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Repairing defects in alveolar bone is essential for regenerating periodontal tissue,
but it is a formidable challenge. One promising therapeutic approach involves
using a strategy that specifically recruits periodontal ligament cells (PDLCs) with
high regenerative potential to achieve in situ regeneration of alveolar bone. In this
study, we have created a new type ofmicrosphere conjugatedwith an antibody to
target p75 neurotrophin receptor (p75NTR), which is made of nano-
hydroxyapatite (nHA) and chitosan (CS). The goal of this design is to attract
p75NTR+hPDLCs selectively and promote osteogenesis. In vitro experiments
demonstrated that the antibody-conjugated microspheres attracted
significantly more PDLCs compared to non-conjugated microspheres.
Incorporating nHA not only enhances cell adhesion and proliferation on the
surface of the microsphere but also augments its osteoinductive properties.
Microspheres effectively recruited p75NTR+ cells at bone defect sites in SD rats, as
observed through immunofluorescent staining of p75NTR antibodies. This
p75NTR antibody-conjugated nHA/CS microsphere presents a promising
approach for selectively recruiting cells and repairing bone defects.
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1 Introduction

The alveolar bone is a highly active component in the skeletal system that undergoes
continuous metabolism and remodeling. Its integrity may be compromised by
inflammation, trauma, tumors, and other factors (Barone et al., 2013; Petrovic et al.,
2018; Rams et al., 2018). As such, restoring alveolar bone defects is a great concern in oral
medicine with crucial implications for the treatment of oral diseases and the maintenance of
oral health overall. Given its potential for repair and cost-efficiency, bone tissue engineering,
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which uses cells, scaffolds, and growth factors to create functional
composite materials, seems like a promising approach for
regeneration of alveolar bone tissues (Gjerde et al., 2018; Wang
et al., 2018). However, issues related to exogenous cells, which
include potential tumorigenicity, unreliable differentiation
efficiency, and challenges in maintaining cell viability (Kucia and
Ratajczak, 2006; Chen et al., 2011; Lin et al., 2019), have motivated
scholars to explore in situ tissue engineering methods that employ
endogenous cells (Hench et al., 2004; Anitua et al., 2010; Ko et al.,
2013; Hu et al., 2017; Ullah et al., 2019). Recruiting cells with high
regenerative activity in the damaged area and its surrounding tissues
and promoting their differentiation into target tissue is crucial for
achieving in situ bone regeneration. This approach avoids the
drawbacks of exogenous cell implantation. Therefore, it is
important to recruit a sufficient number of cells with high
activity in bone regeneration at the bone defect site.

Human periodontal ligament cells (hPDLCs) are a
heterogeneous cell population found within the periodontal
ligament. They exhibit multidirectional differentiation potential
and strong self-renewal ability (Zhang et al., 2014), making them
the main seed cells for periodontal tissue engineering (Tsumanuma
et al., 2011). However, due to the complexity of this heterogeneous
group, their biological characteristics vary. Further isolation of
hPDLCs with high regenerative potential can enhance their
application in bone tissue engineering. The p75 neurotrophin
receptor (p75NTR), a membrane protein, belongs to the tumor
necrosis factor receptor superfamily and serves as a specific marker
for stem cells derived from the cranial neural crest (CNC) (Park
et al., 2010; Hauser et al., 2012; Akiyama et al., 2014). Research
indicates that CNC-derived stem cells are partly retained in the
periodontal ligament after lineage evolution. These cells continue to
express p75NTR and possess a high differentiation potential
(Mantesso and Sharpe, 2009; Tomokiyo et al., 2012). Past
research has demonstrated that p75NTR+hPDLCs display stem
cell features and have a significant potential for osteogenic
differentiation (Li et al., 2020). Furthermore, p75NTR plays an
important part in cell migration (Anton et al., 1994; Jiang et al.,
2015). Therefore, it is postulated that the p75NTR antibody may
function as an effective factor in selectively attracting hPDLCs with
advanced regenerative potential for in vivo bone regeneration.

Chitosan (CS) is one of the most recognized scaffold materials
due to its molecular structure similarity to glycosaminoglycan
(GAG), which is a crucial component of the extracellular matrix
(ECM). In addition, CS exhibits excellent biocompatibility,
biodegradability, antimicrobial properties, and affordability
(Kumar et al., 2004; Bano et al., 2017; Omer et al., 2021). CS
microspheres present a sufficiently large surface area for cell
adhesion and enable direct exchange with surrounding
substances, making them an encouraging cell carrier (Yang et al.,
2022). However, the restricted mechanical properties and
osteoinductivity of CS limit its use in bone tissue engineering
(Janković et al., 2013; Lavanya et al., 2020; Brun et al., 2021).
Therefore, researchers often combine CS with bioactive materials.
Nano-hydroxyapatite (nHA), which has a structure similar to
normal bone tissue, not only improves osteoblast adhesion and
proliferation but also demonstrates osteoinductivity and
osteoconductivity, making it a frequently used bone graft
substitute (Šupová, 2009; Dutta et al., 2015; Salgado et al., 2016;

Kuang et al., 2019). Furthermore, nano-hydroxyapatite is gradually
being incorporated into oral research, including studies on the
proliferation and differentiation of dental pulp stem cells,
periodontal tissue regeneration, and jawbone regeneration
(Uehara et al., 2016; Xu et al., 2019; Yu et al., 2019).

The study describes the fabrication of nHA/CS microspheres
through electrostatic spray method, followed by grafting biotin-
modified p75NTR antibodies onto their surface via biotin-
Streptavidin (SAV) pairing. This resulted in the formation of
p75NTR antibody-conjugated nHA/CS microspheres.
Furthermore, we evaluated the capacity of the novel nHA/CS
microspheres to selectively recruit hPDLCs and facilitate
osteogenesis in order to assess their potential for use in bone
tissue engineering.

2 Materials and methods

2.1 Animals

All male nude mice and SD rats were obtained from the
Southwest Medical University Laboratory Animal Center. All
animals were kept under standard conditions in the Southwest
Medical University Animal Laboratory. Six-week-old male nude
mice were used to observe the effect of microspheres on inducing cell
mineralization in vivo, and 8-week-old SD rats were used to prepare
alveolar bone defects. All animal experiments were approved by the
Ethics Committee of Animal Experiments of Southwest Medical
University (authorization number: 201903-187).

2.2 Preparation of p75NTR antibody-
conjugated nHA/CS microspheres

2.2.1 Preparation of nano-hydroxyapatite (nHA)/
chitosan (CS) microspheres

Acetic acid (Alfa Aesar, Heysham, UK) was mixed with
deionized water to prepare a solution of 1% v/v acetic acid.
Then, 1 g of chitosan powder (Aladdin, Shanghai, China) was
dissolved in the acetic acid solution at a concentration of 1% w/
v, followed by the addition of 1 g of nano-hydroxyapatite (Aladdin).
The mixture was sonicated for 10 min to prepare a 1% w/v solution
of nano-hydroxyapatite (nHA)/chitosan (CS). Subsequently, the
nHA/CS solution was injected into a 1.0 M sodium hydroxide
solution (Aladdin), using a jet apparatus comprising an
electrostatic spray system (SS-X3, Yongkang Leye, Beijing, China)
and a 5 mL syringe, resulting in the formation of nHA/CS
microspheres. The collected microspheres were washed repeatedly
with deionized water and then filtered through a 100-μm filter
(Corning, New York, United States). After sterilization with 75%
ethanol, the microspheres were washed with phosphate buffered
saline (PBS) (Biosharp, Anhui, China) and stored in PBS solution at
4°C for future use.

2.2.2 Modification of nHA/CS microsphere surface
with p75NTR antibody

A mixture of PBS and DMSO solution (SIGMA-ALDRICH, St.
Louis, United States) was prepared in a 3:1 ratio. (+)-biotin
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N-hydroxysuccinimide ester (biotin-NHS; SIGMA-ALDRICH) was
added to the mixture to prepare a 1 mg/mL solution. The solution
was stirred with the microspheres at room temperature for 4 h to
allow biotin to adhere to the surface of the microspheres, and then
washed three times with the PBS solution. Subsequently, the reacted
microspheres were immersed in a solution of Streptavidin (SAV;
Roche, Mannheim, Germany) at a concentration of 50 μg/mL at
room temperature for 15 min, and the unreacted SAV was washed
with PBS. The biotinylated p75NTR antibody (1 mg/mL) (Bioss,
Beijing, China) was then incubated with the microspheres at room
temperature for 30 min. After washing three times with PBS,
microspheres with surface-modified p75NTR antibody were
obtained. The results of antibody conjugation were evaluated
using secondary-labeled antibody Cy3 (Invitrogen, Waltham,
United States). Observations were conducted under a
fluorescence microscope (IX73, Olympus, Japan) to examine the
microspheres.

2.2.3 Scanning electron microscopy
The CS microspheres and nHA/CS microspheres were imaged

using a scanning electron microscope (SU8100, Hitachi, Japan). The
samples were placed on a double-sided conductive carbon tape and
inserted into the sample stage of an ion sputter coater (MC1000,
HITACHI, Japan) for gold spraying. The imaging was performed at
an acceleration voltage of 3 kV.

2.3 Cell isolation and culture

The tissues were taken after obtaining approval from the Ethics
Committee of the Affiliated Stomatology Hospital of Southwest
Medical University and informed consent from the patients.
Primary hPDLCs were isolated from the premolars of patients
aged 18–25 years who underwent orthodontic treatment.
Periodontal ligaments were scraped from the root surface,
digested with 2 mg/mL collagenase I (Solarbio, Beijing, China)
at 37°C for 30 min, and neutralized with α-minimum essential
medium (α-MEM; Gibco, Waltham, United States) supplemented
with 10% fetal bovine serum (FBS; Gibco). The cell suspension was
centrifuged at 1,000 rpm for 5 min, and the cell pellet was
resuspended in α-MEM containing 10% FBS and 1% penicillin/
streptomycin (Gibco). The cells were then cultured at 37°C in a
humidified incubator with 5% CO2. The culture medium was
routinely refreshed every 3 days. When 80% confluency was
reached, the cells were dissociated and passed using
trypsin (Gibco).

2.4 Flow cytometry analysis

Trypsin was used to digest the third-passage hPDLCs, which
were subsequently resuspended in PBS. The Alexa Fluor 647-labeled
mouse p75NTR antibody (BD Biosciences, New Jersey,
United States) was incubated at room temperature for 30 min,
with the Alexa Fluor 647-labeled mouse IgG1 antibody (BD
Biosciences) serving as an isotype control. Subsequently, the
specimens were analyzed by flow cytometry.

2.5 Immunofluorescence assay

Third-passage cells (2 × 105) were inoculated in confocal culture
dishes and incubated for 12 h. The cells were then fixed with 4%
paraformaldehyde (Biosharp) for 30 min, followed by blocking with
2% bovine serum albumin (BSA) (Biosharp) at 4°C for 1 h.
Subsequently, the cells were incubated overnight with rabbit anti-
human p75NTR primary antibody (1:200; Abcam, Cambridge,
United States) at 4°C and incubated with goat anti-rabbit IgG-
Alexa Fluor 647 secondary antibody (1:500; Abcam) at 37 °C for
1 h. Finally, the specimens were counterstained with DAPI (Solarbio,
Beijing, China) and observed under a fluorescence microscope.

2.6 Cell capture experiment

Cells were digested with trypsin and resuspended in medium at a
concentration of 106 cells/mL. The fluorescent dye, 1, 1′-
Dioctadecyl-3, 3, 3′, 3′-tetramethylindocarbocyanine perchlorate
(DiI; Beyotime, Shanghai, China), was added at a concentration
of 5 μL/mL. After incubation for 20 min, centrifugation was
performed three times to remove unreacted dye. Subsequently,
the microspheres were counted under the optical microscope and
adjusted to 200 microspheres per well in a 6-well low-adhesion plate
(Corning) to co-incubate with the pre-stained cells at 37°C for 6 h.
After incubation, cells not captured were filtered using a 70-μm cell
strainer (Corning). A fluorescence microscope was used to observe
the microspheres and to evaluate cell capture results. The CellTiter
96® AQueous One Solution Cell Proliferation Assay (MTS; Promega,
Madison, United States) was then used to quantitatively analyze the
experiment results, following the manufacturer’s guidelines.

2.7 Flow cytometric analysis of
captured cells

Cell-containing microspheres were digested by trypsin, followed
by the addition of a complete culture medium. Microspheres were
filtered using a 70-μm mesh filter, and subsequently, the cells were
grown in T25 culture flasks (JetBiofil, Guangzhou, China). The
culture medium was refreshed every 3 days. Once the cell confluence
attained 80%, the expression of p75NTR was evaluated via flow
cytometry, according to the procedures described above.

2.8 Cytoskeleton and nuclear staining
experiment

The captured cells were further cultured in 6-well plates. At day
1, 10, and 21, microspheres with cells were fixed with 4%
paraformaldehyde for 30 min, followed by a 2-h blockage at
room temperature using 2% BSA. The specimens were then
stained with FITC-phalloidin (5 μg/mL; Solarbio) for 20 min, and
washed three times with the PBS solution to remove any unbound
phalloidin. Afterward, DAPI staining was applied at a concentration
of 10 μg/mL for 5 min before being observed under a fluorescence
microscope.
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2.9 MTS assay

After cell capture, 50 microspheres of each group were placed in
100 μL complete cell culture medium on 96-well plates. Blank wells
containing only culture medium serve as controls. Each well was
supplemented with 20 µL MTS solution (1.90 mg/mL; Promega,
Madison, United States) and then cultured in a 37°C incubator
with 5% CO2 for 3 h. Subsequently, 100 µL culture medium was
taken from each well and transferred to a new 96-well plate. The
absorbance was measured at 490 nm by a microplate reader (Bio
Tek, Winooski, Vermont, United States). The results were obtained
by subtracting the average absorbance of blank wells from the
absorbance of each sample well.

2.10 Alkaline phosphatase (ALP) analysis

Each well of a 6-well plate was seeded with 200 microspheres and
5 × 104 cells, followed by the addition of 2 mL of complete growth
medium for co-cultivation. Once the cells reached 50% confluence,
the osteogenic induction medium (comprising 5% FBS, 2% penicillin-
streptomycin, 10 μmol/L dexamethasone, 50 μg/mL ascorbic acid, and
10 mmol/L β-glycerophosphate in α-MEM medium) was added. The
osteogenic induction medium was replaced every 3 days. After 7 days
of induction, the specimens were washed thrice with PBS, fixed for
30 min in 4% paraformaldehyde solution, and stained with an ALP
staining kit (Beyotime) for 30 min. After washing twice with double
distilled water, the specimens were observed by optical microscope.
For quantitative analysis of ALP activity, detection was performed
using an ALP assay kit (Beyotime). In brief, 1% Triton X-100
(Beyotime) was added to the 6-well plate for 20 min at room
temperature. Then the cell lysate was extracted by centrifugation
and transferred to a new 96-well plate. The relevant procedures were
followed according to the instructions of the ALP assay kit, and the
absorbance was measured at 405 nm using a microplate reader. All
samples were normalized to total protein concentration by BCA
Protein Assay Kit (Beyotime).

2.11 Quantitative reverse transcription
(qRT)-PCR experiment

Cells were co-cultured with microspheres and osteogenically
induced for 7 days, after which total RNA was extracted using Trizol
reagent (Invitrogen, Waltham, United States). Subsequently, the
RNA was reverse-transcribed into cDNA using the PrimeScript

Reverse Transcription Kit (Takara, Tokyo, Japan). qPCR was
performed using the SYBR Premix ExTaq Kit (Takara) to detect
the expression levels of ALP, RUNX2, and COL1. The primer
sequences are listed in Table 1, and the relative expression levels
were calculated using the 2-△△Ct method.

2.12 Calcification deposition in nude mice
experiment

Before subcutaneous implantation, cells and microspheres were
cultured under osteogenic conditions for 2 weeks. Six-week-old
male nude mice were anesthetized with 50 mg/kg of
pentobarbital sodium injected intraperitoneally. After anesthesia,
a longitudinal 1 cm skin incision was made on the back of each
mouse, creating a subcutaneous pouch, into which cells and
microspheres were implanted. Three weeks post-operation, the
mice were euthanized by CO2 inhalation, and the implants were
isolated by dissection. They were fixed in 4% paraformaldehyde
solution at room temperature for 5 days, followed by embedding the
implants in paraffin. Sections (5 µm) were prepared and stained with
Alizarin Red S solution (Cyagen, Guangzhou, China) for 10 min.
After washing twice with PBS, the specimens were observed by
optical microscope to identify the formation of calcified matrix.

2.13 In situ recruitment of p75NTR+ cells

Eight-week-old SD rats were intraperitoneally anesthetized with
pentobarbital sodium (50 mg/kg). An alveolar bone defect was
created in the root bifurcation area of maxillary first molar
palatal side using a circular carbide bur of 2.3 mm diameter (8#
CARBIDE burs, Mani, Japan). Subsequently, the microspheres were
meticulously implanted in the defective area of the maxillary
alveolar bone, followed by a cautious suture of the mucous
membrane to avoid any potential leakage of microspheres. On
day 7, the rats were euthanized by CO2 inhalation. The alveolar
bone tissues were collected and fixed in 4% paraformaldehyde
solution. Microspheres were collected from the defect area. After
blocking with 2% BSA for 1 h at room temperature, the samples were
incubated overnight at 4°C with rabbit anti-rat p75NTR primary
antibody (1:200; Absin, Shanghai, China) and incubated with goat
anti-rabbit IgG-Alexa Fluor 488 secondary antibody (1:500; Abcam)
at 37°C for 1 h, followed by incubation with DAPI for 5 min to stain
the cell nuclei. Subsequently, the cells were observed under a
fluorescence microscope (IX73, Olympus, Japan).

TABLE 1 Primer sequences used in this study.

mRNA name Forward primers (5′–3′) Reverse primers (5′–3′) Product size (bp)

Gapdh GTGGACCTGACCTGCCGTCTAG GTGTCGCTGTTGAAGTCAGAGGAG 143

p75NTR CATCCCTGTCTATTGCTCCATC GAGTTTTTCTCCCTCTGGTGG 151

ALP CTGGTACTCAGACAACGAGATG GTCAATGTCCCTGATGTTATGC 94

RUNX2 AGGCAGTTCCCAAGCATTTCATCC TGGCAGGTAGGTGTGGTAGTGAG 150

COL1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC 140
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2.14 Statistical analysis

Data are expressed as mean ± standard deviation. Statistical
comparisons were performed by one-way ANOVA with IBM SPSS
Statistics for Windows version 17.0 software (IBM Corp., Armonk,
N.Y., United States). One-way ANOVA with Tukey’s post hoc test
was used for multiple comparisons. p < 0.05 was considered
statistically significant.

3 Results

3.1 Preparation of p75NTR antibody-
conjugated microspheres

Minute droplets of the CS and nHA/CS solution were generated
by electrostatic spray method and subsequently solidified into
microspheres through the sodium hydroxide solution.
Microspheres that were too small for cells to attach and expand
were filtered using a 100 μm filter. Under a light microscope, the CS

microspheres appeared transparent, whereas those containing nHA
turned brown (Figures 1A–D). Scanning electron microscopy
revealed that the surface of nHA/CS microspheres (Figures 1G,
H) was rougher than CS microspheres (Figures 1E, F).

The conjugation of the biotin-p75NTR antibody to the
microspheres was verified by a secondary-labeled antibody
Cy3. Both the p75NTR/CS and p75NTR/nHA/CS
microspheres showed red fluorescence under the fluorescent
microscope (Figures 1I, K), whereas no fluorescence was
observed in the CS and nHA/CS groups (Figures 1J, L). These
results implied that the microspheres were successfully and
specifically conjugated with the p75NTR antibody. The
diameters of microspheres ranged approximately from 100 to
540 μm, and the histogram of particle size distribution is shown
in Supplementary Figure S1. The diameters of the CS group,
nHA/CS group, p75NTR/CS group, and p75NTR/nHA/CS group
were 376.60 ± 66.43 μm, 370.03 ± 68.90 μm, 369.43 ± 66.17 μm,
and 370.48 ± 68.30 μm, respectively, indicating that there was no
significant difference in the diameter size of the microspheres
among these groups (p > 0.05).

FIGURE 1
Preparation of microspheres conjugated with p75NTR antibody. (A–D) The optical microscopy image of the CS and nHA/CS microspheres. (E–H)
SEM images of CS and nHA/CSmicrospheres. (I–L) Fluorescence images of p75NTR/CS, CS, p75NTR/nHA/CS and nHA/CSmicrospheres after incubation
with a secondary-labeled antibody Cy3. Scale bars, 400 μm (A–D), and (I–L), 200 μm (E,G), and 50 μm (F,H).
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3.2 Expression of p75NTR in hPDLCs

Isolated and cultured hPDLCs exhibited an elongated spindle
morphology (Figures 2A, B). Both immunofluorescence and flow
cytometry methods were employed to detect the expression of
p75NTR in hPDLCs. Following staining with p75NTR
fluorescent antibodies, red fluorescence was visible in the cells
(Figures 2E, F). Flow cytometry results further demonstrated that
the expression rate was 6.34% ± 1.98% (Figure 2C).

3.3 In vitro cell capture experiment

Fluorescent dye DiI was used to pre-stain cells for improved
observation, which were then co-incubated with microspheres for
6 h. The results showed that p75NTR/nHA/CS and p75NTR/CS
groups captured numerous cells, whereas the nHA/CS and CS
groups had a considerably lower amount (Figures 3A–D).
Furthermore, Figure 3E displayed that p75NTR/nHA/CS and
p75NTR/CS captured more cells than the nHA/CS and CS groups,
as indicated by the MTS assay. There was no significant difference
found between the p75NTR/nHA/CS group and the p75NTR/CS group
(p > 0.05). Although the OD value in the nHA/CS group was higher
than in the CS group, the difference was not statistically significant (p >

0.05). These results provide preliminary evidence that the p75NTR
antibody can aid microspheres in capturing hPDLCs, and the presence
of nHA does not noticeably affect the cell capture outcome.

3.4 Expression of p75NTR in cells
post-capture

Cells captured by each group ofmicrospheres were cultured andflow
cytometry was used to measure the expression of p75NTR. Analysis
showed that the expression rate of p75NTR was 12.95% ± 2.97% in the
p75NTR/nHA/CS group, 11.99% ± 3.95% in the p75NTR/CS group,
0.75%±0.70% in the nHA/CS group, and 0.84%± 0.59% in theCS group
(Figure 4). This indicates that the p75NTR expression rate in p75NTR/
nHA/CS and p75NTR/CS groups significantly surpassed those in CS and
nHA/CS groups. Therefore, findings suggest that p75NTR antibody-
conjugated microspheres can effectively recruit p75NTR+hPDLCs.

3.5 Cell proliferation assay

The morphology of the cells on the microspheres was confirmed by
DAPI and FITC-phalloidin staining at day 1, 10, and 21. Figure 5A
shows that the morphology of the cells in the p75NTR/CS microspheres

FIGURE 2
The expression of p75NTR in hPDLCs. (A,B) Primary and third-passage hPDLSCs were observed by optical microscopy Scale bar = 100 μm. (C) Flow
cytometry analysis of hPDLSCs after incubation with Alexa Fluor 647-p75NTR antibody and Alexa Fluor 647-IgG1 isotype control antibody (n = 3). (D–F)
Immunofluorescence assays of hPDLSCs stained with p75NTR (red) and DAPI (blue). Scale bar = 50 μm.
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and the CSmicrospheres were globose. Furthermore, the number of cells
in the p75NTR/CS and CS groups gradually decreased. At day 10, only a
few cells were visible, and at day 21, the cells were barely discernible,
failing to adhere effectively to the surface of the microsphere. However,
in the p75NTR/nHA/CS group, cells adhered to the microspheres and
proliferation in the spindle morphology was observed at day 10 and 21.
Supplementary Figure S2 shows the high-magnification fluorescent
images of cell proliferation. In the nHA/CS group, cell expansion
occurred gradually, but the cell count at all time points was lower
than that in the p75NTR/nHA/CS group. It is likely due to the fact that
the initial number of cells recruited in the nHA/CS group was less than
that in the p75NTR/nHA/CS group (Figure 3E). This difference in initial
cell numbers could have resulted in a slower proliferation rate in the
nHA/CS group compared to the p75NTR/nHA/CS group.

The MTS assay showed similar results (Figure 5B). The OD
values of the p75NTR/nHA/CS and nHA/CS groups gradually
increased with prolonged cultivation. The OD value at day 21 for
the p75NTR/nHA/CS group was almost five times than at day 1. The
cell proliferation speed in nHA/CS group was slower than p75NTR/
nHA/CS group, and at each time point, the OD values of nHA/CS
group were notably lower. However, the OD values of the p75NTR/
CS and CS groups gradually decreased over time, with the p75NTR/
CS group falling to a level comparable to the CS group at day 21.
These results suggested that cells can adhere and proliferate more
effectively on the surface of p75NTR/nHA/CS microspheres.

3.6 Osteogenic potential of microspheres

To assess the potential of microspheres to induce osteogenesis
in vitro, microspheres and hPDLCs were co-cultured in an

osteogenic induction medium. After 7 days, qRT-PCR analysis
showed enhanced mRNA levels of ALP, COL1, and RUNX2 in
both the p75NTR/nHA/CS and nHA/CS groups (Figure 6A).
However, there were no significant differences between the
p75NTR/nHA/CS group and the nHA/CS group (p > 0.05).
Furthermore, there was no statistically significant difference
observed for the p75NTR/CS, CS, and CON groups (p > 0.05).
Quantitative analysis of ALP activity (Figure 6C) displayed that the
CON, CS, p75NTR/CS, nHA/CS and p75NTR/nHA/CS groups were
12.29 ± 1.98, 10.80 ± 0.34, 12.62 ± 1.65, 18.75 ± 0.49 and 18.94 ±
0.99, respectively. It indicated a significant increase in ALP activity
in both the p75NTR/nHA/CS group and nHA/CS group compared
to the other groups. Likewise, ALP staining results (Figure 6B)
showed that the p75NTR/nHA/CS and nHA/CS groups exhibited
more intense staining than the other groups. Moreover, the alkaline
phosphatase activity is stronger around the microspheres in the
p75NTR/nHA/CS group. These results suggested that the p75NTR+

hPDLCs recruited by the microspheres possess higher alkaline
phosphatase activity and nHA can enhance the osteogenic
potential of these microspheres for hPDLCs in vitro.

We conducted further analysis of the effectiveness of
microspheres in promoting in vivo osteogenic differentiation of
cells. After co-culturing microspheres and hPDLCs for 7 days, we
implanted them in nude mice. Three weeks later, we observed the
deposition of the calcified matrix using alizarin red staining
(Figure 6C). Calcified nodules were present in both the p75NTR/
nHA/CS and nHA/CS groups. These nodules were partially
deposited on the surface of the p75NTR/nHA/CS microspheres,
whereas in the nHA/CS group, they were deposited around the
microspheres. In contrast, both p75NTR/CS and CS groups had no
significant calcified nodules. Our findings support the notion that

FIGURE 3
Ability of microspheres in capturing hPDLCs in vitro. Fluorescence image of captured hPDLCs (red) on p75NTR/nHA/CS microspheres (A), p75NTR/
CS microspheres (B), nHA/CS microspheres (C), and CS microspheres (D). Scale bar = 400 μm. (E) MTS assay illustrating the hPDLCs capture ability on
different microspheres (n = 3). ***p < 0.001 and ****p < 0.0001.
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the presence of p75NTR antibody augments the recruitment of
hPDLCs with greater osteogenic activity. In addition, we posit that
the combination of CS microspheres and nHA amplifies osteogenic
differentiation at the cellular level.

3.7 Cell recruitment capacity in vivo

Defects of alveolar bone were surgically created in rats and
subsequently filled with microspheres. The aim was to evaluate the
microspheres’ in vivo efficacy. At 7 days post-operation, we
harvested the microspheres and performed immunofluorescent
staining using p75NTR antibody and DAPI aiming to observe
the recruitment of p75NTR+hPDLCs on microspheres. Green
fluorescence was observed around the p75NTR/nHA/CS
microspheres, indicating a substantial recruitment of p75NTR+

cells (Figure 7). Fewer cells were observed on the surface of the
p75NTR/CS microspheres, which is consistent with in vitro research
and probably due to the smoother surface of the CS microspheres
that discourages cell adhesion and proliferation. Blue fluorescent

spots indicating the presence of cells were observed on the surfaces
of both nHA/CS and CS microspheres. However, the green
fluorescence was not prominent, suggesting that the recruited
cells were not p75NTR+ cells, possibly due to non-specific
adhesion of the microspheres. Preliminary results support the
role of p75NTR antibodies in vivo cell recruitment.

4 Discussion

In recent years, there has been a growing interest in the
application of bone tissue engineering strategies in dentistry.
Several scholars have conducted studies on functional composite
materials to address alveolar bone defects (Wen et al., 2017).
However, in situ tissue engineering–a method that selectively
recruits endogenous cells, which avoids the disadvantages related
to exogenous cell implantation-remains scarcely explored with
regard to the repair of alveolar bone defects. In our study, we
used the biotin-SAV pairing approach to develop nHA/CS
microspheres conjugated with p75NTR antibodies. These

FIGURE 4
Expression of p75NTR in cells post-capture. Flow cytometry analysis of p75NTR expression in hPDLCs captured by different microspheres (n = 3).
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microspheres can attract hPDLCs with potent regenerative
properties and stimulate osteogenesis.

The biotin-SAV interaction is widely acknowledged as one of the
most robust noncovalent bonds in nature, with an estimated
dissociation constant (Kd) of approximately 10−14 M (González
et al., 1997). It is commonly used to bond a variety of
biomolecules chemically to material surfaces. In this study, the
primary amine groups (-NH2) existing on the chitosan (CS)
microsphere surface can react with NHS-biotin in a weakly basic
buffer solution (pH 7-9). This reaction creates stable amide bonds,
allowing the introduction of biotin on the microsphere surface
(Jiang et al., 2004). Subsequently, the biotin-SAV interaction can
conjugate biotin-modified p75NTR antibodies to the microsphere
surface. Antibodies can be coupled on the surfaces of both the CS
and nHA/CS microspheres. Notably, owing to the greater
transparency of the p75NTR/CS microspheres compared with
p75NTR/nHA/CS microspheres, the immunofluorescent staining
of the p75NTR/CS group is significantly more pronounced than that
of the p75NTR/nHA/CS group (Figure 1).

Antibodies, with their capacity to identify and bind specific
target antigens and their extended half-life in vivo (Dai et al., 2021;

Vantourout et al., 2021), emerge as a promising method for selective
recruitment of cells (Rosato et al., 2022). For example, T-cell
engaging bispecific antibodies (BsAb) have been used by Niels
et al. to concurrently bind antigens on tumor cells and the
CD3 subunit on T cells, thereby selectively recruiting T cells to
eliminate tumor cells (van de Donk and Zweegman, 2023).
Periodontal ligament stem cells (PDLSCs) are a type of adult
stem cells and originate from cranial neural crest (CNC) cells.
p75NTR, a specific marker of CNC-derived stem cells, can be
used to screen and purify PDLSCs. In 2015, Alvarez et al.
isolated hPDLSCs from hPDLCs using p75NTR antibodies
(Alvarez et al., 2015). Our study found that only 12.95% ± 2.97%
of the cells captured by p75NTR/nHA/CS microspheres expressed
p75NTR (Figure 4). The low purity of the captured cells expressing
p75NTR could be explained by the microspheres’ non-specific
adhesion and the loss of stemness in cell culture. Yasui et al.
(2016) confirmed that stem cells inevitably undergo changes in
their surface markers and biological properties throughout the
in vitro culture, digestion and passaging processes. In addition,
p75NTR has been found to play a role in osteogenic
differentiation. Akiyama et al. demonstrated that overexpressing

FIGURE 5
Cell proliferation onmicrospheres. (A) Fluorescent images of hPDLCs on p75NTR/nHA/CS, p75NTR/CS, nHA/CS and CSmicrospheres after seeding
for 1 day, 10 days, and 21 days. Scale bar = 400 μm. (B) MTS assay of hPDLC proliferation in different microspheres (n = 4). Scale bar = 400 μm ***p <
0.001 and ****p < 0.0001.
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p75NTR in the human MG63 osteoblastic cell lines increased
osteogenic differentiation (Akiyama et al., 2014). In a previous
study, p75NTR+hPDLCs exhibited a higher potential for
osteogenic differentiation (Li et al., 2020). The results of the
alizarin red staining indicated that, in the nHA/CS group,
calcified nodules were predominantly deposited around the
microspheres, whereas in the p75NTR/nHA/CS group, the
majority of calcified nodules were deposited on the microsphere
surface (Figure 6). This may be linked to the recruitment of
p75NTR+hPDLCs by p75NTR antibodies, which have a greater
potential for osteogenic differentiation.

Nano-hydroxyapatite (nHA), serving as an excellent osteogenic
inducer to improve mineralization, can be combined with other
biomaterial scaffolds to form composite materials (Li et al., 2002).
We found that nHA can enhance the osteogenic ability of
microspheres toward hPDLCs, both in vivo and in vitro
(Figure 6). This phenomenon may be attributed to the chemical
environment resulting from the release of calcium (Ca) and
phosphate (P) ions from nHA, which further induces osteogenic

differentiation of cells (Xavier et al., 2015; Ding et al., 2019).
Furthermore, we observed a gradual decline in cell count over
time in both the p75NTR/CS and CS groups, potentially due to
the smooth surface of CS microspheres, which is not conducive to
cell adhesion. The gradual increase in cell number over time in both
the p75NTR/nHA/CS group and the nHA/CS group (Figure 5)
suggests that the incorporation of nHA has addressed the issue at
hand. This can be attributed to the higher surface area and increased
roughness provided by nHA, promoting better cell adhesion and
cell-matrix interactions (Diamandis and Christopoulos, 1991;
Dorozhkin, 2010; Sadat-Shojai et al., 2013). In addition, nHA
displays enhanced surface wettability (Webster et al., 1999),
leading to increased adsorption of vitronectin, an extracellular
matrix protein that promotes adhesion of stem cells (Webster
et al., 2000; Webster et al., 2001).

In this study, p75NTR/nHA/CS microspheres were designed to
recruit hPDLCs specifically, highlighting their potential for
promoting cellular adhesion, proliferation, and osteogenic
differentiation. Nevertheless, a few limitations exist that require

FIGURE 6
Osteogenic Potential of Microspheres. (A–C) hPDLCs co-cultured with microspheres were treated with osteogenic induction medium. (A) RT-PCR
detection of in vitro expression of bone-specific genes ALP, RUNX2, andCOL1 at day 7 (n = 3; *p < 0.05, **p < 0.01 and ***p < 0.001). (B) ALP staining was
performed at day 7. Scale bar = 400 μm. (C) Quantitative analysis of ALP was measured at day 7 (n = 3; **p < 0.01 and ***p < 0.001). (D) Calcium
depositions around subcutaneous hPDLCs-seeded scaffolds seeded with hPDLCs were observed after alizarin red staining. Scale bar = 400 μm.
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attention. First of all, the purity of p75NTR+ cells recruited by
microspheres remains at relatively low levels, which could be
ameliorated through surface modification strategies that minimize
non-specific adhesion. Furthermore, the quantity of recruited cells is
limited. Possible resolution measures call for the development of
porous microspheres. Currently, one of the most promising
methods to fabricate porous CS and its composite microspheres
is through microfluidics technology (Yuan et al., 2022). Recent
studies have shown that combining microfluidic emulsions with
further freezing and in-situ thawing processes can produce porous,
uniform, injectable, and shape-memory CS microspheres (Yang
et al., 2022). These porous structures would provide extensive
surface areas for cell adhesion, thereby increasing cell capacity
and facilitating nutrient and metabolite transfer.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethics
Committee of the Affiliated Stomatology Hospital of Southwest
Medical University. The studies were conducted in accordance
with the local legislation and institutional requirements. The
participants provided their written informed consent to
participate in this study. The animal study was approved by

Ethics Committee of Animal Experiments of Southwest Medical
University. The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

XZ: Conceptualization, Data curation, Investigation,
Methodology, Software, Writing–original draft, Writing–review
and editing. BX: Formal Analysis, Investigation, Methodology,
Software, Writing–review and editing. XP: Formal Analysis,
Investigation, Visualization, Writing–review and editing. ML:
Investigation, Methodology, Software, Visualization,
Writing–review and editing. DX: Formal Analysis, Investigation,
Methodology, Software, Visualization, Writing–review and editing.
HY: Investigation, Software, Visualization, Writing–review and
editing. YZ: Investigation, Visualization, Writing–review and
editing. DW: Formal Analysis, Software, Writing–review and
editing. MZ: Writing–review and editing, Software, Visualization.
RL: Conceptualization, Funding acquisition, Resources, Supervision,
Validation, Writing–review and editing. XW: Conceptualization,
Funding acquisition, Project administration, Resources,
Supervision, Validation, Visualization, Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was supported by the National Natural Science Foundation of China

FIGURE 7
Cell recruitment in vivo. Immunofluorescence assays of different microspheres stained with p75NTR (green) and DAPI (blue) after implantation at
day 7 in vivo. Scale bar = 400 μm.

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Zou et al. 10.3389/fbioe.2024.1338029

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1338029


(81970906; 82000997) and Chongqing Natural Science Foundation
of China (cstc2020jcyj-msxmX0018).

Acknowledgments

We appreciate the great help from the Public Platform of Cell
and Molecular Biotechnology (Southwest Medical University).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2024.1338029/
full#supplementary-material

References

Akiyama, Y., Mikami, Y., Watanabe, E., Watanabe, N., Toriumi, T., Takahashi, T.,
et al. (2014). The P75 neurotrophin receptor regulates proliferation of the human
MG63 osteoblast cell line. Differentiation 87, 111–118. doi:10.1016/j.diff.2014.01.002

Alvarez, R., Lee, H.-L., Wang, C.-Y., and Hong, C. (2015). Characterization of the
osteogenic potential of mesenchymal stem cells from human periodontal ligament
based on cell surface markers. Int. J. Oral Sci. 7, 213–219. doi:10.1038/ijos.2015.42

Anitua, E., Sánchez, M., and Orive, G. (2010). Potential of endogenous regenerative
technology for in situ regenerative medicine. Adv. Drug Deliv. Rev. 62, 741–752. doi:10.
1016/j.addr.2010.01.001

Anton, E. S., Weskamp, G., Reichardt, L. F., and Matthew, W. D. (1994). Nerve
growth factor and its low-affinity receptor promote Schwann cell migration. Proc. Natl.
Acad. Sci. U.S.A. 91, 2795–2799. doi:10.1073/pnas.91.7.2795

Bano, I., Arshad, M., Yasin, T., Ghauri, M. A., and Younus, M. (2017). Chitosan: a
potential biopolymer for wound management. Int. J. Biol. Macromol. 102, 380–383.
doi:10.1016/j.ijbiomac.2017.04.047

Barone, A., Ricci, M., Tonelli, P., Santini, S., and Covani, U. (2013). Tissue changes of
extraction sockets in humans: a comparison of spontaneous healing vs. ridge
preservation with secondary soft tissue healing. Clin. Oral Implants Res. 24,
1231–1237. doi:10.1111/j.1600-0501.2012.02535.x

Brun, P., Zamuner, A., Battocchio, C., Cassari, L., Todesco, M., Graziani, V., et al.
(2021). Bio-functionalized chitosan for bone tissue engineering. IJMS 22, 5916. doi:10.
3390/ijms22115916

Chen, F.-M., Wu, L.-A., Zhang, M., Zhang, R., and Sun, H.-H. (2011). Homing of
endogenous stem/progenitor cells for in situ tissue regeneration: promises, strategies, and
translational perspectives.Biomaterials 32, 3189–3209. doi:10.1016/j.biomaterials.2010.12.032

Dai, S., Hong, H., Zhou, K., Zhao, K., Xie, Y., Li, C., et al. (2021). Exendin 4-hapten
conjugate capable of binding with endogenous antibodies for peptide half-life extension
and exerting long-acting hypoglycemic activity. J. Med. Chem. 64, 4947–4959. doi:10.
1021/acs.jmedchem.1c00032

Diamandis, E. P., and Christopoulos, T. K. (1991). The biotin-(strept)avidin system:
principles and applications in biotechnology. Clin. Chem. 37, 625–636. doi:10.1093/
clinchem/37.5.625

Ding, X., Li, X., Li, C., Qi, M., Zhang, Z., Sun, X., et al. (2019). Chitosan/dextran
hydrogel constructs containing strontium-doped hydroxyapatite with enhanced
osteogenic potential in rat cranium. ACS Biomater. Sci. Eng. 5, 4574–4586. doi:10.
1021/acsbiomaterials.9b00584

Dorozhkin, S. V. (2010). Nanosized and nanocrystalline calcium orthophosphates.
Acta Biomater. 6, 715–734. doi:10.1016/j.actbio.2009.10.031

Dutta, S. R., Passi, D., Singh, P., and Bhuibhar, A. (2015). Ceramic and non-ceramic
hydroxyapatite as a bone graft material: a brief review. Ir. J. Med. Sci. 184, 101–106.
doi:10.1007/s11845-014-1199-8

Gjerde, C., Mustafa, K., Hellem, S., Rojewski, M., Gjengedal, H., Yassin, M. A., et al.
(2018). Cell therapy induced regeneration of severely atrophied mandibular bone in a
clinical trial. Stem Cell Res. Ther. 9, 213. doi:10.1186/s13287-018-0951-9

González, M., Bagatolli, L. A., Echabe, I., Arrondo, J. L. R., Argaraña, C. E., Cantor, C.
R., et al. (1997). Interaction of biotin with Streptavidin. J. Biol. Chem. 272, 11288–11294.
doi:10.1074/jbc.272.17.11288

Hauser, S., Widera, D., Qunneis, F., Müller, J., Zander, C., Greiner, J., et al. (2012).
Isolation of novel multipotent neural crest-derived stem cells from adult human inferior
turbinate. Stem Cells Dev. 21, 742–756. doi:10.1089/scd.2011.0419

Hench, L. L., Xynos, I. D., and Polak, J. M. (2004). Bioactive glasses for in situ tissue
regeneration. J. Biomaterials Sci. 15, 543–562. doi:10.1163/156856204323005352

Hu, X., Wang, Y., Tan, Y., Wang, J., Liu, H., Wang, Y., et al. (2017). A difunctional
regeneration scaffold for knee repair based on aptamer-directed cell recruitment. Adv.
Mater. 29, 1605235. doi:10.1002/adma.201605235

Janković, B., Pelipenko, J., Škarabot, M., Muševič, I., and Kristl, J. (2013). The design
trend in tissue-engineering scaffolds based on nanomechanical properties of individual
electrospun nanofibers. Int. J. Pharm. 455, 338–347. doi:10.1016/j.ijpharm.2013.06.083

Jiang, K., Schadler, L. S., Siegel, R. W., Zhang, X., Zhang, H., and Terrones, M. (2004).
Protein immobilization on carbon nanotubes via a two-step process of diimide-
activated amidation. J. Mat. Chem. 14, 37. doi:10.1039/b310359e

Jiang, Y., Hu, C., Yu, S., Yan, J., Peng, H., Ouyang, H. W., et al. (2015). Cartilage stem/
progenitor cells are activated in osteoarthritis via interleukin-1β/nerve growth factor
signaling. Arthritis Res. Ther. 17, 327. doi:10.1186/s13075-015-0840-x

Ko, I. K., Lee, S. J., Atala, A., and Yoo, J. J. (2013). In situ tissue regeneration through
host stem cell recruitment. Exp. Mol. Med. 45, e57. doi:10.1038/emm.2013.118

Kuang, L., Ma, X., Ma, Y., Yao, Y., Tariq, M., Yuan, Y., et al. (2019). Self-assembled
injectable nanocomposite hydrogels coordinated by in situ generated CaP nanoparticles for
bone regeneration. ACS Appl. Mat. Interfaces 11, 17234–17246. doi:10.1021/acsami.9b03173

Kucia, M., and Ratajczak, M. Z. (2006). Stem cells as a two edged sword—from
regeneration to tumor formation. J. Physiol. Pharmacol. 57 (7), 5–16.

Kumar, M. N. V. R., Muzzarelli, R. A. A., Muzzarelli, C., Sashiwa, H., and Domb, A. J.
(2004). Chitosan chemistry and pharmaceutical perspectives. Chem. Rev. 104,
6017–6084. doi:10.1021/cr030441b

Lavanya, K., Chandran, S. V., Balagangadharan, K., and Selvamurugan, N. (2020).
Temperature- and pH-responsive chitosan-based injectable hydrogels for bone tissue
engineering. Mater. Sci. Eng. C 111, 110862. doi:10.1016/j.msec.2020.110862

Li, J., Zhao, M., Wang, Y., Shen, M., Wang, S., Tang, M., et al. (2020). p75NTR
optimizes the osteogenic potential of human periodontal ligament stem cells by up-
regulating α1 integrin expression. J. Cell. Mol. Medi 24, 7563–7575. doi:10.1111/jcmm.
15390

Li, S. H., De Wijn, J. R., Layrolle, P., and De Groot, K. (2002). Synthesis of
macroporous hydroxyapatite scaffolds for bone tissue engineering. J. Biomed. Mat.
Res. 61, 109–120. doi:10.1002/jbm.10163

Lin, C.-Y., Kuo, P.-J., Chin, Y.-T.,Weng, I.-T., Lee, H.-W., Huang, H.-M., et al. (2019).
Dental pulp stem cell transplantation with 2,3,5,4′-tetrahydroxystilbene-2-O-β-D-
glucoside accelerates alveolar bone regeneration in rats. J. Endod. 45, 435–441.
doi:10.1016/j.joen.2018.12.019

Mantesso, A., and Sharpe, P. (2009). Dental stem cells for tooth regeneration and
repair. Expert Opin. Biol. Ther. 9, 1143–1154. doi:10.1517/14712590903103795

Omer, A. M., Ziora, Z. M., Tamer, T. M., Khalifa, R. E., Hassan, M. A., Mohy-Eldin,
M. S., et al. (2021). Formulation of quaternized aminated chitosan nanoparticles for
efficient encapsulation and slow release of curcumin. Molecules 26, 449. doi:10.3390/
molecules26020449

Park, K. J., Grosso, C. A., Aubert, I., Kaplan, D. R., and Miller, F. D. (2010). p75NTR-
dependent, myelin-mediated axonal degeneration regulates neural connectivity in the
adult brain. Nat. Neurosci. 13, 559–566. doi:10.1038/nn.2513

Petrovic, I., Rosen, E. B., Matros, E., Huryn, J. M., and Shah, J. P. (2018). Oral
rehabilitation of the cancer patient: a formidable challenge. J. Surg. Oncol. 117,
1729–1735. doi:10.1002/jso.25075

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Zou et al. 10.3389/fbioe.2024.1338029

https://www.frontiersin.org/articles/10.3389/fbioe.2024.1338029/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1338029/full#supplementary-material
https://doi.org/10.1016/j.diff.2014.01.002
https://doi.org/10.1038/ijos.2015.42
https://doi.org/10.1016/j.addr.2010.01.001
https://doi.org/10.1016/j.addr.2010.01.001
https://doi.org/10.1073/pnas.91.7.2795
https://doi.org/10.1016/j.ijbiomac.2017.04.047
https://doi.org/10.1111/j.1600-0501.2012.02535.x
https://doi.org/10.3390/ijms22115916
https://doi.org/10.3390/ijms22115916
https://doi.org/10.1016/j.biomaterials.2010.12.032
https://doi.org/10.1021/acs.jmedchem.1c00032
https://doi.org/10.1021/acs.jmedchem.1c00032
https://doi.org/10.1093/clinchem/37.5.625
https://doi.org/10.1093/clinchem/37.5.625
https://doi.org/10.1021/acsbiomaterials.9b00584
https://doi.org/10.1021/acsbiomaterials.9b00584
https://doi.org/10.1016/j.actbio.2009.10.031
https://doi.org/10.1007/s11845-014-1199-8
https://doi.org/10.1186/s13287-018-0951-9
https://doi.org/10.1074/jbc.272.17.11288
https://doi.org/10.1089/scd.2011.0419
https://doi.org/10.1163/156856204323005352
https://doi.org/10.1002/adma.201605235
https://doi.org/10.1016/j.ijpharm.2013.06.083
https://doi.org/10.1039/b310359e
https://doi.org/10.1186/s13075-015-0840-x
https://doi.org/10.1038/emm.2013.118
https://doi.org/10.1021/acsami.9b03173
https://doi.org/10.1021/cr030441b
https://doi.org/10.1016/j.msec.2020.110862
https://doi.org/10.1111/jcmm.15390
https://doi.org/10.1111/jcmm.15390
https://doi.org/10.1002/jbm.10163
https://doi.org/10.1016/j.joen.2018.12.019
https://doi.org/10.1517/14712590903103795
https://doi.org/10.3390/molecules26020449
https://doi.org/10.3390/molecules26020449
https://doi.org/10.1038/nn.2513
https://doi.org/10.1002/jso.25075
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1338029


Rams, T. E., Listgarten, M. A., and Slots, J. (2018). Radiographic alveolar bone
morphology and progressive periodontitis. J. Periodontology 89, 424–430. doi:10.1002/
JPER.17-0279

Rosato, F., Pasupuleti, R., Tomisch, J., Meléndez, A. V., Kolanovic, D., Makshakova,
O. N., et al. (2022). A bispecific, crosslinking lectibody activates cytotoxic T cells and
induces cancer cell death. J. Transl. Med. 20, 578. doi:10.1186/s12967-022-03794-w

Sadat-Shojai, M., Khorasani, M.-T., Dinpanah-Khoshdargi, E., and Jamshidi, A.
(2013). Synthesis methods for nanosized hydroxyapatite with diverse structures.
Acta Biomater. 9, 7591–7621. doi:10.1016/j.actbio.2013.04.012

Salgado, C. L., Grenho, L., Fernandes, M. H., Colaço, B. J., and Monteiro, F. J. (2016).
Biodegradation, biocompatibility, and osteoconduction evaluation of collagen-
nanohydroxyapatite cryogels for bone tissue regeneration. J. Biomed. Mater. Res.
104, 57–70. doi:10.1002/jbm.a.35540

Šupová, M. (2009). Problem of hydroxyapatite dispersion in polymer matrices: a
review. J. Mater Sci. Mater Med. 20, 1201–1213. doi:10.1007/s10856-009-3696-2

Tomokiyo, A., Maeda, H., Fujii, S., Monnouchi, S., Wada, N., Kono, K., et al. (2012). A
multipotent clonal human periodontal ligament cell line with neural crest cell
phenotypes promotes neurocytic differentiation, migration, and survival. J. Cell.
Physiology 227, 2040–2050. doi:10.1002/jcp.22933

Tsumanuma, Y., Iwata, T., Washio, K., Yoshida, T., Yamada, A., Takagi, R., et al.
(2011). Comparison of different tissue-derived stem cell sheets for periodontal
regeneration in a canine 1-wall defect model. Biomaterials 32, 5819–5825. doi:10.
1016/j.biomaterials.2011.04.071

Uehara, T., Mise-Omata, S., Matsui, M., Tabata, Y., Murali, R., Miyashin, M., et al.
(2016). Delivery of RANKL-binding peptide OP3-4 promotes BMP-2–induced
maxillary bone regeneration. J. Dent. Res. 95, 665–672. doi:10.1177/0022034516633170

Ullah, M., Liu, D. D., and Thakor, A. S. (2019). Mesenchymal stromal cell homing:
mechanisms and strategies for improvement. iScience 15, 421–438. doi:10.1016/j.isci.
2019.05.004

Van De Donk, N. W. C. J., and Zweegman, S. (2023). T-cell-engaging bispecific
antibodies in cancer. Lancet 402, 142–158. doi:10.1016/S0140-6736(23)00521-4

Vantourout, J. C., Mason, A. M., Yuen, J., Simpson, G. L., Evindar, G., Kuai, L., et al.
(2021). In vivo half-life extension of BMP1/TLL metalloproteinase inhibitors using
small-molecule human serum albumin binders. Bioconjugate Chem. 32, 279–289.
doi:10.1021/acs.bioconjchem.0c00662

Wang, F., Zhou, Y., Zhou, J., Xu, M., Zheng, W., Huang,W., et al. (2018). Comparison
of intraoral bone regeneration with iliac and alveolar BMSCs. J. Dent. Res. 97,
1229–1235. doi:10.1177/0022034518772283

Webster, T. J., Ergun, C., Doremus, R. H., Siegel, R. W., and Bizios, R. (2000).
Specific proteins mediate enhanced osteoblast adhesion on nanophase ceramics.
J. Biomed. Mat. Res. 51, 475–483. doi:10.1002/1097-4636(20000905)51:3<475::AID-
JBM23>3.0.CO;2-9

Webster, T. J., Schadler, L. S., Siegel, R. W., and Bizios, R. (2001). Mechanisms of
enhanced osteoblast adhesion on nanophase alumina involve vitronectin. Tissue Eng. 7,
291–301. doi:10.1089/10763270152044152

Webster, T. J., Siegel, R. W., and Bizios, R. (1999). Osteoblast adhesion on nanophase
ceramics. Biomaterials 20, 1221–1227. doi:10.1016/S0142-9612(99)00020-4

Wen, Y., Yang, H., Liu, Y., Liu, Q., Wang, A., Ding, Y., et al. (2017). Evaluation of
BMMSCs-EPCs sheets for repairing alveolar bone defects in ovariectomized rats. Sci.
Rep. 7, 16568. doi:10.1038/s41598-017-16404-3

Xavier, J. R., Thakur, T., Desai, P., Jaiswal, M. K., Sears, N., Cosgriff-Hernandez, E.,
et al. (2015). Bioactive nanoengineered hydrogels for bone tissue engineering: a growth-
factor-free approach. ACS Nano 9, 3109–3118. doi:10.1021/nn507488s

Xu, X., Gu, Z., Chen, X., Shi, C., Liu, C., Liu, M., et al. (2019). An injectable and
thermosensitive hydrogel: promoting periodontal regeneration by controlled-release of
aspirin and erythropoietin. Acta Biomater. 86, 235–246. doi:10.1016/j.actbio.2019.
01.001

Yang, L., Cong, Y., Zhang, J., Gu, Z., Shen, L., Gao, H., et al. (2022). Efficient
fabrication of uniform, injectable, and shape-memory chitosan microsponges as cell
carriers for tissue engineering. ACS Appl. Polym. Mat. 4, 1743–1751. doi:10.1021/
acsapm.1c01587

Yasui, T., Mabuchi, Y., Toriumi, H., Ebine, T., Niibe, K., Houlihan, D. D., et al. (2016).
Purified human dental pulp stem cells promote osteogenic regeneration. J. Dent. Res. 95,
206–214. doi:10.1177/0022034515610748

Yu, H., Zhang, X., Song, W., Pan, T., Wang, H., Ning, T., et al. (2019). Effects of 3-
dimensional bioprinting alginate/gelatin hydrogel scaffold extract on proliferation and
differentiation of human dental pulp stem cells. J. Endod. 45, 706–715. doi:10.1016/j.
joen.2019.03.004

Yuan, Z., Lyu, Z., Zhang, W., Zhang, J., and Wang, Y. (2022). Porous bioactive
prosthesis with chitosan/mesoporous silica nanoparticles microspheres sequentially and
sustainedly releasing platelet-derived growth factor-BB and kartogenin: a new treatment
strategy for osteoarticular lesions. Front. Bioeng. Biotechnol. 10, 839120. doi:10.3389/
fbioe.2022.839120

Zhang, X., Han, P., Jaiprakash, A., Wu, C., and Xiao, Y. (2014). A stimulatory effect of
Ca 3 ZrSi 2 O 9 bioceramics on cementogenic/osteogenic differentiation of periodontal
ligament cells. J. Mat. Chem. B 2, 1415–1423. doi:10.1039/C3TB21663B

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Zou et al. 10.3389/fbioe.2024.1338029

https://doi.org/10.1002/JPER.17-0279
https://doi.org/10.1002/JPER.17-0279
https://doi.org/10.1186/s12967-022-03794-w
https://doi.org/10.1016/j.actbio.2013.04.012
https://doi.org/10.1002/jbm.a.35540
https://doi.org/10.1007/s10856-009-3696-2
https://doi.org/10.1002/jcp.22933
https://doi.org/10.1016/j.biomaterials.2011.04.071
https://doi.org/10.1016/j.biomaterials.2011.04.071
https://doi.org/10.1177/0022034516633170
https://doi.org/10.1016/j.isci.2019.05.004
https://doi.org/10.1016/j.isci.2019.05.004
https://doi.org/10.1016/S0140-6736(23)00521-4
https://doi.org/10.1021/acs.bioconjchem.0c00662
https://doi.org/10.1177/0022034518772283
https://doi.org/10.1002/1097-4636(20000905)51:3<475::AID-JBM23>3.0.CO;2-9
https://doi.org/10.1002/1097-4636(20000905)51:3<475::AID-JBM23>3.0.CO;2-9
https://doi.org/10.1089/10763270152044152
https://doi.org/10.1016/S0142-9612(99)00020-4
https://doi.org/10.1038/s41598-017-16404-3
https://doi.org/10.1021/nn507488s
https://doi.org/10.1016/j.actbio.2019.01.001
https://doi.org/10.1016/j.actbio.2019.01.001
https://doi.org/10.1021/acsapm.1c01587
https://doi.org/10.1021/acsapm.1c01587
https://doi.org/10.1177/0022034515610748
https://doi.org/10.1016/j.joen.2019.03.004
https://doi.org/10.1016/j.joen.2019.03.004
https://doi.org/10.3389/fbioe.2022.839120
https://doi.org/10.3389/fbioe.2022.839120
https://doi.org/10.1039/C3TB21663B
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1338029

	p75NTR antibody-conjugated microspheres: an approach to guided tissue regeneration by selective recruitment of endogenous p ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Preparation of p75NTR antibody-conjugated nHA/CS microspheres
	2.2.1 Preparation of nano-hydroxyapatite (nHA)/chitosan (CS) microspheres
	2.2.2 Modification of nHA/CS microsphere surface with p75NTR antibody
	2.2.3 Scanning electron microscopy

	2.3 Cell isolation and culture
	2.4 Flow cytometry analysis
	2.5 Immunofluorescence assay
	2.6 Cell capture experiment
	2.7 Flow cytometric analysis of captured cells
	2.8 Cytoskeleton and nuclear staining experiment
	2.9 MTS assay
	2.10 Alkaline phosphatase (ALP) analysis
	2.11 Quantitative reverse transcription (qRT)-PCR experiment
	2.12 Calcification deposition in nude mice experiment
	2.13 In situ recruitment of p75NTR+ cells
	2.14 Statistical analysis

	3 Results
	3.1 Preparation of p75NTR antibody-conjugated microspheres
	3.2 Expression of p75NTR in hPDLCs
	3.3 In vitro cell capture experiment
	3.4 Expression of p75NTR in cells post-capture
	3.5 Cell proliferation assay
	3.6 Osteogenic potential of microspheres
	3.7 Cell recruitment capacity in vivo

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


