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A B S T R A C T   

With the development of magnetic manipulation technology based on magnetic nanoparticles (MNPs), scaffold- 
free microtissues can be constructed utilizing the magnetic attraction of MNP-labeled cells. The rapid in vitro 
construction and in vivo vascularization of microtissues with complex hierarchical architectures are of great 
importance to the viability and function of stem cell microtissues. Endothelial cells are indispensable for the 
formation of blood vessels and can be used in the prevascularization of engineered tissue constructs. Herein, safe 
and rapid magnetic labeling of cells was achieved by incubation with MNPs for 1 h, and ultrathick scaffold-free 
microtissues with different sophisticated architectures were rapidly assembled, layer by layer, in 5 min intervals. 
The in vivo transplantation results showed that in a stem cell microtissue with trisection architecture, the two 
separated human umbilical vein endothelial cell (HUVEC) layers would spontaneously extend to the stem cell 
layers and connect with each other to form a spatial network of functional blood vessels, which anastomosed 
with the host vasculature. The “hamburger” architecture of stem cell microtissues with separated HUVEC layers 
could promote vascularization and stem cell survival. This study will contribute to the construction and appli
cation of structural and functional tissues or organs in the future.   

1. Introduction 

Stem cell-based therapies have shown great potential in the treat
ment of various diseases and tissue repair [1–3]. A major obstacle to 
stem cell-based tissue regeneration is that the transplanted stem cells are 
prone to death prior to differentiation into the desired cell types, due to 
lack of oxygen and nutrient supplies [4]. The rapid formation of vascular 
network and its anastomosis with the host vasculature are critical to the 
early survival of stem cells by providing oxygen and nutrients and 
removing metabolic wastes [5]. The lack of vascularization also limits 
the size of transplanted microtissues or organoids, since the growth of 
tissues in vivo is supported by a complex network of vasculature [6,7]. 

The assembly of living cells without biomaterials has opened up a 

new avenue to construct customized tissues or organoids with complex 
architectures [8,9]. The classic method of cell sheet preparation is based 
on a temperature-responsive culture surface. The cells are inoculated on 
the temperature-responsive culture surface and cultured at 37 ◦C, and 
the monolayer cell sheet is harvested when the temperature is below 
32 ◦C [10,11]. Although the approach is easy to follow, it is difficult to 
obtain a thick cell sheet/microtissue with a complex architecture 
directly and rapidly. In vitro assembled microtissues preserve the 
extracellular matrix (ECM) and cell-cell interactions, as well as 3D tissue 
structures. Thus, they more closely resemble in vivo tissues, and are more 
conducive to the therapeutic efficacy of stem cell-based therapies after in 
vivo transplantation [12–15]. 

Magnetic nanoparticles (MNPs) are widely used in biomedicine 
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because of their excellent biocompatibility and superparamagnetic 
properties, and have been approved for clinical use by the FDA [16–18]. 
Remote magnetic manipulation and image tracking of microtissues can 
be performed because MNPs can be manipulated by remote magnetic 
fields and detected [19,20]. Magnetic cell sheet preparation was first 
proposed by Ito et al. that multilayered keratinocyte sheets were 
assembled using MNPs and magnetic force [21]. In recent years, with the 
development of magnetic manipulation technology, it has been realized 
to assemble cell sheets/microtissues with thicker dimensions, more 
complex shapes, and containing different cell types [22–25]. The cells in 
the ultrathick microtissues are prone to necrosis after long time culture 
in vitro and transplantation in vivo due to insufficient nutrient and oxy
gen supply and inefficient exchange of metabolic wastes [4,26,27]. It is 
of great importance to optimize the magnetic labeling and assembly 
time for rapid construction of microtissues with complex 3D architec
tures. Rapid vascularization in vivo is essential for cell survival when the 
microtissue diameter exceeds 200 μm [28]. 

Dental pulp stem cells (DPSCs) have strong capacities for self- 
renewal, proliferation, and differentiation to regenerate dentin and 
dental pulp tissue [29,30]. Because the root canal system of the tooth is 
narrow and curved, and the narrow apical foramen is the main channel 
of blood vessels, the application of DPSC microtissues for dental pulp 
regeneration has a strong demand for vascularization [31]. Endothelial 
cells are indispensable for the formation of blood vessels and can be used 
in the prevascularization of engineered tissue constructs [32–34]. The 
co-culture of stem cells with endothelial cells has been shown to be a 
very effective strategy to promote vascularization and tissue regenera
tion [35–38]. However, few studies have focused on the spatial ordered 
combination of stem cells and endothelial cells, and it is unknown 
whether the assembly of stem cells and endothelial cells into geometric 
architectures is beneficial to the survival of stem cell microtissues. 

In this study, we optimized the minimum time required to magnet
ically label DPSCs and human umbilical vein endothelial cells (HUVECs) 
with MNPs. Scaffold-free 3D microtissues with different sophisticated 
architectures could thus be rapidly assembled layer by layer, using MNP- 
labeled DPSCs and HUVECs, and the dimensions were measured based 
on the 3D reconstruction of micro-CT. Similar to the architecture of a 
hamburger, a common food containing multiple layers of breads and 
meats, DPSC-trisection microtissue was assembled by adding DPSCs and 
HUVECs layer by layer. In vivo transplantation of the assembled 
microtissues demonstrated that the HUVEC layers spontaneously 
extended to the DPSC layers. In the “hamburger” microtissues with 
trisection DPSC layers, the two separated HUVEC layers would connect 
to each other to form a spatial network of functional blood vessels that 
anastomosed with the host vasculature, thereby promoting the vascu
larization and survival of DPSC microtissues. 

2. Materials and methods 

2.1. Cell culture 

DPSCs were isolated from extracted orthodontic teeth or third molars 
of healthy donors, using the method described in our previous study, 
with the approval of the Ethics Committee of Shanghai Ninth People’s 
Hospital [39]. Briefly, the dental pulp tissues were isolated, minced into 
1–2 mm3 pieces, and then digested with 4 mg mL− 1 dispase and 3 mg 
mL− 1 collagenase type I in PBS for 1 h at 37 ◦C, with vigorous shaking. 
After centrifugation, the supernatant was removed and the remaining 
cells were cultured in alpha-modified Eagle’s medium (Gibco, USA) 
containing 1% penicillin-streptomycin (Sigma, USA) and 10% fetal 
bovine serum (Gibco, USA). HUVECs were purchased from ScienCell 
Research Laboratories (Carlsbad, CA, USA). Cells of passage 3–7 were 
used for the subsequent experiments. 

2.2. Magnetic labeling of cells 

MNPs with an average diameter of 50 nm were purchased from 
Micxy Reagent Co., Ltd. (Chengdu, China). After disinfection in 75% 
alcohol and washing with PBS, the dispersion of MNPs was diluted to 
100 μg mL− 1 using serum-free high glucose DMEM. Cells were incubated 
with 100 μg mL− 1 MNP medium from 10 min to 8 h to screen the optimal 
time for magnetic labeling, and the MNPs not swallowed by the cells in 
the medium were washed away. Cells were stained using a Prussian Blue 
Iron Stain Kit (Polysciences, USA), according to the manufacturer’s in
structions. To confirm the safety of magnetic labeling, cells were incu
bated with 100 μg mL− 1 MNPs from 30 min to 8 h, and evaluated using 
an Annexin V-FITC/PI detection kit (BD Biosciences, USA), following the 
manufacturer’s instructions, as previously described [40]. Cell apoptosis 
and necrosis were measured using flow cytometry, and the data were 
analyzed using FlowJo V10.0 (Treestar, Ashland, OR, USA). The per
centage of apoptotic and necrotic cells was calculated. 

2.3. Magnetic attraction of cells 

Approximately one million DPSCs and one million HUVECs were 
incubated with 100 μg mL− 1 MNP medium from 30 min to 2 h, and then 
attracted using the Neodymium-ironboron permanent magnets with a 
diameter of 3 mm, to form a layer of cells. Cells that were not attracted 
by the magnets were washed away immediately using PBS. After 4 h, 
cells were fixed with 4% paraformaldehyde and stained using DAPI 
(Beyotime, Shanghai, China). The magnets were removed and images of 
the cell sheets were obtained using a confocal laser scanning microscope 
(Leica, Germany). The number of DPSCs and HUVECs was calculated 
using ImageJ software [41]. 

2.4. Assembly of 3D microtissues 

To track cells in vitro, DPSCs were labeled with 3,3-dioctadecyloxa
carbocyanine perchlorate (DiO), and HUVECs were labeled with 1,1′- 
Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI). 
DPSCs and HUVECs were incubated with 100 μg mL− 1 MNPs for 1 h to 
accomplish magnetic labeling. Neodymium-ironboron permanent mag
nets with a diameter of 3 mm were used under the bottom of culture 
dishes to attract cells. Approximately one million cells were added each 
time to the culture dish to form one layer of the microtissue via magnetic 
attraction. Approximately 5 min later, the bottom layer was stable 
enough to add the next one million cells to form the next layer of the 
microtissue. A multilayered microtissue with a sophisticated architec
ture was rapidly assembled layer by layer by repeatedly adding MNP- 
labeled cells. After 24 h of in vitro culture, neodymium-ironboron per
manent magnets were removed and microtissues were harvested from 
the culture dishes for subsequent studies. 

2.5. Micro-CT 

After 24 h of in vitro culture, the microtissues were fixed with 4% 
paraformaldehyde and then scanned using micro-CT (Scanco Medical, 
Switzerland), and each scanning layer had a thickness of 10 μm. 3D 
reconstruction and 2D images from different observation directions of 
the microtissues were carried out using the micro-CT system software. 
The diameter and height of the microtissues were measured using the 
micro-CT system software. 

2.6. In vitro cell staining 

After 24 h of in vitro culture, the microtissues were fixed with 4% 
paraformaldehyde, embedded in optimum cutting temperature (OCT) 
compound (Thermo Fisher, USA) and frozen. Serial sections with a slice 
thickness of 4 μm were prepared for immunofluorescence staining. 
Nuclei were stained with DAPI (Beyotime, Shanghai, China). The 
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architectures of DiO + DPSC layers and DiI + HUVEC layers in micro
tissues were observed using a fluorescence microscope. 

2.7. In vivo transplantation 

All animals used in this study were provided by the Ninth People’s 
Hospital Animal Center (Shanghai, China). All experimental protocols 
performed in this study were approved by the Animal Care and Exper
iment Committee of the Ninth People’s Hospital. To track cells in vivo, 
DPSCs were transfected with a green fluorescent protein (GFP) lentivirus 
and HUVECs were transfected with a red fluorescent protein (RFP) 
lentivirus. Five million DPSCs were divided into five equal parts, and 
then added layer by layer to assemble DPSC microtissues. To assemble 
DPSC-bisection microtissues, five million DPSCs divided into four equal 
parts and one million HUVECs as another one part, were added layer by 
layer to form the bottom two layers of DPSCs, the middle layer of 
HUVECs, and the top two layers of DPSCs. To assemble DPSC-trisection 
microtissues, five million DPSCs divided into three equal parts and one 
million HUVECs divided into two equal parts, were added layer by layer. 
After 24 h of in vitro culture, the microtissues with a diameter of 3.5 mm 
and a height of 400 μm were transplanted into 8-week-old male nude 
(BALB/c-nu) mice. After anesthesia, four subcutaneous pockets were 
formed on the dorsal side of each nude mouse for microtissue 
transplantation. 

2.8. Microfil perfusion 

Nude mice were perfused with microfil (Flow Tech, Carver, MA, 
USA), as previously described [42]. After subcutaneous transplantation 
for 3 days, the nude mice were anesthetized. The abdominal aorta was 
exposed and penetrated with an angio-catheter. Each nude mouse was 
perfused with a total of 10 mL of microfil. The nude mice were placed at 
4 ◦C for 1 h for microfil coagulation. The samples were extracted, frozen 
into sections, and fixed for subsequent HE and immunofluorescent 
staining. 

2.9. Immunohistochemical analysis 

Nude mice were sacrificed 3 and 7 days after subcutaneous trans
plantation. The samples were fixed with formalin, embedded in OCT 
compound, and frozen. Serial sections with a slice thickness of 4 μm 
were prepared for HE staining and CD31 immunofluorescence staining. 
Primary antibodies against CD31 (R&D Systems, USA) and rabbit anti- 
goat IgG secondary antibodies (Abcam, USA) were used, followed by 
counterstaining of cellular nuclei with DAPI. Images were obtained 
using a confocal laser scanning microscope (Leica, Germany). The pos
itive area was captured and calculated using ImageJ software for sta
tistical analysis [41]. After observation under a confocal laser scanning 
microscope, the sections were restained with HE. 

2.10. Statistical analysis 

Data were presented as mean ± standard deviation. Statistical 
analysis was performed using the GraphPad Prism 8.0 software. Com
parisons between groups were analyzed using one-way analysis of 
variance, followed by Tukey’s multiple comparisons test. A p < 0.05 or 
p < 0.01 indicated a statistically significant difference. 

3. Results and discussion 

3.1. Safe and rapid magnetic labeling of DPSCs and HUVECs 

A safe and rapid magnetic labeling of DPSCs and HUVECs is of great 
benefit to shorten the preparation time before the magnetic assembly of 
microtissues. We used MNPs with a concentration of 100 μg mL− 1, 
which was optimized in our previous study [23]. The Prussian blue 

staining results indicated that the intracellular MNP content increased in 
a time-dependent manner (Fig. 1a). Previous studies have shown that 
the addition of magnetic materials, such as MNPs, does not affect the 
long-term behavior of cells [43,44]. To verify the short-term effects of 
the accumulated MNPs in cells as the magnetic labeling time increased, 
DPSCs and HUVECs were incubated with 100 μg mL− 1 MNPs up to 8 h, 
and then cell apoptosis and necrosis were evaluated using flow cytom
etry. According to the Annexin V fluorescein isothiocyanate and propi
dium iodide (Annexin V FITC/PI) analysis using flow cytometry 
(Fig. 1b), there were no significant differences in the percentage of both 
early apoptosis (Fig. 1c), and late apoptosis and necrosis (Fig. 1d) among 
DPSCs magnetically labeled for different times (0, 0.5, 1, 2, 4, and 8 h). 
After 2 d of subsequent culture, the Annexin V FITC/PI analysis showed 
no significant differences in the percentage of both early apoptosis 
(Fig. 1e), and late apoptosis and necrosis (Fig. 1f) among DPSCs 
magnetically labeled for different times (0, 0.5, 1, 2, 4, and 8 h). Similar 
trends were also found in the magnetic labeling of HUVECs. The 
Annexin V FITC/PI analysis of HUVECs (Fig. 1g) showed no significant 
differences in the percentage of both early apoptosis (Fig. 1h), and late 
apoptosis and necrosis (Fig. 1i) among HUVECs magnetically labeled for 
different times (0, 0.5, 1, 2, 4, and 8 h). After 2 d of subsequent culture, 
the Annexin V FITC/PI analysis showed no significant differences in the 
percentage of both early apoptosis (Fig. 1j), and late apoptosis and ne
crosis (Fig. 1k) among HUVECs magnetically labeled for different times 
(0, 0.5, 1, 2, 4, and 8 h). 

To optimize the magnetic labeling time, DPSCs and HUVECs were 
incubated with MNPs for a period of time to determine the shortest in
cubation time necessary for remote magnetic manipulation of cells. To 
track cells in vitro, DPSCs were labeled with DiO, and HUVECs were 
labeled with DiI (Fig. S1a). Flow cytometry results showed that 99.7% of 
DPSCs (Fig. S1b) and 99.1% of HUVECs (Fig. S1c) were validly labeled. 
After incubation with MNPs for 30 min to 2 h, MNP-labeled cells were 
added to the culture dishes and were immediately attracted by magnets 
(Fig. 2a and b). There were no significant differences in the DPSC 
number attracted by magnets among the different magnetic labeling 
times (30 min, 1 h, and 2 h), although a slight increase was observed for 
1 h, compared to 30 min of labeling time (Fig. 2c). Regarding the HUVEC 
number attracted by magnets, there was a significant difference between 
the 30 min and 1 h labeling times, while no significant difference was 
found between 1 h and 2 h (Fig. 2d). These results indicated that when 
DPSCs and HUVECs were magnetically labeled with 100 μg mL− 1 MNPs, 
an incubation time of 1 h was sufficient for the magnetic manipulation of 
cells. 

Based on the safe and effective MNP concentration discovered in our 
previous study [23], we further confirmed that cells incubated with 100 
μg mL− 1 MNPs for a long time had no significant effect on apoptosis and 
necrosis. As with many previous studies, the safety of labeling cells with 
MNPs was assured [16–18,23,24]. Nevertheless, for the magnetic as
sembly of microtissues, on the premise of ensuring MNP-labeled cells 
that could be manipulated by the remote magnetic field, a shorter MNP 
incubation time would make the construction of microtissues more 
practical and benefit the assembly of complex architectures. Compared 
with the previous method, the magnetic labeling time was shortened to 
1 h in the study [23,24]. 

3.2. Assembly of 3D microtissues with sophisticated architectures 

The remote magnetic assembly of 3D microtissues is one of the ad
vantages of using MNP-labeled cells. In this study, DPSCs and HUVECs 
were incubated with 100 μg mL− 1 MNPs for 1 h to accomplish rapid 
magnetic labeling. Then, the added MNP-labeled cells were immediately 
dragged down to the bottom of the cell culture dish using magnets to 
assemble the first layer of the microtissue. After 5 min, the second layer 
of the microtissue was assembled by addition of MNP-labeled cells. A 
multilayered microtissue with a sophisticated architecture was assem
bled layer by layer by repeatedly adding MNP-labeled cells (Fig. 3a). 
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The dimensions of the assembled microtissues could be measured 
based on the 3D reconstruction of the micro-CT, owing to the properties 
of MNPs [45]. One million DPSCs were added to the culture dish as one 
layer. DPSCs were preferentially attracted to the edge of the magnet to 
form the first layer with a ring structure. As more cells were added, the 
microtissue gradually grew larger and thicker into a solid pie structure 
(Fig. 3b). The diameter and height of the microtissues increased quickly 
at the start, and there were significant differences among one, three, and 
five layers of the microtissues. However, after the microtissues exceeded 
five layers, the diameter and height increased slowly, and there was no 
significant difference between the microtissues with five or seven layers 
(Fig. 3d and e). 

Multilayered microtissues with sophisticated 3D architectures can be 

assembled based on magnetic manipulation technology. Microtissues 
with different layers and thicknesses, such as two (DH), three (DHD), 
five (DHDHD), and seven (DHDHDHD) layers, were assembled by 
orderly adding DiO positive (DiO+) DPSCs and DiI positive (DiI+) 
HUVECs, layer by layer, with 5 min intervals between each layer 
(Fig. 4a). Microtissues with the same layers but different patterns could 
also be assembled. For example, five-layered microtissues could be 
assembled by adding five layers of DiO + DPSCs (DDDDD/DPSC), or by 
adding two layers of DiO + DPSCs, one layer of DiI + HUVECs, and two 
layers of DiO + DPSCs (DDHDD/DPSC-bisection), or by adding DiO +
DPSCs and DiI + HUVECs, layer by layer (DHDHD/DPSC-trisection), for 
a total of five times (Fig. 4b). 

Traditional monolayer cell culture cannot be used to construct 3D 

Fig. 1. Safe magnetic labeling of DPSCs and HUVECs. a) DPSCs and HUVECs were incubated with 100 μg mL− 1 MNPs for times ranging from 10 min to 8 h. Prussian- 
blue staining was used to visualize the distribution of MNPs (scale bar: 100 μm). b) DPSCs were incubated with 100 μg mL− 1 MNPs from 30 min to 8 h, and the 
apoptosis and necrosis were measured immediately after MNP incubation using flow cytometry. c) The percentage of early apoptosis of DPSCs immediately after MNP 
incubation was calculated. d) The percentage of late apoptosis and necrosis of DPSCs immediately after MNP incubation was calculated. e) The percentage of early 
apoptosis of DPSCs 2 d after MNP incubation was calculated. f) The percentage of late apoptosis and necrosis of DPSCs 2 d after MNP incubation was calculated. g) 
HUVECs were incubated with 100 μg mL− 1 MNPs from 30 min to 8 h, and the apoptosis and necrosis were measured immediately after MNP incubation using flow 
cytometry. h) The percentage of early apoptosis of HUVECs immediately after MNP incubation was calculated. i) The percentage of late apoptosis and necrosis of 
HUVECs immediately after MNP incubation was calculated. j) The percentage of early apoptosis of HUVECs 2 d after MNP incubation was calculated. k) The 
percentage of late apoptosis and necrosis of HUVECs 2 d after MNP incubation was calculated. 
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tissues in the absence of supporting biomaterials due to contact inhibi
tion [46–50]. Bioprinting technology can construct 3D tissues layer by 
layer using cell-laden bioinks, but it usually relies on biomaterials such 

as hydrogels and fibers as carriers for living cells, as well as expensive 
specialized bioprinting equipment [9,51]. Traditional cell sheet tech
nology can construct monolayer cell sheets that preserve ECM and 

Fig. 2. Rapid magnetic labeling of DPSCs and HUVECs. a) DPSCs were incubated with 100 μg mL− 1 MNPs for times ranging from 30 min to 2 h, and then added to the 
culture dishes and attracted by magnets. Cells that were not attracted by magnets were washed away immediately. Four hours later, cell deposition was visualized 
using a confocal laser scanning microscope (scale bar: 200 μm). b) HUVECs were incubated with 100 μg mL− 1 MNPs from 30 min to 2 h, and then added to the culture 
dishes and attracted by magnets. Cells that were not attracted by magnets were washed away immediately. Four hours later, cell deposition was visualized using a 
confocal laser scanning microscope (scale bar: 200 μm). c) The number of DPSC per mm2 was calculated using ImageJ software. d) The number of HUVEC per mm2 

was calculated using ImageJ software (** represents p < 0.01). 

Fig. 3. Assembly strategies and 3D dimensions of microtissues. a) The assembly schematic diagram of multilayered microtissues. b) The assembled microtissues were 
scanned using a micro-CT and the 3D images were obtained via 3D reconstruction (scale bar: 1 mm). c, d) The diameter (c) and height (d) of microtissues were 
measured using the micro-CT system software (* represents p < 0.05, ** represents p < 0.01). 
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cell-cell interactions without biomaterials [26]. However, it usually 
takes more than one week to construct a monolayer cell sheet with a 
limited thickness. Based on the magnetic assembly method of thick cell 
sheets in our previous study [23], we successfully assembled 
scaffold-free microtissues with different sophisticated architectures by 
adding MNP-labeled cells layer by layer in a very short time. It took 
about 30 min to assemble 7 layers of microtissue. Cells of each layer 
were immediately attracted by a magnet, with 5 min intervals between 
layers. Our simple and practical method of microtissue construction is 
similar to bioprinting to some extent, but it does not rely on biomaterials 
or specialized equipment. 

3.3. Rapid vascularization and increased cell survival of in vivo 
transplanted microtissues 

To track cells in vivo, DPSCs and HUVECs were transfected with GFP 
and RFP lentiviruses, respectively (Fig. S1a). Flow cytometry results 
showed that the positive GFP (GFP+) ratio of DPSCs was 95.2% 

(Fig. S1d) and the positive RFP (RFP+) ratio of HUVECs was 94.1% 
(Fig. S1e). In order to clarify the role of the multisection architecture in 
vascularization and stem cell survival of the microtissues, DPSC micro
tissues were assembled using five million GFP + DPSCs. DPSC-bisection 
microtissues were assembled using five million GFP + DPSCs separated 
into two sections, with one million RFP + HUVECs in the middle. DPSC- 
trisection microtissues were assembled using five million GFP + DPSCs 
separated into three sections, and one million RFP + HUVECs separated 
into two sections among the DPSC sections. After 24 h of in vitro culture, 
the assembled microtissues gradually became solid and could be trans
planted in vivo (Fig. 3a). 

Hematoxylin-eosin (HE) staining showed that, after 3 days of sub
cutaneous transplantation into nude mice, the microtissues of different 
groups were all well integrated with the host tissues (Fig. 5a). Compared 
with the DPSC microtissue, although the positive GFP area in the DPSC- 
bisection microtissue was slightly higher, the difference was not statis
tically significant. The positive GFP area in the DPSC-trisection micro
tissue was higher than that in the DPSC microtissue and the DPSC- 

Fig. 4. Assembly of microtissues with sophisticated architectures. a) Assembly of microtissues with different layers and thickness (scale bar: 500 μm). b) Assembly of 
microtissues with the same layers, but with different patterns (scale bar: 500 μm). 
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bisection microtissue, which indicated improved stem cell survival 
(Fig. 5b). The integrated RFP + HUVEC layer in the DPSC-bisection 
microtissue began to extend to the adjacent GFP + DPSC layers, while 
the two separated RFP + HUVEC layers in the DPSC-trisection micro
tissue not only began to extend to the adjacent GFP + DPSC layers, but 
also began to connect with each other to form a vascular network 
(Fig. 5a). The positive RFP area in the DPSC-trisection microtissue was 
higher than that in the DPSC-bisection microtissue (Fig. 5c). CD31 
immunofluorescent staining was performed to better visualize the 
capillary-like structures. The positive CD31 area in the DPSC-bisection 
microtissue was higher than that in the DPSC microtissue, while that 
in the DPSC-trisection microtissue was higher than that in the DPSC- 
bisection microtissue (Fig. 5d). These results indicated that the DPSC- 
trisection microtissue had the best vascularization and highest stem 
cell survival (Fig. 5a). 

In order to verify the function of the capillary-like structures formed 
by HUVECs, microfil perfusion was performed 3 days after subcutaneous 
implantation into nude mice. HE staining showed that a blue microfil 
agent was observed in the capillary-like structure. CD31 immunofluo
rescent staining and RFP + HUVECs showed that the capillary-like 
structure was formed by HUVECs (Fig. 5e). These results indicated 
that as early as 3 days post-transplantation, the capillary-like structures 
formed by HUVECs were well anastomosed with the host vasculature 
and performed a vascular function in the microtissues. 

Similar trends were also observed after 7 days of subcutaneous 
transplantation into nude mice. The RFP + HUVEC layer extended more 
obviously to the adjacent DPSC layers in the DPSC-bisection microtissue 
than at 3 days, and the separated two RFP + HUVEC layers in the DPSC- 
trisection microtissue extended to each other and connected to form a 
vascular network (Fig. 6a). The positive GFP area in the DPSC-bisection 

Fig. 5. In vivo transplantation of microtissues for 3 days. a) HE staining and CD31 immunofluorescent staining of the Control group, DPSC microtissue group, DPSC- 
bisection microtissue group, and DPSC-trisection microtissue group (scale bar: 100 μm). The dotted lines in the DPSC-bisection microtissue group show the 
boundaries of the HUVEC layer. The arrows in the DPSC-bisection microtissue group indicate that the HUVEC layer begins to extend to the DPSC layer. The yellow 
dotted line in the DPSC-trisection microtissue group shows the upper boundary of the lower HUVEC layer. The white dotted line in the DPSC-trisection microtissue 
group shows the lower boundary of the upper HUVEC layer. The yellow arrows in the DPSC-trisection microtissue group indicate that the lower HUVEC layer begins 
to extend and connect to the upper HUVEC layer. The white arrow in the DPSC-trisection microtissue group indicates that the upper HUVEC layer begins to extend 
and connect to the lower HUVEC layer. b) Positive GFP area in four groups. c) Positive RFP area in four groups. d) Positive CD31 area in four groups. e) HE staining 
and CD31 immunofluorescent staining of the DPSC-trisection microtissue group after microfil perfusion (scale bar: 50 μm). 
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microtissue was higher than that in the DPSC microtissue, while that in 
the DPSC-trisection microtissue was higher than that in the DPSC- 
bisection microtissue (Fig. 6b). The positive RFP area in the DPSC- 
trisection microtissue was higher than that in the DPSC-bisection 
microtissue (Fig. 6c). The positive CD31 area in the DPSC-bisection 
microtissue was higher than that in the DPSC microtissue group, and 
that in the DPSC-trisection microtissue was higher than that in the DPSC- 
bisection microtissue (Fig. 6d). 

These results indicated that the HUVEC layers in the DPSC micro
tissue improved vascularization and stem cell survival, and the multi
section architecture of the DPSC microtissue was conducive to the 
extension and connection of separated HUVEC layers. The formation of a 

vascular network by the separated HUVEC layers would anastomose 
with the host vasculature, promoting vascularization and stem cell 
survival of the DPSC microtissue (Fig. 6e). 

The early survival of transplanted stem cell microtissues in vivo is a 
prerequisite for achieving stem cell functions. When the microtissue 
diameter exceeds 200 μm, rapid vascularization is essential for cell 
survival by providing oxygen and nutrients and removing waste [28]. In 
addition, vascularization of microtissues depends on the blood supply at 
the transplant site. In teeth, the root canal system is narrow and curved, 
and the narrow apical foramen is the main channel of blood vessels, 
making vascularization particularly challenging for DPSC microtissue 
transplantation [31]. In this study, we successfully constructed thick 

Fig. 6. In vivo transplantation of microtissues for 7 days. a) HE staining and CD31 immunofluorescent staining of the Control group, DPSC microtissue group, DPSC- 
bisection microtissue group, and DPSC-trisection microtissue group (scale bar: 100 μm). The dotted lines in the DPSC-bisection microtissue group show the 
boundaries of the HUVEC layer. The arrows in the DPSC-bisection microtissue group indicate the HUVEC layer extending to the DPSC layer. The yellow dotted line in 
the DPSC-trisection microtissue group shows the upper boundary of the lower HUVEC layer. The white dotted line in the DPSC-trisection microtissue group shows the 
lower boundary of the upper HUVEC layer. The yellow arrow in the DPSC-trisection microtissue group indicates the lower HUVEC layer extending and connecting to 
the upper HUVEC layer. The white arrow in the DPSC-trisection microtissue group indicates the upper HUVEC layer extending and connecting to the lower HUVEC 
layer. b) Positive GFP area of four groups. c) Positive RFP area of four groups. d) Positive CD31 area of four groups. e) A schematic diagram of the bisection and 
trisection architectures of DPSC microtissues to promote vascularization and stem cell survival. The HUVEC layers in the bisection DPSC microtissues can sponta
neously extend to the adjacent DPSC layers to promote a rapid vascularization and cell survival. The separated HUVEC layers in the trisection DPSC microtissues can 
spontaneously extend and connect to each other to form a spatial vascular network to further promote a rapid vascularization and cell survival. 
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DPSC microtissues with a diameter of 3.5 mm and a height of 400 μm far 
exceeding 200 μm. In the DPSC-trisection microtissue, the separated 
HUVEC layers formed a vascular network and rapidly anastomosed with 
the host vasculature, which greatly improved the survival of DPSCs. 
Excellent vascularization and cell survival of DPSC microtissues would 
provide a crucial basis for future dental pulp regeneration [31]. The 
rapid magnetic assembly of microtissues with complex architectures in 
vitro, and the rapid vascularization and improved cell survival achieved 
by the multisection architecture of microtissues in vivo, will provide new 
strategies for stem cell-based therapies, such as vascularized tissue and 
organ regeneration, and vascularized organoids. 

4. Conclusions 

The MNP-based magnetic manipulation can rapidly construct stem 
cell microtissues with complex hierarchical architectures. The cells were 
magnetically labeled for 1 h, followed by magnetic assembly layer by 
layer at 5 min intervals, and 24 h later, the microtissues could be 
transplanted in vivo. With the help of the “hamburger” architecture, a 
spatial network of functional blood vessels that anastomosed with the 
host vasculature was formed by the separated HUVEC layers as early as 3 
days, and stem cell survival was promoted by the rapid vascularization 
in vivo. It is expected that this study will contribute to the future con
struction and application of structural and functional tissues or organs. 
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