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Abstract: Bone regeneration and repair are complex processes in the adult skeleton, and current
research has focused on understanding and controlling these processes. Magnetic nanoparticle (MNP)-
based platforms have shown potential in tissue engineering and regenerative medicine through the
use of magnetic nanomaterials combined with remotely applied dynamic fields. Previous studies
have demonstrated the ability of MNP-induced mechanoactivation to trigger downstream signaling
and promote new bone formation. In this study, we aimed to compare the osteogenic induction
achieved using the mechanoreceptor targets, Piezo1, Fzd1, Fzd2, and integrin alpha-5. We compared
the binding efficacy of different types of agonists (antibodies vs. aptamers) to these receptors. More-
over, we optimized the aptamer concentration (2.5, 5, and 10 µg/mg) for the selected receptor to
determine the optimum concentration for promoting bone formation. Our data demonstrated that
the mechanoactivation of integrins (CD49e) significantly upregulated the RUNX2 and LEF1 genes
compared to other selected receptors. Furthermore, comparing the mechanoactivation of cells using
MNPs conjugated with CD49e antibodies and aptamers revealed that MNP–aptamers significantly
enhanced the upregulation of LEF1 genes. This suggests that aptamer-mediated mechanoactivation
is a promising alternative to antibody-mediated activation. Finally, our results showed that the
concentration of the aptamer loaded onto the MNPs strongly influenced the mechanoactivation of the
cells. These findings provide valuable insights into the use of MNP platforms for bone regeneration
and highlight the potential of aptamers in promoting signaling pathways related to bone forma-
tion. The novelty of our study lies in elucidating the unique advantages of aptamers in mediating
mechanoactivation, presenting a promising avenue for advancing bone regenerative strategies.

Keywords: magnetic nanoparticles; integrin alpha-5; aptamer; mechanotransduction; osteogenesis;
bone regeneration

1. Introduction

Bone regeneration and repair are complicated processes in the adult skeleton, with a
high number of studies currently focusing on how to control and regulate these processes [1].
In bone regeneration, mesenchymal stromal bone-marrow-derived cells (MSCs) have
the potential to differentiate into osteoblast cells and finally mature into osteocytes to
remodel the bone [2]. MSCs have already illustrated considerable potential and therapeutic
value in the regeneration of bone in several in vitro and in vivo models or repair [3,4].
However, for effective stem cell therapy, the consistent regulation of differentiation via
transcription factors and signaling pathways is essential. Two key transcription factors,
Runt-related transcription factor 2 (RUNX2) and Osterix/Sp7 (Osx), play an important
role as key regulators in osteogenic differentiation [5,6]. These factors regulate several
signaling pathways involved in osteogenic differentiation, including BMP, IGF, Akt, and
Wnt [7,8]. Wnt signaling has been found to play a key role in osteogenic differentiation,
with its natural age-associated reduction leading to bone repair dysfunction [8,9], and this
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pathway can potentially be manipulated through the activation of the Frizzled receptor on
the cell membrane [10]. Recent studies demonstrated that Piezo1, as a mechanosensitive
channel, can transduce mechanical forces into cellular signals and can play very essential
roles in many biological mechanisms [11,12]. Sun et al. reported that Piezo1 can control
the formation and mechanical-loading-dependent regeneration of the bone in murine
models and can be a target to help curtail bone loss in osteoporosis [13]. Our previous
research investigated the effect of the dynamic magnetic force activation of Piezo1 on
osteogenesis [14].

Magnetic nanoparticle (MNP)-based platforms have been demonstrated to play roles
in tissue engineering and regenerative medicine via the use of magnetic materials [15,16].
Properly stabilized magnetic nanoparticles display superparamagnetic properties and
can be conjugated with receptor targeting biomolecules. When a remote dynamic field
gradient is applied, the MNPs move in the changing gradient and apply a mechanical
force onto the mechanoreceptors on the cell surface. We have previously demonstrated
how this mechanoactivation can then lead to downstream signaling [17,18] and ultimately
new bone formation [19,20]. This technique with progenitor cells from multiple sources
has been shown to promote differentiation toward musculoskeletal cell types [19]. For
instance, it has recently been shown that the osteogenic signaling pathways, such as
calcium signaling, tyrosine phosphorylation, MAPK activation, Wnt signaling activation,
AKT phosphorylation, PDGFR phosphorylation, and SMAD2/3 phosphorylation, can be
modulated through the magnetic field and using MNP–peptides or antibodies targeted
against receptors such as integrins, TREK1, PDGFR, Frizzled, Activin A, and EGFR [15].
We have already demonstrated in vitro and in vivo that integrins [21], Wnt receptors [22],
and ion channels [14,19] can be activated using this technology, and this can be applied to
improve bone formation in tissue engineering models.

However, these studies did not optimize the control of these signaling pathways, and
it is not clear which receptor is most efficacious for initiating the downstream expression
of RUNX2 and the upregulation of Wnt signaling for osteogenesis. Therefore, our first
aim in this study was to use MNP platforms to compare the mechanoreceptors known
to promote osteogenesis, e.g., Piezo1, Fzd1, Fzd2, and integrin alpha-5, and assess the
degree of upregulation of the expression of the RUNX2 and Wnt signaling pathway for
osteogenesis.

Furthermore, we assessed the potential of different types of targeting biomolecule/MNP
complex to optimize the binding and activation. Aptamers are short nucleic acid sequences
capable of specific, high-affinity molecular binding, which bind to proteins and receptors
with a higher affinity than antibodies. Aptamers have several advantages, including a
small size, a flexible structure, good biocompatibility, and low immunogenicity [23–25].
In this study, we compared agonists (antibody vs. aptamer) in terms of binding to cell
surface receptors using the MNP platform as our second main aim. Finally, we optimized
the concentration of the aptamer added to the MNPs (2.5, 5, or 10 µg/mg) for the selected
receptor in order to determine the optimum aptamer concentration for promoting bone
formation.

2. Materials and Methods
2.1. Cell Culture

Human MSCs (hMSCs) were obtained from a bone marrow aspirate (21-year-old
healthy male, Lonza, Walkersville, MD, USA) and cultured to passage three in basal
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS),
1% L-glutamine (LG), and 1% penicillin–streptomycin (P/S). Media were replaced twice per
week, and cells P1-4 were used in all experiments. Y201 MSCs cells [26] and Y201 TCF-LEF
GFP reporter cells [27] were provided by Prof. Paul Genever (Biology, University of York)
and cultured in DMEM including 10% FBS, 1% LG, and 1% P/S. Osteogenic medium (OM)
was prepared via the addition of 0.2 mM ascorbic acid (Sigma, Gillingham, UK), 10 mM
sodium β-glycerophosphate (Sigma), and 0.1 µM dexamethasone (Sigma) to the growth
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media. For the positive control in Y201 TCF-LEF GFP reporter cells, Wnt-conditioned
medium was prepared by collecting basal media cultured with Wnt3a-overexpressing L-M
(TK-) cells (ATCC, Teddington, UK); the Wnt-conditioned medium was diluted 1:5 with
fresh basal media before use [22].

2.2. MNPs: Ligand Labeling

Nanomag superparamagnetic nanoparticles (dextran-coated, 250 nm in diameter; mag-
netization: 43 Am2/kg iron, saturation magnetization: >63 Am2/kg iron; nanomag®-D;
(Micromod, Rostock, Germany) were surface-activated according to a previously pub-
lished protocol (Figure 1A) [19]. Briefly, the MNPs were washed in sterile 1-ethyl-3-(3-
dimethylaminopropyl)- carbodiimide hydrochloride and N-hydroxysuccinimide in 0.5 M
(2-(N-morpholino) ethanesulfonic acid] MES buffer, adjusted to pH 6.3 at room tempera-
ture for 1 h, recovered via magnetic separation, and washed in 0.1 M MES buffer. Then,
1 mg of MNPs was conjugated overnight to either 10 µg of Piezo1 antibody (Proteintech,
Manchester, UK), Fzd1 antibody (ABclonal, Port Talbot, UK), Fzd2 antibody (Thermo
Fisher, Waltham, MA, USA), and CD49e antibody (integrin α5, Thermo Fisher), or 10 µg of
Fzd1 aptamer (Aptamer Sciences, Pohang, Republic of Korea), and CD49e/CD29 aptamer
(integrin α5β1, Aptamer Sciences). Moreover, 1 mg of MNPs was conjugated with 2.5, 5, 10,
or 20 µg of CD49e/CD29 aptamer to optimize the concentration of integrin aptamer. All
aptamers were amine-tagged and were bought from Aptamer Sciences. The size and sur-
face charge of MNPs with or without ligand conjugation was measured using a ZetaSizer
(Malvern Panalytical, Malvern, UK) at 25 ◦C when dispersed in distilled H2O.
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Figure 1. (A) Schematic image of functionalizing MNPs with ligands using EDAC and NHS; (B) 
schematic image of labeling cells with MNP–ligand under magnetic field; (C) image of the magnetic 

Figure 1. (A) Schematic image of functionalizing MNPs with ligands using EDAC and NHS;
(B) schematic image of labeling cells with MNP–ligand under magnetic field; (C) image of the
magnetic force bioreactor used in magnetic stimulation experiments. Culture plates were situated on
the plate holder above the magnetic array, which oscillated vertically beneath the culture plates. The
movement parameters for the array were controlled with a computer. (D) Nuclear Fast Red (NFR)
and Prussian Blue (PB) staining of hMSCs without labeling with MNP–ligand. (E). Nuclear Fast Red
(NFR) and Prussian Blue (PB) staining of hMSC labeled with MN–ligand.
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2.3. Loading Efficiency

In this experiment, we utilized a Qubit™ ssDNA Assay Kit (Invitrogen, Waltham, MA,
USA). This kit uses an ultrasensitive fluorescent nucleic acid stain to allow quantification,
via fluorescence intensity measurement in a plate reader, of the amount of single-stranded
DNA (ssDNA) in solution. The blank aptamers were dissolved in the TE buffer supplied
by the kit in a series of dilutions to prepare a standard curve. All samples were treated
following the manufacturer’s instructions. Then, we measured the fluorescent intensity
of the samples (excitation wavelength: 480 nm; emission wavelength: 530 nm) using a
TECAN Spark® microplate reader (TECAN, Reading, UK). After the preparation of the
standard curve, we measured the florescence intensity of MNP–aptamers using the same
kit and calculated the loading efficiency using the measured amount of aptamer divided by
the total aptamer added.

2.4. Cell MNP Labeling

The cells were labeled with MNP following on a previously published protocol
(Figure 1B) [14,28]. Briefly, medium was removed, and cells were washed with PBS. All
cells were cultured in reduced serum basal media (1% FBS) for 3 h. Particles were added
to appropriate groups at approximately 3 µg MNP/cm2 of culture surface area and incu-
bated for a further 1.5 h with intermittent agitation. Medium was aspirated and cells were
washed with PBS to remove unbound particles before addition of fresh reduced serum
basal media (1% FBS) for the experiments. The control samples were cells without labeling
with MNPs. In some experiments, soluble aptamers (the concentration of aptamer in the
basal media was same as the concentration of aptamer in MNP-10 aptamer) were also
used as another control. For the positive control, OM medium or Wnt 3A-conditioned
medium collected from Wnt 3 A-overexpressing L-M(TK-) cells (ATCC) was used. To verfiy
the labeling of cells with MNP, cells were fixed with 4% paraformaldehyde for 10 min,
and iron was detected via Prussian Blue staining (2% potassium ferrocyanide in 1% HCl)
followed by counterstain with Nuclear Fast Red (ScyTek Lab., Logan, UT, USA) based on
the manufacturer’s instructions.

2.5. Magnetic Field Gradients

Magnetically stimulated groups were treated with ≥25 mT magnetic fields provided
by arrays of NdFeB magnets in 1 h sessions at 1 Hz using a vertically oscillating magnetic
force bioreactor (Figure 1C), (MICA Biosystems, Birmingham, UK). The bioreactor was
housed in a cell culture incubator maintained at 37 ◦C, 5% CO2.

2.6. qRT-PCR

After labeling the cells, the cells were magnetically stimulated for 1 h. Then, 24 h after
stimulation, the RNA was extracted using an RNAeasy extraction kit (Qiagen, Manchester,
UK) according to the manufacturer’s instructions. Reverse transcription was performed
on 700 ng of RNA using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Warrington, UK) to synthesize cDNA. The obtained cDNA was used to conduct
qRT-PCR on an AriaMx Real-Time qPCR system using SYBR Green Master Mix (Applied
Biosystems, Thermofisher Scientific, Waltham, MA, USA) and primers (Qiagen) following
the manufacturer’s protocol. qRT-PCR was performed to analyze the expression of Runt-
related transcription factor 2 (RUNX2) and lymphoid enhancer binding factor 1 (LEF1). The
CT values were normalized to the glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
housekeeping gene, and fold induction was calculated using the comparative ∆CT method.

2.7. Flow Cytometry

After labeling Y201 TCF-LEF GFP reporter cells with MNP, they were magnetically
stimulated for 1 h; 24 h later, they were stimulated for 1 h; and after 24 h (48 h from the first
stimulation), they were detached, centrifuged, fixed, and resuspended in PBS (including
1% BSA, 0.1% NaN3 sodium azide) to analyze and quantify the GFP expression via flow
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cytometry. A CytoFlex flow cytometer (Beckman Coulter, High Wycombe, UK) equipped
with a laser (488 nm) capable of GFP excitation was utilized for quantification of GFP
expression. The threshold was set using a green fluorescence detector to just above the
majority of nonfluorescent cells in the control group. CytExpert software (Version 2.4.0.28)
was used to analyze the flow cytometry data and calculate the percentage of positive
GFP cells. Furthermore, all cells (hMSCs, Y201, and Y201 reporter) were characterized for
expression of surface markers (CD73 and CD49e) before magnetic stimulation using CD73
antibody (BD Bioscience, Wokingham, UK) and CD49e antibody (Thermo Fisher) and the
relevant laser filter in CytoFlex.

2.8. ALP Activity

After 3 and 7 days of magnetic stimulation (1 h per day), the ALP enzymatic activ-
ity was quantitatively measured using aSensolyte ALP assay kit (Cambridge Bioscience,
Cambridge, UK). Briefly, the samples were treated with lysis buffer for 10 min. Then, we
gently scraped the cells and collected the cell suspension in a microcentrifuge tube. We
centrifuged the cell suspension at 2500× g for 10 min at 4 ◦C and then added 100 µL of
p-nitrophenyl phosphate (pNPP) solution into each well. Then, we gently shook the plate
for 30 s. After 1 h, the absorbance was measured at 405 nm using the microplate reader.
The ALP concentration was measured and calculated using the standard curve against the
known protein concentrations. Moreover, the total protein of each sample was quantified
using a BCA assay kit (Thermo Scientific, Waltham, MA, USA). Finally, the amount of ALP
normalized to the amount of total protein per sample.

2.9. Western Blotting

Cells were lysed with RIPA buffer (Thermo Scientific) containing a protease and
phosphatase inhibitor mix (Sigma). The cell lysate was clarified, and the total protein of
each sample was quantified using a BCA assay kit (Thermo Scientific). For PAGE, 10 µg of
protein was mixed with LDS sample buffer and β-mercaptoethanol (Invitrogen). Samples
were then heated for 5 min at 95 ◦C and briefly centrifuged before being loaded onto a
Tris-glycine 4–20% gel in Tris-Gly running buffer (Nusep-Generon, Slough, UK). Proteins
were transferred to a nitrocellulose membrane (Novex, ThermoFisher), which was then
blocked with 5% milk powder (Bio-rad, Watford, UK) or 5% BSA in TBST buffer (Sigma)
based on the antibody protocol. The membrane was then incubated with anti-RUNX2
(Bio-techne, Abingdon, UK), anti-osteopontin (Abcam, Cambridge, UK), and anti-GAPDH
(Abcam) overnight at 4 ◦C under constant mixing. The membrane was washed with TBST
3× before incubation with anti-rabbit-HRP, anti-goat-HRP, or anti-mouse-HRP (1:1000)
(Abcam) for 1 h at room temperature. The membrane was washed 5× in TBST, and
chemiluminescence was developed using a SuperSignal WestPico PLUS chemiluminescent
kit (Thermo Scientific) followed by image capture using an iBright 1500 imaging system.
The image was analyzed using ImageJ, and the data obtained from RUNX2 and osteopontin
was normalized to the GAPDH.

2.10. Alizarin Red Staining

After 3 weeks of magnetic stimulation of Y201 cells (stimulation for 1 h per day, media
changed every 2–3 days), spent media were removed, and cells were washed three times
with calcium- and magnesium-free PBS. Cells were fixed with 4% paraformaldehyde for
10 min at room temperature and washed a further three times with distilled H2O. Alizarin
Red staining solution (40 mM, pH 4.1, sterile filtered) (Sigma) was added to the cells,
which were incubated for 10 min with gentle agitation. The staining solution was then
removed, and cells were washed three times with dH2O. Cells were immediately imaged
using a microscope. To extract the stain and quantify the calcification, 10% (v/v) acetic
acid was added to the wells. Cells were incubated for 30 min with gentle agitation. Cells
were scraped, transferred to microcentrifuge tubes, and vortexed for 30 s. Samples were
then heated to 85 ◦C for 10 min and subsequently cooled on ice prior to centrifugation at
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10,000× g for 15 min. Supernatants were then neutralized with 10% ammonium hydroxide
before loading in triplicate into an opaque-walled 96-well plate; absorbance was measured
at 405 nm using a plate reader.

2.11. Statistical Analysis

All data are presented as means ± standard error of the mean (SEM). Statistical
significance at the 95% confidence level was determined using 1-way ANOVA with post
hoc Tukey’s tests, and statistically significant differences are marked with * for p < 0.05,
** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001 in the figures.

3. Results and Discussion
3.1. Cell Tagging with MNP

Dextran–MNPs was functionalized with anti- Piezo1, Fzd1, Fzd2, and integrin alpha-5
antibodies, followed by binding to MSCs, as illustrated in Figure 1A,B. Prussian Blue
staining confirmed the attachment to the cell membranes, with nanoparticles adherent to
cells indicated in blue. Cells without MNPs did not stain with Prussian Blue, indicating
that no iron0based particles were present (Figure 1D,E). Figure 1C shows the MICA in-
strumentation used to apply dynamic changes in the field gradient onto multiwell plates
in vitro.

The antibody-functionalized MNPs were subjected to characterization via dynamic
light scattering (DLS) and zeta potential analysis to evaluate the alterations in the particle
size and surface charge after antibody coating (Table 1). The outcomes indicated a distinct
change in surface potential following antibody conjugation, indicative of the modifications
of the surface charge resulting from the deposition of antibodies onto the MNP surface.
However, a less apparent shift in size was observed after antibody conjugation. These
findings broadly align with those of our prior investigations [17].

Table 1. Size and surface potential of MNPs with or without ligand conjugation.

MNP-Uncoated MNP-Piezo1 MNP-Fzd1 MNP-Cd49e MNP-Fzd2

Size (nm) 263.6 ± 17.6 253.5 ± 23.17 273.7 ± 28.6 265.1 ± 15.1 270.8 ± 27.4

Zeta (mV) −15.4 ± 0.6 −11.1 ± 0.4 −11.5 ± 0.6 −12.3 ± 0.1 −11.8 ± 0.8

3.2. Receptor Selection for Osteogenesis

Gene expression analysis of RUNX2 and LEF1 in mechanoactivated hMSCs tagged
with different conjugated MNPs was performed to monitor the early markers of osteo-
genesis and Wnt signaling, respectively (Figure 2). The analysis of the data from the
mechanoactivation of the CD49e (integrin α5) samples indicated a significant upregulation
of genes RUNX2 (3.56-fold) and LEF1 (3.52-fold) relative to the control. The mechanoac-
tivation of other receptors including Fzd2, Fzd1, and Piezo1 showed the upregulation of
RUNX2 by 3.13-, 1.91-, and 1.85-fold, respectively; and the upregulation of LEF1 with 2.57-,
1.97-, and 1.07- fold, respectively, compared to the control.

Fzd1 and Fzd2 receptors can both interact with the WNT3A ligand and play very
important roles in the activation of Wnt signaling pathways and osteogenesis [29]. hMSCs
express Fzd receptors, which enable them to bind to specific Wnt ligands [22,30]. We
previously studied the dynamic magnetic force activation of Fzd receptors using a synthetic
peptide (UM206, a ligand for the Fzd1 and Fzd2 receptors) and Fzd2 antibody conjugated to
the MNPs [22,28]. Stimulation of the Fzd2 receptor significantly increased the expression of
RUNX2 compared to the control. Although the family of Wnt signaling and Wnt receptors
play key roles in bone biology and remodeling [8,31], it has been reported that among the
Wnt receptor family, Fzd2 can play a crucial role in skeletal development [32]. Figure 2A
shows the significant upregulation of RUNX2 in response to the dynamic activation of
the Fzd2 receptor compared to Fzd1 activation. Interestingly, however, a small but not
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statistically significant elevation was observed in the LEF upregulation in response to Fzd1
and Fz2 receptor activation.
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Figure 2. Among targeted different receptors (Piezo1, Fzd1, CD49e, and Fzd2), magnetic stimulation
of hMSCs by MNP-CD49e antibody significantly upregulated expression of RUNX2 and LEF1 genes.
(A) Gene expression analysis of magnetically stimulated hMSCs with different MNP–ligands of
RUNX2 after 24 h of stimulation in reduced serum basal media (1% FBS) compared to control (cells
without MNP–ligands) and positive control (osteogenic media). (B) Gene expression analysis of
magnetically stimulated hMSCs for different MNP–ligands for LEF1 after 24 h of stimulation in
reduced serum basal media (1% FBS) compared to control (cells without MN–ligands) and positive
control (osteogenic media). Data presented as mean ± SEM (n = 3), and statistically significant
differences are marked with * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.

The fibronectin receptor CD49e (integrin α5) is involved in stem cell differentia-
tion [33,34]. Integrin stimulation using RGD-MNP can promote bone markers and bone
formation in osteoblasts and MSCs [21]. CD49e plays a role in the biological responses
to mechanical stimuli in MSCs under hydrostatic pressure [35]. In addition, it has been
shown that integrin α5β1 is responsive to internal forces and fluid shear force [36]. Fur-
ther studies have defined CD49e alone or with CD29 (integrin α5β1) as mechanosensitive
receptors [37,38]. CD49e also plays a role in the osteogenic differentiation of bone-marrow-
derived mesenchymal progenitors and in bone regeneration [39,40]. It can be upregulated
during progenitor cell commitment and osteogenic differentiation. In fact, there is a sig-
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nificant increase in the expression of receptor CD49e during differentiation of MSCs into
osteoblasts [40]. Our results agree with these findings in that the mechanoactivation of
the CD49e receptor through dynamic magnetic force activation can significantly upregu-
late osteogenesis and Wnt signaling compared to other targets (Piezo1, Fzd1, and Fzd2),
to levels similar to those observed for the positive control. Our work also demonstrates
the signaling crosstalk between integrin and Wnt signaling. Other studies showed that
Wnt/β-catenin signaling can be activated through the integrin/focal adhesion kinase (FAK)
pathway in response to matrix stiffness [41]. Furthermore, our results show how the up-
regulation of the expression of RUNX2 by the magnetic stimulation of a target (CD49e) in
basal media (including low concentration serum) was comparable to the upregulation of
RUNX2 induced by the positive control (osteogenic media). In this study, we investigated
the feasibility of exploiting the stimulation of a cell receptor to develop remote mechnoac-
tivation platforms for driving the osteogenic differentiation of hMSCs without the use of
any metabolic, osteogenic, or growth factors. Our data highlight the importance of the
mechanosensitive CD49e target, which has a key role in osteogenesis, so was selected for
further studies.

3.3. Comparison between Aptamer and Antibody

A key factor in the dynamic magnetic activation approach is the tagging of specific
regions of the receptor, which may be a mechanically responsive region. Different strate-
gies can be used for targeting different regions of the receptor protein using aptamer and
antibody approaches. Aptamers are thermally and chemically more stable than antibodies,
and they are nonimmunogenic [23,42,43]. They can also specifically target receptors; im-
portantly, they can be chemically modified without losing their functionality [42,43]. To
explore the potential variation in aptamer binding and antibody strategies, antibody and
aptamers for Fzd1 and CD49e receptors were conjugated to MNPs, and their signaling
efficacy was investigated using Y201 TCF/LEF GFP reporter cells. The aptamers used
were raised against combined CD49e/CD29 receptors. The analysis of the data obtained
from flow cytometry from the reporter cells demonstrated that the mechanoactivation of
the cells by MNPs conjugated with the CD49e/CD29 aptamer resulted in the significant
upregulation of GFP expression in TCF/LEF reporter cells, an initial factor indicating
the downstream activation of the Wnt signaling pathway (Figure 3). Signaling activation
using aptamer-conjugated MNPs was significantly higher than that of antibodies raised
against CD49e. Previous studies demonstrated the existence of specific sites recognized
by CD49e/CD29 integrins, which can be activated in response to mechanical forces [37].
It has also been shown that the heterodimer of CD49e integrin and CD29 integrin, work-
ing together rather than individually, plays a crucial role in fibronectin binding and the
subsequent activation of downstream signaling pathways [35–37,44]. Therefore, targeting
the dimer of CD49e/CD29 integrin using an aptamer may enhance the activation of recep-
tors compared to the activation with antibodies to CD49e alone in response to a dynamic
magnetic force.

The number of papers that report o the application of aptamers in the different fields of
biomedical research has substantially risen. Research has focused on developing aptamer-
based technologies for diagnostics as well as targeted therapy for targeting drug delivery
using nanoparticles modified using aptamers [42,45]. For the first time in this study, we in-
vestigated the application of an aptamer as a conjugate on MNPs for activating mechanore-
ceptors for regenerative medicine. Our data demonstrate the potential application of
receptor targeting with aptamers for the mechanostimulation of clustered integrin targets.

We have analyzed the expression of two CD markers (CD73, positive marker for MSCs
and Y201 cells [26,46,47], and CD49e) across osteogenic progenitor primary cell and cell
lines (hMSCs, Y201, and Y201 TCF/LEF reporter cells) to confirm the mesenchymal state of
the cells (Figure 4). The levels of the MSC marker CD73 were similar across the cell types
examined (Figure 4A), but, interestingly, the expression of CD49e (α5-integrin subunit) was
lower in Y201 and Y201 reporter cells than in hMSCs. hMSCs and Y201 cells showed a
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similar level of the expression of CD73 as a mesenchymal stem cell marker. James et al. [26]
analyzed the signaling pathways between Y201 cells and their parent (hMSCs), and they
found some of the signaling pathways including Wnt signaling can be impacted by cloning
of Y201 cells.
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Figure 3. Comparison of TCF/LEF GFP reporter in Y201 cells magnetically stimulated with MNP–
antibodies (MNP-Fzd1 antibody and MNP-CD49e antibody) and MNP–aptamers (MNP-Fzd1 ap-
tamer and MNP CD49e/CD29 aptamer). MNP-CD49e/CD29 aptamers significantly activated
the Wnt TCF/LEF GFP reporter compared to MNP–antibodies in Y201 cells. Data are presented
as mean ± SEM (n = 3), and statistically significant differences are marked with * for p < 0.05,
** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.
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Figure 4. (A) Expression of CD73 in different cells (hMSCs, Y201, and Y201 reporter cells). (B) Expres-
sion of CD49e in different cells (hMSCs, Y201, and Y201 reporter). There was a significant reduction
in the expression of CD49e in Y201 and Y201 reporter cells compared to hMSCs. Data are presented
as mean ± SEM, and statistically significant differences are marked with *** for p < 0.001.

3.4. Optimization of Aptamer Concentration

The aptamer-functionalized MNPs were characterized using DLS and zeta potential to
assess the changes in particle size and surface charge after aptamer coating (Table 2). The
results demonstrated no noticeable shift in the surface potential and a minimal change in
size after aptamer conjugation. Interestingly, varying the concentration of the aptamer did
not induce significant alterations in surface potential, suggesting a similarity between the
surface charge of the nanoparticles and the charges of the aptamers.

Table 2. Size and surface potential of MNPs with aptamers conjugation.

MNP-Uncoated MNP-2.5 Ap MNP-5 Ap MNP-10 Ap MNP-20 Ap

Size (nm) 263.6 ± 17.6 258.1 ± 4.6 265 ± 3.5 276.8 ± 12.5 277.7 ± 16.9

Zeta (mV) −15.4 ± 0.6 −15.8 ± 0.2 −15.7 ± 0.7 −16.2 ± 0.3 −16.0 ± 0.4

The loading efficiency of the aptamers onto MNPs through EDAC functionalization
ranged from 1.3% to 3.2% (Figure 5A). The data revealed that the loading efficiency of
aptamer was 3.2% ± 0.2 in MNP-2.5 Ap, 1.9% ± 0.2 in MNP-5 Ap, 1.3% ± 0.2 in MNP-10
Ap, and 1.5% ± 0.1 in MNP-20 Ap. Taking into consideration the number of MNPs per
milliliter (4.9 × 1010) and the molecular weight of the aptamer (2.4 × 104 g/mol), the
loading efficiency was estimated as approximately 3.9 × 101, 4.6 × 101, 6.4 × 101, and
1.5 × 102 molecules of aptamer on the surface of each MNP in the MNP-2.5 Ap, MNP-5
Ap, MNP-10 Ap, and MNP-20 Ap samples, respectively. However, the loading efficiency
decreased as the initial amount of aptamer added to the MNPs increased, potentially due
to the saturation of the active sites during functionalization. The total amount of aptamers
attached to the surface of the MNPs was increased by increasing the addition of aptamers
to the MNPs. When normalizing the total amount of aptamers in each sample group to
the total amount of the aptamer in MNP-2.5 Ap, the relative amount of rhe aptamer was
1 for MNP-2.5 Ap, 1.16 for MNP-5 Ap, 1.63 for MNP-10 Ap, and 3.86 for MNP-20 Ap.
This demonstrated that increasing the addition of aptamer from 2.5 to 20 µg (an eight-fold
increase) resulted in a practical increase of 3.86 times after the reaction and washing steps.
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Figure 5. For different concentrations of CD49e/CD29 aptamers (2.5, 5, 10, and 20 µg), magnetic
stimulation of cells using MNP-2.5 and -5 aptamers significantly upregulated expression of RUNX2
and ALP. (A) Loading efficiency of aptamer in four different groups of prepared MNP–aptamers.
(B) RUNX2 gene expression analysis of magnetically stimulated hMSCs with different concentrations
of aptamers loaded on MNPs after 24 h of stimulation in reduced serum basal media (1% FBS)
compared to control (cells without MNP–aptamer) and positive control (osteogenic media). (C1) and
(C2) ALP activity of magnetically stimulated Y201 cells with different concentrations of aptamers
loaded onto MNPs after 3 days and 7 days of stimulation in reduced serum basal media (1% FBS)
compared to control (cells without MNP–aptamer), soluble aptamer, and positive control (osteogenic
media). Data are presented as mean ± SEM (n = 3), and statistically significant differences are marked
with * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.

The concentration of binding sites on the surface of the MNPs was explored using
the dose–response of CD49e/CD29 aptamer (2.5, 5, 10, and 20 µg) and analysed by gene
expression of RUNX2 (Figure 5B). The analysis of data showed that dynamic magnetic
force stimulation of cells tagged with MNPs conjugated with 2.5 and 5 µg of aptamer in
low serum basal growth medium significantly upregulated the gene expression for RUNX2
relative to the control. Interestingly, their response was very similar to that of RUNX2
expression induced using osteogenic media. The response of the upregulation of RUNX2
was reduced by using MNP-10 Ap and MNP-20 Ap.

In addition, we defined the differences in the downstream osteogenic response be-
tween the addition of soluble aptamer versus MNP-bound aptamers in varying concen-
trations. Following the application of a dynamic magnetic force to Y201 cells tagged with
MNPs conjugated with different concentrations of CD49e/CD29 aptamer (2.5, 5, and 10 µg),
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we evaluated the ALP activity after 3 days and 7 days (Figure 5C1,C2). The data showed
that the ALP activity of the cells tagged with MNP-2.5 Ap and MNP-5 Ap was significantly
higher than the activity of those tagged with MNP-10 Ap or soluble aptamers in the media.
In addition, the ALP activity of the cells in osteogenic media did not increase compared
to that of the cells in basal media at day 3 and day 7; this could have been due to the
early timing (day 3 and day 7) of the investigation into ALP activity, as other studies also
demonstrated that ALP is not detectable in the early stage of MSC differentiation and in
immature osteoprogenitors [26,48,49].

Moreover, we evaluated the expression of RUNX2 and osteopontin at the protein level
in these cells on day 7 using Western blot (Figure 6). As shown in Figure 6, MNP-2.5 Ap
significantly promoted the expression of RUNX2 and osteopontin at 7 days compared to the
controls. Despite the fact we were not able to see a significant difference between MNP-2.5
Ap and MNP-5 Ap in the PCR study and ALP study, the Western blot data demonstrated
that MNP-2.5 Ap had a stronger ability to upregulate osteogenic marker expression than
MNP-5 Ap after 7 days of differentiation.
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Figure 6. For different concentrations of CD49e/CD29 aptamers (2.5, 5, and 10 µg), magnetic
stimulation of Y201 cells by MNP-2.5 aptamers significantly upregulated expression of RUNX2 and
osteopointin after 7 days. (A) Western blot images of magnetically stimulated hMSCs for different
concentrations of aptamers loaded on MNP for GAPDH, RUNX2, and osteopontin after 7 days
of stimulation in reduced serum basal media (1% FBS) compared to control (cells without MNP–
aptamer), soluble aptamer, and positive control (osteogenic media). (B) Quantified data obtained
from image analysis of Western blotting for expression of RUNX2 at the protein level in Y201 cells
on day 7. (C) Quantified data obtained from image analysis of Western blotting for expression of
osteopontin protein level in Y201 cells on day 7. Data are presented as mean ± SEM (n = 3), and
statistically significant differences are marked with * for p < 0.05, and ** for p < 0.01.

Furthermore, Alizarin Red staining was conducted after 3 weeks in Y201 cells, which
were labeled with different concentration of CD49e/CD29 aptamer (2.5, 5, or 10 µg) added
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to the MNPs; this was performed in order to evaluate the matrix mineralization and to
optimize the concentration of the aptamers on the MNP surface (Figure 7A,B).
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Figure 7. For different concentrations of CD49e/CD29 aptamers (2.5, 5, and 10 µg), magnetic
stimulation of Y201 cells by MNP-2.5 aptamers significantly enhanced mineralization after 3 weeks.
(A) Alizarin staining images of magnetically stimulated Y201 cells with different concentrations
of aptamers loaded on MNPs after 3 weeks of stimulation in osteogenic media. (B) Quantified
mineralization results following elution of Alizarin Red S and spectrophotometric measurement.
Data are presented as mean ± SEM (n = 3), and statistically significant differences are marked with
** for p < 0.01.

Alizarin Red staining and quantification analyses illustrated a significant increase
(p < 0.01) in mineralization when Y201 cells were loaded with MNP-2.5 Ap and magnetically
stimulated over 3 weeks of induction. Microscopy demonstrated an improvement in
calcification around the cells in the MNP-2.5 Ap samples (Figure 7A). As can be seen, the
intensity for Alizarin Red S staining progressively enhanced with the mechanoactivation of
cells with MNP-2.5 aptamer in osteogenic media. On the contrary, lower calcification or no
calcification was observed for the other groups of samples. The Alizarin Red staining data
were consistent with the Western blot data, which showed adding a lower concentration of
aptamer (2.5 µg) to the MNP was more functional in activating the cells for long period for
osteogenic differentiation and orthopedic applications.

A ligand is able to activate receptors through different processes, including confor-
mational change of the receptor, small- or large-scale clustering of multiple receptors, or
slowing receptor diffusion across cell membranes [50]. The concentration and density of
ligand play very important roles in the activation of signaling pathways and, consequently,
cell fate [17,50–52]. Kilian et al. demonstrated that the molecular characteristics of the
adhesion ligands, including the density, influence the cytoskeleton of the cell and the
differentiation pathways of MSCs [52]. Mann et al. [53] and Neff et al. [54] demonstrated
that a low concentration of cell adhesion ligand helps cell migration and proliferation,
while a higher concentration impedes cell migration and proliferation, and cells growing
on the surfaces with a greater ligand density produce less matrix [53]. Other studies have
shown that the optimal activation of cells through ligand binding occurs at an intermediate
level of ligand density [50,55]. Wulfing et al. [50] explained how less ligand can be more
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effective, and they reported that when antibodies are used in excess over their antigen
target, the chance of receptor clustering is reduced dramatically. In fact, with an excess of
high-affinity antibodies, most receptors are stably bound to a single antibody arm, and
there are few free receptors available for binding to the second arm of a receptor-bound
antibody to support receptor clustering. These results reflect the fact that cells require an
optimal concentration of aptamer on the surface of MNPs for cell activation. Furthermore,
the steric effects in ligand–receptor binding arise from the size, shape, and arrangement
of molecules, impacting their interaction [56]. Steric hindrance occurs when bulky groups
obstruct optimal binding [56]. Ligand concentration and distribution play a vital role, as
steric effects and hindrance determine ligand–receptor activation. Therefore, the availability
of ligands for binding, in terms of concentration and distribution, is crucial for successful
receptor activation.

The mechanisms of mechanostimulation through MNP–antibody was investigated [57].
Studies have demonstrated how mechanical stimulation can induce functional conforma-
tion transitions in mechanoresponsive proteins, which modify their binding properties and
enzymatic functions [58,59]. Recent studies proposed that a conformational change in the
transmembrane domains receptor might be part of the receptor activation mechanism [17].
It was also shown that mechanical stimuli can modulate endocytosis [17]. Furthermore,
recent work from our group showed that the dynamic magnetic force activation of Fzd2
receptors in hMSCs by a peptide–MNP may induce a degree of receptor clustering at the
cell membrane [22]. It is possible that there is a surface concentration of the ligand that is
optimal for attachment to receptors, potentially inducing both clustering and activation
of downstream signaling. Therefore, the low concentration of aptamer loaded on MNPs
(MNP-2.5 Ap) used in these experiments could have acted as a complex facilitator to facili-
tate receptor clustering and the interaction of multiple components of the integrin pathway
for osteogenesis.

In addition to the observed effects of the concentration of aptamers on MNPs, our
data reveal a distinct advantage in the mechanoactivation of aptamer-conjugated MNPs
compared to the impact achieved using soluble aptamers alone. The unique characteristics
of the aptamer–MNPs, including their binding, localized delivery, and mechanoactiviation,
likely contribute to a more pronounced cellular response compared to the use of soluble
aptamers in isolation. The mechanical forces applied through the magnetic field, coupled
with the receptor-specific binding of aptamers, create a synergistic effect that is not com-
parable to the outcomes achievable with soluble aptamers alone. The use of this aptamer
approach enables the selection of aptamers during screening that are biologically inactive
and yet still capable of binding and activating through the mechanical induction of the
receptors. This enhanced mechanoactivation offers a promising avenue for applications in
bone tissue engineering and osteogenesis.

4. Conclusions

In this study, we examined the role of the mechanoactivation of different receptors
linked to integrin and Wnt signaling in the osteogenic differentiation of MSCs and probed
osteogenic gene and protein expressions. The data demonstrated that the mechanoactiva-
tion of integrins (CD49e) significantly enhances the upregulation of the RUNX2 and LEF1
genes compared to that of the other receptors, so were selected for further investigations.
Moreover, we compared the mechanoactivation of cells via MNPs conjugated with CD49e
antibodies and aptamers, and the data demonstrated that the mechanoactivation of cells by
MNP–aptamers significantly enhanced the upregulation of LEF1 and RUNX2 genes and
led to increased osteogenic marker expression and matrix mineralization. This suggests
that aptamer-mediated mechanoactivation of signaling is a viable alternative to antibody-
mediated activation. Finally, the results illustrated that the mechanoactivation of the cells
was strongly influenced by the concentration of aptamer loaded on the MNPs. Taken
together, our results suggest that the magnetic stimulation of cells with MNP conjugated



Pharmaceutics 2024, 16, 21 15 of 17

with a relatively low dose of aptamer (2.5 µg of aptamer-conjugated MNPs) is a promising
approach for bone tissue engineering and osteogenesis.

Our work introduces the superior efficacy of aptamer-mediated mechanoactivation
in promoting osteogenesis, offering a unique approach for bone tissue engineering. This
approach demonstrates how the effects of the mechanoactivation of aptamer–MNPs exceed
those of the use of soluble aptamers alone. Future research should explore a broader spec-
trum of concentrations and potentially unveil more nuanced responses. In addition, while
this study provides valuable insights, further in vivo experiments and clinical validations
are essential to translate these findings into practical applications. The intricate interplay
of multiple signaling pathways involved in osteogenesis necessitates comprehensive ex-
ploration, opening avenues for future investigations to unravel more complexities in bone
regeneration processes.
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