies that they have no remanent mag-
netization, their magnetic nature is expected to play an irrele-
vant role in cellular behavior, in absence of an external mag-
netic field. Rather, we propose that the cells may be sensible
to the local variations in the mechanical stiffness of the film
on which are cultured, as revealed by the nanoindentation
tests (Fig. 3). The stiffness inhomogeneity is expected to be
even accentuated when the film is used in the wet state, which
is the case of the cellular cultures. In fact, it is reported that
the Young’s modulus of wet silk fibroin can decrease by a
factor of up to 10, with respect to the dried material.*®>>>¢
The reason is that water, being a polar solvent, plasticizes poly-
meric materials due to the interactions between water mole-
cules and hydrogen bonds in the polymer.”” As a matter of
fact, it is now well established that the stiffness of the sub-
strate on which cells are cultured can determine their behavior
and fate.”® Substrate stiffness influences the cytoskeletal
organization of cells and hence the adhesion and the
morphology;*>®® it also affects the growth and viability of
cells®" as well as the migration and motility.®*®* Above all, the
substrate stiffness is a potent regulator of the differentiation
process of stem cells.®*°

A clear influence of the applied magnetic field on osteo-
genic cellular differentiation is revealed only by the analysis of
the gene expression markers (Fig. 8). However, in this respect,
the LC film shows the low-grade performance. In our opinion,
only the existence of two different effects generated by the
applied field on the osteogenic differentiation process can
account for the results in Fig. 8. The first effect is revealed by
the analysis on the SF film, which demonstrates that the
expression of the markers is enhanced by the magnetic field
(Fig. 8). Several studies have demonstrated that a static mag-
netic field of the same order of magnitude as the one we use,
or even weaker, can accelerate the osteogenic differentiation of
rat osteoblasts,” human osteoblast-like MG63 cells,®®®°
murine MC3T3-E1 cells,”® dental pulp cells,”* hMSCs.”
Indeed, the issue is controversial and literature articles also
report no influence of a static magnetic field on the differen-
tiation of osteoblast-like cells”® or even an adverse effect.”* In
general, literature survey reveals that the effect of magnetic
field on cellular cultures depends on cell type, magnetic field
magnitude and application method and, as a consequence,
the underlying mechanism is still largely unclear. In our case,
this effect should be visible in cells cultured on all three films,
in principle. On the contrary, it is not observed in cells grown
on LC, for which the gene markers appear unaffected by the
presence of the field or even worsened, as for ALP (Fig. 8b)
and COL 1 (Fig. 8e). The reason may be related to the fact that,
although the cultured cells are of the same type, they evolve
differently over time on SF and LC, as indicated by the
different proliferation rate and metabolic activity (Fig. 6).
Therefore, it is inferred that the magnetic field alone exerts a
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beneficial effect on the osteogenic differentiation process
of the cells that develop over time as in the SF film (as men-
tioned above, it actually affects the proliferation rate as well,
Fig. 6¢). However, the field does not play the same effective
role on the cells cultured on film LC and, accordingly, on film
HC.

For all the gene expression markers, the highest peak
values are obtained for group HC in MF mode (Fig. 8). Indeed,
the only presence of NPs in high concentration is sufficient to
promote a faster and better osteogenic differentiation com-
pared to what is observed for LC and SF groups, which once
again confirms the positive influence of the NPs. However, the
magnetic field further prompts the differentiation process. We
propose that the beneficial effect of the magnetic field
observed in HC is not the same detected in SF, but it is
another effect. Unlike the first one, this second effect induced
by the field depends strongly on the NP concentration. In fact,
it is essentially irrelevant in the case of LC, which suggests
that a certain number of NPs is actually needed to activate it.
Hence, this second effect arises from the synergy between the
applied magnetic field and the NPs incorporated in the film.
Since there is no significant degradation of the films over the
time period in which biological tests are conducted (Fig. S4t)
and therefore no leakage of NPs, any mechanism involving a
direct and intimate interaction between NPs and cells can be
excluded. The effect can have a magneto-mechanical origin,
namely it can be determined by a magnetically induced
mechanical deformation of the silk matrix, which is sensed
by the cells and influences their behavior. In the next
section, in order to prove the reasonableness of this hypothesis
from a physical point of view, we present numerical simu-
lations relative to a simplified model of the set of NPs in HC
and LC.

2.5 Numerical calculations

Literature articles report that shear stresses with an order of
magnitude of 0.01 Pa applied on mesenchymal stem cells,
using laminar flow bioreactors, are able to stimulate the osteo-
genic differentiation.”>’® Assuming that a cell can be sensitive
to a normal stress oce Of the same order of magnitude, the
deformation induced on it by o is given by the relation ece =
Ocenl/Ecen, Where Ec is the Young’s modulus of the cell. Taking
Ecen = 10* Pa as plausible value,””"”® g,y = 1 x 107%. We assume
that a cell lying on a substrate has a typical thickness of a few
microns, ie. comparable to that of the investigated films.
Thus, we model a cell in the simplest possible way, that is a
cube with side of 10 ym. In order to produce the deformation
£cen 0N a cell adhered on the top of the 10 pm-thick silk fibroin
film, the film must be deformed to the same extent, namely
Esilc = €cell = 1 X 107°, Therefore, the film must be subjected to
a stress perpendicular to its surface, with modulus oy = €gj1x %
Egiik, where Eg is the Young’s modulus of the film itself. In
other words, the parameter oy, calculated for egy = 1 x 107,
represents the threshold value of the stress that must be
applied to the silk fibroin film to produce a deformation able
to stimulate a cell lying on its top surface.
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As shown in Fig. 3d, the value of Egj experimentally
measured by nanoindentation technique on the dried SF film
is ~8 GPa. However, as already mentioned, the Young’s
modulus can decrease up to two orders of magnitude passing
from the dried to the wet film.*®>>*® Therefore, we expect oy
to vary between a maximum o6 max ~ 8 kPa and a minimum
Osill_min ~ 80 Pa.

It can be hypothesized that mechanical stresses comparable
or larger than oy are produced in HC and LC as a result of
the magnetic forces between the embedded NPs, more pre-
cisely between the NP aggregates. To assess the plausibility of
this argument, numerical calculations are carried out for a
simplified model of a set of NP aggregates of different size,
which, under the applied magnetic field, are assumed to
behave as magnetic dipoles. In particular, the simulation
program we have implemented considers a set of magnetic
dipoles enclosed in a cubic volume with a side of 10 pm. This
volume simulates the portion of film, having a thickness of
~10 pm, that lies below a cell. The program generates a fixed
number of spherical elements — which represent the magnetic
aggregates and therefore the magnetic dipoles — with volume
randomly varying between 5.24 x 10~* pm?® (corresponding to a
radius of 50 nm) and 5.24 x 10~ pm® (radius = 500 nm), with
the constraint that they cannot be superposed and that their
total mass is consistent with the amount of NPs in the HC and
LC samples, as estimated by the magnetic analysis (Table 1;

volume (um®)

0.600
0.500
0.400
0.300
0.200

. 0.100
10 0.00

(b) LC
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for this calculation, the mass density of bulk magnetite is
used, i.e. p =5 x 10°> kg m~). The spherical elements are ran-
domly dispersed into the cubic volume, as visible in Fig. 9a
and b where the models for the HC and LC samples are
shown. It is interesting to note that, in particular in the HC
case, the simulated spherical elements can appear as a set of
large micrometric agglomerates when seen projected in two
dimensions, thus resembling some features in SEM images
(Fig. 2).

To each spherical element in Fig. 9a and b a magnetic
moment is assigned. This is directed along the z axis, i.e. in
the same direction as the external applied field that produces
it. The modulus m of the moment is calculated based on the
saturation magnetization of the magnetic NPs at T = 300 K (i.e.
Mg ~ 57.1 Am* kg ', Fig. S51) and the magnetization level
reached in HC and LC upon the application of the magnetic
field (Fig. 5b). Once generated the set of magnetic aggregates/
dipoles, the net magnetic force Fagn acting on each of them,
due to the magnetic interaction with all the others, is calcu-
lated (bold is wused to represent a vector quantity).
Consequently, each aggregate is also subjected to a pressure P
obtained by dividing the modulus Fi,en by the cross-sectional
area S of the aggregate itself, i.e. P = Fiaen/S. Thus, we obtain a
number of values of F,aen and P equal to the number of mag-
netic aggregates (the vector sum of all Fpg, is zero). To
increase this number and thus improve the statistics, sets of
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Fig. 9

(a) and (b) Models of the sets of magnetic NPs in films HC and LC, respectively. The information on the volume of the aggregates is provided

by the color. However, to suggest their different size, they are drawn with a radius roughly corresponding to that assigned by the simulation
program. (c) and (d) Diagrams of the distribution of the values of pressure P as a function of the volume of the magnetic aggregates for HC and LC,
respectively. (e) Cumulative distribution function (CDF) of o, (modulus) for the HC and LC cases. (f) Map related to the spatial distribution of
effective 6, vectors for the set of NP aggregates visible in frame (a). See text for explanation.
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aggregates for HC and LC, similar to those shown in Fig. 9a
and b, are generated multiple times, i.e. 20 and 200 respect-
ively, so that the total number of aggregates that are finally
processed is approximately the same in both cases, of the
order of 10°.

Fig. 9c and d are diagrams reporting the distribution of P
values as a function of the volume of the magnetic aggregates
for the HC and LC cases, respectively. The color indicates the
fraction of aggregates, with a given volume, that are subjected
to a certain value of P. The P values are distributed over a
wider range in the HC case than in the LC one.

According to the electron microscopy results (Fig. 2 and
Fig. S21), the magnetic aggregates are firmly embedded into
the silk fibroin matrix. Therefore, the force Fp,agn, which acts
on each magnetic aggregate with cross-sectional area S, is
transmitted to the matrix, producing an internal mechanical
stress 6 with modulus Fagn/S (i.e. numerically equal to P). For
simplicity of description, we consider only the z-component 6,
i.e. the component normal to the surface of the film. In Fig. 9e
the cumulative distribution function (CDF) of o, (ie., the
modulus of 6,), is shown for the HC and LC cases. The CDF
associates to each value of ¢, the percentage fraction of mag-
netic aggregates that produce a stress smaller than o, or equal.
The black vertical lines visible in Fig. 9¢ mark the values
Osilk_max = 8 kPa and ogjik_min = 80 Pa. It turns out that neither
in HC nor in LC there are aggregates fulfilling the relation o, >
Osilk_max, Which therefore represents the least favorable con-
dition, but also the least realistic, being referred to the dried
SF film. Considering the other extreme situation, given by the
relation 6, > osiic_min, the fraction of aggregates that contribute
effectively to cell stimulation is ~70% in the HC case and only
~12% in the LC one. Considering that the amount of aggre-
gates is ~10 times lower for LC than for HC (Fig. 9a and b), the
absolute number of effective aggregates does not scale propor-
tionally to their concentration in the samples, but is drastically
smaller in LC. Therefore, the magneto-mechanical stimulation
effect could be far too weak to influence the osteogenic differ-
entiation process of the cells cultured on the LC film, as
indeed observed.

Fig. 9f is a x-y map of the spatial distribution of the o,
vectors for the assembly of NP aggregates in Fig. 9a, which
models the HC case. More precisely, the color intensity is
related to the sum of the 6, vectors acting on each portion of
the map: the blue and red colors indicate that the resulting
Vector o, o is parallel or antiparallel to the z-axis, respectively.
Hence, the map reveals that 6, (. varies in space both in
modulus and sign. The map has been drawn excluding the o,
vectors with modulus smaller than o min = 80 Pa, which cer-
tainly are not effective contributions. A similar map for the NP
assembly in Fig. 9b (LC case) appears almost completely white
(Fig. S87).

Since we are investigating on the possible mechanism of
mechanical stimulation of a cell adhered to the silk fibroin
film, in our reasoning we have considered the value of Eg
measured by nanoindentation, which is a local probing tech-
nique. One may observe that some literature articles report sig-
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nificantly lower values of the Young’s modulus of silk fibroin,
measured using the tensile method.”®®® This point is
addressed in the ESI file (Fig. S91) and we demonstrate that,
also considering the Young’s modulus of SF measured by
tensile tests - which in fact is about an order of magnitude
smaller than that estimated by nanoindentation - the effective
fraction of aggregates is proportionally larger in HC than in LC
(Fig. S10%).

Some literature articles about polymeric biomaterials
loaded with magnetic NPs report that a magneto-mechanical
stimulation of seeded cells is produced by exposing the
sample to a magnetic field gradient. The proposed explanation
is that a net magnetic force drags the NPs along the gradient
vector and this results in a deformation of the matrix that can
be sensed by the cells.>’*?*23¢ In these studies, the magnetic
field gradient is usually produced by placing a permanent
magnet in the proximity of the cell-seeded substrate. In this
way, gradient values of the order of 10 T m™" are typically
obtained.*®! In the case of HC and LC, it is easy to calculate
that this mechanism would not produce a deformation of the
silk fibroin matrix large enough to be sensed by the cells (see
the ESI filet).

To conclude, it is worth explaining why our discussion has
disregarded the hypothesis that the synergic effect influencing
the osteogenic differentiation of the cells grown on the HC
film may be due to a reinforcement of the applied magnetic
field thanks to that generated by the NPs. We can compute the
average value of the z-component of the dipolar magnetic field
produced by the NPs in the cubic volume of side 10 pm placed
just above the portion of film visualized in Fig. 9a. In our
description, this region corresponds to the volume occupied
by the cell. The obtained value is ~32 A m™, a value four
orders of magnitude smaller than the magnetic field applied
for the biological tests (~128 kA m™") and comparable to the
Earth’s magnetic field (see Fig. S11} for more details).

3. Conclusions

We have prepared a silk-based biomaterial in the form of film
~10 pm thick embedding iron oxide NPs, superparamagnetic
at room temperature under SQUID measurement conditions.
Three types of films have been produced (NPs/silk fibroin
nominal ratio = 5, 0.5 and 0 wt%) and characterized from the
structural, mechanical and magnetic point of view. The NPs
form aggregates in the silk fibroin matrix so that the film
stiffness results spatially inhomogeneous. However, even in
sample HC, with the highest NP load, the silk protein structure
is not altered by the presence of the NPs and the average
mechanical properties are similar to those of the pure silk
fibroin film.

In vitro biological tests have been carried out on hMSCs cul-
tured on the three films, with and without an applied static
uniform magnetic field. This study has allowed us to elucidate
the separate role of the NPs and of the magnetic field in con-
ditioning the cellular behavior and the role they play in
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synergy. Film HC exhibits high-grade performance in terms of
proliferation rate, adhesion and phenotypic-specific metabolic
activity of cells. Moreover, it promotes a faster and better osteo-
genic differentiation, particularly under magnetic field. We
have focused on this last remarkable effect. To elucidate its
origin, magnetic numerical calculations have been performed
for a simplified model of the assembly of NP aggregates in
samples HC and LC, respectively with high and low NP load. A
magneto-mechanical mechanism has been revealed, in which
the key factor is the magnetic force acting on each NP aggre-
gate, due to the magnetic interaction with all the others, fol-
lowing the application of the magnetic field. These magnetic
forces give rise to mechanical stresses in the silk fibroin
matrix, which vary in space both in modulus and sign. Under
cell culture conditions, i.e. when the film is wet, the stresses
produced by some of the NP aggregates are able to induce
deformations in the silk matrix, which can be sensed by the
seeded cells as mechanical stimuli favoring the osteogenic
differentiation. The amount of NP aggregates that produce
stresses strong enough to trigger this magneto-mechanical
stimulation is not proportional to their concentration in the
HC and LC films, but is definitely larger in the former. This
accounts for the superior efficiency of film HC in conditioning
the cell fate upon exposure to the magnetic field, which opens
to biomedical applications, in particular as bioactive coating.

Our study has contributed to shed light on the mechanism
of magneto-mechanical stimulation of cells cultured on bio-
materials loaded with magnetic NPs. Basic guidelines have
been provided to determine whether and under what con-
ditions the cellular stimulation effect can be active in other
magnetically responsive biomaterials, starting from the knowl-
edge of their physical properties.

4. Materials and methods
4.1 Preparation of the silk fibroin powder

Bombyx mori silkworm cocoons, kindly supplied by Chul Thai
Silk (Petchaboon Province, Thailand) are degummed twice in
98 °C distilled water bath of Na,CO; (Sigma, USA, 1.1 g L™"
and 0.4 g L™, respectively) for 1.5 hours each. Then, they are
rinsed thoroughly with warm distilled (DI) water to remove the
salt and completely dried at room temperature in a laminar
flow hood. Degummed silk samples are dissolved in 9.3MLiBr
(Honeywell, Fluka, USA) water solution (2 g per 10 mL) at
65 °C for 3 hours, followed by dialysis against DI water with
Slide-A-Lyzer Dialysis Cassettes (3500MWCO, Pierce, USA) for 3
days to remove LiBr. Then the silk fibroin solution is filtered
by a 100-160 pm filter disc (DURAN, Mainz, Germany) to elim-
inate impurities. Purified solution is finally lyophilized
(5Pascal, Milan, Italy) to obtain the silk fibroin powder.

4.2 Scanning electron microscopy techniques

Scanning electron microscopy (SEM) observations are per-
formed by a Zeiss Supra 40 field-emission microscope (Carl
Zeiss Microscopy GmbH, Jena, Germany) equipped with a

14570 | Nanoscale, 2022, 14,14558-14574

View Article Online

Nanoscale

Bruker Quantax 200-Z10 microanalysis (Bruker Nano GmbH,
Berlin, Germany) for the energy-dispersive spectroscopy (EDS)
inspections and maps. Portions of the HC and LC films are
attached on stubs for SEM and coated with a few nanometers
gold layer by means of a sputter coater (Emitech K550) to
make them conductive. Variable pressure scanning electron
microscopy analysis (VPSEM) is performed on a TESCAN
VEGA3 LMU microscope, equipped with a Peltier cooled sub-
stage and able to operate at a low vacuum of 500 Pa. For
VPSEM observations HC and LC samples are observed without
any preparation in their hydrated form.

4.3 Nanoindentation tests

The tested samples are prepared fixing with glue the film to an
aluminum stab. This is mounted on an iNano®Nanoindenter
(Nanomechanics Inc.). The declared sensitivity of the machine
is 3 nN for the load and 0.001 nm for the displacement. First,
we investigate the effect of the load on the measured quan-
tities (Young’s modulus and hardness) by using the mapping
method (Nanoblitz 3d, Nanomechanics Inc.) with a 100 pm x
100 pm square with 400 indentation points inside (each for a
maximum of 1 mN load with a decrease of 0.005 in max load
per point). The same mapping method (without the decrease
in max load) is used to investigate the distribution of the
mechanical properties in a selected region. After this investi-
gation, the mean Young’s modulus and hardness are taken
(with standard deviation). We use a Berkovich tip and we
obtain the mechanical properties from load displacement
curves by means of Oliver and Phar method.®

4.4 FTIR-ATR

Fourier transform infrared spectroscopy (FTIR) analysis in atte-
nuated total reflectance (ATR) mode is performed using a
Spectrum One spectrometer (PerkinElmer, USA) equipped with
Zinc Selenide crystal on ATR. For each measurement, the spec-
trum is collected in the range from 650 to 4000 cm™" with 64

scans at the resolution of 4 cm™.

4.5 Magnetic measurements

The magnetic study is carried out using a Quantum Design
superconducting quantum interference device (SQUID) mag-
netometer. The instrument is used to measure the magnetic
moment of a sample as a function of magnetic field
(maximum applied field H = 4 x 10° kA m™") and temperature
(5-300 K range). To calculate the magnetization M (magnetic
moment/sample mass) the weight of the sample is measured
with a precision of 107> g. To estimate the amount of NPs in
the HC and LC films, the saturation magnetization values at T
= 300 K are compared to that measured on the NPs at the
same temperature ( values at T'= 300 K are considered in order
to minimize the influence of a low-temperature paramagnetic
signal from the silk fibroin, superposed to the diamagnetic
one; Fig. S61). The IRM and DCD curves are measured using a
standard procedure (see ESI filet and Fig. S121)."> The AM
plot is obtained by plotting the parameter AM(H) = DCD(H) —
[1-2IRM(H)] as a function of H. The Mypcrc vs. T curves are
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measured using the following procedure. The sample is cooled
from T'= 250 K down to T = 5 K; at this temperature a magnetic
field Happ = 8 kA m™" is applied and M is measured for
increasing temperature up to 250 K at a heating rate of 3 K
min~' (ZFC mode). Then the sample is cooled to 5 K in Hypp
and M vs. T is recorded again (FC mode).

4.6 Invitro biological tests

4.6.1 Setting up the external magnetic field. The magnetic
field, used for the in vitro biological tests, is produced by two
parallelepiped-shaped NdFeB permanent magnets (100 x 50 x
10 mm®), kept parallel at a distance of 4 cm from each other
through a custom made aluminum holder. The cell culture
plate is placed between the two magnets and parallel to them,
so that the magnetic field is perpendicular to the plate itself
(Fig. S13} and related comments).

4.6.2 Cell culture. Human bone marrow-derived mesenchy-
mal stem cell line (hMSCs, ATCC number: PCS-500-012) is cul-
tured in a-MEM medium supplemented with 10% Fetal Bovine
Serum (FBS) and 1% Antibiotic/Antimycotic (AA), in a humidi-
fied atmosphere of 5% CO, at 37 °C. The medium is changed
every two days. Once reached 70% confluence, the cells are
detached by 1% trypsin-EDTA solution, counted, and re-sus-
pended in standard medium with the concentration of 300 000
cells per mL.

4.6.3 Cell seeding and osteogenic differentiation. After
sterilization, 0.25 mL cell suspensions (standard medium) are
added directly on the HC, LC and SF samples (75 000 cells per
well) and on tissue culture plates (TCP), which are the control
group (only cells without samples). The plates are incubated in
a humidified atmosphere of 5% CO, at 37 °C to promote cell
adhesion. 24 hours after the seeding, the medium is switched
into the differentiation medium: standard medium with
0.1uM dexamethasone (DEX), 0.1 mM ascorbic acid 2-phos-
phate (AP) and 10 mM B-Glycerophosphate (BGP). The differen-
tiation medium is changed every two days until 21 days.

4.6.4 DNA quantification assay. To evaluate cell prolifer-
ation on different samples, a PicoGreen® DNA quantification
assay (Quant-iT PicoGreen® dsDNA Assay, Invitrogen™,
Carlsbad, USA) is used. TCP is used as the control group. After
7 days, 14 days and 21 days of culture, the culture medium is
removed, and the samples are washed with PBS. Samples are
then covered with 300 pL of 0.05% Triton-X PBS solution and
incubated at 37 °C for 1 hour. Before analysis, the samples are
sonicated for 10 seconds with a Hielscher ultrasonic homogen-
izer (UP400S, 400 W-24 kHz, cycle 1, amplitude 40%, from
Hielscher Ultrasonics, Teltow, Germany). 100 pL supernatant
of each sample is subsequently placed in a black 96-well plate
and mixed with 100 pL of PicoGreen® working solution, pre-
pared following the manufacturer’s instructions. Fluorescence
intensity is measured with a Tecan Infinite 200 microplate
reader (Tecan Group, Ménnedorf, Switzerland) using excitation
wavelength 485 nm and emission wavelength 535 nm. A cali-
bration curve is created using a double-stranded DNA standard
provided by the kit and is used for the calculation of the DNA
content. Finally, the approximate number of cells per sample
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is determined from DNA content by the conversion factor of
7.7 pg DNA per cell. Four replicates are considered for each
pore size.

4.6.5 AlamarBlue assay. Cells viability activity on different
samples after 7 days, 14 days and 21 days of culture is deter-
mined with AlamarBlue® Cell Viability assay (Invitrogen™,
Carlsbad, USA), which quantifies cellular metabolic activity.
AlamarBlue® reagent is added directly to each well at 10% of
the cell culture medium volume. Then, the well plates are incu-
bated at 37 °C in a humidified atmosphere with 5% CO, for
3 hours. 100 pL of the solution is collected from each well and
the fluorescence signal is measured with a Tecan Infinite
200 microplate reader (Tecan Group, Ménnedorf, Switzerland)
with an excitation wavelength of 560 nm and an emission
wavelength of 590 nm. TCP is used as the control group and
four replicates are considered for each experimental condition.

4.6.6 Cell morphology, distribution and immunofluores-
cence staining. Cell morphology and distribution are visual-
ized by Oregon green phalloidin and 4'6-diamidino-2-phenylin-
dole (DAPI) staining. Oregon green phalloidin stains actin fila-
ments of cytoskeleton resulting in green fluorescence while
DAPI stains nuclei resulting in blue fluorescence. After 7 days,
14 days and 21 days of culture, the cell-seeded samples are
fixed with 4% paraformaldehyde, washed three times with
PBS, and then are permeabilized using 0.2% Triton X-100 PBS
solution for 30 min. After washing by PBS for 3 times (15 min
each time), cells are incubated in Oregon green phalloidin
(5.0 pL per well) and DAPI (1.0 mL per well, 5.4 pL dilute in
25.0 mL PBS) solution for 1 hour at room temperature. After
three rinses with PBS, samples are observed using Zeiss LSM
510 Meta confocal laser scanning microscope.

4.6.7 Alkaline phosphatase (ALP) activity assay. ALP activity
of the cells on films is evaluated by the Alkaline Phosphatase
assay kit (Abcam, UK). The preparation procedure of the
samples is the same as the DNA quantification assay, in which
supernatant is obtained after washing, incubating with 0.05%
Triton-X PBS solution, and sonication. Non-fluorescent
4-methylumbelliferyly phosphate disodium salt (MUP) sub-
strate and MUP reaction solution are prepared following the
instructions of the manufacturer. The reaction wells are set up
in a black 96-well plate by mixing supernatant with MUP reac-
tion solution and stop solution, using the volume suggested by
the instruction. A standard curve is also created using the ALP
enzyme. The fluorescence intensity is measured at excitation
wavelength 485 nm and emission wavelength 535 nm. The
readings of the samples are applied to the standard curve to
get the amount of MUP generated by the ALP sample. The
activity of ALP in the tested samples is calculated by dividing
the amount of 4-MU by the volume of the sample and the
results presented in Fig. 6g-i are normalized to the cell
number of each sample.

4.6.8 RNA isolation. Total mRNA is isolated from the cell-
seeded films directly by NucleoZLO reagent
(MACHEREY-NAGEL, Germany) according to the protocol from
the manufacturer. The isolated RNA of the samples is dis-
solved in 20 pL RNase-free water. The final concentration of
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RNA is determined by a NanoDrop (ND-1000
Spectrophotometer, Thermo Fisher Scientific, USA) and then
diluted into 10 ng pL™".

4.6.9 cDNA synthesis. The isolated RNA is reverse tran-
scribed into cDNA by iScropt Reverse Transcription Supermix
kit (BIO-RAD, USA). 4 pL iScript RT Supermix is mixed with
16 pL of isolated RNA (total RNA 160 ng) for each reverse tran-
scription reaction well. Then the complete reaction mix is
incubated in Bio-Rad CFX96 Touch (BIO-RAD, USA) using a
thermal cycling protocol provided by the manufacturer.

4.6.10 Gene expression by quantitative real-time PCR (RT-
gPCR). The quantification of gene expression is performed by
Bio-Rad CFX96 Touch (BIO-RAD, USA). SsoAdvanced Universal
SYBR Green Supermix kit is used, and the primer assays used
in this study are listed in Table S1.7 The tested samples are
mixtures of 5 pL SsoAdvanced Universal SYBR Green
Supermix, 0.5 pL primer and 5 pL ¢cDNA sample, which lead to
a final amount of 40 ng cDNA per well. The PCR amplification
is done as follows: polymerase activation and DNA denatura-
tion at 95 °C for 42 seconds, followed by 40 cycles at 60 °C and
30 seconds for each cycle. Then the melt curve is performed
between 95 to 65 °C with 0.5 °C increments at 2 to 5 seconds/
step. The PCR results are relatively quantified with the com-
parative AACr method, comparing to the housekeeping mRNA
expression of glyceraldehyde-3 phosphate dehydrogenase
(GAPDH). The analysis of each gene is processed in duplicate
and there are four replicates for each sample.

4.6.11 Statistical analysis. GraphPad Prism 9 (La Jolla, CA)
is used for statistical analysis for all the data obtained from
each independent experiment. Where applicable, data are
expressed as mean + SD. The statistical analysis is performed
by two-way ANOVA using the all-pair-wise multiple comparison
procedure, in which *p < 0.05 is set as the level of significance.

4.7 Numerical calculation methods

The simulation of the assembly of NP aggregates in the HC and
LC films, shown in Fig. 9a and b, is performed through a
program implemented using the C language. As previously
explained, each NP aggregate is assumed to behave as a mag-
netic dipole. The modulus m of its magnetic moment is calcu-
lated based on the magnetic curves shown in Fig. 5b, namely
normalizing them to their value at the maximum field H,,x = 4
x 10> kA m™" (Mymay) and considering the value of M/Mjjmax
attained in the external field H = 128 kA m™*, which is ~0.6 for
both HC and LC. The value of m for an aggregate of volume V is
m = [(MspV)0.6], being Mg the saturation magnetization of the
NPs at T = 300 K and p the mass density of bulk magnetite. The
force Fmagn acting on each aggregate is evaluated as follows.
First, the energy U of the aggregate is calculated by summing
the dipolar interaction energy values with all the other aggre-
gates.”® Since the simulated system is a cubic volume of side
10 pm, to eliminate the appearance of finite size effects the cal-
culation is performed by including also the contribution of 20
replicas of the system along both the positive and negative
direction of x and y axes. Then, we compute the magnetic force
on each aggregate as Fagn = — gradU. The magnetic field gener-
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ated by the NP aggregates in HC is computed as the sum of the
dipolar magnetic fields produced by each of them.?®
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