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A B S T R A C T   

Mechanical force is crucial in the whole process of embryonic development. However, the role of trophoblast 
mechanics during embryo implantation has rarely been studied. In this study, we constructed a model to explore 
the effect of stiffness changes in mouse trophoblast stem cells (mTSCs) on implantation: microcarrier was pre-
pared by sodium alginate using a droplet microfluidics system, and mTSCs were attached to the microcarrier 
surface with laminin modifications, called T(micro). Compared with the spheroid, formed by the self-assembly of 
mTSCs (T(sph)), we could regulate the stiffness of the microcarrier, making the Young’s modulus of mTSCs 
(367.70 ± 79.81 Pa) similar to that of the blastocyst trophoblast ectoderm (432.49 ± 151.90 Pa). Moreover, T 
(micro) contributes to improve the adhesion rate, expansion area and invasion depth of mTSCs. Further, T(micro) 
was highly expressed in tissue migration-related genes due to the activation of the Rho-associated coiled-coil 
containing protein kinase (ROCK) pathway at relatively similar modulus of trophoblast. Overall, our study ex-
plores the embryo implantation process with a new perspective, and provides theoretical support for under-
standing the effect of mechanics on embryo implantation.   

1. Introduction 

Mechanical signals regulate mouse embryonic developmental pro-
cesses, which are generated by cell-cell, and cell-microenvironment in-
teractions, with faster feedback and longer propagation distances than 
biochemical signals [1–4]. Mouse embryo implantation is crucial to the 
entire study of embryonic development [5–7]. During this process, the 
trophoblast adheres to the surface of the luminal epithelium and invades 
the stroma through the basal lamina, achieving cell through interface 
movement (from blastocyst to uterus) [8,9]. Moreover, trophoblast is 
strictly regulated by mechanical forces. For instance, differences in 
contractility on the surface of the blastomere, leading to a distinction 
between internal and external embryos, demonstrating that contractility 

is linked to the positioning of the blastomere and cell fate decisions [10]. 
In addition, the intraluminal fluid pressure of the blastocyst directly 
affects trophoblast cell stiffness and division patterns, further regulating 
trophoblast fate [11]. Unfortunately, it is not clear how mechanics af-
fects trophoblast implantation. Therefore, establishing in vitro models to 
study the mechanics of embryo implantation is crucial. 

Currently, trophoblast cells, or mixed with other cells (embryonic, 
induced, adult stem cells) are used to construct in vitro mouse embryo 
implantation models [12–19]. However, due to the common problem of 
self-assembly [20–22], these models overlook the role of the mechanical 
environment, which will cause uncontrollable trophoblast cells stiffness 
and no significant phenomenon in the through interface cell movement 
from these models. We know that models for controllable trophoblast 
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cell stiffness have rarely been studied. 
The cellular Young’s modulus can be regulated by the stiffness of 

materials [23–25], and the stiffness of the microcarriers regulates stem 
cell self-renewal and differentiation [26]. Droplet microfluidics tech-
nology can generate microcarriers with a homogenous sphere surface 
and uniform size compared with other methods, such as 
emulsion-solidication [27–30]. Sodium alginate is a typical natural 
anionic polymer with high stiffness controllability through molecular 
weight [31,32]. Therefore, the alginate might be used to regulate the 
stiffness of microcarriers, which in turn modulates the mechanical 
properties of trophoblast cells, and to observe their ability to move 
across the interface. 

Here, we constructed alginate microcarriers using droplet micro-
fluidics system. mTSCs could adhere to the surface of microcarriers via 
modified laminin. Our results show that, compared to T(sph), T(micro) 
underwent a significant through interface movement process, demon-
strated in larger expansion area, greater matrix remodelling, and deeper 
invasion depth. The variation in mTSC stiffness caused this difference in 
cell migration. The modulus of mTSCs was similar that of the to 
trophoblast by regulating the stiffness of microcarriers, activating the 
RHO/ROCK signaling pathway and promoting through interface 
movement for mTSCs by regulating cytoskeletal reorganization. 

2. Results and discussion 

2.1. Droplet microfluidic design and fabrication 

The overall experimental process is shown in Fig. 1A. Initially, we 
designed a microfluidic droplet chip for manufacturing stable and 
controllable sodium alginate microcarriers (Video S1) (Fig. 1B), and a 
typical flow-focusing microfluidic structure was used to produce drop-
lets, which achieve a more uniform diameter distribution than other 
methods [33]. In a water-in-oil-in-oil (w/o/o) emulsion system, sodium 
alginate mixed with ethylenediaminetetraacetic acid calcium disodium 
salt (Ca-EDTA), mineral oil, and mineral oil containing acetic acid were 

added to inlet-1, inlet-2, and inlet-3, respectively, to produce droplets 
via continuous shear between the water and oil phases. In situ cross-
linking of Ca2+ with sodium alginate was conducted by the diffusion of 
acetic acid, which prevents the clogging of the chip caused by rapid 
gelation [34]. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2023.05.007 

The concentration and flow rate of the microcarriers were controlled 
to simulate embryo size. The flow rate ratio of the continuous and 
dispersed phases was adjusted from 2 to 10. As a result, the droplet 
diameter was continuously decreased from 107.55 ± 2.4 μm to 79.0 ±
2.9 μm (Fig. 1C and D), and had a coefficient of variation (C.V) lower 
than 5%, which represents high uniformity. Adjusting the flow rate of 
the crosslinking phase within a small range did not substantially affect 
droplet diameter (Fig. S1). Therefore, the diameter of the microcarrier 
was primarily regulated by the flow rate of the dispersed and continuous 
phases. 

To explore the effect of concentration on the microcarrier size, 
droplets were prepared using a mixture of 1%–3% sodium alginate and 
Ca-EDTA at flow rates of 1, 5, and 20 μL/min for the dispersed, 
continuous, and crosslinking phases, respectively (Fig. 1E). As a result, 
the diameter of the droplets decreased with increasing concentration 
from 104.9 ± 2.8 μm to 95.5 ± 3.3 μm (Fig. 1F). Considering that the 
size of the microcarrier is flexible and conveniently regulated by the 
flow rate, the droplets were prepared using a mixture of 2% alginate and 
Ca-EDTA in subsequent experiments without any specific controls. 
Eventually, we regulated the flow rates (1, 7, and 20 μL/min) to produce 
embryo sized microcarriers. 

2.2. Surface modifications for mTSCs adhesion 

Since mammalian cell membranes have no contact sites with sodium 
alginate [31], the polymer must be modified with a specific protein for 
mTSCs adhesion. Therefore, we characterized the integrin pairs of 
mTSCs and found that the highest expression of the adherent integrin 

Fig. 1. Design and size control of the droplet micro-
fluidics system. (A) Schematic of the overall process. 
Microcarriers and mTSCs were mixed and cultured 
together. After T(micro) formation, they were inocu-
lated into the uterus-like system and pseudopregnant 
mice, respectively. (B) Schematic of the preparation 
of microcarriers. (i) Overview of the microfluidic 
chip. (ii) Schematic of the microcarrier generation at 
the flow-focusing junction. (iii) Schematic of the 
crosslinking process. Upon exposure to acid, the Ca- 
EDTA complex dissolved, releasing calcium ions and 
inducing alginate crosslinking. (C) Distribution of 
microcarrier diameter with flow rate ratio, (i), (ii), 
and (iii) correspond to the distribution and bright 
field diagram of microcarrier diameters at flow rate 
ratios of 1:2, 1: 3, and 1:10, respectively. (D) Varia-
tion of microcarrier diameter with flow rate ratio 
(continuous phase/dispersed phase). (E) Bright field 
diagrams of microcarriers at different concentrations. 
(i), (ii), and (iii) correspond to alginate concentra-
tions of 1%, 2%, and 3%, respectively. (F) Variation 
in microcarrier diameter with alginate concentration. 
All error bars represent ± SD for n = 50 microcarriers 
per condition. (**P < 0.01, and ***P < 0.001). Scale 
bars, 100 μm.   
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pair was laminin (Fig. S2). 
To verify the strength of matrix adhesion to mTSCs, a contact test 

was performed using atomic force microscopy (AFM) probes (Fig. 2A 
and B). Probes were modified by laminin or collagen, a commonly 
modified protein used for cell adhesion. A scan of the mTSC surface 
(Fig. 2C) indicated that the interaction force of laminin (645.7 ± 244.4 
pN; Fig. 2D and E) was significantly higher than that of collagen (271.1 
± 83.9 pN; Fig. 2F and G), which was uniformly distributed on the 
mTSCs surface (Fig. 2H). In summary, the laminin-mTSC interaction 
force was specific and stronger. 

2.3. Establishment of T(micro) model 

Based on the adhesion force results, we modified alginate spheres 
with laminin at concentrations of 0, 5, 25, and 50 μg/mL using carbo-
diimide chemistry (Fig. S3) and then cultured the microcarrier with 
mTSCs (Fig. S4) in a 96-well low-adhesion plate to prepare T(micro) 
(Fig. 3A). We compared laminin modification and evaluated the adhe-
sion status by the contact angle of mTSCs to the microcarrier (Fig. S5) 
(>90◦ for good adhesion). As the modification concentration increased, 
the contact angle increased from 0◦ to 162.7◦ ± 11.5◦ (Fig. 3B), which 
was greater than that for modified collagen (105.6◦ ± 27.8◦; Fig. 3C). 
Hence, 50 μg/mL laminin coating microcarriers were used in the sub-
sequent experiments. 

Next, we compared T(micro) and T(sph) with E3.5 embryos (Fig. 3D) 
and found that although there was no differences in diameter (88.8 ±
8.4 μm, 89.3 ± 5.1 μm, and 92.1 ± 6.7 μm, respectively; Fig. 3E) and 
oxygen consumption rates (OCR) (Fig. S6), T(sph) had more cells (103.4 
± 16.7) than T(micro) (31.2 ± 3.3) and E3.5 (30.8 ± 2.9; Fig. 3F). 
Moreover, CDX2 (a trophoblast transcription factor) 

immunofluorescence staining indicated that the distribution of cells on T 
(micro) was more similar to that of E3.5, while T(sph) just resembled a 
cluster of cells (Fig. 3G and H). 

We performed RNA sequencing to further investigate the tran-
scriptome characteristics of T(micro) and T(sph) compared to those of 
E3.5 (Fig. S7). Differences in cell types can significantly increase the 
variation in transcriptome features; thus, we mainly compare T(micro) 
and T(sph). T(micro) and T(sph) RNA sequencing analysis revealed that 
mTSCs on T(micro) exhibited an increasing trend for some maintaining 
stemness-related genes compared with T(sph), including Eomes, Elf5, 
and Esrrb (Fig. S8), and we noticed that mTSCs differentiation genes 
such as Hand1, Mdfi, Ascl2, and Egfr [35] were more highly expressed in 
T(sph). In summary, we suggest that mTSCs on T(micro) are more 
similar to blastocyst trophoblast cells in terms of number, morphology, 
and trends of stemness-related genes. 

2.4. T(micro) exhibits higher implantability on a uterus-inspired niche 
(UN) system 

Trophoblast cells undergo a significant through-interface movement 
process during embryo implantation in mice [9]. Based on this, T(micro) 
and T(sph) were inoculated on UN (Video S2), a mimic uterus platform 
to support mouse embryo implantation and development [36], and we 
found that T(micro) had a higher adhesion efficiency (80%) and larger 
percentage of the mTSC expansion area (5.95 ± 1.85) than T(sph) (24%; 
1.89 ± 0.66; Fig. 4A–C). Interestingly, after inoculation onto the UN, 
some of the T(sph)s expanded in 2D fashion, losing conventional 
spherical characteristics. The reason for this phenomenon is not clear 
(Fig. 4A). Next, we used specific antibodies against collagen I to label the 
structure of collagen and observed a significant migration of the mTSCs 

Fig. 2. Microcarrier surface modification for mTSCs 
attachment. (A) Schematic of AFM probe modifica-
tions. (i), (ii), and (iii) indicate the methods for 
binding the probe to silane-PEG-NHS and protein 
(laminin or collagen). (B) Schematic of the probe 
contact with cells. (i) Overview of the probe scanning 
mode. (ii) Partially zoomed diagram. The probe pulls 
the integrin pairs through proteins. (C) Image of the 
AFM probe scanning mTSCs. (i) Differential interfer-
ence contrast (DIC) images of mTSCs during AFM test. 
(ii) Image of the mTSC surface morphology. (D to H) 
Contact force of laminin and collagen with mTSCs. (D 
and F) Force–Distance curves of laminin and collagen, 
respectively. (E and G) Distribution of adhesion force 
of laminin and collagen, respectively. (H) Statistical 
diagram of the differences in adhesion force. n > 150 
adhesion force curves per condition. (***P < 0.001).   

Z. Gao et al.                                                                                                                                                                                                                                     



Bioactive Materials 28 (2023) 196–205

199

from T(micro) on the fourth day, while T(sph) only expanded in volume 
(Fig. 4D). We also observed lower levels of the epithelial biomarker 
E-cadherin (E-cad; 49.06 ± 15.25 A U.) compared to T(sph) (102.66 ±
19.78 A U.; Figs. S9A and B), indicating the occurrence of epi-
thelial-mesenchymal transition (EMT), which plays an essential role in 
the regulation of trophoblast migration and invasion [37,38]. Scanning 
electron microscopy (SEM) images showed that mTSCs on T(micro) 
spread radially on collagen. The collagen fibers were strained at the 
interface between the material and the cells (Fig. 4E). In contrast, T(sph) 
on collagen showed smooth expanding outer edges without visible 
microvilli-like structures. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2023.05.007 

Mouse embryo implantation is accompanied by drastic ECM 
remodelling [38]. Using Imaris 9.0.2 for collagen and nucleus region 
selection at the vertical level, we observed cell invasion in the collagen 
(Fig. 4F and G, Video S3). T(micro) displayed deeper invasion (39.22 ±
6.48 μm) than T(sph) (20.72 ± 3.51 μm). Moreover, T(micro) exhibited 
higher fluorescent expression (64.91 ± 17.89 A U.) to T(sph) in matrix 
metalloproteinase-9 (MMP-9) (16.70 ± 9.54 A U.; Figs. S9C and D), 
which plays an important role in the breakdown and remodelling of 
ECM proteins [39], further supporting the notion that T(micro) reshapes 
the collagen network structure. These results demonstrated that signif-
icant through-interface movement occurred in UN’s T(micro) (Fig. 4H). 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2023.05.007 

In vivo implantation experiments were also performed. T(micro), T 
(sph), and cell-free microcarriers were transplanted into pseudopreg-
nant mice (Fig. S10). After 4 days, both T(micro) and microcarriers had 
implantation sites and decidua formation that were not present in the 
uterus transplanted with T(sph). This demonstrates that the micro-
carriers can improve the implantation efficiency of mTSCs. 

2.5. T(micro) facilitates the migration of mTSCs on the microcarrier 

To explore the cause of the implantability differences, we compared 
the gene ontology biological process (GO-BP) analysis of T(micro) and T 
(sph) before and after inoculation to the UN system (Fig. S11). GO-BP 
analysis revealed that the upregulated genes in T(micro) were 
enriched in associated with tissue migration and regulation of MAP ki-
nase activity. Similarly, these migration-associated genes were upregu-
lated in T(micro) on collagen after culture for two days (Fig. 5A), with 
the genes differing from those in the earlier period. As ROCK is a Rho- 
GTPase effector of actin cytoskeleton control, which plays a key role 
in cell movement [40], the addition of the ROCK inhibitor Y27632 (Y; 
Fig. S12) (Fig. 5B), the adherence efficiency did not change much 
(DMSO, 78%; Y, 60%; Fig. 5C), but the percentage of the mTSCs 
expansion area was significantly reduced (DMSO, 7.78 ± 1.30; Y, 2.53 
± 0.51; Fig. 5D), which led to the decreased pulling of the fibrils by the 
mTSCs (Fig. 5E) as well as a reduced invasion depth (DMSO, 40.287 ±
4.814 μm; Y, 17.82 ± 3.74 μm; Fig. 5F, G) and supported the authen-
ticity of the GO analysis 

We also found that T(micro) on collagen upregulated the expression 
of matrix adhesion-related genes (Fig. 5A). Moreover, the IF marker for 
focal adhesion kinase (FAK), a mechanosensor of tissue rigidity [41], 
revealed the presence of cellular pseudopods in T(micro), which was not 
observed in T(sph) (Fig. S13). This phenomenon is similar to the 
remodelling of collagen fibres by mTSC on T(micro) (Fig. 4E). 

2.6. Stiffness promoting implantation of mTSCs 

Stiffness can induce and regulate cell motility via ROCK-mediated 
mechanisms [42,43]. Thus, we hypothesized that the stiffness of the 
mTSCs in T(micro) affects their expansion area, matrix remodelling, and 
invasion depth. 

Firstly, using AFM tests, we found that the modulus of mTSCs was 
similar to that of trophoblast (432.49 ± 151.90 Pa) on T(micro) (367.70 
± 79.81 Pa) and lower on T(sph) (120.39 ± 33.37 Pa; Fig. 6A), and its 

Fig. 3. Preparation and biological characterization of 
T(micro). (A) Schematic for the preparation of T 
(micro). (B) Bright field (left) and angular distribu-
tion of mTSCs adhesion for modifications (right) 
under different concentrations. (i), (ii), and (iii) 
indicate modification with 0, 25, and 50 μg/mL 
laminin, respectively. (C) Cell angle statistics for 
modifying different concentrations of laminin, and 
collagen (50 μg/mL), error bars represent ± SD for n 
= 30 cell contact angles per condition. (***P <
0.001). (D) E3.5, T(micro), and T(sph) in bright field. 
(E and F) T(micro) and T(sph) compared with E3.5 in 
diameter and cell number, ±SD for n = 10 diameter 
and cell number per condition. (***P < 0.001). (G 
and H) Immunofluorescent (IF) comparison of E3.5 
with T(micro) and T(sph) in (G) maximum intensity 
projection image and (H) maximum cross section 
image. Scale bars, 50 μm.   
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modulus was reduced via the addition of ROCK inhibitors (96.34 ±
18.32 Pa; Fig. 6B). Moreover, we prepared a lower molecular weight 
(MW) alginate by irradiation with a cobalt source (Table S1), which 
reduced the stiffness of the alginate hydrogel (Fig. 6C). The moduli of 
mTSCs decreased (301.27 ± 103.78 Pa; Fig. 6D) with reduced through 
interface movement characteristics (Fig. 6E), although there was little 
change in adhesion efficiency (75%; Fig. 6F), including a decrease in the 
expansion area (3.78 ± 0.76; Fig. 6G), pulling fibers (Fig. 6H) and in-
vasion distance (29.63 ± 4.48 μm; Fig. 6I and J) when seeded on the 
surface of the microcarriers (L-micro) as mentioned above. As a result, 
the microcarriers provided more similar stiffness support to the 
trophoblast and increased ROCK activity, which facilitates mTSC’s im-
plantation capability. 

In vitro models play a crucial role in studying the mechanics of em-
bryo implantation . However, previous models have overlooked the 
adjustment of trophoblast hardness, likely due to challenges associated 
with the random self-assembly of stem cells. We selected T(sph) formed 
by mTSCs self-assembly, similar in size to E3.5, and found that the 
modulus of mTSCs in T(sph) was significantly lower than that of the E3.5 
trophoblast. Moreover, there were inconspicuous through-interface 
movement phenomena in this model during implantation. 

In this study, we prepared stiffness-changed microcarriers with 
droplet microfluidics, which produce a more uniform diameter distri-
bution than other methods [20]. Using transcriptome analysis and 
adhesion testing, we determined that laminin is an ECM niche for 
mTSCs, consistent with previous reports [44,45]. This model has a more 
similar cell arrangement and modulus to the blastocyst compared with 
the T(sph) model. Moreover, our model demonstrates greater implan-
tation capability on a uterus-inspired niche system, a good platform for 

observing embryo implantation [46], and higher implantation efficiency 
in vivo. When ROCK inhibitors were added and the MW of the micro-
carrier decreased, the implantation phenomena decreased, similar to the 
“durotaxis” movement of most tumor cells [42,47]. In comparison, our 
model has two advantages: modulation of mTSCs mechanical properties 
by microcarrier stiffness and overcoming the contradiction between 
random stem cell self-assembly and the trophoblast regulation by strict 
mechanical control; mTSCs with similar stiffness to the trophoblast 
exhibit faster movements than T(sph), consistent with previous research 
in other cells [48,49]. 

The limitation of our study is that we cannot add additional vari-
ables, such as inner-cell mass (ICM) and endometrial epithelial layer, to 
explain the impact of the mechanical properties of the trophoblast on 
embryo implantation. However, future studies utilizing hollow micro-
carriers with ICM and a mimetic uterine platform containing the endo-
metrial epithelial layer may further improve the implantability and 
developmental capacity of T(micro). 

3. Conclusions 

We used droplet microfluidics to construct a trophoblast implanta-
tion model with variable stiffness. This model exhibited similar cell 
number, morphological distribution, and cellular stiffness to that of 
mouse blastoderm trophoblast. By adjusting the modulus of the micro-
carrier, we were able to modulate the stiffness of the mTSCs on their 
surface. mTSCs on microcarriers demonstrated higher implantation ca-
pacity at similar stiffness to the trophoblast, activating the RHO/ROCK 
signaling pathway and promoting interface movement through regu-
lating cytoskeletal reorganization. This suggests that the mTSC 

Fig. 4. T(micro) can enhance the implantability of 
mTSCs on UN. (A) Bright field diagram showing T 
(micro) and T(sph) inoculated on UN. (i) T(micro) 
images of the fourth day. (ii) and (iii) show two types 
of result graphs for T(sph) on the fourth day. (B) T 
(micro) and T(sph) adherence rates, n = 50. (C) Sta-
tistical analysis of the percentage of expansion area 
on T(micro) and T(sph), error bars represent + SD for 
n = 10 new area rates per condition. (D) IF images 
over time in T(micro) and T(sph) on UN. (E) SEM 
images of T(micro) and T(sph) on collagen. The right 
images are zoomed in on the left images. Red arrows 
indicate remodelled collagen fibres, scale bars, 30 
μm. (F) Regions showing collagen (green) and the cell 
nucleus (blue). Right images are zoomed in on the left 
images. Scale bars, 50 μm. (G) Statistical diagram of 
invasion distance for T(micro) and T(sph), n = 5. (H) 
Schematic of the inoculation of T(micro) and T(sph) 
on UN. Compared with T(sph) (right), T(micro) (left) 
demonstrated greater implantation capability, with a 
larger expansion area and deeper invasion depth. 
(***P < 0.001). Scale bars, 100 μm.   
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implantation capability can be regulated, which enhances our under-
standing of embryo implantation from a biomechanical perspective and 
provides a criterion for evaluating embryo implantation capacity in vivo. 

4. Experimental section 

4.1. Chip design and photolithography 

The layout of the microfluidic chips was designed using SolidWorks 
software (Dassault Systemes, SolidWorks, USA). First, a 500 nm thick 
negative photoresist (SU-8 2050.5, MicroChem, USA) was spin-coated 
onto a 4-inch silicon wafer and soft-baked for 5 min at 95 ◦C. The film 
mask was then placed onto the wafer, exposed to ultraviolet (UV) light 
to induce polymerization and post-baked at 95 ◦C for 5 min. To remove 
the uncross-linked photoresist, a master was developed using propylene 
glycol methyl ether acetate. 

A 10:1 ratio of elastomer Polydimethylsiloxane (PDMS) to curing 
agent (SYLGARD 184, Dow Corning, USA) was used to fabricate 
microfluidic devices. The mixture was cured for 4 h at 60 ◦C. The 
hardened PDMS was then cut and peeled off the master, and 1 mm holes 
were punched into the PDMS. This was then bonded onto a glass slide via 
treatment with a plasma bonder (Diener Electronic, Ebhausen, Ger-
many). Finally, the channels were modified with trimethoxy (1H, 1H, 
2H, and 2H-heptadecafluorodecyl) to create a hydrophobic surface 
before the chip was used. 

4.2. Droplet formation and modification 

The flow rates within the channels were controlled using a Harvard 
syringe pump (Pump 11, Pico Plus, USA). The microcarrier was prepared 
as described previously [34]. Briefly, the Ca-EDTA complex was pre-
pared by mixing a solution of 100 mM calcium chloride (CaCl2) with a 
solution of 100 mM EDTA in equal ratios. The pH of the Ca-EDTA so-
lution was adjusted to approximately 7 by adding sodium hydroxide. 
Sodium alginate (A2033, Sigma-Aldrich, USA) was dissolved in 0.9% 
sodium chloride (NaCl). 1%, 2%, and 3% w/v sodium alginate was then 
mixed with the Ca-EDTA solution at an equal ratio and used as the 
dispersed phase. Mineral oil (M5904, Sigma-Aldrich, USA), containing 
2% v/v Span 80 (85548, Sigma-Aldrich, USA), was used as the contin-
uous phase. The crosslinked phase was mineral oil with 2% v/v Span 80 
and 0.1% v/v acetic acid (A6283, Sigma-Aldrich, USA). After genera-
tion, the microcarriers were rinsed with Hank’s balanced salt solution 
(14025-092, Gibco, USA) and centrifuged. Subsequently, the alginate 
microcarriers were coated with 200 mM 1-(3-dimethylaminopropy-
l)-3-ethylcarbodiimide hydrochloride (EDC; E7750, Sigma-Aldrich, 
USA) and 50 mM N-hydroxy succinimide (NHS; 130672, 
Sigma-Aldrich, USA) for 90 min at room temperature (RT). Subse-
quently, the microcarriers were washed thrice with Hanks’ solution and 
incubated in 0, 5, 25, 50 μg/mL laminin (23017015, Gibco, USA) or 50 
μg/mL type I collagen (5133, Advanced BioMatrix, USA) overnight at 
4 ◦C. After activation, the microcarriers were washed three times with 
Hanks’ solution and cultured in cells. 

Fig. 5. Effect of T(micro) on the migration capability of mTSCs. (A) GO enrichment analysis of upregulated genes in (i) T(micro) vs T(sph) and (ii) T(micro) on 
collagen vs T(sph) on collagen. The number of enriched genes in each GO term is shown in circles. (B) Bright field plots of DMSO and Y27632 added on collagen with 
medium, scale bars, 100 μm. (C) DMSO and Y adherence rates, n = 50. (D) Statistical analysis of the percentage of expansion area on DMSO and Y, error bars 
represent ± SD for n = 10 new area rates per condition. (E) SEM images of DMSO (i) and Y (ii) on collagen. Right images are zoomed in the left images, red arrows 
indicate remodelled collagen fibres, scale bars, 20 μm. (F) IF plots and (ii) region identification of DMSO (i) and Y (ii); green represents collagen, and blue represents 
the nucleus. Statistical diagrams of invasion distances for (G) DMSO and Y, ±SD for n = 5 depth condition. Scale bars, 100 μm. (***P < 0.001). 
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4.3. mTSC culture 

mTSCs were obtained from the Zhou laboratory (Institute of Zoology, 
Chinese Academy of Sciences, Beijing, China) and isolated from the 
mouse blastocyst [50]. Briefly, there were four steps, prepare 4-well 
plates of mouse embryonic fibroblasts, collect blastocysts, disaggre-
gate blastocyst outgrowths and isolate mTSC colonies. mTSCs were 
grown as previously described [51], at 37 ◦C in 95% air and 5% CO2. 
mTSCs medium contained 20% fetal bovine serum (FBS; 04-001-1A, 
Biological Industries, Israel), 1 mM sodium pyruvate (11360-070, 
Gibco, USA), 50 μg/mL penicillin/streptomycin, 5.5 × 1 0− 5 M β-mer-
captoethanol (21985023, Gibco, USA), 25 ng/mL basic fibroblast 
growth factor (FGF4) (AF-100-31, PeproTech, USA), and 1 μg/mL hep-
arin (07980, Stemcell, Canada) in RPMI 1640 (11875-093, Gibco, USA), 
with 70% of the medium preconditioned (mTSC culture medium 
without heparin and FGF4) by incubation with embryonic fibroblasts for 
72 h. 

4.4. Embryo recovery 

ICR 7- to 8-week-old female and 8-week-old male mice were pur-
chased from SPF Biotechnology (Beijing, China). ICR mice were raised 
under specific-pathogen-free conditions and handled following the An-
imal Care and Use Committee guidelines of the Institute of Zoology, 
Chinese Academy of Sciences (ethical approval no. IOZ20190068). 
Pregnant mice were humanely euthanized 3.5 days post coitum through 
cervical dislocation, and the embryos were flushed out with flush me-
dium containing CMRL 1066 (11530-037, Gibco, USA), 5 × penicillin- 
streptomycin (60162ES76, Yeasen, China), and 10% FBS. 

4.5. Analysis of chromosome ploidy 

Chromosomal ploidy was conducted: Step 1: mTSCs were collected 
via centrifugation at 1200 rpm (3 min, 4 ◦C). Step 2: Cells were resus-
pended with 70% ethanol overnight (4 ◦C). Step 3: Cells were centri-
fuged and washed once with PBS. Step 4: Cells were resuspended with 1 
mg/mL RNase (60 min, 37 ◦C). Step 5: Cells were filtered using a 40 μm 
cell strainer. Step 6: Cells were resuspended with 10 μg/mL Hoechst 
(H3570, Invitrogen, USA) in the dark (30 min, 37 ◦C). Step 7: Samples 
were measured using flow cytometry (BD LSRFortessaTM × -20, BD 
Biosciences, USA), and FlowJo 10.8.1 was used for data analysis. 

4.6. Preparation and culture of T(micro) and T(sph) 

20 cells and single microcarriers were added to 96-well low-cell- 
adhesion plates (7007, Corning, USA) to obtain T(micro), or 100 cells 
were added to obtain T(sph). Cells and microcarriers are added to the 
plate with a mouth pipette, and both T(micro) and T(sph) were cultured 
in 50 μL mTSC media and then centrifuged at 1000 rpm to facilitate 
aggregation between cells and microcarriers or cell-to-cell. T(micro) or 
T(sph) were transferred to a 6 cm low cell-adhesion dish coated with 1% 
agarose (111860, Biowest, France) after 12 h. The day the cells were 
seeded in the 96-well low-cell-adhesion plates was defined as day 0. 

4.7. Contact angle measurement 

The contact angle was measured by quartering the microcarrier and 
measuring the cells in each corner to ensure the randomness and 
authenticity of the data. Each concentration measurement is at no less 
than eight microcarriers. 

Fig. 6. Effect of stiffness on the implantability of 
mTSCs. (A) Modulus statistics plot for trophoblast, T 
(micro), and T(sph), ±SD for n > 30 adhesion force 
curves per condition. (B) Comparison between the 
modulus of T(micro) and T(micro)+Y, n > 30 moduli 
per condition. (C) Modulus of Alg and L-Alg by 
nanoindentation. ± SD for n = 27 moduli per condi-
tion. (D) Comparison between the modulus of T 
(micro) and T(L-micro), n > 30 moduli per condition. 
(E) Bright-field plots of T(micro) and T(L-micro) 
added on collagen with medium, scale bars, 100 
μm. (F) T(micro) and T(L-micro) adherence rates, n =
50. (G) Statistical analysis of the percentage of 
expansion area on T(micro) and T(L-micro), error 
bars represent + SD for n = 10 new area rates per 
condition. (H) SEM images of T(micro) (i) and T(L- 
micro) (ii) on collagen. Right images are zoomed in 
on the left images. Red arrows indicate remodelled 
collagen fibres, scale bars, 20 μm. (H) IF plots and (ii) 
region identification of T(micro) (i) and T(L-micro) 
(ii); green represents collagen, and blue represents 
the nucleus. Statistical diagrams of invasion distances 
for (I) T(micro) and T(L-micro), ±SD for n = 5 depth 
per condition. Scale bars, 100 μm. (*P < 0.05, **P <
0.01, and ***P < 0.001).   
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4.8. OCR testing 

5-chloromethyl fluorescein diacetate (CMFDA) (40721ES50, Yeasen, 
China) was used to monitor OCR. Briefly, T(micro) and T(sph) were 
cultured in TS medium with 10 μM CMFDA for 30 min, then washed 
three times with PBS, and cultured in fresh TS medium for 30 min. Zeiss 
LSM880 confocal microscope was then used to image each sample. 

4.9. Fabrication of the UN system 

The UN system was prepared as described previously [36]. Briefly, 
PDMS was made by a 10:1 mixture of PDMS base and a curing agent was 
poured into the four-well plate. Each well received 0.2 g PDMS and was 
cured for 4 h at 60 ◦C before being processed under a 30 W plasma for 5 
min. The PDMS surface was pretreated with 0.2 mg/mL sulfo-SANPAH 
(22589, Thermo Fisher Scientific, USA) and coated overnight with 50 
μg/mL collagen. Collagen (7.5 mg/mL) was added to the coated PDMS 
wells and cured at 37 ◦C for 1 h. T(micro) and T(sph) were seeded onto 
the UN by mouth pipette. 

4.10. In vitro and in vivo implantation 

T(micro) and T(sph) were added to the UN by mouth pipette. The 
adhesion was observed after one day of incubation. For samples that 
adhered and spread, the spread ability was characterized by the ratio of 
the new area to the initial area after two days culture. Ten samples were 
statistics with each case. 

In order to get pseudopregnant mice, ICR female mouse copulation 
with a vasectomized male, and to test for manifestations of hormonal 
pregnancy. T(micro), T(sph), and microcarriers were transplanted into 
pseudopregnant mice used a mouth pipette. The mice were sacrificed 
four days after transplantation. Before obtaining the uterus, intravenous 
injections injected 0.1% trypan blue (T6146, Sigma-Aldrich, USA) into 
the mice. Then uterus was removed, and the implantation site and 
decidua area were calculated. Three mice were transplanted with each 
condition in a unilateral uterus. Thirty samples were transplanted for 
each condition. 

4.11. Inhibitor experiments 

After mixing 20 mTSCs and a microcarrier in the plate, add DMSO 
and 5, 10, 20, 50 μM of Y27632 (S1049, Selleck, USA) in medium, 
respectively. Observe the cell adhesion status after 48 h of culture. 

4.12. AFM mechanical testing 

To test the adhesion of collagen/laminin to mTSCs, we modified 
collagen/laminin on the MLCT-BIO-D probe, as described previously 
[52]. The probes were cleaned under 30 W plasma for 5 min, followed 
by 1 mM silane-PEG-NHS (20,000 Da) and 4 mM EDC (DMSO as solvent) 
for 2 h at RT. The cells were washed three times with 
phosphate-buffered saline (PBS). After that, probes were washed using 
collagen/laminin overnight at 4 ◦C. 

Contact mode force spectroscopy was used for adhesion testing using 
a JPK NanoWizard 4. mTSCs were seeded in 60 mm culture dishes. The 
test was performed at a scanning speed of 2 μm/s, with a loading force of 
2 nN at a z-length of 8 μm, and collagen/laminin was allowed to contact 
mTSCs for 10 s mTSC Young’s modulus (in the follow-up, called 
modulus) was tested using JPK NanoWizard 4 and NP-O10 probes 
attached to a microsphere (9030, Thermo Fisher Scientific, USA). For 
the embryo samples, we cultured E3.5 embryos in culture dishes con-
taining agarose to prevent the embryo adhesion. After 0.5–1 days of in 
vitro culture until the zona pellucida spontaneously detached, then used 
to test. All samples were half-embedded in agarose on 60 mm culture 
dishes. The test was performed at a z-speed of 2 μm/s with a setpoint of 
2 nN and a z-length of 2 μm. For each force curve, JPKSPM data 

processing was used for data analysis. 

4.13. Preparation of low-MW alginate 

Briefly, low-MW alginate was prepared by irradiating alginate with a 
5 Mrad cobalt source. The MW distributions of the alginates were 
determined using gel permeation chromatography (Waters Breeze™ 2, 
Waters, USA). The samples were dissolved in water for a concentration 
of 3 mg/mL, and 200 μL of the sample was injected into the instrument. 
Glucan standards were used for molecular weight calculations, and the 
weight-average MW was used. 

4.14. Hydrogel mechanical testing 

A nano-indenter instrument (Piuma; Optics11, Netherlands) was 
used to determine the alginate hydrogel stiffness. Alginate hydrogel was 
formed using alginate and Ca-EDTA at pH 7.0 and then mixed at a 2:1 
ratio with an aqueous solution of D-glucono-δ-lactone (G4750, Sigma- 
Aldrich, USA). All samples were measured using a probe with a radius 
of 38 μm and a cantilever stiffness of 0.3 N/m. Cantilever bending cal-
ibrations were performed before each series of experiments by indenting 
a rigid surface beneath it. Each sample was tested (3 × 3 matrix) in a 
300 × 300 μm grid scan with 100 μm between measurement areas. The 
indentation protocol comprised a loading phase for 2 s at an indentation 
depth of 10 000 nm, which was held for 1 s, and then an unloading phase 
for 2 s. JPKSPM data processing was used for data analysis. More than 
three experiments were conducted for each mechanically tested sample 
for reliability analysis. 

4.15. IF staining 

E3.5, T(micro) and T(sph) are collected by mouth pipette, other 
samples are collected from a four-well plate directly. Samples were 
washed thrice with PBS at RT, fixed with 4% paraformaldehyde over-
night (4 ◦C), and washed three times with PBS at RT. Cells were then 
permeabilized with 1% Triton X-100 in PBS for 4 h at RT, then blocked 
with 0.1% Tween-20, 0.01% Triton X-100, and 3% BSA in PBS overnight 
(4 ◦C). Thereafter, primary antibodies against CDX2 (3977S, Cell 
Signaling Technology, USA), SOX2 (3977S, Cell Signaling Technology), 
collagen I (ab90395, Abcam, UK), laminin (ab11575, Abcam, UK), E- 
cadherin (3195S, Cell Signaling Technology, USA), and phosphor-FAK 
(44-624G, Invitrogen, USA) were diluted in a blocking solution 
(1:100) and incubated with cells overnight (4 ◦C). Samples were then 
washed with 0.1% Tween-20 and 0.01% Triton X-100 in PBS three times 
for 20 min at RT, followed by overnight incubation (at 4 ◦C) with 
appropriately diluted secondary antibodies (1:500) in the wash solution. 
The secondary antibodies used were Alexa 488 donkey anti-mouse 
(A21202, Invitrogen, USA), 488 goat anti-rabbit (A11034, Invitrogen, 
USA), Cyanine3 goat anti-mouse (A10521, Invitrogen, USA), and 
Cyanine3 goat anti-rabbit (A10520, Invitrogen, USA). Samples were 
washed thrice for 20 min at RT using the wash solution. Next, 10 μg/mL 
Hoechst (1:1000 dilution) and phalloidin (40762ES75, Yeasen, China) 
solutions (1:100) were prepared and incubated with samples for 20 min 
at RT. Finally, the samples were washed thrice for 20 min at RT and 
clarified using 1.3 g/mL histodenz (D2158, Sigma-Aldrich, USA) to in-
crease luminosity (for the UN system). Subsequently, all samples were 
imaged using a Zeiss LSM880 confocal microscope. Imaris 9.0.2 soft-
ware was used to construct the 3D images. 

4.16. SEM imaging 

For SEM, we began by fixing samples with 2.5% glutaraldehyde 
overnight at 4 ◦C. Samples were then dehydrated in 30%, 40%, 50%, 
60%, 70%, 80%, and 90% ethanol for 15 min each, followed by dehy-
dration in 100% ethanol three times. Dry samples were subjected to 
supercritical drying (aotosamdri-815, Tousimis, USA), then sprayed 
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with platinum (JEC-3000FC, JEOL, Japan). Finally, samples were 
observed using SEM (SU8010, Hitachi, Japan). 

4.17. Fourier transform infrared spectroscopy (FTIR) 

A spectrophotometer (NicoletTM iS50, Thermo Fisher Scientific, 
USA) was used to record the FTIR spectra of the microcarriers in the 
wave number range from 4000 to 500 cm− 1, using the attenuated total 
reflectance (ATR) module with a resolution of 4 cm− 1 and 32 scans. 

4.18. Live cell imaging 

Live cell imaging was performed using the CytoSMART system 
(CytoSMART, Lux2, Netherlands). The shooting gap was 10 min, the 
duration was 2 days, and the pictures were continuously collected to 
form the MP4 video. 

4.19. RNA-seq analysis 

All samples are added to the lysis buffer by mouth pipette after 3 
times wash with PBS at 4 ◦C. The Annoroad Gene Technology Corpo-
ration constructed the whole transcriptome libraries and the 
sequencing. Next, FastQC (v0.11.5; http://www.bioinformatics.babraha 
m.ac.uk/projects/fastqc/) was used to determine the sequencing 
reading quality. Next, we used HISAT2 to align the clean reads to the 
GRCm38 reference genome software (v2.2.1) [53]. The FeatureCounts 
software (v1.6.3) [54] was used to determine the transcriptional 
expression levels of each gene. Differentially expressed genes (DEGs) 
were calculated in the bio-conductor using the R package DESeq2 
(v1.32.0) [55]]with a cutoff p-adjusted value < 0.05 and Log2 (fold 
change) > 1. The EnrichGO function from the R package clusterProfiler 
(v4.0.2) [56] was used for GO enrichment analysis to determine the 
over-represented pathways and GO terms of the DEGs. The R packages 
ggplot2 (v3.2.1; https://ggplot2.tidyverse.org) and Pheatmap (v1.0.12; 
https://cran.r-project.org) were used to visualize results. 

4.20. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 9 and 
Origin 9. Diameter, angle, area, and MFI were measured using ImageJ 
software. Cell numbers were counted using Imaris 9.0.2. Data are pre-
sented as the mean ± SD. The t-test and one-way ANOVA were used to 
analyze the statistical significance of two and three or more data groups. 
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