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Abstract: 

Homing of cells to their target organs for tissue defect repair poses a significant 

challenge to biomaterials scientists and tissue engineers, due to the low efficiency of 

homing of effective cells to defect sites as well as the difficulties in coordinating cell 

migration, adhesion, spreading and differentiations. Recent advances in biomaterials 

have successfully improved the efficiency of homing of mesenchymal stem cells 

(MSCs) and cell homing-based tissue regeneration. In this review, the process of 

cell-homing based tissue regeneration was discussed from three different perspectives, 

including cell surface engineering, scaffold optimization and signaling molecules 

interactions. Cell surface modification by using polymeric materials offers a simple 

way to administrate cell migration. Besides, the ordered or anisotropic structures are 

proved to be more efficient for cell adhesion, spreading and infiltration than relatively 

random or isotropy structures. Moreover, the coordinated release of different growth 

factors (GFs), e.g. achieved via core-shell microspheres, can orchestrate the biological 

processes, including cell growth and differentiations, and significantly enhance the 

osteogenic differentiation of low population density of MSCs. These developments in 

biomaterials are not only important for fundamental understanding of materials-cell 

interactions, but also help understand cell homing-based tissue regeneration from the 

perspective of materials, which is crucial for the design and fabrication of a new 

generation of highly functional biomaterials for tissue regeneration. 
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1. Introduction 

Incurable diseases always resulted in tissue defects in patients.1-3 As an emerging 

treatment strategy, tissue engineering focuses on repairing damaged tissue and 

restoring tissue functions by employing three fundamental "tools", i.e., cells, scaffolds 

and growth factors (GFs).4-6 There are two categories of approaches for tissue 

regeneration: cell transplantation and cell homing.7-9 The former ones focus on 

introducing exogenous cells into the defect sites to heal tissue defects, while the latter 

approaches use biomaterials to induce the migration of the systemically transplanted 

cells or host cells to defect sites in an attempt to harness the potential of them in 

regenerating damaged tissues.1, 10 Although local cell transplantation seems 

straight-forward, low efficiency of this strategy in repairing large tissue defects 

suggests that this kind of therapy doesn’t harness the host's innate capacity for repair. 

As a promising alternative treatment to local cell transplantation, tissue regeneration 

by the localization of circulating cells (including host and/or systemically transplanted 

cells) has attracted increasing attention over past years.11, 12  

A series of cytokines play roles in the homing of MSCs. For example, it has been 

reported that stromal-derived factor-1 (SDF-1) is an important chemokine, which 

determines the migration and homing of MSCs.13-16 The recognition of chemokine 

SDF-1 during the homing of MSCs requires a key receptor, i.e., CXC chemokine 

receptor 4 (CXCR4).17 Thus, the MSCs experienced in vitro cultivation, with 

down-regulated expression of CXCR4, showed an inefficient homing towards 

ischemic myocardium.18, 19 On the other hand, the presence of relevant cell adhesion 

ligands can enhance cell homing.18, 20, 21 For instance, Sarkar et al. modified the 

surface of mesenchymal stem cells (MSCs) with nano-sized polymer constructs 

containing sialyl Lewisx,22 which mediate cell rolling within inflamed tissue. It was 

found that the modified MSCs homed to the inflamed tissue with much higher 

efficiency than the MSCs without surface modification. These cell modification 

methods may help improve the efficiency of cell homing to tissue defect sites and 

make cellular preparation for cell proliferation and differentiations in situ.  
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An excellent scaffold not only provides a shelter for the homed cells, but also 

possesses the ability to regulate cellular functions, e.g. cell migration and 

differentiations.6, 23 Therefore, the selection of biomaterials and the design of scaffolds 

have been widely studied.24-27 Anatomically shaped human molar scaffolds and rat 

incisor scaffolds were produced via 3-dimentional printing.28 The experimental results 

showed that the introduction of the growth factors (GFs), i.e., SDF-1 and bone 

morphogenetic protein-7 (BMP-7) into the microchannels of scaffolds led to 

significantly more recruited endogenous cells and greater angiogenesis compared with 

the GF-free scaffolds. Generally speaking, the dynamic interactions between cells and 

scaffolds determine various cellular functions, including cell adhesion, spreading, 

migration, infiltration and differentiation, which determine the fate of cells and the 

effectiveness of tissue repair.29-32 In this sense, the proper application of biomaterials 

can maximize the positive influence of cell homing on tissue regeneration.33  

A series of GFs participate and play different roles in the repair process of tissue 

defects, e.g. bone fractures. For instance, FGF-2 is one of the GFs that regulate cell 

growth and division.34-36 As a prototype of bone morphogenetic proteins, BMP-2 

induces the differentiation of mesenchymal stem cells into osteoblast precursors.37 It 

has been shown that in the repair of bone defects or fractures, a combination of two or 

more GFs taking different roles or presenting in different stages in natural bone repair 

is advantageous over single growth factor.38-43 In order to match the optimized 

microenvironment for tissue repair, a customized scaffold releasing multiple GFs in 

special pattern is warranted.44, 45  

As suggested above, each of the three components of cell homing-based tissue 

engineering (Fig. 1) can be improved by taking full advantage of biomaterials.46-49 In 

this review, each of the components has been considered from the perspective of 

materials. Throughout the text, these considerations and their implications for cell 

homing-based tissue engineering will be explored. 
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Fig. 1 The triad of cell homing-based tissue engineering. The three main design 
components in cell homing-based tissue engineering are based on the three main 
components of tissues: cells, their extracellular matrix (scaffolds) and a signaling 
microenvironment. Each of these components can be improved individually or in 
combination to optimize the regeneration of a damaged tissue via cell homing. 

2. Improvement of cell migration by cell surface engineering 

Previous investigations revealed that cell migration is regulated by a cooperation of 

homing ligand and chemokine receptor expressed on circulating cells.50, 51 As 

described above, the recruitment of CXCR4+ MSCs to the SDF-1 gradient is very 

important for MSCs migration.52-54 Consequently, the strategies, which can up 

regulate CXCR4 on cell surface, may result in more efficient homing of MSCs. The 

surface modification of living cells with polymers offers new opportunities in cell 

homing.55 Generally speaking, there are three methods which have been applied for 

the surface modification of cells: (a) covalent conjugation; (b) hydrophobic 

interaction; and (c) electrostatic interaction 56. Won et al. used lipid-PEG, which can 

provide a homogenous ultra-thin coating on cell surface, to improve the homing of 

MSCs to the ischemic myocardium.57 DMPE-PEG was used to introduce recominant 

CXCR4 (rCXCR4) on the surface of MSCs in this investigation.  
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Fig. 2 (a) Cytotoxicity of the DMPE-PEG during incubation time of 48 h and (b) 
proliferation of the modified MSCs.  

 
Fig. 3 The confocal micrographs of the DMPE-PEG on the surface of MSCs at 
various time points in the presence or the absence of human serum (reprinted with 
permission from Ref. 57. Copyright 2015, Elsevier, License No. 3671070999125). 

The results of DMPE-PEG modification showed that DMPE-PEG was incorporated 

within the membrane of MSCs within only 2 min, and only a small amount of 

DMPE-PEG was required to modify a large number of MSCs, e.g. only 1 µg of the 

DMPE-PEG was enough for modifying 750,000 MSCs. In addition, the influence of 

the DMPE-PEG modification on MSC functions was investigated. Fig. 2 presents the 

cell viability and proliferation rate of MSCs incubated with the DMPE-PEG 

(30µg/750,000 MSCs). Both cytotoxicity and proliferation results revealed that there 

was no obvious side effects of the DMPE-PEG on MSC adhesion. In order to 

investigate how long the DMPE-PEG stayed immobilized on the surface of the MSCs 

in serum, the FITC-labeled DMPE-PEG-immobilized MSCs were incubated for up to 

180 min in the presence or the absence of 20 % human serum, and a confocal 

microscope was applied to locate the immobilized DMPE-PEG. Fig. 3 revealed that 

Page 6 of 33Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



the DMPE-PEG was always detectable from 30 min up to 180 min, regardless of 

serum. 

 
Fig. 4 The confocal micrographs of the MSCs surface of (a) the group of control + 
FITC-SDF-1; (b) the group of DMPE-PEG-CXCR4 + FITC-SDF-1; (c) the group of 
DMPE-PEG-R -CXCR4 + FITC-SDF-1 (reprinted with permission from Ref. 57. 
Copyright 2015, Elsevier, License No. 3671070999125). 

A detailed study on the surface modification of MSCs with rCXCR4 was performed 

by conjugating rCXCR4 with the DMPE-PEG, followed by incubation with MSCs for 

2 min. The confocal micrograph revealed that the rCXCR4-positive MSCs population 

was nearly 100 %. In order to verify the binding of recombinant SDF-1 (rSDF-1) with 

rCXCR4 on the surface of the MSCs, the MSCs were modified with the 

DMPE-PEG-FITC-Rho-CXCR4 (rhodamine labeled rCXCR4 conjugated with the 

DMPE-PEG) or the DMPE-PEG-CXCR4, followed by incubating with the labled 

rSDF-1 (FITC-SDF-1). Fig. 4 presents the SDF-1 binding with CXCR4 on the surface 

of a MSC. In Fig. 4b, the group (CXCR-4+FITC-SDF-1) showed SDF-1 binding to 

the surface of the MSCs. In Fig. 4c, the co-localization of SDF-1 and CXCR4 on the 

cell surface was confirmed as well. By comparing Fig. 4b and c, it can be concluded 

that rhodamine did not influence the interaction between SDF-1 and CXCR4. In the 

normal MSCs group (Control + FITC-SDF-1, see Fig. 4a), the intensity of SDF-1 on 

cell surface was very low, indicating the low expression of CXCR4 in the MSCs post 

culture expansion.  

Chang et al. reported that the number of circulating stem cells correlated positively 

with the circulating levels of SDF-1.58 Kucia et al. revealed that with higher levels of 
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SDF-1 release after myocardial infarction, more stem cells were found to release from 

the bone marrow to the peripheral blood.59 In addition, it has been reported that the 

binding of SDF-1 with CXCR4 can lead to the activation of multiple downstream 

signaling pathways in targeted cells, and thus can regulate the biological effects 

regarding cell motility, cell adhesion and chemotactic responses.60 The study of Won 

and coworkers57 confirmed the dependence of the migration of CXCR4+ MSCs 

toward SDF-1 on the concentration of SDF-1, as well as on the dose of CXCR4 

modified on the surface of MSCs. 

These results indicate that stem cell homing can be improved by modifying the 

surface of cells with polymers conjugated with receptors, leading to the recruitment of 

correct and enough seed cells into tissue defect sites.    

3. Improvement of cell migration and infiltration by using scaffolds with 

ordered-structures 

The design of scaffolds with tissue-specific structures is important for tissue repair.61 

It has been revealed that the three-dimensional structures of a scaffold, including 

porosity, pore size, pore morphology and orientation, have significant influence on the 

mechanical behavior and biocompatibility.62-67 However, most current scaffolds 

exhibited random structures, which can’t facilitate the easy migration and infiltration 

of the homed cells. Therefore, the design and fabrication of scaffolds with 

ordered-structures has received increasing attention over the past years. 

 
Fig. 5 SEM micrographs showing (a) aligned electrospun PCL-gelatin ultrafine fibers 
and (b) non-aligned electrospun PCL-gelatin ultrafine fibers. 
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Fig. 6 Time-lapse microscopy images of the dynamic spreading and morphological 
changes of MSCs after seeding on (a) aligned fibers, (b) non-aligned fibers and (c) 
glass coverslips. Dotted yellow circles show the location of the cells of interest on two 
kinds of fibrous scaffolds. Scale bar = 20 mm (reprinted with permission from Ref. 71. 
Copyright 2015, Royal Society Chemistry, License No. 3671171281671). 

3.1. Electrospun ultrafine fibers 

Electrospinning is a simple and inexpensive method to fabricate ultrafine polymer 

fibers.68, 69 Unnithan et al. reported that electrospun fibers have attracted increasing 

interest for tissue engineering applications including bone, cartilages, muscles, skin 

and blood vessels.70 However, the understanding of dynamic interactions between 

cells and electrospun fibers is still limited. Wang et al. produced aligned and 

non-aligned electrospun PCL-gelatin ultrafine fibers using the electrospinning method, 

and examined the interactions between them and mesenchymal stem cells (MSCs) 

using time-lapse microscopy.71 PCL–gelatin solution (concentration: 10 wt. %) was 

transferred to a 5 ml glass syringe fitted with a 27 g needle and delivered at a flow 

rate of 1.0–1.5 ml/h. The flow was ejected at a voltage of 8–10 kV. Aligned ultrafine 
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fibers were collected on a glass coverslip attached on a rotating disk (1000 rpm). 

While, non-aligned ultrafine fibers were collected using a 15 mm-diameter glass 

coverslip placed on a static flat collector. Fig. 5 presents the SEM images of both 

aligned and non-aligned electrospun ultrafine fibers. The aligned fibers showed a high 

level of alignment, but the non-aligned fibers were dispersed randomly.  

The real-time interactions between the aligned/non-aligned fibers and MSCs were 

tracked using time-lapse phase contrast microscopy. Fig. 6 shows the initial cell 

attachment and spreading after seeding. The cells on aligned fibers, gradually 

spreading along the direction of the alignment, exhibit an elongated shape. The fully 

spread of these cells took less than 4 h. In contrast, the cells on non-aligned fibers 

extended along all directions and maintained the round shape. The time of spreading 

on non-aligned fibers was around 10 h. Fig. 7 presents the tracks of the migration of 

individual cells on various materials as well as the corresponding summarized 

trajectories of around 20 MSCs. A highly consistent movement of cells along the fiber 

alignment direction was observed on aligned fibers (see Fig. 7d), but the motility on 

non-aligned fibers was random (see Fig. 7e). The migration of MSCs was further 

investigated by placing the 6-well plates (with MSCs seeded on different materials) at 

an angle of 45 °. Fig. 8 shows the crystal violet staining results, revealing that the 

MSCs migrated out of the place where they were seeded on both aligned and 

non-aligned fibers, but the migration speed on the former material was significantly 

higher than on the latter. To sum up, aligned fibers significantly enhanced the 

spreading and migration of MSCs compared with the cells seeded on non-aligned 

fibers. Consequently, aligned ultrafine fibers can be a promising candidate scaffold 

providing enhanced cell-materials interactions. 
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Fig. 7 The tracks of cell migration and the summarized trajectories of cells on aligned 
fibers (a), non-aligned fibers (b) and glass coverslips (c). (d–f) show summarized cell 
trajectories of cells on corresponding substrates (a–c). Scale bar: 5 mm (a); 10 mm (b); 
50 mm (c) (reprinted with permission from Ref. 71. Copyright 2015, Royal Society 
Chemistry, License No. 3671171281671). 

 
Fig. 8 Representative optical images of cell migration on aligned and non-aligned 
fibers. Scale bar: 50 mm (reprinted with permission from Ref. 71. Copyright 2015, 
Royal Society Chemistry, License No. 3671171281671). 
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Fig. 9 Macroscopic and microscopic structures of the collagen scaffolds. (a) 
Fabrication of the radially oriented and random collagen scaffolds. (b) Microscopic 
structure of the collagen scaffolds (reprinted with permission from Ref. 72. Copyright 
2015, Elsevier, License No. 3671211401420). 

3.2. Radially oriented collagen scaffold  

A radially oriented collagen scaffold was designed in order to meet the critical need of 

satisfactory outcomes in cartilage repair.72 Fig. 9 presents the fabrication as well as 

the macroscopic and microscopic structures of the radially oriented collagen scaffolds, 

with randomly oriented ones as control. The radially oriented scaffolds were produced 

using a temperature gradient-guided thermal-induced phase-separation technique. As 

shown in Fig. 9a, the collagen solution (dissolved in acetic acid, 10 mg/ml) was 

added to a mold with copper wall (-20 °C) but thermal insulation plastic top and 

bottom. During the evaporation of the liquid nitrogen, the collagen solution was 

unidirectionally frozen from the edge to the center of the solution. While, random 

collagen crystallization occurred in a mold stayed in liquid nitrogen (-196 °C, 10 min). 
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Fig. 9b reveals that the radially oriented scaffolds have oriented channels in both the 

horizontal and the vertical directions. Since the stimulation effects of SDF-1 on 

stem-cell homing54 and migration73 has been demonstrated, SDF-1 was introduced 

into the radially oriented scaffolds. Radially oriented or random scaffolds with or 

without SDF-1 were immersed in medium with suspensions of bone marrow stromal 

cells (BMSCs) to investigate the influence of different scaffolds on cell migration. Fig. 

10 shows that more cells were observed in radially oriented scaffolds than in random 

ones and the largest number of BMSCs was observed in the radially oriented scaffolds 

with SDF-1 (see Fig. 10a). Similar results were observed in the cell counting kit-8 

(CCK-8) assays as shown in Fig. 10b. These results suggested that the radially 

oriented scaffolds could promote BMSCs migration, and the addition of SDF-1 could 

further enhance this effect.   

   

Fig. 10 Radially or random oriented collagen scaffolds with or without SDF-1 
facilitates the migration of BMSCs. (a) Cell number; (b) CCK-8 assays of scaffolds 
with or without SDF-1. (r+SDF-1: random scaffold with SDF-1; RO: radially oriented 
scaffold without SDF-1; RO+SDF-1, radially oriented scaffold with SDF-1.) *p < 
0.05 (ANOVA). 
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Fig. 11 Radially oriented collagen scaffold with SDF-1 for in vivo cartilage 
regeneration. (a) Gross findings with healed defects indicated by red arrows. (b) 
Macroscopic evaluation according to ICRS macroscopic scores. (c) Safranin-O 
staining images. The lines indicate the defect edges, and the arrows indicate the tissue 
protruding. Scale bars, 250 mm. *p < 0.05 (ANOVA) (reprinted with permission from 
Ref. 72. Copyright 2015, Elsevier, License No. 3671211401420). 

Further investigation focused on the effects of the radially oriented scaffolds on 

cartilage regeneration in vivo. Radially or randomly oriented collagen scaffolds with 

or without SDF-1 were transplanted into rabbit osteochondral defects. Fig. 11a shows 

that six and twelve weeks post surgery, only a soft and friable tissue was observed in 

random scaffolds. In contrast, the defects in radially oriented and radially 

oriented+SDF-1 groups had become firm and smooth. ICRS scoring results (Fig. 11b) 

also revealed that the efficacy of the radially oriented scaffold on cartilage 

regeneration had been significantly enhanced by the addition of SDF-1 (six weeks 

post surgery). The histological results of the repaired tissue at six weeks (shown in 

Fig. 11c) revealed that the joint surface of the defect in the radially oriented+SDF-1 

group was smooth, and a mixture of fibrocartilage and cartilage-like tissue was 

observed. In contrast, only fibrous tissue was found in the joint surface of the defect 

in the random and random+SDF-1 groups. Moreover, twelve weeks post surgery, the 

joint surface of the defect in the random and random+SDF-1 groups were still filled 

with fibrous tissue instead of cartilage. While, thick, hyaline cartilage-like tissue was 
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observed in the joint surface of the defect in the radially oriented and radially 

oriented+SDF-1 groups. Considering both in vitro and in vivo data, it is reasonable to 

conclude that the radially oriented scaffolds, exhibiting ordered and aligned channels 

in both the horizontal and the vertical directions, can promote the homing of BMSCs 

to the cartilage defect and thus are beneficial to the osteochondral regeneration, which 

can be further enhanced by introducing SDF-1. 

3.3. Three-dimensionally printed scaffolds  

Three-dimensional (3-D) printing technology is an additive manufacturing technique 

using a layer-by-layer process to build objects, so it can fabricate scaffolds with 

structures that have the spatial features of native tissues.74-76 Metallic, ceramic and 

polymer scaffolds with ordered 3-D structure have been successfully produced via 

3-D printing technique.77-83   

Recently, Xu et al. investigated the attachment and proliferation of MC3T3 cells on 

hierarchically porous nagelschmidtite (NAGEL) bioceramic composite scaffolds with 

various pore morphologies fabricated by using 3-D printing technique.84 Fig. 12 

shows the optical microscopy and SEM micrographs of the NAGEL scaffolds with 

varied macropore morphologies. It can be seen that the NAGEL scaffolds had 

well-controlled pore morphologies (square, triangle and parallelogram), and the pore 

size was about 500-1000 µm. Besides, the surface morphology of the macropore walls 

was smooth. The attachment rates and proliferation of MC3T3 cells on the NAGEL 

scaffolds and the porous β-tricalcium phosphate (β-TCP) scaffolds, which were used 

for comparison, are presented in Fig. 13. For all groups, the attachment rates were 

over 70 %, and no significant difference was observed between them. The MTT 

analysis shown in Fig. 13b revealed that the proliferation of MC3T3 cells on NAGEL 

scaffolds with triangular and parallelogram structures was higher than that on the 

β-TCP scaffolds, indicating that the 3-D printed NAGEL scaffolds may have 

improved osteogenic activity compared with β-TCP scaffolds. In addition, the 

proliferation of MC3T3 cells on NAGEL scaffolds with triangular and parallelogram 
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structures was slightly higher than that on square group. Such a difference suggested 

that the pore morphology is important for the cell response, which is in accordance 

with other investigations.30, 85-87 

 

Fig. 12 Micrographs of 3-D plotted NAGEL scaffolds with (a, b) square, (c, d) 
triangular and (e, f) parallelogram pore structures. (g, h) Microstructure of the large 
pore walls. (b, d, f, h) Higher magnification images. The sizes of the macropores are 
about 500–1000 µm (reprinted with permission from Ref. 84. Copyright 2015, 
Elsevier, License No. 3671860733217). 

 

Fig. 13 (a) The rate of attachment of MC3T3 cells to 3-D plotted NAGEL scaffolds 
and b-TCP scaffolds with varied macropore structures. (b) The proliferation of 3T3 
cells after culture on NAGEL and b-TCP scaffolds. *Significant difference (p < 0.05) 

Page 16 of 33Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



between the NAGEL and b-TCP triangular groups on day 3; **significant difference 
(p < 0.05) between the NAGEL and b-TCP parallelogram groups on day 3; 
***significant difference (p < 0.05) between the NAGEL and b-TCP parallelogram 
groups on day 7 (reprinted with permission from Ref. 84. Copyright 2015, Elsevier, 
License No. 3671860733217). 

4. Improvement of cell proliferation and differentiation by using core-shell 

microsphere 

One of the key technical difficulties in cell homing-based tissue regeneration is how 

to take full advantage of the homed stem or progenitor cells in consideration of their 

low population density in situ. A high number of cells are considered advantageous if 

the repair of a large-sized tissue defect is concerned.88 In this sense, how to coordinate 

cell proliferation and differentiation is a core challenge. Since a series of GFs 

demands different time scales and concentration profiles during a repair process, a 

programmed release of GFs is necessary.89 Nevertheless, most delivery systems in the 

modern design only accounts for a single factor, limiting the overall efficacy of the 

therapy.90, 91 Polymeric core-shell microspheres, synthesized by coaxial 

electrohydrodynamic atomization (CEHDA), were first reported by Nie and 

coworkers in 2010.89 The double-wall structure of the microspheres allows the 

encapsulation of two different drugs at different compartments in one single step, 

which can lead to sequential or coupled release of drugs.92 Fig. 14 presents the 

schematic diagram showing the set of the CEHDA for core-shell microspheres 

fabrication. Poly (L-lactide acid) (PLLA, Mw = 85,000– 160,000) and 

poly(D,L-lactide-co-glycolide acid) (PLGA, lactide/glycolide molar ratio = 50:50, Mw 

= 40,000–75,000) were selected as the core and shell of the core-shell microspheres, 

respectively. Two syringe pumps delivered the two kinds of polymer solutions at a 

specific rate into the inner and outer capillary of the coaxial needle. By changing the 

nozzle voltage (Vnozzle) and ring voltage (Vring), a stable Taylor cone jet can be visually 

observed. A petri dish filled with anhydrous ethanol was used to collect the 

microspheres, so as to avoid the agglomeration of the microspheres. Fig. 15 shows 

typical micrographs of the core-shell microspheres processed by CEHDA. According 
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to the SEM images in Fig. 15a, the microspheres show smooth surface and uniform 

size distribution. In addition, the core-shell structures were confirmed by a confocal 

microscope (see Fig. 15b).  

 
Fig. 14 Schematic diagrams depicting the set-up of coaxial electrohydrodynamic 
atomization (CEHDA). Vnozzle and Vring are 6.5 KV and 3.5 KV, respectively, in a 
typical fabrication (reprinted with permission from Ref. 89. Copyright 2015, John 
Willey and Sons, License No. 3671250306434). 

 

Fig. 15 Microstructures of core-shell microspheres fabricated by CEHDA. (a) SEM 
image; (b) confocal microscope image (reprinted with permission from Ref. 93. 
Copyright 2015, John Willey and Sons, License No. 3671631031732). 

Table 1 Definition and configuration of experimental groups in in vitro release study 
and osteogenic induction assay. 

Groups Abbreviation Description 
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Control Ctrl No microspheres 

Blank 1 B1 Blank uniform microspheres 

Blank 2 B2 Blank core–shell microspheres 

Uniform U Dual GFs evenly distributed in uniform microspheres 

FGF-2 F FGF-2 evenly distributed in core and shell of microspheres 

BMP-2  B BMP-2 evenly distributed in core and shell of microspheres 

Parallel P Dual GFs evenly distributed in core and shell of 

microspheres 

Sequential 1 S1 FGF-2 solely distributed in core of microspheres; BMP-2 

solely distributed in shell of microspheres 

Sequential 2 S2 BMP-2 solely distributed in core of microspheres; FGF-2 

solely distributed in shell of microspheres 

Recently, the release patterns of FGF-2 and BMP-2 in different core-shell 

microspheres were characterized in vitro and in vivo.93, 94 Lei et al. focused on the 

osteogenic response of low-population density of human MSCs (hMSCs) to various 

microspheres, including control (C), blank 1 (B1), blank 2 (B2), uniform 

microspheres (U), FGF-2 microspheres (F), BMP-2 microspheres (B), parallel 

microspheres (P), sequential 1 microspheres (S1) and sequential 2 microspheres 

(S2).93 The detailed description of the experimental groups is presented in Table 1. 

Owing to the different positioning of GFs in various microspheres, various percentage 

release profiles were obtained (see Fig. 16). Because of the uniform structure and 

even distribution of FGF-2 and BMP-2 in the microspheres, the release of the GFs 

from group U was parallel. However, different release patterns of two GFs were 

observed in the core-shell microspheres. For instances, in the first week, only 15 % of 

FGF-2 but around 85 % of BMP-2 were released from the group S1, then the release 

of FGF-2 sped up and the release of it at day 30 was more than 85 %. Similarly, the 

group S2, i.e., the microspheres with core and shell with FGF-2 and BMP-2, 

respectively, released around 95 % of FGF-2 but less than 10 % of BMP-2 after 7 

days. At day 30, the release of BMP-2 was around 88 %.  
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Fig. 16 Characterization of the in vitro release of (a) FGF-2 and (b) BMP-2 from 
various microspheres (reprinted with permission from Ref. 93. Copyright 2015, John 
Willey and Sons, License No. 3671631031732).  

 
Fig. 17 Osteogenic differentiations of low-population density hMSCs induced by 
various microspheres for 4 weeks. (a) Quantification of ALP activity in hMSCs 
treated with various microspheres. (b) Quantification of calcium accumulation in 
hMSCs treated with various microspheres. Quantitative values are expressed as mean 
±SD of six determinations (in triplicate each). *p < 0.05 (reprinted with permission 
from Ref. 93. Copyright 2015, John Willey and Sons, License No. 3671631031732). 

In order to evaluate the osteogenic induction of low-population density of hMSCs by 

different microspheres, ALP activity and calcium concentration were analyzed as 

shown in Fig. 17. Albeit group S1 showed similar release pattern as group S2, the 

latter showed significantly higher ALP activity and calcium concentration. According 

to Table 1 and Fig. 16, the only difference between S1 and S2 was the position and 

release sequence of FGF-2 and BMP-2. Consequently, the different osteogenic 

induction results between the two groups demonstrated that the release sequence of 

the two GFs was critical. As illustrated by Martin et al.,95 FGF-2 can be viewed as a 

proliferative agent. However, BMP-2, a potent osteoinductive agent, can interfere the 

proliferation effect of FGF-2 by driving hMSCs to differentiate toward the osteogenic 

lineage.  
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In order to further evaluate the influence of the microspheres listed in Table 1 on the 

bone regeneration, a rat tibia defect model was used.94 A 2.5 mm long tibia fragment 

on the right side of a rat was cut out, followed by frozen in liquid nitrogen for 20 min. 

The fragment was then put back to its original site in the tibia and fixed perfectly on 

both ends. With the exception of the control group (group C), 20 mg of different 

microspheres was positioned next to the bone graft before the wound was closed with 

nylon sutures. In this case, the bone grafts would work as inorganic scaffolds for 

mechanical support and cell intrusions. So the intrusion of bone cells and formation of 

blood vessels in the bone grafts can reflect the degree of bone regeneration.  

 

Fig. 18 Radiography of bone bridging after 4 weeks of different treatments in a 
critical-sized rat bone graft model. Radiographs of a rat tibia immediately after 
surgery (a), intact bone (i) and rat tibiae after 4 weeks of varied treatments (b–h) 
(refer to Table 1), with intact contralateral tibiae (left tibiae) denoted as a positive 
control. The white and blue arrows denote the bone defects and callus, respectively. 
Scale bar: 1 mm (reprinted with permission from Ref. 94. Copyright 2015, Royal 
Society of Chemistry, License No. 3671210677399). 
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Fig. 19 Histological specimens from hematoxylin-eosin stained micrographs of rat 
tibiae after 4 weeks of different treatments, with intact contralateral tibiae (left tibiae) 
and bone fragments without a treatment as the positive and negative controls, 
respectively. The yellow dotted lines, blue circles and white arrows indicate the 
original cuts, lacunae with active osteocytes and bone union with host tibia, 
respectively. HB, GB, FC, NB, NBM, MC refer to the host bone, graft bone, fibrous 
callus, new bone, new bone marrow, and muscle tissue, respectively. Scale bar: 0.5 
mm (reprinted with permission from Ref. 94. Copyright 2015, Royal Society of 
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Chemistry, License No. 3671210677399). 

Fig. 18 shows the soft X-ray photographs of bone bridging after 4 weeks of different 

treatments. In contrast to the sharp bone ends in group C (Fig. 18b) and group B2 

(Fig. 18c), evident bone bridging was found in group S2 (Fig. 18h) after 4 weeks 

implantation. The hematoxylin-eosin staining micrographs (see Fig. 19) showed more 

details of the histological changes in the bone grafts. There were four perfect contacts 

between the bone grafts and intact tibia without any gaps (Fig. 19g, r and t). In 

addition, the lacunae with mature osteocytes filled in were observed in the blue circles 

marked in Fig. 19q. However, there was no significant bone bridging in other groups. 

These in vivo observations of group S2 is in accordance with the in vitro results 

presented in Fig. 17. Consequently, owing to the controlled release of FGF-2 followed 

by BMP-2, the core-shell microspheres (with BMP-2 and FGF-2 in core and shell, 

respectively) would efficiently heal the bone fractures and remodel the bone graft by 

maintaining the balance between bone formation and resorption.  

5. Discussion 

As stated above, cell homing-based tissue regeneration can be enhanced by improving 

the components of tissue engineering triad via cell surface modification, scaffold 

optimization, and spatiotemporal organization of signaling molecules. Each of these 

strategies possesses pros and cons, and each of them can be applied individually or in 

combination for different applications  

Cell membranes play key roles in many cellular activities, including cell adhesion, 

migration and intercellular interactions.96-100 So cell surface modification via either 

physical methods or chemical techniques is a promising way to improve cell adhesion 

and migration during cell homing. However, cell surface modification requires ex vivo 

proliferation of cells, which may result in some problems. For instance, methylation 

patterns of the cells after removed from their native atmosphere and expanded ex vivo 

may change, leading to the changes in gene expression and cell behavior.101 Besides, 

albeit ex vivo proliferated cells are not suspected to suffer from a growth deregulation 
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in vivo, the artificial culture conditions might advantage malignant cells.102, 103  

The final goal of the tissue engineering scaffold is to replace the natural extracellular 

matrix (ECM) until cells can rebuild a new natural matrix. To fulfill this goal, scaffold 

should be not only biocompatible, but also bioactive, which relies on the 3-D structure 

of the scaffold and the cell-scaffold interactions.30 As stated in Section 3, the 

optimization of scaffold can significantly improve cell migration and infiltration in 

cell homing-based tissue engineering, since the well-ordered structure of scaffolds can 

obtain proper pore size distribution and porosity. Nevertheless, they are still 

non-living materials that can hardly react to changes in their atmosphere in vivo. In 

addition, scaffolds made from biomaterials may cause immunological reactions, e.g., 

fibroblastic overgrowth or rejection, which have negative influence on the final 

therapeutic outcomes.104 Due to these limitations, although many engineered tissue 

scaffold with various structures have been successfully developed for cell 

homing-based tissue regeneration, a clinically applicable scaffold is still far from 

being realized.30, 105, 106  

During the complex wound healing cascade, GFs play a key role in stimulating 

endogenous repair mechanisms by transferring information to cells and thereby 

accelerating the functional restoration of defective tissues.4 Various GFs exert 

different biological functions in cell homing-based tissue engineering, including 

improving cell adhesion, proliferation and differentiations. Since a cocktail 

application of various GFs probably leads to potentially negative effects on tissue 

repair, there is a consensus that a spatiotemporal delivery of GFs is essentially 

required for an efficient tissue repair. However, the complexity of the physiological 

and pathological environments in tissues makes it difficult to figure out a simplified 

version of the spatiotemporal patterns of the GFs of interest. As a result, it is difficult 

for materials scientists to design delivery systems for spatiotemporal delivery of these 

GFs in situ.2 Moreover, although some studies claimed that the introduction of GFs to 

scaffolds or tissue defects apparently improved the cell homing-based tissue 

regeneration, the concentrations and profiles of the GFs are warranted to be optimized 
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for clinical applications. In this regard, the study of spatiotemporal delivery of 

multiple GFs is still at its infant stage.107, 108 

6. Conclusion 

This work aims at the understanding of the roles of materials in cell homing-based 

tissue regeneration. Various techniques, which can improve cell migration, adhesion, 

infiltration, proliferation or differentiation, have been reviewed from the aspect of 

material science. These techniques focus not only on the modification of cells, but 

also on the design of scaffolds for cell recruitment, the selection and coordinated 

release of GFs in situ.  

Surface modification of cells using polymers is an important strategy to improve cell 

homing from the materials' point of view. After introducing a receptor on cell surface, 

the cell homing efficiency can be obviously enhanced. Besides cell surface 

modification, the morphology and microstructures of scaffolds can be optimized to 

improve cell migration and infiltration. In this case, the ordered structures show better 

performance than the random ones. In addition, a scaffold enabling releasing multiple 

GFs in specific temporal patterns may help improve the efficiency of coordinating cell 

proliferation and differentiations. Scaffold optimization in terms of scaffold 

microstructures and release properties aims at taking full advantage of the cells homed 

via the technique of cell surface modifications.  

Although a series of progress on cell surface modification and scaffold design have 

been achieved and made biomaterials preparation for cell homing-based tissue 

regeneration, cell homing-based tissue regeneration is still in its infant stage. As a new 

strategy for tissue regeneration, cell homing is yet to be better understood and a 

foreseeable bottleneck is the in vivo monitoring of cell homing to defect site and the 

actual role of these cells in tissue regeneration. These investigations would enable us 

to understand more about the role of different cells (transplanted and endogenous cells) 

in regeneration and determine the optimal regenerative approach. After all, 
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regeneration is the end and cell homing is the means. It is expected that the 

development of biomaterials would continue to play a big role in solving the 

bottleneck problems related to cell homing-based tissue regeneration in the future. 
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