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Abstract 

In the strategy of in situ bone regeneration, it used to be difficult to specifically recruit bone marrow 

mesenchymal stem cells (BM-MSCs) by a single marker. Recently, CD271 has been considered to be 

one of the most specific markers to isolate BM-MSCs; however, the effectiveness of CD271 antibodies 

in recruiting BM-MSCs has not been explored yet. In this study, we developed novel CD271 antibody-

functionalized chitosan (CS) microspheres with the aid of polydopamine (PDA) coating to recruit 

endogenous BM-MSCs for in situ bone regeneration. The CS microspheres were sequentially modified 

with PDA and CD271 antibody through dopamine self-polymerization and bioconjugation, respectively. 

In vitro studies showed that the CD271 antibody-functionalized microspheres selectively captured 

significantly more BM-MSCs from a fluorescently labeled heterotypic cell population than non-

functionalized controls. In addition, the PDA coating was critical for supporting stable adhesion and 

proliferation of the captured BM-MSCs. Effective early recruitment of CD271+ stem cells by the 

functionalized microspheres at bone defect site of SD rat was observed by the CD271/DAPI 

immunofluorescence staining, which led to significantly enhanced new bone formation in rat femoral 

condyle defect over long term. Together, findings from this study have demonstrated, for the first time, 

that the CD271 antibody-functionalized CS microspheres are promising for in situ bone regeneration. 

KEYWORDS: Chitosan microspheres, In situ regeneration, Polydopamine, Antibody immobilization, 

Cell recruitment 
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1. Introduction 

In situ bone regeneration, utilizing body’s endogenous biological resources and reparative capacity, 

has been recently developed [11-18]. Instead of seeding cells in vitro which may result in loss of 

boneforming ability on serial passaging in culture [19], biomaterial scaffolds are functionalized with 

target-specific molecules in order to recruit progenitor stem cells in vivo, which will further proliferate 

and differentiate to regenerate tissues. The new in situ bone regeneration approach avoids the 

complications associated with ex vivo cell manipulation and transplantation [16, 20]. Specific recruitment 

of target progenitor stem cells with adequate quantity at defect sites, therefore, holds the critical key to 

in situ bone regeneration. With outstanding pluripotency, bone marrow mesenchymal stem cells (BM-

MSCs), residing in bone marrow, are one of the most efficient seed cells in bone tissue engineering. 

Unfortunately, the complex cell components and micro-environment within the bone marrow make it 

challenging to specifically target and recruit BM-MSCs [4, 21]. It has been well studied that BM-MSCs 

express CD73, CD90, and CD105 [22]. However these markers were also expressed by other types of 

cells in the bone marrow. Stromal cell-derived factor-1 was reported as an important factor for recruiting 

BM-MSCs, yet the selectivity was relatively low, resulting in the non-specific recruitment of hemopoietic 

stem cells which lacked osteogenesis capacity [23]. Other chemoattractant, like bone morphogenetic 

proteins, was also applied for the recruitment of BM-MSCs, but negative impacts on bone regeneration 

were reported [24, 25].  

In 2002 Quiric et al. have confirmed that CD271 (also called Nerve Growth Factor Receptor (NGFR), 

Low-affinity Nerve Growth Factor Receptor (LNGFR) or p75 neurotrophin receptor (p75NTR)) antigen 

is specifically expressed in a group of human BM cells with multi-directional differentiation potential, 
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and this expression could keep existence during further culture without growth factor stimulation in vitro 

[26]. Subsequently, studies found that CD271+ cells sorted by CD271 antibody exhibited high CFU-F 

activity and osteogenic differentiation potential [27, 28]. Meanwhile, CD271+ cells displayed high 

positivity for CD73, CD90, and CD105, while lacking expression of human leukocyte DR and other 

antigens in the first three passages [27]. These findings indicate that CD271+ cells possess the 

characteristics of mesenchymal stem cells, which are similar to human BMSCs obtained by traditional 

adherent method. It is worth noting that sorting based on CD271 antibody hold the least potential of 

contaminating hematopoietic-lineage cells, which makes CD271 one of the most specific markers to 

purify hBM-MSCs [30]. Moreover, CD271 antigen also plays an important role in cell migration [31, 

32]. Therefore, we hypothesized that CD271 antibody could be an effective factor for specifically 

recruiting BM-MSCs in vivo for in situ bone regeneration. Scaffold is an important component of bone 

repair material system, which bearing the adhesion, proliferation, and differentiation of stem cells. 

Compared with macroscopical scaffolds, microspheres are small enough for injection therapy via 

minimally invasive surgical methods [35]. Cell loaded system based on microspheres can provide 

sufficient surface for cell attachment, and offer direct exchange of materials with surrounding, making it 

possible for cells to proliferate on the microspheres [36]. Moreover, these particles possess unique 

properties for drug/growth factor release and surface modification, making them easily to be mixed for 

more complex system as building blocks [9]. On the other hand, being suitable for cell attachment and 

polarization is also essential to scaffolds in bone regeneration. In some cases surface modification is 

necessary to improve these characteristics. Messersmith and his co-workers found that dopamine (DA) 

can be used to readily modify the surface of materials [40]. In the weak alkaline buffer solution, the DA 
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can form polydopamine (PDA) by base-triggered oxidation and further deposit on various surface via 

self-polymerization [41]. The PDA coating can provide the high hydrophilicity and bioactive functional 

groups to facilitate the cell attachment and expansion on the surface of materials [42]. 

In this study, we designed and fabricated a novel PDA coated chitosan (CS) micrsopheres 

functionalized with the CD271 antibody for in situ bone regeneration. The functional microspheres held 

high efficiency in the targeted recruitment of BM-MSCs and was suitable for cell attachment and 

proliferation, which finally facilitated new bone formation in vivo. This work provides valuable 

information into the design of scaffolds with specific cell targeting and recruitment capacity for in situ 

bone regeneration and the reported biomaterial strategy can be readily applied to engineer and regenerate 

many other types of tissues. 

 

2. Materials and Methods 

2.1 Study design 

We fabricated submicron CS microspheres and modified them with PDA. Then, the biotin modified 

CD271 antibody was grafted onto the surface of microspheres by biotin-SAV pair. The expression of 

CD271 antigen in various kinds of cells we used was detected by flow cytometry. Subsequently, hBM-

MSCs were pre stained and co-cultured with microspheres to detect the ability of microspheres to capture 

hBM-MSCs. The proliferation of the captured cells on the surface of microspheres was investigated by 

phalloidin/DAPI staining. Then, the ability of functional microspheres to capture hBM-MSCs from 

heterotypic cell suspension was further tested. hBM-MSCs and hPBMCs were pre-stained into green and 
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red respectively and then mixed. After co-culture with the functional microspheres, the capture was 

judged by observing the fluorescence color of the cells on the surface of the microspheres. Finally, the 

lateral femoral condyle defect model of SD rat was prepared with microsphere implantation. The early 

recruitment of cells in vivo was observed by taking out the microspheres along with CD271/DAPI 

immunofluorescent staining, and bone regeneration of long term were tested by micro-CT and tissue 

section staining. 

2.2 Fabrication of CD271-functionalized chitosan microspheres 

2.2.1 Fabrication of chitosan (CS) microspheres 

Chitosan microspheres were prepared by using high-voltage electrostatic method. Acetic acid 

(Aladdin, Shanghai, China) was firstly mixed with deionized water to prepare 2% v/v acetic acid solution. 

Chitosan powder (Aladdin, Shanghai, China) was then dissolved in the acetic acid solution at a 

concentration of 2% w/v. Afterwards, the chitosan solution was injected into 1.0 M sodium hydroxide 

solution using a jetting equipment consisting of a high pressure electrostatic generator, a micro-injecting 

pump (LSP02-1B, Baoding Longer Precision Pump Co., Ltd., China), a 20 ml syringe and a nozzle. The 

collected chitosan microspheres were repeatedly washed by deionized water, and then were filtered by a 

100 μm strainer to sift out smaller microspheres. After being sterilized with 75% ethanol, the prepared 

microspheres were washed with phosphate buffered saline (PBS) (Hyclone, Logan, USA) solution and 

stored in the PBS solution at 4 °C for further use.  

2.2.2 Polydopamine (PDA) coating on chitosan microspheres (PDA/CS) 

Dopamine hydrochloride (Alfa Aesar, Heysham, UK) was dissolved in 10 mM Tris-HCl solution 

(pH 8.5) at a concentration of 2 mg/mL. Then the chitosan microspheres were immersed in the dopamine 
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hydrochloride solution for the deposition of PDA coating. After reacting at room temperature for 12 hours, 

the microspheres were collected and rinsed with PBS solution for three times. The final products were 

stored in PBS solution at 4 °C for further use. 

2.2.3 Functionalization with CD271 antibody (CD271/PDA/CS) 

(+)-Biotin N-hydroxysuccinimide ester (biotin-NHS) (Abcam, Cambridge, USA) was added to 

PBS-DMSO (SIGMA-ALDRICH, St. Louis, USA) mixture solution (3:1) at a concentration of 1 mg/mL 

to prepare the biotin-NHS solution. Both chitosan microspheres and PDA coated chitosan microspheres 

were immersed in the biotin-NHS solution under stirring at room temperature for 3 hours and then 

collected and washed by PBS solution for three times. DyLight® 488 streptavidin (SAV) (Biolegend, 

San Diego, USA) was used to confirm the successful reaction with biotin-NHS. Reacted microspheres 

were immersed in DyLight® 488 SAV solution (5 μg/mL) for 15 minutes and were washed with PBS to 

remove unreacted SAV. Blank CS and PDA/CS microspheres were reacted with DyLight® 488 SAV in 

the same way as control. The microspheres were then observed using a fluorescence microscope (Zeiss 

Axiovert 200, Carl Zeiss Inc., New York, USA).  

The prepared biotin/CS microspheres and biotin/PDA/CS microspheres were immersed in SAV 

(dissolved in PBS, 50 μg/mL) (SIGMA-ALDRICH, St. Louis, USA) solution for 15 minutes at room 

temperature respectively to introduce SAV to the surface of microspheres. PBS was used to wash off the 

unreacted SAV. Then the microspheres were further incubated with biotinylated CD271 antibody (4.17 

μg/mL) (BD Biosciences, New Jersey, USA) under stirring for 15 minutes at room temperature. The final 

products were rinsed by PBS for three times. A secondary labeled antibody Cy3 (Invitrogen, Waltham, 

USA) was used to evaluate the results of antibody conjunction. SAV/CS microspheres and SAV/PDA/CS 
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microspheres were treated by the secondary labeled antibody Cy3 in the same way as control. The 

microspheres were then observed using a fluorescence microscope. After confirming the conjugation of 

CD271 antibody, we adjusted the amount of PBS solution to achieve the concentration of about 100 

microspheres per 100 μL PBS under the condition of uniform suspension for storage at 4 °C. 

2.2.4 Scanning electron microscopy 

The CS microspheres and PDA/CS microspheres were imaged using a scanning electron microscope 

(SEM, S-4800; Hitachi, Kotyo, Japan). After being immobilized on the SEM sample stubs, the samples 

were sputter coated with gold in a gold sputter coating equipment (SC7620, Quorum Technologies, UK) 

for 60 s. Then imaging was carried out under an accelerating voltage of 10 kV.  

2.3. In vitro experiments 

2.3.1 Cell culture 

Human bone marrow mesenchymal stem cells (Cyagen, Guangzhou, China) were cultured in 

OriCell™ human mesenchymal stem cell growth medium (88% human mesenchymal stem cell basal 

medium, 10% human mesenchymal stem cell-qualified feta bovine serum, 1% penicillin-streptomycin, 

1% glutamine) (Cyagen, Guangzhou, China). Similarly, SD rat bone marrow mesenchymal stem cells 

(Cyagen, Guangzhou, China) were cultured in OriCell™ mouse mesenchymal stem cell growth medium 

(88% mouse mesenchymal stem cell basal medium, 10% mouse mesenchymal stem cell-qualified feta 

bovine serum, 1% penicillin-streptomycin, 1% glutamine) (Cyagen, Guangzhou, China). Culturing 

media was changed every two or three days. Cells were trypsinized to passage when reaching 80% 

confluence, and the cells in passage 2-7 were used (only passage 2-3 were used in the formal experiment). 

Human peripheral blood mononuclear cells (hPBMCs) were kindly gifted from Dr. Qin Shi’s lab and 
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were cultured in RPMI-1640 media (Hyclone, Logan, USA). Cells in passage 1 were used. All these cells 

were cultured in a 37 °C incubator with 5% CO2. 

2.3.2 Immunocytochemistry 

hBM-MSCs were fixed by 4% paraformaldehyde (Biosharp, Shanghai, China) for 20 minutes and 

then blocked by 2% bovine serum albumin (BSA) (Biosharp, Shanghai, China) for 2 hours at 4 °C. After 

incubation with 2 μg/mL FITC-labeled CD271 antibody (Biolegend, San Diego, USA) in 4 °C overnight, 

the cells were further treated with 0.1 μg/mL DAPI (Roche, Basel, Switzerland) solution for 20 minutes 

at room temperature to stain the nuclei. Then the cells were observed using the fluorescent microscope. 

hBM-MSCs were also stained by PE-CD34 (eBioscience, San Diego, USA) antibody in the same way as 

control. 

2.3.3 Flow cytometry 

Cells (1106 / sample) were fixed with 4% paraformaldehyde for 20 minutes and then treated by 

2% BSA for 2 hours to block non-specific protein-protein interactions. Then the cells were incubated 

with 1/10 dilution FITC-labeled CD271 antibody (Biolegend, San Diego, USA) at room temperature for 

30 minutes. FITC-labeled mouse IgG1 (Abcam, Cambridge, USA ) antibody was used as isotype control. 

The labeled cells were detected by the fluorescence-activated cell sorter (FACSAria III, BD Biosciences , 

New Jersey, USA). 

2.3.4 Cell capture experiment 

hBM-MSCs were trypsinized and resuspended by medium at the concentration of 106 cells/mL. 

Then the cells were incubated with 1, 1’-Dioctadecyl-3, 3, 3’, 3’-tetramethylindocarbocyanine 

perchlorate (Dig, 5 μL/mL, KeyGEN BioTECH, Nanjin, China) in incubator for 20 minutes. After 
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washing, the pre-stained hBM-MSCs were then incubated with different microspheres at a density of 

about 50 cells per particle in non-adherent 6-well plate for 6 hours in the 37 °C incubator with 5% CO2. 

Specifically, the aformentioned microsphere storage solution was first blow sufficiently to make the 

microsphere suspension evenly, and then suck out 1000 μL solution into cell culture plate. Then, the 

microspheres were counted under the optical microscope and adjusted to 1000 microspheres per well. 

After the PBS solution was sucked out, 5105 hBM-BMSCs were added into the cell culture plate to 

reach the density of 50 cells per particle. Four kinds of microspheres were studied, including 

CD271/PDA/CS, CD271/CS, PDA/CS, and CS microspheres. After incubation, a 40 μm strainer 

(Corning, New York, USA) was used to filter out the uncaptured cells. The capturing result was evaluated 

using fluorescent microscope. The CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS, 

Promega, Madison, USA) was also used to quantitatively analyze the results of cell capture experiment 

according to the manufacturer’s instructions.. 

2.3.5 Cell expansion experiment 

The captured cells were further cultured in 6-well plate for 21 days to study the cell expansion on 

different microspheres. At day 1, 10 and 21, microspheres with cells were fixed with 4% 

paraformaldehyde for 20 minutes and then blocked by 2% BSA for 2 hours at room temperature. The 

samples were stained by 5 μg/mL FITC-phalloidin (Cytoskeleton, Denver, USA) and DAPI sequentially 

for 20 minutes, and were then observed by the fluorescent microscope. MTS assay was performed at day 

1, 7, 14, 21 to quantitatively analyze the expansion of cells in different groups.   

2.3.6 MTS assay 

One hundred microspheres of each group were placed in 100 μL human mesenchymal stem cell 
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growth medium on 96-well plates. Blank well with culture medium only was used as blank control. Then, 

20 μL MTS reagent (Promega, Madison, USA) was added to each well and the plate was cultured in the 

37 °C incubator with 5% CO2 for 3 hours. Afterwards 100 μL cultured medium was taken from each well 

and moved to a new 96-well plate. The absorbance at 490 nm was read by a microplate reader (Bio Tek, 

Winooski, Vermont, USA). The results were obtained by subtracting the absorbance of each sample well 

with the mean value of blank wells.   

2.3.7 Cell isolation experiment 

For easy observation, hBM-MSCs and hPBMCs were pre-stained with 3, 3’-

Dioctadecyloxacarbocyanine perchlorate (DiO) (KeyGEN BioTECH, Nanjin, China) and DiI 

respectively. Then the stained hBM-MSCs and hPBMCs were mixed at a ratio of 1:1 to form heterotypic 

cell suspension. CD271/PDA/CS microspheres, CD271/CS microspheres, PDA/CS microspheres, and 

CS microspheres were incubated with same amount of heterotypic cell suspension in non-adherent 6-

well plate at 37 °C with 5% CO2. After 3 hours of incubation, the suspension of cells and microspheres 

were filtered with a 40 μm strainer and then observed using the fluorescence microscope. The 

microspheres in each group were further trypsinized to collect cells. The collected cells were mote into 

48-well plates. The number of hBM-MSCs and hPBMCs in each unite area were counted under the 

fluorescence microscope. Nine areas were counted per well. The total amount of captured hBM-MSCs 

and hPBMCs in each group were estimated by the mean number of cells in nine areas, the area of 

observation unit, and the total area of each well.  

2.4. In vivo experiments 

2.4.1 In situ recruitment of CD271+ stem cells 
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All procedures were approved by the Institutional Animal Care and Use Committee of Soochow 

University with applying Chinese national guidelines for the care and use of laboratory animals. Male 

Sprague-Dawley (SD) rats with weight of 250 g (purchased from the Experimental Animal Center of 

Soochow University, Suzhou, China) were anesthetized with isoflurane inhalation (600 mL/min). A 

defect with the width of 2.5 mm and depth of 3 mm was then created on the femoral lateral condyle. The 

defects were then full filled with CD271/PDA/CS microspheres, CD271/CS microspheres, PDA/CS 

microspheres, or CS microspheres. The rats were sacrificed at day 3 and day 7. The femoral bone tissues 

were collected and fixed in 4% paraformaldehyde solution and microspheres were taken out from the 

defect. After being blocked by 2% bovine serum albumin (BSA) for 1 h at room temperature, samples 

were incubated with 2 μg/mL FITC-labeled CD271 antibody in 4 °C overnight along with being further 

treated anti-fluorescence quenching sealing solution (including DAPI) (Beyotime, Shanghai, China) for 

5 minutes at room temperature to stain the nuclei. Then the cells were observed using the laser scanning 

confocal microscopy (FV3000, Olympus, Tokyo, Japan).  

2.4.2 Bone defect regeneration 

Male Sprague-Dawley (SD) rats with weight of 250 g (purchased from the Experimental Animal 

Center of Soochow University, Suzhou, China) were used. Before surgery, anesthesia was carried out by 

intraperitoneal injection of 2% pentobarbital sodium (Shanghai Pharma New Asia Phamaceutical Co., 

Ltd, Shanghai, China,). A defect with the diameter of 2.5 mm and depth of 3 mm was then created in the 

femoral condyle. After the sucking up the PBS used to soak the microspheres, a sterile spoon was applied 

to move the microspheres into the femoral condyle defect, and at the same time fully compacted until the 

entire defect cavity was completely filled with microspheres (58.93 mm3 microspheres per defect area). 
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Then the defect site was covered with muscles and closed with soft tissues layer by layer. Then the same 

surgery was repeated in the other leg of the rat. The kind of microsphere (CD271/PDA/CS microspheres, 

CD271/CS microspheres, PDA/CS microspheres, CS microspheres, blank control, or sham) filled to each 

defect was decided by a randomized manner. Each kind of microspheres were filled to a total of 8 rats, 

with 4 rats per time point (6 weeks and 12 weeks) (Table S1). Penicillin was intramuscularly injected to 

all rats to prevent infection. No rat was loss during the study. All surgical procedures were approved by 

the Institutional Animal Care and Use Committee of Soochow University with applying Chinese national 

guidelines for the care and use of laboratory animals. 

2.4.3 Micro-computed tomography evaluation 

At 6 and 12 weeks after implantation, the animals were sacrificed by overdose anesthesia. The 

femurs were harvested. The samples were scanned with Micro-computed tomography (micro-CT) 

(SkyScan 1176, SkyScan, Aartselaar, Belgium), and the matching software was used to carry out three 

dimensional (3D) reconstruction of tissue and the calculation of bone volume fraction (bone volume/ 

tissue volume, i.e, BV/TV). Trabecular bone related analyses, such as trabecular thickness (Tb. Th), 

trabecular number, and trabecular pattern factor (Tb. Pf), were also performed. 

2.4.4 Histological assessment 

The harvested samples were fixed with 4% paraformaldehyde for 2 days, and decalcified by 0.5M 

ethylenediaminetetraacetic acid (EDTA) at room temperature for 2 weeks. After being embedded in 

paraffin blocks, the samples were sectioned with thickness of 5 μm and stained with hematoxylin and 

eosin (H&E) for light microscopic analysis. Bright field microscope (Zeiss Axiovert 200, Carl Zeiss Inc., 

New York, USA) was used to capture the images.  
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2.5 Statistical analysis 

All in vitro experiments were performed in at least triplicate. Data were expressed in the form of 

means ± SD. Statistical comparisons were performed by one-way ANOVA, two-way ANOVA, or 

Student’s t-tests with SPSS 16.0 software (SPSS, USA). For data that did not conform to the normal 

distribution, the corresponding figure was replotted with dot plots, and the nonparametric detection was 

used. A difference with p < 0.05 was considered statistically significant. 

 

3. Results and Disscussion 

3.1 Fabrication of CD271 antibody conjugated microspheres 

Droplets of chitosan solution was generated by the high-voltage electrostatic field and then harden 

by the sodium hydroxide solution (Fig. S1). A filter was used to sift out the microspheres that were too 

small for cell to attach and expand. The diameter of the filtered microspheres ranged from about 100 μm 

to 500 μm (Fig. 1A and 1B). The histogram of the distribution of microparticles were showed in Fig. S2, 

which revealed that a total of 77.68% microspheres ranged from 340 to 440 μm. The diameter of 

submicron provided high surface area for cell attachment. Polydopamine (PDA) coating was then 

deposited onto CS microspheres by polymerizing dopamine in 10 mM Tris-HCl buffer (pH = 8.5) 

(PDA/CS), and the color of the transparent microspheres turned black (Fig. 1C and 1D) [40, 42]. The 

SEM images showed that the surface of PDA/CS microsphere (Fig. 1G and 1H) was much rougher than 

that of CS microsphere (Fig. 1E and 1F). 
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Fig. 1. Preparation of the functional microspheres. The gross appearance (A), optical microscopy image 

(B) of chitosan microspheres and the gross appearance (C), optical microscopy image (D) of PDA coated 

chitosan microspheres. SEM images of chitosan microspheres (E) and (F) and PDA coated chitosan 

microspheres (G) and (H). Fluorescence images of NHS-biotin modified CS microsphere (I) and 

PDA/CS microsphere (K) after incubation with DyLight® 488 SAV, and fluorescence images of pristine 

CS microsphere (J) and PDA/CS microsphere (L) after incubation with DyLight® 488 SAV as control. 

Fluorescence images of CD271/CS microsphere (M) and CD271/PDA/CS microsphere (O) after 
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incubation with a secondary labeled antibody Cy3, and fluorescence images of SAV/CS microsphere (N) 

and SAV/PDA/CS microsphere (P) after incubation with a secondary labeled antibody Cy3 as control. 

Scale bars, 400 μm (A-D, and I-P), 200 μm (E and G), and 30μm (F and H). 

 

The PDA/CS microspheres were then functionalized with CD271 antibody using biotin-SAV 

interactions. Biotin-SAV interaction is considered as one of the strongest non-covalent interactions in 

nature with an extremely low dissociation constant Kd of about 10-14 M[47], and this grafting strategy is 

also expected to improve the freedom and activity of the grafted CD271 antibody. Free amine reactive 

groups on the surface of the particles were used to tether biotin through the biotin-NHS. DyLight 488 

SAV was used to indirectly evaluate the efficiency of the connection between biotin-NHS and 

microspheres. Green fluorescence could be observed in both biotin/CS microspheres (Fig. 1I) and 

biotin/PDA/CS microspheres (Fig. 1K), but absence in unmodified CS microspheres (Fig. 1J) and 

PDA/CS microspheres (Fig. 1L), indicating the specific binding of biotin-NHS and microspheres. 

As mentioned above, biotin-CD271 antibody was then connected to biotin modified microspheres 

through the SAV. The modification of CD271 antibody was assessed by a secondary labeled antibody 

Cy3. As showed in Fig. 1M and 1O, CD271/CS microspheres and CD271/PDA/CS microspheres both 

revealed red fluorescence under fluorescent microscope, whereas no fluorescence was found in SAV/CS 

group and SAV/PDA/CS group (Fig. 1N and 1P). It is worth noting that the microspheres in Fig. 1J and 

1N did not reveal the non-specific fluorescence as in the fluorescence pictures of the subsequent 

experiments. This is because the fluorescence of the experimental group is so strong that only a very 

small amount of laser excitation was needed. These results demonstrated that microspheres were 
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successfully and specifically modified with CD271 antibody. 

 

3.2 CD271 expression in different kinds of cells 

CD271 expression in different kinds of cells were detected. Green fluorescence could be observed 

in part of hBM-MSCs (Fig. 2A) after stained by FITC-labeled CD271 antibody (IgG1 isotype control 

antibody (Fig. 2B) and PE-labeled CD34 antibody (Fig. S3) were used as negative control), indicating a 

partly positive expression of CD271 antigen in hBM-MSCs of P2 generation. The outcome of flow 

cytometry further confirmed this result and revealed that the expression ratio was 25.4% (Fig. 2C), which 

was consistent with the literature [48]. It has also been confirmed that part of rat BM-MSCs of P3 

generation express CD271 antigen (Fig. S4), which laid the foundation for our subsequent in vivo 

experiments. These results demonstrated that a number of CD271 antigens existed on the surface of both 

hBM-MSCs and rat BM-MSCs that could be specifically recognized by the CD271 antibody. In fact, 

studies have found that the percentage of CD90+CD105+CD45+CD34+CD79+ cells in bone marrow 

mononuclear cells coincided with the amount of CD271+ cell subset (0.54%) in vivo [49]. However, the 

expressions of CD271 antigen in BM-MSCs from two species were relatively low in our study. This 

result is mainly due to that after the in vitro culture and passage, the expression of CD271 antigen in BM-

MSCs will gradually decrease [48, 50]. However, due to the existence of a certain number of CD271+ 

cells, the cultured BM-BMSCs are still suitable for related in vitro experiments. Moreover, Fig. 2E 

showed that CD271 was lowly expressed in hPBMCs (2.8%) [51], which made it suitable to constitute a 

heterotypic cell suspension with BM-MSCs to detect the specificity of CD271 antibody in vitro (Fig. 2E). 
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Fig. 2. The expression of CD271 in different kinds of cells. Immunofluorescence assays of hBM-MSCs 

(P2) stained by FITC-CD271 (A) and FITC-IgG1 Isotype control (B); flow cytometry analysis of hBM-

MSCs (C) and hPBMCs (D) after incubation with FITC-CD271 antibody and FITC-IgG1 isotype control 

antibody, and the comparison of CD271 expression between the two groups (E). Scale bars, 400 μm. ** 

p < 0.01. 

 

3.3 In vitro cell capture experiment 

The capture of hBM-MSCs was induced by the highly specific interactions between the CD271 

antigen in hBM-MSCs and the CD271 antibody on the microspheres. Cells were pre-stained fluorescent 
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tags for easier observation. After 5 hours of co-incubation, a large number of captured hBM-MSCs could 

be found in CD271/PDA/CS group (Fig. 3A) and CD271/CS group (Fig. 3B), while little was found in 

CS control group (Fig. 3D). The number of cells attaching on PDA/CS microspheres was more than that 

on CS microspheres but less than that on CD271/PDA/CS microspheres and CD271/CS microspheres 

(Fig. 3C). It seems that the numbers of BM-BMSCs captured by CD271/PDA/CS, CD271/CS and 

PDA/CS groups were all higher than the theoretical number, which might be attributed to the non-specific 

adsorption of microspheres, especially that the PDA coating in CD271/PDA/CS group and PDA/CS 

group could provide high adhesion. Result of MTS assay was shown in Fig. 3E. It can be found that 

CD271/PDA/CS group and CD271/CS group could capture much more cells than PDA/CS group and 

CS group. Despite the number of captured cells in CD271/PDA/CS group was more than that in 

CD271/CS group, no statistic difference was revealed (p > 0.05). The similar result can be found between 

PDA/CS group and CS group (p > 0.05). These experiments preliminarily proved that CD271 antibody 

can help the microspheres capture BM-MSCs from a homogenous cell environment.  
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Fig. 3. Capability of microspheres in capturing hBM-MSCs. Immunofluorescence image of captured 

hBM-MSCs (stained red) on CD271/PDA/CS microspheres (A), CD271/CS microspheres (B), PDA/CS 

microspheres (C), and CS microspheres (D); (E) MTS assays characterizing the hBM-MSC capture 

capability of different microspheres. Scale bars, 1000 μm. *p < 0.05 and **p < 0.01. 

 

3.4 Cell expansion experiment 

The morphology of cells on the surface of microspheres was evaluated through DAPI and FITC-

phalloidine staining in day 1, 10, and 21. Results (Fig. 4A) showed that the morphology of hBM-MSCs 

on CD271/CS microspheres and CS microspheres was globose rather than fusiform. Moreover, the 

number of cells in CD271/CS group gradually decreased. In day 10 only a few cells could be observed 

on the surface of CD271/CS microspheres and in day 21 the cells could hardly be found. Similar trend 

could also be observed in CS group. We attributed the poor results of CD271/CS group and CS group to 

the smooth cambered surface and microenvironment of CS microsphere. The PDA coating seemed to 

sucesuffly solve the problem, as fusiform cells attaching on the surface of microspheres with obvious 

proliferation could be observed in CD271/PDA/CS group. In day 21 the cells were almost 80% confluent. 

Results revealed that gradual expansion of hBM-MSCs could also be found in PDA/CS group despite 

the initial number of cells was much lower.  
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Fig. 4. Cell attachment and proliferation on microspheres. (A) Immunofluorescent images of hBM-MSCs 

on CD271/PDA/CS microspheres, CD271/CS microspheres, PDA/CS microspheres, and CS 

microspheres after seeding for 1 day, 10 days, and 21 days. Scale bars, 400 μm. (B) MTS assay of the 

proliferation of hBM-MSCs on different microspheres (n = 3). * p < 0.05 for CD271/PDA/CS versus 

CD271/CS and CS, # p < 0.05 for PDA/CS versus CD271/CS and CS. 

 

The MTS assay revealed the similar result, which was shown in Fig. 4B. The OD value of 

CD271/CS group decreased to the level that was comparable to CS group in day 7, indicating mass of 

hBM-MSCs dropping from the surface of the microspheres. Whereas in CD271/PDA/CS group and 

PDA/CS group the OD value gradually increased over time. The OD value of CD271/PDA/CS group in 
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day 21 was almost 10 time of that in day 1. The expansion speed in PDA/CS group was much slower 

than CD271/PDA/CS group, and at each time point the OD value of PDA/CS group was far lower. It 

seems that the PDA coating could provide a suitable surface for cells well attaching and expanding. 

The possible reason for the promising results of cell attachment and proliferation on PDA groups is 

that the PDA coating contains highly hydrophilicity and bioactive groups as OH- and NH- 
2 [52, 53] , and 

can immobilize serum adhesive proteins [54]. Studies also found that the PDA coating could serve as a 

platform for secondary modification, such as introduce metal and bioceramic by spontaneous deposition 

[42, 55]. So we could connect other functional groups to our microsphere through the PDA coating for 

diverse functional uses in the future. 

 

3.5 In vitro cell isolation experiment 

It is well known that there are many other types of cells besides BM-MSCs in bone marrow. So 

heterogeneous cell population was used to evaluate the ability of our functional microspheres to 

specifically capture target cells. We chose hPBMCs and hBM-MSCs to form the heterogeneous cell 

population. The hPBMCs contained lymphocytes, monocytes, dendritic cells, and a small amount of 

hematopoietic stem cells, which could, to some extent, mimic the cellular environment of bone marrow. 

More importantly, the expression of CD271 antigen in PBMCs was very low [51]. For easier observation, 

hBM-MSCs were pre-stained with green fluorescence and hPBMCs were pre-stained with red 

fluorescence. The revelent results were exhibited in Fig. 5A. Through the fluorescent microscope it can 

be found that there was little hBM-MSCs and hPBMSCs in CS microspheres, and there were lots of 

hBM-MSCs but little hPBMSCs in CD271/PDA/CS microspheres and CD271/CS microspheres. As to 
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PDA/CS group, the captured hBM-MSCs was more than CS group but less than CD271/PDA/CS group 

and CD271/CS group. Compared with CS group and CD271/CS group more hPBMCs could be found in 

CD271/PDA/CS group and PDA/CS group. No significant visual difference about the number of 

hPBMSCs was found in the two PDA coated groups or the two groups without PDA coating. 

 

 

Fig. 5. Cell isolation assays. (A) Immunofluorescence images of captured hBM-MSCs (stained green) 

and hPBMCs (stained red) on different microspheres from heterotypic cell population of 1:1 hBM-MSCs 

and hPBMCs (white arrow shows hPBMCs). (B) Histogram of the number of captured hBM-MSCs and 

hPBMCs on different microspheres (n = 3); (C) the ratio of hBM-MSCs/hPBMCs in each group (n = 3). 
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Scale bars, 400 μm, respectively. The white arrows point to red dots (hPBMCs). * p < 0.05 and ** p < 

0.01. 

 

The result of quantitative analysis showed in Fig. 5B. It can be found that the number of hBM-

MSCs in CD271/PDA/CS group (1289.71 ± 57.79 hBM-MSCs) and CD271/CS group (1186.38 ± 

63.23 hBM-MSCs) was far more than that in PDA/CSgroup (562.57 ± 82.79 hBM-MSCs) and CS group 

(208.57 ± 14.44 hBM-MSCs), while PDA/CS group held more hBM-MSCs than CS group. This trend 

was similar to the cell capture experiment. Additionally, PDA/CS microspheres captured approximately 

two times of hPBMCs (298.51 ± 39.77 hPBMCs) compared with CS microspheres (114.81 ± 22.96 

hPBMSCs). This might because the nonspecific adsorption of the PDA coating. So the CD271 antibody 

could help to specifically recruit hBM-MSCs from a heterogeneous cell population. The ratio of captured 

hBM-MSCs and hPBMCs in each group was calculated to evaluate the specificity of isolation. As shown 

in Fig. 5C, the CD271/CS group (hBM-MSCs:hPBMSCs = 9.21:1) held the highest ratio while the 

CD271/PDA/CS group (hBM-MSCs:hPBMSCs = 4.19:1) held the second. So the PDA coating partly 

influenced the specificity of recruitment. Whereas the result of CD271/PDA/CS group was much better 

than PDA/CS group (hBM-MSCs:hPBMSCs = 1.89:1) (p < 0.05) and CS group (hBM-MSCs:hPBMSCs 

= 1.85:1) (p < 0.05), indicating that our functional system was still satisfactory in capturing the target 

hBM-MSCs from the heterogeneous cell population. 

 

3.6 In vivo cell recruitment 

In vivo performance of the targeted cell recruitment was also evaluated using the rat model of lateral 
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femoral condyle defect [56]. On the third and seventh day after implantation, the microspheres were 

removed, followed by immunofluorescence staining with FITC labeled CD271 antibody and DAPI to 

observe the recruitment of CD271+ stem cells on and around the microspheres. Shown in Figure 6B are 

the fluorescence images of microspheres at 3 and 7 days after implantation. Green fluorescence indicating 

CD271+ stem cells could be clearly observed on CD271/PDA/CS microspheres at Day 3 and the intensity 

significantly enhanced at Day 7, indicating a considerable number of recruited BM-MSCs on the 

CD271/PDA/CS microspheres. In comparison, much less green fluorescence was observed in the 

PDA/CS group, although many blue dots which indicating CD271- cells were found to attach on the 

microspheres. On the other hand, CD271/CS microspheres and CS microspheres had much less cells on 

their surface, while blue dot fluorescence mainly concentrated in the surrounding tissues. This result is 

consistent with the in vitro study, which may be due to the surface of chitosan microspheres without PDA 

coating is not suitable for cell adhesion and proliferation. It is worth noting that although green 

fluorescence can be observed on the surface of implanted CD271/CS microspheres and CS microspheres, 

it does not represent CD271+ cells. This is because the green fluorescence on the surface of the 

microspheres is very uniform, which is consist with the microspheres before implantation (Fig. 6A). This 

phenomenon might be caused by the refraction of fluorescence from the transparent sphere. In the tissue 

around the microspheres, the number of green fluorescence in CD271/CS group was significantly more 

than that in CS group, and more CD271+ cells could be observed in the 7th day. Although we can hardly 

give the finally conclusion that all the cells showing green fluorescence are BM-MSCs, these results 

confirmed the effect of CD271 antibody on cell recruitment in vivo. On the other hand, these recruited 

cells were bound to contain large number of CD271+ BM-MSCs colonies [49], and studies have found 
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that CD271+ BM-MSCs held excellent osteogenic differentiation potential [26], which will also be 

verified from a side in the subsequent bone regeneration experiments. 

 

Fig. 6. In vivo cell recruitment. CD271/DAPI immunofluorescence images of various kinds of 

microspheres before implantation (A) or 3 days and 7 days after implantation in vivo (B). The green dots 

indicate the CD271+ cells, the blue dots indicate nucleus of cells, and the white circles shows outlines of 

microspheres. Scale bars, 200 μm. 

 

3.7 In vivo bone regeneration 

Defects of femoral condyle in rats were surgically created to evaluate the ability of our functional 
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microspheres in facilitating bone formation in vivo (Fig. S5). Through the coronal and 3D reconstruction 

of micro-CT, obvious new bone formation at defect site could be found in CD271/PDA/CS group at 12 

weeks. In other groups there were still apparent defects or relatively thin bone lamella (Fig. 7A). Bone 

volume per tissue volume (BV/TV) was used to quantitative measure the new bone tissue in each group, 

which was exhibited in Fig. 7B. The newly formed bone volume was highest in CD271/PDA/CS group 

in both 6 weeks (59.68 ± 3.65%) and 12 weeks (70.26 ± 2.48%), and the bone volume in 12 weeks was 

higher than that in 6 weeks, indicating the bone content in this group increased over time. Results of 

CD271/CS group (41.99 ± 4.36% at 6 weeks, and 49.69 ± 2.98% at 12 weeks) and PDA/CS group (42.14 

± 4.67% at 6 weeks, and 53.98 ± 6.86% at 12 weeks) were comparable and were both better than that of 

CS group (37.20 ± 4.99% at 6 weeks, and 40.45 ± 3.47% at 12 weeks) and blank control group (35.00 ± 

4.98% at 6 weeks, and 39.07 ± 7.51% at 12 weeks). It should be noticed that the BV/TV in 

CD271/PDA/CS gourp was even higher than that in sham group (57.89 ± 7.30% at 6 weeks, and 60.80 

± 9.53% at 12 weeks), but unfortunatelly no statical difference was revealed. Analysis of trabecular bone 

related results at 12 weeks postoperatively also showed that the CD271/PDA/CS group held the highest 

trabecular thickness (Tb. Th, 0.4819 ± 0.09 mm) and trabecular number (Tb. N, 1.95 ± 0.16/mm), as well 

as the lowest trabecular pattern factor (Tb. Pf, -11.20 ± 1.93/mm) (Fig. S6).  

Histological analyses showed abundant typical newly formed trabeculae bone in CD271/PDA/CS 

group at 12 weeks, which was obviously thicker than other groups. The trabeculae bone in PDA/CS 

group was much fewer than CD271/PDA/CS group. Interestingly, in the two PDA-coated groups, newly 

formed trabeculae bone fully filled the gaps among microspheres, and even penetrated through 

microspheres. As to CD271/CS group and CS group, fewer newly formed trabeculae bone could be found 
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around each microsphere. Instead, there was obvious osseous boundary around the microsphere bunch. 

We speculate that this was because the cells could hardly adhere and proliferate on the surface of 

CD271/CS and CS microspheres, so the microspheres were agglomerated and separated from the newly 

formed bone. Although a large number of microspheres were also observed in the unhealed bone defect 

area of PDA/CS group, it was different from the condition of CD271/CS group and CS group. The main 

reason for this phenomenon in PDA/CS group was due to the insufficient new bone formation that failure 

to fill the whole defect site. It can be found that the junction between the microsphere mass and the bone 

margin is not separated, instead a lot of trabecular bone grows through the microsphere. Moreover, lots 

of trabecular bone and microspheres also coexisted in the healed area concurrently, just as in the 

CD271/PDA/CS group. These results imply that the PDA coating for supporting adhesion and expansion 

of BM-MSCs on microspheres is critically important. The thickness of the boundary in CD271/CS group 

was higher than CS group (Fig. 7C), which was consistent with the trend between the CD271/PDA/CS 

group and PDA/CS group. The Masson staining showed similar result (Fig. 7D). All these results 

demonstrate the critical role of the synergistic combination of CD271 antibody and PDA coating in 

promoting in situ bone regeneration (Scheme 1). 
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Fig. 7. Results of in vivo bone repair tests. (A) Coronal 3D reconstruction micro-CT images at 12 weeks. 

The white arrows indicate the defect sites. (B) Calculated bone volume faction (n = 4) in each group. 

Histomorphological analysis of rat femoral condyle at 12 weeks after operation with H&E staining (C) 

and Masson staining (D). The second row represents higher-magnification images (100×) of the 

corresponding white (C) or purple (D) square boxes in the upper row. The black curves outline the 

boundary of the residual bone defect after repair (C and D), the green (C) or yellow (D) triangles indicate 

newly formed trabecular bone tissues, and the blue (C) or red (D) circles shows remnant of microspheres. 

Scale bars, 1000 μm for 40 and 500 μm for 100. * p < 0.05 and ** p < 0.01. 
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Scheme 1. Schematic illustration of in vivo recruitment of BM-MSCs on CD271-functionalized chitosan microspheres 

for in situ bone regeneration. 

3.8 Limitations 

There are still some limitations in this study. First of all, we only explored the feasibility of using 

CD271 antibody for specific recruitment, but did not explore the relationship between antibody dose and 

recruitment efficiency. Additionally, the cell types in mixed cell suspension used in the in vitro 

recruitment experiment were limited, and the cell proportion needs to be further optimized. The selective 

capturing of BM-MSCs against PBMCs was <5 in the CD271/DPA/CS group, which might be further 

improved by the surface modification of the microspheres to reduce the non-specific adhesion of cells. 

Moreover, we did not detect the stemness of the cells recruited in vivo. Finally, after 12 weeks, the bone 

defect was failed to be fully repaired by CD271/PDA/CS. We speculate that this is partly because our 

system lacks the function of inducing the recruited cells to differentiate into osteoblasts. On the other 

hand, most of the microspheres failed to be completely degraded. Therefore, in the future, osteogenic 

inducing growth factor can be added into our microspheres, which are made by novel material with 

suitable degradation time, to further enhance the ability of promoting bone regeneration and repair. 

Conclusions 

In summary, we have demonstrated the first example of CD271-functionalized chitosan 

microspheres for highly efficient in situ bone regeneration. It was demonstrated that with the help of 

CD271 antibody our functional microspheres could capture hBM-MSCs from the surrounding 

environment, and by the assistance of PDA coating the captured cells could well stretch and proliferate 

on the surface of microspheres. The CD271 antibody could also serve as the isolating factor to 

specifically recruit hBM-MSCs from a heterogeneous cell suspension. Finally, we confirmed the effect 
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of CD271 antibody on cell recruitment in vivo, and verified that our functional microspheres was 

satisfactory in facilitating bone regeneration. Therefore, our multifunctional CD271/PDA/CS 

microspheres are promising carriers for achieving in situ bone regeneration and more investigation 

should be conducted toward clinical applications. Our results also provide valuable insights into the 

mechanism of targeted recruitment of specific cells, which holds great potential to regenerating other 

types of tissue and organs. 
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Supporting Information 

 

 

Fig. S1. Illustration of the setup used for preparing chitosan microspheres. 

 

Fig. S2. Histogram of the distribution of microparticle size. 
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Fig. S3. Immunofluorescence assays of hBM-MSCs stained by PE-CD34 antibody as negative control. 

Scale bar, 200 μm. 

 

Fig. S4. Flow cytometry of rat BM-MSCs (P3). 
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Fig. S5. Bone defect of femoral condyle (A) and after implantation of CD271/CS (B) or CD271/PDA/CS 

microspheres (C).   

 

Fig. S6. Analysis of trabecular bone related results at 12 weeks postoperatively. (A) Results of trabecular thickness 

(Tb. Th). (B) Results of trabecular number (Tb. N). (C) Results of trabecular pattern factor (Tb. Pf). * p < 0.05 and ** 

p < 0.01. 
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Table S1. The characteristics of SD rats in animal surgeries. 

 
CD271/PDA/CS CD271/CS PDA/CS CS Blank control Sham 

Characteristics       

Age (weeks) 8.5 8.5 8.5 8.5 8.5 8.5 

Sex Male Male Male Male Male Male 

Weight (g) 252.87±5.85 251.53±7.02 247.94±4.80 248.93±7.10 250.29±7.34 248.86±6.31 

Sample Size       

3 days 4 4 4 4 0 0 

7 days 4 4 4 4 0 0 

6 weeks 4 4 4 4 4 4 

12 weeks 4 4 4 4 4 4 

Loss 0 0 0 0 0 0 
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