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A B S T R A C T   

Long-term maintenance of embryonic stem cells (ESCs) in the undifferentiated state is still challenging. Compared with traditional 2D culture methods, 3D culture in 
biomaterials such as hydrogels is expected to better support the long-term self-renewal of ESCs by emulating the biophysical and biochemical properties of the 
extracellular matrix (ECM). Although prior studies showed that soft and degradable hydrogels favor the 3D growth of ESCs, few studies have examined the impact of 
the structural dynamics of the hydrogel matrix on ESC behaviors. Herein, we report a gelatin-based structurally dynamic hydrogel (GelCD hydrogel) that emulates 
the intrinsic structural dynamics of the ECM. Compared with covalently crosslinked gelatin hydrogels (GelMA hydrogels) with similar stiffness and biodegradability, 
GelCD hydrogels significantly promote the clonal expansion and viability of encapsulated mouse ESCs (mESCs) independent of MMP-mediated hydrogel degradation. 
Furthermore, GelCD hydrogels better maintain the pluripotency of encapsulated mESCs than do traditional 2D culture methods that use MEF feeder cells or medium 
supplementation with GSK3β and MEK 1/2 inhibitors (2i). When cultured in GelCD hydrogels for an extended period (over 2 months) with cell passaging every 7 
days, mESCs preserve their normal morphology and maintain their pluripotency and full differentiation capability. Our findings highlight the critical role of the 
structural dynamics of the hydrogel matrix in accommodating the volume expansion that occurs during clonal ESC growth, and we believe that our dynamic 
hydrogels represent a valuable tool to support the long-term 3D culture of ESCs.   

1. Introduction 

Embryonic stem cells (ESCs), derived from the inner cell mass of 
early blastocysts, have the capacity to self-renew in an undifferentiated 
state and to differentiate into all types of adult cells [1–3]. Therefore, 
ESCs are highly instrumental to basic research and offer tremendous 
promise for biomedical applications [4–8]. Traditionally, coculture with 

mouse embryonic fibroblast (MEF) feeder cells or medium supplements 
such as GSK3β and Mek 1/2 inhibitors (2i) are needed for routine 2D 
culture of ESCs to inhibit spontaneous differentiation [9–12]. Never
theless, maintaining ESCs in the undifferentiated state in long-term 
culture is still challenging [13–15]. More importantly, unlike ESCs 
cultured on 2D substrates in vitro, during embryonic development, ESCs 
in the inner cell mass interact with the 3D extracellular matrix (ECM), 
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and this interaction regulates self-renewal and differentiation of ESCs 
[16]. The interaction between cells and the surrounding ECM is of vital 
importance for cell proliferation, maintenance, differentiation, and 
organogenesis [17]. 3D biomaterial scaffolds, such as hydrogels, are 
expected to facilitate the long-term growth of ESCs in the absence of 
feeder layers without the need for frequent subculturing [18]. 

Hydrogels, which resemble the hydrated polymeric architecture of 
the ECM, have been explored for 3D culture of ESCs in several studies 
[19–31]. Previous studies demonstrated the utility of hydrogels to sup
port the expansion, pluripotency maintenance, directed differentiation, 
and model aspects of embryogenesis (such as epiblast-like morpholog
ical formations) of ESCs [19–23]. Several studies have shown that a soft 
hydrogel matrix with low stiffness favors the growth of mESC colonies 
while the underlying mechanism is still unclear [24,25]. Nevertheless, 
while there have been numerous studies on the development of struc
turally dynamic hydrogels to study the cell-hydrogel interactions of 
adult stem cells such as human mesenchymal stem cells (hMSCs) 
[26–30], few studies have closely examined the impact of hydrogel 
matrix structural dynamics on ESC functions. It should be noted that the 
effect of matrix dynamics on cells differs greatly under different cir
cumstances towards stem cells. For example, the structural dynamics 
originating from hydrogel degradation were reported to promote hMSCs 
differentiation towards osteogenesis by enhancing mechano
transduction signaling [31]. In contrast, matrix metalloproteinase 
(MMP)-degradable poly (ethylene glycol) (PEG) hydrogels better sup
ported the proliferation and pluripotency of mouse ESCs (mESCs) than 
did nondegradable PEG hydrogels [23,24]. 

To emulate the intrinsic structural dynamics of the ECM that are 
derived from its physical crosslinks [29], the incorporation of reversible 
crosslinks has been extensively investigated to develop cell-adaptable 
dynamic hydrogels [32–36]. Unlike degradable hydrogels, dynamic 
hydrogels based on intrinsically reversible crosslinks are spatially and 
temporally consistent [29]. Such hydrogels provided a permissive and 
spatiotemporally consistent 3D matrix to allow systematic investigation 
of the impact of hydrogel network dynamics on cells free of the con
founding factors associated with degradable hydrogels. For example, 
Chaudhuri et al. showed that the fast stress relaxation properties of 
alginate hydrogels crosslinked by ions promoted mechanosensing and 
osteogenic differentiation in hMSCs [35]. Our previous work also 
showed that gelatin-based host-guest dynamic hydrogels promoted the 
3D spreading and osteogenesis of hMSCs [37,38]. In addition, gelatin is 
used as the standard coating matrix for the 2D culture of mESCs to aid in 
attachment [39]. So far, very few studies have examined the effect of 
dynamic hydrogels on the proliferation and stemness maintenance of 
ESCs [40]. Indana et al. used a viscoelastic alginate-based hydrogel to 
study human induced pluripotent stem cells (hiPSC) morphogenesis in 
3D culture. This study showed that fast stress relaxation promoted hiPSC 
viability and proliferation while slow stress relaxation triggered hiPSC 
apoptosis [40]. In this work, we evaluated the efficacy of our 
gelatin-based dynamic hydrogel in supporting the 3D clonal expansion 
and pluripotency of ESCs during long-term culture. 

In this study, we fabricated gelatin-based dynamic hydrogels (GelCD 
hydrogels) crosslinked by supramolecular interactions between cyclo
dextrin and aromatic residues of gelatin. We demonstrated that 
compared with covalently crosslinked GelMA hydrogels with similar 
stiffness and biodegradability, the GelCD hydrogels significantly pro
moted clonal expansion and better maintained the pluripotency of the 
encapsulated mESCs in 3D culture. Furthermore, mESCs cultured in 
GelCD hydrogels maintained pluripotency during long-term culture 
better than mESCs obtained from traditional 2D culture methods that 
used MEF feeder cells or medium supplemented with inhibitors (2i). 
After more than 2 months of long-term 3D culture in the GelCD hydro
gels with regular cell retrieval and passaging every 7 days, mESCs were 
still capable of differentiation into three germ layers. Inhibition of MMP- 
mediated hydrogel degradation did not affect the enhanced clonal 
expansion of mESCs in the GelCD hydrogels, indicating the critical role 

of the intrinsic dynamics of the GelCD hydrogel network in supporting 
mESC expansion in 3D culture. We believe that the covalently cross
linked static network of GelMA hydrogels hinders the development of 
mESC colonies, whereas the reversibly crosslinked dynamic network of 
GelCD hydrogels can accommodate substantial volumetric expansion 
during the clonal expansion of mESCs and better maintain mESC plu
ripotency. Our findings highlight the importance of the structural dy
namics of the hydrogel 3D matrix for the 3D culture of ESCs, and our 
dynamic hydrogels can be a valuable tool to support the long-term 3D 
culture of ESCs. 

2. Results and discussion 

2.1. GelCD hydrogels demonstrated dynamic properties derived from 
reversible host-guest complexation 

We fabricated dynamic gelatin host–guest hydrogels based on the 
method reported in our previous works [41]. Briefly, acryloyl 
beta-cyclodextrin (ac-β-CD) with an average acryloyl substitution de
gree (SD) of 1.0 was synthesized (Fig. S1) and used as the host monomer 
to complex with aromatic residues (e.g., phenylalanine, tyrosine and 
tryptophan) in gelatin via the reversible host–guest complexation 
[42–44] (Fig. 1a). The subsequent photo-polymerization of the obtained 
self-assembled gelatin–CD complex produced the host–guest hydrogels 
(GelCD hydrogels) [38] (Fig. 1b). To demonstrate the effect of reversible 
host–guest crosslinks on the growth and self-renewal of mESCs in GelCD 
hydrogels, we also fabricated covalently crosslinked methacryloyl 
gelatin (GelMA) hydrogels via photo-polymerization [45] (Fig. 1b). To 
decouple the effect of the hydrogel stiffness, which was reported to in
fluence the growth of encapsulated mESCs [24,25], we fabricated 
GelMA hydrogels with stiffnesses identical to (GelMA-1, G′ = 912 Pa) 
and higher than (GelMA-2, G′ = 5886 Pa) that of GelCD hydrogels 
(Fig. 1c and Fig. S3). Tuning of GelMA hydrogel stiffness was achieved 
by adjusting the degree of methacryloyl substitution (Fig. S2) [46]. The 
higher G′′ of GelCD hydrogels than GelMA-1 hydrogels indicated a 
higher level of network dynamics in GelCD hydrogels. We purposely 
fabricated GelCD and GelMA-1 hydrogels with relatively high stiffness, 
which has been reported to impede the colony growth of encapsulated 
mESCs [23,24], so that we could evaluate the effect of the dynamic 
network of GelCD hydrogels on the growth of encapsulated mESCs. In 
addition to stiffness, previous studies also reported that degradation of 
hydrogels is an important parameter for regulating mESC growth in 
hydrogels [23,24]. Previous studies showed that the biodegradation of 
gelatin-based hydrogels depends on the concentration of gelatin (kept at 
8% w/v for all hydrogels in this study) and the bulk mechanical strength 
of the hydrogels [47]. The GelCD and GelMA-1 hydrogels showed 
similar degradation rates in the presence of 1 mg/mL collagenase (type 
II) at 37 ◦C, while the degradation rate of GelMA-2 hydrogels under the 
same conditions was much slower (Fig. 1d). By using the GelMA-1 
hydrogels as the control group, we can decouple the effects of stiffness 
and degradation of the hydrogels from that of the dynamic network of 
GelCD hydrogels on the growth of encapsulated mESCs. 

The dynamic properties of the GelCD hydrogels were further inves
tigated. Oscillatory frequency-sweep rheological tests revealed that the 
G′ value of the GelCD hydrogels is frequency-dependent, whereas the G′

value of the GelMA-1 and GelMA-2 hydrogels showed no frequency 
dependence (Fig. 1e). We next evaluated the half stress relaxation time 
(τ1/2) of the hydrogels, which is defined as the time at which the stress 
declines to 50% of its initial value under constant compressive strain 
[27]. The GelCD hydrogels showed a significantly shorter half stress 
relaxation time (τ1/2 = 40.2 s) than static GelMA-1 hydrogels (P <
0.0001, τ1/2 = 415.4 s) and GelMA-2 hydrogels (P < 0.0001, τ1/2 =

768.3 s) (Fig. 1f and g). Additionally, the physical associations among 
gelation chains are believed to contribute to the stress relaxation of the 
covalently crosslinked GelMA hydrogels. Furthermore, the GelCD 
hydrogels underwent a transition between “sol” and “gel” under 
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alternating high (500%) and low (1%) shear strains, respectively. The G′

value almost fully recovered to the initial level instantaneously as the 
hydrogels returned to the “gel” state (Fig. 1h). The observed fast 
relaxation, shear-thinning, and self-healing behaviors of GelCD hydro
gels confirmed the reversible and dynamic crosslinking structures of the 
GelCD hydrogels, which enabled network rearrangement under me
chanical loading [38]. We expect that the dynamic host-guest 

crosslinked network of the GelCD hydrogel, which is not found in the 
covalently crosslinked GelMA hydrogels, will better accommodate the 
dramatic volume expansion of growing mESC colonies in the hydrogels. 

Fig. 1. (a) Schematic illustration of the self-assembly of ac-β-CD and aromatic residues of gelatin and the resultant gelatin–CD complex based on reversible host-guest 
complexation as the precursor of GelCD hydrogels. (b) Schematic illustration of dynamic host-guest crosslinking structure of the GelCD hydrogels where gray dash 
line represents the crosslinking of adjacent ac-CD monomers, and the covalent crosslinking of GelMA hydrogels where brown dash line represents the crosslinking of 
adjacent methacryloyl groups. (c) The average storage (G′) and loss (G′′) moduli collected from three independent parallel time sweep tests of GelCD, GelMA-1, and 
GelMA-2 hydrogels. N = 3 (materials replicates). (d) The degradation rate of the hydrogels in the presence of 1 mg/mL collagenase (type II) at 37 ◦C. n = 3 (materials 
replicates). The determination of the degradation rate was showed in Materials and methods. (e) The G′ of GelCD and GelMA hydrogels from frequency sweep tests 
which were recorded at a fixed strain of 0.1% and a changing frequency from 0.01 to 10 Hz. (f) Stress relaxation test for hydrogels crosslinked by dynamic or covalent 
bonds (15% peak compressive strain). (g) τ1/2 (at which the stress is relaxed to half of the peak stress) of different hydrogels, including GelCD, GelMA-1 and GelMA-2 
hydrogels. N = 3 (materials replicates). (h) The dynamic GelCD hydrogels underwent a “sol-gel” transition under alternating high (500%) and low (1%) shear strains 
at 37 ◦C. ****P < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2.2. Dynamic GelCD hydrogels better support the clonal expansion of 
encapsulated mESCs 

To encapsulate mESCs in the hydrogels, mESCs were suspended in 
the hydrogel precursor solutions before UV-induced gelation (detailed 
information is shown in the methods). A previous study found that long- 
term (4 h) UV exposure caused DNA damage and p53 protein accumu
lation in the nuclei of ESCs [48]. However, we found that mESCs 
exposed to 10 min of UV light at the low intensity used in this study 
showed the same minimal p53 expression as cells that were not exposed 
to UV (Fig. S4). This result suggested that the short exposure (10 min) to 
low-intensity UV light (10 mW/cm2) used for photo-gelation did not 
induce significant damage to the DNA of encapsulated mESCs. After 
encapsulation in the hydrogels (1.5 × 105 cells per 50 μl hydrogel), 
individual mESCs were uniformly distributed throughout the hydrogels 
(Fig. 2a). In the following 7 days of culture in MEF-conditioned medium 
containing LIF and mESC-specific serum, the mESCs in the GelCD 
hydrogels developed into significantly larger spherical colonies than 
those in the GelMA-1 and GelMA-2 hydrogels (Fig. 2b, cross-sectional 
area, GelCD: 15,557 μm2 vs. GelMA-1: 1066 μm2 vs. GelMA-2: 265 
μm2 at day 7). The encapsulated mESCs in the GelMA-2 hydrogels barely 
proliferated and remained as single cells during 7 days of culture (Fig. 2a 
and b). 

Live/dead staining further indicated that most mESCs in the GelCD 
hydrogels remained viable (green) with very limited apoptotic events 
(red) during the 7 days of culture (Fig. 2a). However, the viability of 
mESCs in the GelMA-1 hydrogels decreased dramatically with 
increasing culture time, and there were only dead cells in the colonies at 
day 7. Consistent with the bright-field images, the majority of mESCs in 
the GelMA-2 hydrogels remained as isolated single cells, with increasing 
dead cells over time (Fig. 2a, Fig. S5). To further examine the cell 
viability of mESCs in hydrogels, flow cytometry analysis of cells stained 
with both Annexin V-FITC and 7-AAD was performed. The early 
apoptosis of cells can be detected by Annexin V-FITC staining, while 
necrotic cells can be detected by 7AAD staining due to its permeability in 
damaged cell membranes [49]. The results showed that after 3 days of 
culture, most mESCs (84.25%) were viable in GelCD hydrogels with a 
very low death rate (3.1%). The percentages of live cells were signifi
cantly smaller in the GelMA-1 (P < 0.0001) and GelMA-2 (P < 0.0001) 
groups than in the GelCD group. The GelMA-2 group showed signifi
cantly larger percentages of apoptotic cells and dead cells than the 
GelMA-1 group did (apoptotic cell rate: P < 0.001, dead cell rate: P <
0.05, Fig. 2c, Fig. S6). The rapid increase in colony size and long-term 
cell viability indicated that the GelCD hydrogels can effectively sup
port the proliferation of encapsulated mESCs. The results of the EdU 
assay showed that there were significantly more proliferating cells in the 
single cell-derived colonies in the GelCD hydrogels than in the GelMA 
hydrogels during 7 days of culture (Fig. 2d and e). The fraction of 
proliferating cells was even smaller in GelMA-2 hydrogels than in 
GelMA-1 hydrogels, which is likely due to the denser covalent cross
linking of GelMA-2 hydrogels. 

2.3. Dynamic GelCD hydrogels maintain the pluripotency of encapsulated 
mESCs independent of degradation 

We speculated that while the dense covalent crosslinks in GelMA-1 
hydrogels severely restricted the growth of mESC colonies, the cell- 
mediated degradation of GelMA-1 hydrogels enabled a slight increase 
in the mESC colony size. On the other hand, the dynamic host–guest 
crosslinks in the GelCD hydrogels, rather than hydrogel degradation, 
played a vital role in supporting the clonal growth and self-renewal of 
encapsulated mESCs (Fig. 3a). To verify this hypothesis, we first eval
uated the dynamic property of GelCD hydrogels with mESC encapsula
tion. The results showed that there was no significant difference 
between the τ1/2 of GelCD hydrogels with (τ1/2 = 40.2 s) or without (τ1/ 

2 = 40.3 s) mESCs encapsulation (P > 0.05, Fig. S7). An MMP inhibitor 

(GM 6001, final concentration: 50 μM) was supplemented to the culture 
medium to suppress cell-mediated hydrogel degradation. The results 
showed that mESCs remained as isolated single cells on day 7 with 
significantly reduced expression of stemness markers of NANOG (P <
0.0001) and OCT3/4 (P < 0.01) (Fig. 3b and c). In contrast, the robust 
colony growth and the NANOG and OCT3/4 expressions of mESCs in the 
GelCD hydrogels were barely affected by the MMP inhibitor treatment 
and remained similar to that of the untreated mESCs in the GelCD 
hydrogels (NANOG, OCT3/4: P > 0.05) (Fig. 3b and c). To further 
evaluate the effect of MMP inhibitor treatment on mESCs proliferation in 
GelCD and GelMA-1 hydrogels, EdU staining was performed after 7 days 
of MMP inhibitor treatment. MMP inhibition treatment completely 
abolished the proliferation of mESCs in GelMA-1 hydrogels as indicated 
by significantly reduced EdU-positive cells (P < 0.0001, Fig. 3d and 
Fig. S8). In contrast, consistent with the previous findings, the MMP 
inhibitor treatment did not significantly decrease the fraction of EdU- 
positive cells in the GelCD hydrogels (P > 0.05) (Fig. 3d and Fig. S8). 
This result further confirmed that the mESCs proliferation in GelCD 
hydrogels is independent of MMP-mediated hydrogel degradation. 

These results suggest that given similar bulk stiffnesses and biodeg
radation rates, the dynamic GelCD hydrogels better supported the clonal 
expansion and stemness maintenance of encapsulated mESCs than the 
covalently crosslinked static GelMA hydrogels. Increasing the covalent 
crosslinking density in the GelMA hydrogels further inhibited the pro
liferation of encapsulated mESCs. Inhibition of MMP-mediated gelatin 
degradation did not significantly influence the proliferation and plu
ripotency of mESCs in the GelCD hydrogels but abolished the limited 
growth of mESCs in the GelMA hydrogels with stiffness similar to that of 
GelCD hydrogels. 

Previous studies have shown that many cell types can maintain high 
viability for several days in GelMA hydrogels [46,50–52], and we have 
also tested the viability of hMSCs and 3T3 cells during 7-days of 3D 
culture in GelMA hydrogels. Both hMSCs and 3T3 cells encapsulated in 
GelMA-1 and GelMA-2 hydrogels showed significant increase in ala
marBlue reading from day 1 to day 7, indicating excellent viability of 
both cell types in GelMA hydrogels (Fig. S9a). Meanwhile, live/dead 
staining at day 7 also revealed that most of the hMSCs and 3T3 in 
GelMA-1 (hMSCs: ~96.6%; 3T3: ~91.0%) and GelMA-2 (hMSCs: 
~92.4%; 3T3: ~90.6%) hydrogels remained viable after 7 days of cul
ture (Figs. S9b and c), thereby confirming the cytocompatibility of 
GelMA hydrogels used in this study. These results also indicated that the 
nutrient and oxygen transport within GelMA hydrogels is sufficient to 
support cell growth and is not the reason for the poor growth mESCs in 
GelMA hydrogels. To demonstrate general applicability of GelCD 
hydrogels for mESC culture, we also tested another two sources of 
mESCs, the results showed that similar to the results obtained using E14 
mESCs, both D3 mESCs and a self-validated mESC line [53] encapsu
lated in GelCD hydrogels can proliferate very well during 7-days of 
culture and grew into large colonies with strong expression of pluripo
tent markers (NANOG and OCT3/4) (Fig. S10). Therefore, the intrinsi
cally dynamic network of GelCD hydrogels can provide a more 
permissive pericellular microenvironment to accommodate the sub
stantial volumetric expansion that occurs during mESC proliferation and 
maintain pluripotency independent of major hydrogel degradation. 

2.4. Dynamic GelCD hydrogels promote long-term self-renewal of mESCs 
compared with conventional 2D culture methods 

We first confirmed that compared with the 2D culture of mESCs on 
the GelCD hydrogel surface, the 3D encapsulation of mESCs in the GelCD 
hydrogels promoted proliferation and stemness maintenance of mESCs 
(Fig. S11 and Fig. S12). Next, we further assessed the efficacy of the 
GelCD hydrogels in supporting the expansion of mESCs in 3D cultures by 
benchmarking with two conventional 2D culture methods, which 
employ MEF feeder cells (MEFs) or inhibitors of GSK3β and MEK 1/2 
(2i). MEF-conditioned medium without 2i supplements was used for 
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Fig. 2. (a) Representative bright-field images at days 2, 4, and 7 and live/dead staining images at day 7 of mESCs encapsulation in GelCD and GelMA hydrogels. In 
each image, a representative colony was colored to show the growth of mESCs. (b) The colony growth of mESCs in GelCD and GelMA hydrogels during 7 days of 
culture evaluated by the maximal cross-sectional area of the colonies. N = 10 (biological replicates). (c) Flow cytometry results on day 7 for mESCs stained with both 
Annexin V and 7-AAD to quantify the viability of mESCs in hydrogels. (d) EdU staining of mESC colonies in GelCD, GelMA-1, and GelMA-2 hydrogels, where positive 
staining indicated proliferating cells. (e) The percentages of EdU-positive cell nuclei among all cell nuclei per high-power field (HPF). N = 10 (biological replicates), 
***P < 0.001, ****P < 0.0001. 
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Fig. 3. (a) Schematic illustration of the hypothesis that the dynamic network of GelCD hydrogels can accommodate the substantial volumetric expansion associated 
with mESC colony growth, while the static and dense covalent crosslinks in GelMA hydrogels restrict the growth of mESC colonies. (b) Immunostaining for the 
stemness markers NANOG and OCT3/4 in mESC colonies in the GelCD and GelMA-1 hydrogels with or without MMP inhibitor treatment. (c) Quantification of the 
relative fluorescence intensity of NANOG and OCT3/4 staining in each colony in hydrogels. N = 10 (biological replicates). (d) EdU staining of mESC colonies in 
GelCD and GelMA-1 hydrogels with or without MMP inhibitor treatment, where positive staining indicates proliferating cells. N. S. in (c) is the abbreviation of “not 
significant”. N.S.P > 0.05, **P < 0.01, ****P < 0.0001. 
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mESC culture in GelCD hydrogels. Although the average maximal cross- 
sectional area of 3D mESC colonies in the GelCD hydrogels was smaller 
than that of 2D mESC colonies obtained by using MEF or 2i method in 
the first 4 days, the colony size became comparable among the three 
groups on day 7 (Fig. 4a and b). It should be noted that the mESC col
onies developed in the GelCD hydrogels were 3D spheroids and should 
therefore contain more cells than the mESC colonies of similar size 
developed from the 2D culture methods, which had a relatively flat 
morphology [54]. The 3D mESC colonies in the GelCD hydrogels were 
spherical and compact, whereas mESC colonies generated via the 2D 
methods were irregularly shaped (Fig. 4a). These observations were 
confirmed by quantitative analysis of the morphology and geometry of 
the mESC colonies in each group. Both the circularity and aspect ratio of 
mESC colonies in the GelCD hydrogels were significantly closer to 1 than 
those in 2D culture groups at days 2, 4 and 7 (Fig. 4c and d). Notably, in 
the MEF and 2i groups, there was a significant increase in the aspect 
ratio and a dramatic decrease in circularity on day 7. This is consistent 
with previous findings that ESCs underwent differentiation on rigid 2D 
substrates during long-term culture [55,56]. At day 7, the colonies in 2D 
cultures showed a very loose cell aggregate structure. And the cells at the 
edge of the colonies exhibited a spreading filamentous actin structure 
and weak expression of the stemness marker SOX2. This is an indication 
of differentiation of these cells. In contrast, the colonies in GelCD 
hydrogels maintained their spherical cortex actin arrangement with 
high SOX2 expression at day 7 (Fig. 4e). 

The pluripotency of mESCs in different groups was further examined. 
The immunofluorescence staining results showed that the mESCs 
exhibited substantial expression of pluripotency markers including 
NANOG and OCT3/4 over 7 days, while the expression of NANOG and 
OCT3/4 in the MEF and 2i groups diminished significantly after only 2 
days of culture. This is consistent with the need to passage mESCs every 
2 days for both the MEF and 2i methods to maintain ESC pluripotency 
(Fig. 5a and b). Consistent with the immunostaining results, the qPCR 
results also showed significantly higher expression levels of SOX2, 
NANOG, and OCT3/4 in the GelCD group than in the 2i and MEF groups 
at day 7 (Fig. 5c). 

To further evaluate the efficacy of GelCD hydrogels in maintaining 
the pluripotency of encapsulated mESCs during long-term 3D culture, 
we continued to culture mESCs in GelCD hydrogels for 2 months. During 
the 2-month culture, the cultured cells were retrieved from GelCD 
hydrogels using collagenase and immediately re-encapsulated in freshly 
prepared GelCD hydrogels every 7 days. After 9 times of cell passaging in 
GelCD hydrogels, the mESCs still formed tight and well-defined spher
ical colonies with strong expression of NANOG and OCT3/4 in GelCD 
hydrogels. The UV irradiation at low intensity (10 mW/cm) was applied 
for only 10 min to induce photo-gelation at every 7 days during the two- 
month long culture. Several studies have reported the safe use of UV 
irradiation at similar dosage to induce hydrogel gelation or degradation 
for ESC culture [18,19,21,57]. Therefore, we consider the dosage of UV 
used in our study cytocompatible. The mESCs retrieved from the GelCD 
hydrogels still formed tight and well-defined colonies with robust 
immunofluorescence staining for nuclear NANOG and OCT3/4 in the 
same manner as the mESCs passaged routinely on MEFs (Fig. S13). The 
retrieved mESCs were also cultured in suspension to evaluate the 
spontaneous differentiation of mESCs and the formation of embryonic 
bodies (EBs) (procedure shown in Fig. S14). Nestin-positive, α-fetopro
tein-positive, and α-SMA-positive cells representing differentiated cells 
of all three germ layers [19,58–60] can all be found in the formed EBs, 
indicating functional pluripotency of mESCs obtained after 2 months of 
3D culture in the GelCD hydrogels (Fig. 5d). These findings together 
demonstrate that the GelCD hydrogel is an effective 3D culture platform 
for supporting the proliferation and self-renewal of mESCs in long-term 
culture without using feeder cells or 2i supplements in the medium. 

The migration, spreading and proliferation of cells and the expansion 
of colonies and organoids in 3D matrices, such as the hydrogel network, 
usually require degradation or physical remodeling of the hydrogel 

network for the cells to overcome the spatial confinement. On the other 
hand, the spatial confinement of static hydrogels greatly limits the 
cellular volumetric expansion [61–65]. The capability of cells to adapt 
hydrogel network is of high importance for cell division and prolifera
tion. It was reported that for cells at metaphase entrapped in stiff 
hydrogels with slow stress relaxation, most cells did not progress 
through mitosis and the failure of cell division led to cell apoptosis [66]. 
To promote the growth of cell colonies and organoids in hydrogels, re
searchers generally employ protease-degradable hydrogels to accom
modate the volumetric expansion of growing colonies and organoids in 
the hydrogels [63–65,67]. ESCs have a much shorter cell cycle (around 
12 h) and therefore more rapid proliferation than hMSCs and 3T3, which 
require timely adaptation of the surrounding hydrogel network when 
cultured in 3D hydrogels [68]. In this study, the spatial confinement of 
the rigid covalently crosslinked and slow degrading network of GelMA 
hydrogels may have restricted the proliferation of encapsulated mESCs, 
thereby leading to the rapid apoptosis of mESCs as evidenced by the 
significantly elevated PI staining and decreasing Calcein AM staining 
after only 2 days (Fig. S5). In contrast, the intrinsically dynamic network 
of GelCD hydrogels better support the rapid proliferation of the encap
sulated mESCs. Our findings are consistent with the previous work in 
which alginate-based hydrogels with tunable stress relaxation were used 
to study hiPSC growth in 3D culture [40]. Our study employed a 
different structurally dynamic hydrogel based on the host–guest 
complexation, and we demonstrated that the supramolecular hydrogel 
can promote the proliferation and maintain the stemness of ESCs in 3D 
culture over 2 months, while this is challenging for the conventional 
culture methods. 

Our study has several limitations. Although we successfully exam
ined that dynamic hydrogel can better support the growth of mouse 
embryonic stem cells, hESCs did not proliferate as well in the our GelCD 
hydrogel. Previous studies have indicated that hESCs are drastically 
different from mESCs in terms of development stage and many other 
aspects [69,70]. We have been examining the different requirements for 
sustaining hESCs in 3D matrix and developing other dynamic hydrogels 
that can be applicable to supporting both mouse and human pluripotent 
stem cells. Besides, we used simple spontaneous differentiation experi
ments to quickly confirm the pluripotency of the cultured mESCs. In the 
next step, we would also like to comprehensively study how the matrix 
dynamic direct the ESC differentiation and embryonic development. 
More importantly, together with the previous report [40], hydrogel 
matrix dynamic is critical to both growth of mESCs and hiPSCs. How
ever, the underlaying mechanism needs to be further elucidated. 

3. Conclusion 

In this work, we presented a structurally dynamic hydrogel with 
physical crosslinking that enhanced the expansion and pluripotency 
maintenance of mESCs in 3D culture compared with those of conven
tional hydrogels with low stress relaxation or conventional 2D culture 
methods. The dynamic network caused by the reversible host-guest 
crosslinking in our GelCD hydrogels can accommodate the volumetric 
expansion associated with 3D ESC clonal growth. Compared to cova
lently crosslinked GelMA hydrogels with similar stiffness and degrad
ability, GelCD hydrogels significantly promoted mESC colony growth 
and pluripotency maintenance independent of MMP-mediated hydrogel 
degradation. Furthermore, GelCD hydrogels can maintain the stemness 
of mESCs for more than 2 months without the need for frequent sub
culturing, which is necessary for traditional 2D culture methods. In the 
absence of feeder layers and 2i supplementation, mESCs cultured in 
GelCD hydrogels can preserve their normal morphology and maintain 
their undifferentiated status and full differentiation capability during 
long-term culture, whereas 2D culture methods cannot achieve these 
desired outcomes. Our findings not only demonstrate that dynamic 
hydrogels with physical crosslinks represent a promising platform to 
support long-term 3D culture of ESCs but also provide insights into the 
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Fig. 4. (a) Representative bright-field images of mESCs encapsulated in GelCD hydrogels or cultured on 2D gelatin coated culture dishes or MEFs at days 1, 2, 4, and 
7. In each image, a representative colony was colored to show the growth of mESCs. (b) The colony growth of mESCs in the GelCD hydrogel, 2i, and MEF groups 
during 7 days of culture evaluated by the maximal cross-sectional area of the colonies. N = 10 (biological replicates). The (c) aspect ratio and (d) circularity of typical 
mESC colonies randomly selected at days 2, 4 and 7 in each group. N = 10 (biological replicates). (e) Bright-field images of single colonies and immunostaining for 
SOX2 and F-actin on day 7. The 3D mESC colonies formed in GelCD hydrogels showed spherical and compact structures with high stemness, while the 2D colonies 
formed on 2D substrates (2i or MEF) exhibited a spreading morphology and low stemness. For the MEF group, green staining inside the gray dashed line indicates F- 
actin in ESCs, while green staining outside the gray dashed line indicates F-actin in feeder cells. **P < 0.01, ****P < 0.0001. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. (a) Immunostaining for the stemness markers NANOG and OCT3/4 in mESC colonies encapsulated in GelCD hydrogels or cultured on 2D substrates using the 
2i or MEF method. (b) Quantification of the relative fluorescence intensity of NANOG and OCT3/4 in mESC colonies in the three groups. N = 10 (biological rep
licates). (c) qPCR quantification of SOX2, NANOG and OCT3/4 expression in mESCs in the GelCD, 2i and MEF groups. N = 3. (d) Immunostaining for differentiation 
markers related to the three germ layers in EBs formed by mESCs obtained after 2 months of long-term culture in GelCD hydrogels (Nestin: ectoderm, α-smooth 
muscle actin: mesoderm, and α-fetoprotein: endoderm). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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impact of the biophysical properties of the 3D microenvironment on ESC 
behaviors. 

4. Materials and methods 

4.1. Synthesis of acryloyl β-cyclodextrin (ac-β-cd) 

10 g β-CD (Aladdin) was added into 150 mL dimethyl formamide 
(DMF, Fisher Scientific) before 7 mL triethyl amine (TEA, Sigma) was 
added into the solution. The mixture was put into ice box and the 
temperature of the solution was controlled around 0 ◦C. After adding 5 
mL of acrylic acid into the solution, the mixture was continuously stirred 
for 12 h at around 0 ◦C. Afterwards, a clear solution was obtained by 
filtrating the mixture to remove the precipitate. Vacuum rotary evapo
ration method was used to concentrate the obtained clear solution to 
10% of original volume. Then the concentrated solution was added 
slowly into large volume of acetone (for example, 10x) to precipitate the 
product of ac-β-CD under room temperature. The product was washed 3 
times with acetone and dried thoroughly by vacuum. The acryloyl 
substitution degree (DS) of Ac-β-CD was estimated to be 1.0 by 1H NMR 
(Bruker Advance 400 MHz spectrometer) (Fig. S1). 

4.2. Synthesis and characterization of methacryloyl gelatin (GelMA) 

Firstly, 10% gelatin solution was prepared by dissolving gelatin (type 
A, from porcine skin, isoelectric point: 7–9, Cat. No, G1890-500G, 
Sigma) in Dulbecco’s phosphate buffered saline (DPBS, Gibco) at 
50 ◦C. Methacrylic anhydride (MA, Sigma) was then added with the final 
concentrations of MA as 0.1% and 10% (v/v) separately. The mixture 
was allowed to react for 3 h at 50 ◦C under stirring. The resulted GelMA 
solution was dialyzed against DI water using 12–14 kDa cut-off dialysis 
membrane at least 3 time per day for 7 days at 45 ◦C to remove 
unreacted reagent. Finally, the solution was frozen at − 80 ◦C and 
lyophilized. 

The 1H NMR was performed to show the successful methacrylation 
of gelatin and to determine DS of the final products with different MA 
modifications according to previous methods [37,71,72] (Fig. S2). The 
degree of methacrylation of lower MA modification gelatin (GelMA-1) 
and higher MA modification gelatin (GelMA-2) was determined as 
0.138 mmol/g and 0.272 mmol/g by using DMMA as the internal 
reference. 

4.3. Preparation of hydrogels 

For physical GelCD hydrogels, Gelatin, ac-β-CD and photo initiator 2- 
hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (I2959, Sigma) 
were dissolved together in PBS at 37 ◦C to prepare hydrogel precursor 
with a final concentration of 8% gelatin (w/v), 10% ac-β-CD (w/v) and 
0.05% I2959 (w/v). The hydrogel precursor was added into transparent 
PVC molds and then exposed to 365 nm ultraviolet (UV) light (10 mW/ 
cm2) for 10 min to form GelCD hydrogels. The preparation of chemical 
GelMA-1 and GelMA-2 hydrogels was similar. 8% (w/v) of GelMA-1 or 
GelMA-2 and 0.05% (w/v) of I2959 were dissolved in PBS at 37 ◦C. The 
precursor was then added into PVC mold before exposed to 365 nm UV 
light for 10 min to obtain chemically crosslinked GelMA hydrogels. 

4.4. In vitro degradation test 

Hydrogel samples were firstly incubated in PBS at 37 ◦C overnight to 
reach swelling equilibrium. Afterwards, the weighted samples were 
placed in 1 mg/mL collagenase solution (type II, ~125 CDU/mg, Sigma) 
at 37 ◦C. At predetermined time points (t), hydrogel samples were taken 
out from collagenase solution and weighed. The degradation rate (DR%) 
of the hydrogels was determined using Equation (1), where W0 is the 
weight of samples after swelling equilibrium and Wt is the weight of 
samples at time t. 

DR%=
W0 − Wt

W0
× 100% (1)  

4.5. Rheological measurements 

Rheological characterizations were performed using a Kinexus 
Rheometer from Malvern. GelCD, GelMA-1 and GelMA-2 hydrogels were 
first formed in the mold and put into PBS to reach swelling equilibrium 
before being placed on the Kinexus Rheometer plate. Time sweeps were 
recorded at a strain of 0.1% and a frequency of 10 Hz with the tem
perature settled as 37 ◦C. Frequency sweeps were recorded at a fixed 
strain of 0.1% and a changing frequency from 0.01 to 10 Hz. For 3-inter
val time tests, the hydrogel samples underwent sequential shear of 4 
cycles with 1% strain for 120 s and 500% strain for 60 s, with a fixed 
frequency of 1 Hz. During these rheological tests, the storage modulus 
(G’) and the viscous modulus (G”) of hydrogel samples were monitored. 

4.6. Compression test 

The stress relaxation properties of the samples were measured from 
compression tests of the gel discs (15 mm in diameter, 2 mm thick). The 
gel discs were compressed to 15% strain with a deformation rate of 0.3 
mm s− 1. Subsequently, the strain was held constant, while the load was 
recorded as a function of time. 

4.7. 2D mESCs culture 

The mESCs named E14 were kindly presented by prof. Bo Feng from 
the school of Biomedical Sciences, faculty of Medicine, the Chinese 
University of Hong Kong. 

For conditioned 2D culture, according to standard protocol, two 
most common 2D culture method, namely, 2i method and MEF method, 
were used. For MEF method, briefly, the mESCs were propagated on 
inactivated mouse embryonic fibroblast (MEF, Merck) as feeder cells in 
conditioned culture medium at 37 ◦C with 5% CO2. The conditioned 
medium contains Dulbecco’s modified Eagles’ medium (DMEM, Gibco) 
supplemented with 15% mESC-qualified fetal bovine serum (FBS, Mil
lipore), 1 mM L-glutamine (Sigma),1 mM sodium pyruvate (Gibco), 0.1 
mM NEAA (Gibco), 50 units of penicillin/streptomycin (Hyclone), 0.1 
mM b-mercaptoethanol (Gibco) and 1000 units/mL leukemia inhibitory 
factor (LIF, Millipore). The medium was changed every day and mESCs 
were passaged every 2 days onto fresh MEF using TrypLE Express 
enzyme (Gibco). For 2i method, the overall protocol was similar, except 
that the mESCs were cultured on gelatin coated culture dish (by incu
bation of 0.1% gelatin solution from Millipore for at least 1 h) instead of 
MEF. The medium was the MEF conditioned medium supplemented 
with extra GSK3β and MEK 1/2 inhibitors (0.1 mM PD03259010 and 
0.1 mM CHIR99021 from Santa Cruz, namely, 2i). 

4.8. 3D mESCs culture in hydrogel 

For 3D hydrogel culture, mESCs were firstly mixed with GelCD or 
GelMA hydrogel precursors. By using the same procedures of hydrogel 
preparation, mESCs were encapsulated into hydrogels with the con
centration of 1.5 × 105 cells per 50 μl hydrogel. Then cell-laden 
hydrogels were cultivated in MEF conditioned medium as previously 
described. The media was changed every day during the culture. For 
MMP inhibition, the MMP inhibitor, GM 6001 (abcam) was initially 
added at 50 μM on day 2 and every day thereafter with medium 
exchanges. 

4.9. Cell viability test 

Cell viability was assessed by live/dead staining where Calcein AM 
(Gibco) was used to label living cells with green color and propidium 
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Iodide (PI, Sigma) was used to label apoptotic cells with red color from 
day 1 to day 7. Briefly, the mESCs encapsulated hydrogels were rinsed 
with PBS and then incubated with 4 μM Calcein AM and 10 μg/mL PI in 
PBS for 20 min. Afterwards, hydrogels were rinsed with PBS for 3 times 
and observed under confocal microscope. 

AlamarBlue assay (Invitrogen) was also used to assess cell viability 
following the manufacturer’s instructions. Briefly, at days 1, 3 and 7, 
alamarBlue working solution were added to the medium of the mESCs 
encapsulated hydrogels and then incubated at 37 ◦C in the incubator. 
Afterwards, the fluorescent signals (excitation 544 nm, emission 590 
nm) were detected. The final data was presented as fluorescent value of 
each group normalized to the fluorescent value of day 1. All assays were 
done with three parallel samples. 

Cell viability was also assessed using an Annexin V-FITC and 7-AAD 
Apoptosis Detection Kit (Sino Biological) following the manufacturer’s 
instructions. GelCD and GelMA hydrogels with encapsulated mESC were 
first degraded using 1 mg/mL collagenase solution at 37 ◦C for 30 min 
followed by cell dissociation in TrypLE Express enzyme solution for 5 
min. Then, mESCs were collected and resuspended in 100 μL binding 
buffer. Then 5 μL Annexin V-FITC and 5 μL 7-AAD solution were added. 
After incubation for 15 min at room temperature in the dark, samples 
were analyzed with a flow cytometer following supplementary addition 
of 400 μL binding buffer. All assays were done with three parallel 
samples. 

4.10. Cell proliferation assay 

EdU Cell Proliferation Kit with Alexa Fluor 555 (BeyoClick) was used 
to quantify proliferating mESCs in GelCD and GelMA hydrogels 
following manufacturer’s instructions. Briefly, EdU solution was added 
to the medium with final concentration of 10 μM 2 h before collecting 
time point (day 2, day 4 and day 7). Then cell-laden hydrogels were 
fixed, treated, and stained following the protocol. The proliferating cell 
fraction (%) was calculated by the number of EdU-positive nucleus 
divided by the total nucleus in each microscopic horizon in each 
hydrogel group. 

4.11. Immunocytochemistry 

For immunocytochemistry, mESCs cultured under 2D conditions or 
in hydrogels were fixed with 4% paraformaldehyde for 30 min. After 
permeabilized with 0.25% Triton-X 100 and washed by PBS, samples 
were incubated with PBS containing 2.5% Bovine Serum Albumin (BSA, 
Sigma). Then the samples were incubated with primary antibody 
including SOX2 (1:200, Santa Cruz), OCT3/4 (1:200, Santa Cruz), 
NANOG (1:400, Abcam), Nestin (1:200, Biolegend), alpha-smooth 
muscle actin (α-SMA, 1:400, Abcam), alpha-Fetoprotein (AFP, 1:200, 
R&D system) followed with fluorescence secondary antibodies. 
Phalloidin-FITC (1:500, Cytoskeleton) was used to stain the cytoskeleton 
and nuclei were stained with DAPI (1:1000, Sigma). The relative fluo
rescent intensity of the biomarkers limited to the nuclei area was 
calculated using ImageJ software. 

4.12. Cell morphology analysis 

The morphology of mESCs was determined using optical images of 
the colonies in the hydrogels or on the 2D substrates. The determined 
area, aspect ratio between long and short axes, and circularity using 
Equation (2) of the colonies were measured by ImageJ software for 
quantitative comparison. Ten colonies in each group were randomly 
selected for the analysis. 

Circularity= 4π ×
Area

Perimeter2 (2)  

4.13. Quantitative RT-PCR 

Firstly, samples were homogenized in Trizol reagent (Life Technol
ogies) and total RNA was extracted according to the manufacturer’s 
instructions. The RNA concentration was then determined by ND-100 
spectrophotometer (Nanodrop Technologies). RNA from each sample 
was reverse transcribed into cDNA by RevertAid Fist Strand cDNA 
Synthesis Kit (Thermo). Quantitative real-time PCR was performed on 
Applied Biosystems 7300 Real-Time PCR system using Power SYBR 
Green RT-PCR Kit (Life Technologies. Primer sequences and annealing 
temperatures are listed in Supplementary Table S1. Results were 
normalized relative to housekeeping gene PRLP0 by the ΔΔCT relative 
method. 

4.14. EB formation 

The mESCs in the GelCD hydrogels were released and harvested by 
collagenase, dissociated into single cells and transferred to non-adherent 
culture dishes in the MEF conditioned medium without LIF. Medium was 
changed every two days. After 3 days, the ESC aggregations were re- 
plated on the gelatin coated adherent culture dishes and cultured for 
another 7 days in medium without LIF. The obtained EBs were collected 
for further immunofluorescence staining with germ layer markers. 

4.15. Statistical analysis 

All the data are presented as the mean ± SD. Normality of distribu
tions was examined by Shapiro-Wilk test. Data were analyzed by 
GraphPad Prism software (GraphPad Software Inc.) by conducting un
paired and independent Student’s t-test for comparison between inde
pendent two groups, and one-way ANOVA for comparisons across 
multiple groups, followed by Tukey’s post hoc test. Two-sided P < 0.05 
was considered statistically significant. 
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